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Knowledge of the environment in which animals operate and & sensory processing
demands that mediate behavior in an ecological context are rtcial for understanding
animal communication systems. Understanding how environental factors constrain
communication strategies requires quantifying both the gnal and noise in detail, as has
been demonstrated in studies of acoustic and color signalsdr some time. However,
comparable investigations of movement-based animal sigria and the signaling
environment is limited. There is now growing evidence thathe dynamics of motion
noise, in the form of wind-blown plant-movement, are a majoisensory constraint for
movement-based signals. However, progress has been limitkas traditional techniques
for understanding the ecological constraints on movemenbased signals have proven
insuf cient. Our study utilized an innovative approach to gantify motion ecology by
simulating a signaling animal in a natural habitat using Hity realistic 3D animations,
which afforded us unprecedented control over the signal anthe circumstances in which
signaling takes place. Using the Jacky dragonAmphibolurus muricatus as a model

species, we quanti ed the ef cacy of signal in noise under diferent combinations of
wind and light environments, and quanti ed the potential bae t of signaling faster, or in
different orientations relative to the background. We alsexamined signal performance
as a function of varying receiver operating characteristic Our results suggest that
prevailing environmental conditions at the time of signalj do indeed affect the ef cacy of
movement-based signals, with wind and light levels interaing to in uence ef cacy. We

found that faster speeds and selecting particular orient&ns can be bene cial, but signal
ef cacy comes down to the interaction between wind conditims, the light environment,
signaler orientation, and thresholds for receiver respors.

Keywords: animal communication, background noise, movement-ba sed signal, visual saliency, signal evolution,

3D animation
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INTRODUCTION of visual signalsilomp et al., 201) Therefore, understanding
habitat structure and environmental conditions at the tiroé
The remarkable diversity of animal communication systesis isignaling is of fundamental importance to explain signal gesi
a function of the complex interaction between social contextand to identify the neural processing strategies that are tised
receiver sensory systems, and the signaling environnfeyti(  detect these signals.
et al., 1990; Endler, 1992; Ord et al., 200the sensory drive There is now growing interest in the role of habitat
model of signal evolution suggests that the structure ofrtfest  characteristics for visual signals, as visual signals aee of
e ective signal is strongly in uenced by habitat characééids, the most salient features in the animal kingdom and are
promoting signal diversity as a consequence of niche setecti taxonomically wide-spread, from mammali(ndus et al., 2007
by species and population&ifdler, 1992; Leal and Fleishman, and reptiles Ramos and Peters, 2016 invertebratesflias et al.,
2003. For instance, the song structure of great tRa(us majoy  2006. The detectability of visual signals is partly determingd b
varies between forest and open woodlandsiiter and Krebs,  the environmentin which the signal is emitteBifdler, 199pand
1979, allopatric populations of cricket frogsA€ris crepitarls  the e cacy of the signal is in uenced by di erent environmeat
produce di erent calling structures between pine wood and opertonditions, such as light intensity or visual noise (e.gadblown
grasslands Ryan et al., 1990 and similarly, the divergence yegetation). For instance, some bird species have been sisown
in vibrational signals produced by insects varies due to hos{djust their body orientation or selectively display in sghli to
plant selection Cocroft and Rodriguez, 2005The sensory increase iridescent coloration of their featheBo(tolotti et al.,
drive model also highlights the role of receiver sensoryesys.  2011: Sicsu et al., 2018r choose specic lekking positions
An e ective signal must stimulate the sensory system of afo make best use of the light available in the environment
intended receiver after it travels through often ecololiyea (Endler and Thery, 1996More recently, gliding lizards{raco
complex environments Endler, 199% During transmission, sumatranuy were shown to orientate themselves relative to
signals inevitably degrade due to attenuation, di ractipaftern  the position of the sun to enhance their social displays to
loss, and other distorting e ects of the transmission propesti conspecics Klomp et al., 201y While the e ect of light
of the environment {lorton, 1975; Lythgoe, 1979; Endler, 1990 environments is well-established in respect to color-bassdal
1992. Therefore, it makes sense that natural selection WiIIrfavosigna|S, whether and how it is relevant to motion based Visua
signaling behavior that maximizes signaling e cacizr(dler, signals has been under-appreciated. The relevance of the ligh
1992, 1993a; Fleishman, 1p%uch that the speci ¢ transmission enyironment includes variation in light intensity=qdler, 1993p
properties of di erent habitats determine the optimal structwf  and dappled light e ects, which are a consequence of light
a signal (Viley and Richards, 1933 passing through foliage. Foliage shadows cast onto substrate
Another important constraint on e ective communication is swaying naturally with the wind, are an additional source of
irrelevant sensory stimulations in the same modalftfe(shman,  motion noise. Furthermore, the distracting e ect of this noise
1986; Brumm and Slabbekoorn, 2005; Witte et al., 005  might vary dynamically as light intensity varies. Variatiin
order for a signal to be e ective, intended receivers need tintensity might occur over a relatively short time period due
be able to distinguish it from competing stimulations from to the in uence of cloud cover, or over a long time period
within the habitat that might interfere with reliable detean and  as a consequence of the position of the sun in the sky. The
processing by receiver&i(dler, 1992; Fleishman, 199These consequence of these variations is to alter the luminancdegpro
irrelevant stimulations might have biotic or abiotic onigi and  of the scene, including the magnitude of changes from lovigh h
can be broadly classed as environmental noise. The maskiegntrast. This is relevant because the perception of motion by
e ects of environmental noise have been demonstrated widellgiological vision systems requires luminance informatioond
in many signaling modalities including acousticefigagne and the sceneGropper and Wuerger, 2005and plays an important
Slater, 200R seismic {larins, 199), chemosensory/Atema, role in grouping individual perceptual objects to facilitateet
1999, electrical (Gabbiani et al., 1996 and visual signals segmenting of scenes into distinct gureisspnards and Singer,
(Fleishman and Persons, 2001; Peters et al.,)2¥ariation in  1999. Therefore, we speculate that the luminance pro le of the
the ambient noise spectra across habitats can lead to divegge scene will impact the gure-ground segmentation mechanisms
in signal structure $labbekoorn and Smith, 200avhile spectral involved in detecting relevant movement-based visual aggn
characteristics of the relative light environments aregasied of animals.
to contribute to divergence in re ectance patterns of dieten  The main source of noise for motion signals is the physical
populations {iccoy et al., 1997 However, the environmental movements of wind-blown plants~eishman, 1986; Ord et al.,
conditions in which animals communicate are not constant,2007; Peters et al., 200Fleishman (1986was the rst to
and the structure of a given habitat will a ect moment-to- experimentally address the potential masking e ect of plant
moment variation in signaling conditionsFeishman, 1986; motion, showing that the responses of lizards to the salient
Peters, 2008 Therefore, to convey information e ectively, movement of territorial displays was hindered by plant motion
animals may adjust signal structure or behavior, such as thig the background. Using Fourier analysis to characterize t
timing of signaling in the presence of sympatric congenersnovement of single blades of grass, he subsequently showed
(Green eld, 198§, increase amplitude or intensity of the signalthat plant motion varied as a function of species and the
at times of increased environmental noiséy(ix et al., 1998; prevailing wind conditions Fleishman, 1989aSeveral studies
Ord et al., 200y or change visual angle to enhance detectabilithave extended Fleishman's early work by analyzing the matio
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whole plants Peters and Evans, 200and microhabitatsiPeters changes. Our strategy for building the 3D simulations makes
et al., 2008; Fleishman and Pallus, 20asing computational use of real data on the signaling dynamics of lizards, and the
motion analysis. environments in which they are generated. The end results ar
However, movement-based animal signals and the plardophisticated animations with all parameters under our direc
environments they inhabit are particularly di cult to quaify  control (seeBian et al., 201for details). The selective agents for
in detail. The seemingly simple movements of plants in facassessing signal e ectiveness in this study are not reablza
represents one of the most complex features of the environmerttut computational models of visual selective attention. We
As the geometry of plants varies from one to another, theemployed the saliency-based computational model described
physical response to wind will likely be di erent even within by Itti et al. (1998)that predicts areas of a scene that captures
the same species, while the topography of individual habitatattention. Saliency analysis models selective attentiarbjects
will a ect the plants' relative exposure to winddannah et al., by scanning a saliency map computed from local feature
1999. Di erent microhabitats are thus likely to re ect distinct contrasts, including motionHarel et al., 2007; Pike, 2018y
“image motion environments'Keters, 201)3Therefore, the rst  focusing on local features, like contrast, color, and motisuch
question guiding the present study wdmw does variation in models are considered to be adopting a bottom-up approach.
environmental conditions constrain the e cacy of a movamenWe utilized the same computational approach to assessing the
based signa®though we only have limited understanding of the relative e cacy of animal motion signals in the present study
sensory constraints plant-motion noise have on movemersieba and we describe our result in terms of signal e cacy, but in so
signals, the importance of such constraints is evident bghiag  doing do not dismiss the complexity involved in visual atient
the animals themselves. Multiple species of lizard have be@r natural scenes. As pointed out Bytler et al. (2011)image
shown to adjust their motion signaling strategies to com@g@s saliency can explain certain aspects of visual attention, but
for the masking e ect of plant motion@rd et al., 2007; Peters explanatory power is limited because of several key assungption
et al., 2007; Ord and Stamps, 2)(8or instance, the Australian inherent to saliency analysis, such as relying on simple festu
Jacky dragonAmphibolurus muricatugprolongs introductory and bottom-up selection, as well as ignoring charactesstic
tail- icking during their territorial displays in responsetgreater of visual systems that result in non-uniform sampling
plant motion in the habitat Peters et al., 20),7and maleAnolis  of scenes.
lizards were shown to include rapid body movements to enhance Natural environments are full of stochastic events, but only
signal intensity in noisy environment(d and Stamps, 2008 a small proportion of movement is relevant to animal receivers
While increasing the duration and speed of the display are knowithe sensory and brain properties of receivers operate to Iter
to be strategies that lizards use, which we infer enhangesilsi out much of the seemingly irrelevant sensory stimulatieKert
e cacy, changes in signal orientation might also have an ¢ ecand Zeil, 200). Furthermore, selective attention to a specic
on movement-based signals, as they seemingly do for calsed event, such as movement-based animal signals, results drom
signals Klomp et al., 201y The detection of visual signals is complex interaction between the observer's sensory capability
highly dependent on viewer orientation. Indeed studies efiai  the speci ¢ context and potential payo s of responding or not
color signals indicated that the detection of a signal isienced responding, past learning ability, and other visual disti@Tsi
by both visual angleGiurfa et al., 1996and distancede Ibarra  that might occur at the time of visual searchingi{apman and
et al., 200). With this in mind, we suspect that orientation Underwood, 1998; Land et al., 1999; Kuhn and Tatler, 2.08%
relative to surrounding plant motion in the environment migh such, the same signal, under the same environmental camditi
also be relevant for the e cacy of movement-based signalsnight not attract the attention of every potential receiver,
Therefore, the second question we address hereiimis:e ective might not always attract the attention of the same receiver a
at improving signal e cacy are adjustments in signalingdmnd  di erent times. As suggested by signal detection theorysit i
changing signaling orientati@n useful to consider the process of attentional capture aszingi
In order to address our questions above, we need to be abée threshold for response, which in uences the probability of
to assess the e cacy of movement-based signals in a variegorrectly detecting a signal (success), missing a sigmaaivias
of contexts. However, simultaneous measurements of plamtresent (miss), responding when a signal was not present (false
movements, microhabitat structure, environmental valésb alarm), or correctly rejecting sensory stimulation in thesahce
and animal signals are technically challenging, and olitgin of a signal (segViley, 2006, 2013, 2016r application of signal
su cient variation in the parameters of interest is impracéic  detection theory to animal communication). Consequentty,
in nature. Instead, we recently argued that these questiormder to quantify the e cacy of a given signal in noise in the
could be approached using simulated natural environmentpresent study, we have incorporated into our analysis varidti
using 3D animation, and demonstrated the potential utility o receiver thresholds. We operationally de ne low threshatlres
sophisticated 3D animation models as a tool for exploring theo represent receivers that are relatively non-discrimimgtin
evolutionary constraints on movement-based signBlsif et al., the cues that might attract attention, while high thresholdues
2019. While it is crucial that the simulations created are basedo represent receivers that will only attend to specic, highl
on data from real environmentgJhouinard-Thuly et al., 2007  salient cues. By incorporating variation in receiver thi@ss,
the ability to faithfully simulate lighting, shadows, geeinry, we considered whether signals are robust to variation in the
motion, and time-based transitions within animations prdes operating characteristics of receive&iets, 197)3as well as in
us with powerful tools to generate realistic environmentalthe environmental or ecological context we specify.
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The model system chosen to address our questions of interetste position of multiple body parts throughout the sequence and
was the Australian Jacky dragoA.(muricatug, which can be reconstructed the signaling motion in 3D (sB&n et al., 2016;
found in a variety of habitats including coastal heath, npck Peters et al., 201fér applications of this technique). To begin
outcrops and dry woodlands. Coastal heath environments masiceating the 3D animation, we built the lizard model using a
the movement-based signals of these lizards to a greatentext subdivision-modeling technique, which involves sculptigrand
compared with rock or woodland habitat&2émos and Peters, texturing the model using real morphological measurements a
2017, and was selected to be the environmental setting fophotographs of skin textures. After building the model, we edld
our animations. Created using real-world data, we used tha virtual skeleton that allows precise control of movement of
animation environment to address our questions of interdst  the whole model and its parts. The lizard's signaling behavior
consider how variation in environmental conditions coretts was animated using key-frametechnique, where the position
the e cacy of a movement-based signal, we generated 10@ata from a frame-by-frame analysis of eld recordings oé th
animations in which we systematically manipulated the winddisplay were used to set the coordinates for each part of the body
(plant movements) and light conditions, while holding the at relevant frames throughout the sequence. We nished \&ith
structure of the signal and the position of the receiver canst display sequence to match our model species that comprises four
To determine whether behavioral strategies might be able tdistinct components including introductory tail- ickingdllowed
mitigate the masking e ect of environmental conditions, weléh by limb-waving, push-ups and whole-body movements.
environmental variables and receiver position constant,and Jacky dragons inhabit woodlands and coastal heath of
separate sets of simulations, adjusted the speed of movemeént asoutheast Australia and are often seen perched on fallen
varied the orientation of the signaler. Based on previoudist) timber (Cogger, 1978 The habitat we created contains relevant
we predicted that increased wind conditions will reduce signafeatures rather than a specic habitaFigure 1). Landscape
e cacy (Fleishman, 1986; Ord et al., 2007; Peters et al., 2006pography and plant models were created using the same
Ord and Stamps, 2008The e ect of the light environment on method as the lizard model and were integrated with an
movement-based signaling has not been investigated prslyiou inbuilt Maya script that provides physically accurate and s
but given its relevance for motion vision systems we antieipa plant movementsAkagi and Kitajima, 2006 With the ground
it will have a mediating e ect. We also anticipated bene tslandscape completed, lighting and shadows were added to the
to increasing signaling speed (followirigrd et al., 200y and  scene. A single directional light was added to simulate theasul
speculated that signal e cacy would also be a ected by chagginthereby create naturally overcasting shadows from roclgs, lo
orientation of the signaler. and plants. The position and scale of lights was controlledgisin

transformation tools within Maya.

METHODS Changing Environmental Variables

Computer animation is an innovative approach to understandVanipulations of Wind and Light

the sensory constraints inherent to dynamic environmeiitis(t  TO test whether motion signal e cacy is in uenced by prevaij

et al., 2018 The ability of animation to faithfully simulate environmental conditions, we varied the wind and light
lighting, shadows, color, geometry, motion, and time-lshse conditions systematically while keeping the signaling seqee
transitions has made it a valuable tool in medical imagingconstant. Our manipulation of light levels was not simply to
engineering, geophysics, and plant biologyifiya and Fournier, adjust intensity values uniformly across the scene, butlter a
1992; Stam, 1997; Sakaguchi and Ohya, 1999; Ota et al., 2dbe; strength and range of dappled lighting surrounding the
Wong and Datta, 2004; Akagi and Kitajima, 2006; Zhang et allizard (Figure 2A, top). This was done by adding a directional
2007; Habel et al., 2009; Khorloo et al., 20Using data from light integrated with a sequence of black and white moving
habitat surveys and video of the Jacky drag¢A'smuricatus) foliage photographs as textures to create the e ect of dappled
motion signaling sequence, we reconstructed the animalitand light casting shadows onto surrounding objects. The outeah
microhabitat using realistic 3D models in Maya©2015 (8  these manipulations was to change the luminance pro le of the
et al., 2013 We created three sets of simulations to address ougcene, from relatively at to strongly jagged luminance fes
research questions: manipulations of wind and light coraisi, ~(Figure 2A, bottom). For the remainder of the paper, we refer
changing the speed of the signal, and varying the orientatibn to di erences in luminance between versions of our animagion
the signaler. Rendered videos of these simulations werezehly It is important to note, however, that luminance is a functioh
using saliency models of selective attention in order to jwed lightintensity, the re ective properties of the object anettangle

motion signal e cacy under a variety of contexts. of view.
_ ) ) _ In our manipulation of plant motion under wind, we
Creating 3D Lizard Model and Microhabitat systematically increased the extent of plant motion noise

We provide here a quick overview of the construction procesacross the sceneFigure 2B). Plant models were integrated
for 3D animation; se@&ian et al. (2018for detailed descriptions. and controlled with an inbuilt script in Maya that guides
The territorial displays of Jacky dragons were Imed in the eld plant movement based on physically accurate equations. We
using a dual camera system (seemos and Peters, 201and obtained the desired properties by manually adjusting the
one display was selected as representative of the set. Usig a fcontrollers for each plant, rendering animations of the scand
Matlab (Mathworks Inc) toolbox ledrick, 2008, we digitized analyzing them using computational motion analysis techeggu
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FIGURE 1 | (a) Representative habitat of Jacky dragonsAmphibolurus muricatusalong the south-east coast of Australia, andb) a basking adult Jacky dragon.
(c) Rendered frame of the 3D animation environment showing theimulated habitat and lizard.

(seePeters et al., 2002The end result was a unique set of shown that the detection of oscillating lures against a mgvi
10 values for each plant that generated increasing levels béackground is facilitated when the lure oscillates at higher
motion noise across the scene, albeit in a non-linear manndrequenciesileishman, 1996 Interestingly Peters et al. (2007)
(Figure 2B). One hundred animation sequences were createtbund thatA. muricatustailors its motion signal strategy not by
from the factorial combination of 10 light levels and 10increasing signal speed but the duration of the introducttaiy
wind conditions. An additional sequence was created féagur ick under high levels of motion noise in the environment, and
the displaying lizard in the absence of plant movement andhe angular speed of the tail ick did not di er between calm and
featuring a at luminance prole. This sequence provided awindy conditions. However, if we could increase the sigr@lin
baseline against which the other sequences were compared,spged of the animalyould it help to facilitate signal e cacy in
explained below. All sequences were rendered with the lizarl. muricatus?

orientated sideways to the camera and exported as images (720

576 pixels) and composed into 8 second videos (200 frames . . )
at 25 frames’s). Increasing S|gn§1I|ng $peeq . '
The rst set of simulations indicated that moderate wind and

scenes with a moderately jagged luminance pro le a ect signal
Behavioral Strategies e cacy. To explore whether increasing signaling speed would
Behavioral adjustments are well-documented in animali&irig  improve this outcome, we selected one sequence featuring the
acoustic signals to enhance signal e cacy (reviewe®iomm lizard orientated sideways to the camera under moderatedwin
and Slabbekoorn, 20Dp5Animals are shown to increase the and a moderately jagged luminance pro le to represent “norimal
amplitude or intensity of their acoustic signals at times ofsignal speed. We then created two new animations in which we
increased environmental noiseCynx et al.,, 1998; Brumm, increased the signaling speed to both 1.5 and 2 times fasder th
2004; Patricelli and Blickley, 2006Similarly, animals using that of the normal sequence. To achieve this, we compressed
movement-based signals have been shown to increase signalthe total number of framesn(D 160) featuring lizard signaling
speed to overcome increased motion noise (&gaqlislizards, movements to 120 framedagt speed) and 80 framedater
Ord et al., 200y, and previous work on related species haspeed) respectively, while retaining the same sequence and
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FIGURE 2 | The animation environment enables control of light and winéhduced plant motion. (A) Representative frames for varying light conditions (leel, 4, and
7). Below each image is the horizontal luminance pro le, coesponding to the position of the arrow in each frame. The lumance value is represented here by
intensity values in the range [0-255] following grayscaleoaversion in Matlab.(B) Animation sequences featuring plant motion in the absencefdizard movements
were analyzed using computational motion analysisigters et al., 2002). The resulting speed data for each frame was extracted andambined (ignoring time). We
calculated kernel density estimates of these speeds usindhe ksdensity function in Matlab to generate a vector of relative probalbiy of different image motion speeds
(probability density). The probability density is plottedeparately for all ten animation sequences (different lirmlors). Inset Enlargement of the fast speed end of the
distribution highlights the non-liner change across the seof animations.

amplitude of movements. Importantly, our manipulations of the (0.4 s in duration) within the animation to make sure that
timing of lizard movements has no e ect on plant movementsthe signal overlaps with all background noise of the original
as all objects in the scene (lizard, plants etc.) are coettoll sequence. This generated ve and nine sequences fdasttend
independently. However, shorter signal durations meanitagtl  fastersequences, respectivefyqure 3). We also created separate
movements will be viewed against only a small time window obaseline sequences for tfastandfastersequences, featuring no
plant movement relative to the normal sequence. To accourtlant motion and a relatively atluminance pro le. All sequees
for this, we created multiple replicates of each, shifting thevere exported as images (72%76 pixels) and composed into 8
starting position of the signal sequence by 10 frame incramensecond videos (200 frames at 25 frames/s).
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FIGURE 3 | In order to investigate the potential bene t of signaling fagr, we compressed the number of frames in thenormal speed sequence to represent
sequences(A) 1.5 (fast) and (B) 2.0 (faster) the normal speed. Importantly, the sequence and amplitude of movementss the same for each speed, and the
process of changing the time-frame over which lizard displgs occurs has no effect on other components in the animationincluding plant movements. Thefast and
faster display sequences were completed in a shorter time frame thmthe normal sequence and therefore seen against different plant motiononditions. To account
for this potential source of variation, we created multipleersions of each to ensure the new signal overlaps with all dfie background noise of thenormal sequence.
This was achieved by shifting the starting point by incremen of 10 frames (0.4 s), resulting in ve and nine sequences fdast (A) and faster (B) lizard display speeds.

Changing Signaler Orientation Sequence Analysis: Salience of
As the movement-based signals of Jacky dragons sweep 3D spgdeard Displays

viewing angle is likely to impact which parts of the movingoyr analytical approach to determining the e cacy of lizard
animal will be seen by the receiver. To explore whether thiﬁisplays in noise is summarized Figure 5and was undertaken
aects the e cacy of the signal, we created ve sequences ifn Matlab (Mathworks Inc). Animation sequences were anatyz
which the orientation of the lizard relative to the backgmili  frame-by-frame Figure 5A) to determine relative salience across
varied so as to be viewed from the front, side, angled lefle scene. We employed a saliency-driven computational model
and right, and from behind (backFigure 49. The position of  gescribed byitti et al. (1998)that involves scanning of local
the camera remained the same as in all previous animationfeatures such as contrast and motion to produce a saliency map
and consequently the plant background was also unchangefbr a given scene. The saliency map uses the computed values
In this way we could compare the signal e cacy of dierent from |ocal features as well as global information to geneeate
body orientations against the same motion background,; th%rediction on salient areas of the scer¢atel et al., 2007in
alternative of moving the camera around the lizard would dav the range [0,1], with higher values representing the moriesal
simultaneously changed the background as weljres 4b—d  areas Figure 50). Using the relevant baseline sequence for the
see alsiRamos and Peters, 201 We created 10 animations anjmation in question, we computed a binary mask that speci ed
for each body orientation featuring the factorial combiioatof  \here lizard movement is taking place within the scene. Tlais w
three levels of wind and light, plus a baseline sequence vaith roptained by computing image motion in the baseline sequence,
plant motion. All sequences were exported as images (7206)  which contains only lizard display movements, using a gradient
and composed into 8 s videos (200 frames at 25 frames/s). detector model Reters et al., 20)and thresholding the output
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FIGURE 4 | We manipulated the position of the lizard in the scene to exaime whether signal effectiveness is mediated by signaler ientation. (a) Five different
orientations were considered: front-on, side-on, angleddft, angled right and from behind (back), respectively, fra left to right. (b) We chose to change the orientation
of the signaler rather than position of the viewer (camera ition) as the latter includes concomitant changes in the bekground. For example, differences in signal
effectiveness between the lizard ir{b) and (c) under identical plant movements is attributable to the chage in signaler orientation. However, the effect of changing
orientation when comparing(b) and (d) is confounded by the very different plant movement backgronds.

such that all movement above 0.5 pixels was set feidu¢e 5D;  plant motion increased (arrowa in center plot). Rapid
image size is 720 576 pixels). Multiplying the salience scorereductions in performance were apparent in the mid-range
with the binary mask retained only the salience scores fartl  of wind speeds before performance attens out. Performance
display movement in the scen€igure 5B. This was repeated improved to some degree with increased visual contrast
for all frames in the sequence to yield a vector of relatiiesee due to changing luminance proles in the scene (arrdw

for each frame in the sequencé&igure 55H. We summarize in center plot). This was particularly clear for moderately
these data further to determine the proportion of the sequenceiscriminating receivers; less discriminating receivenewed

that exceeded a threshold value (dashed lineFigure 5F. a rapid increase before it plateaus (values are close to 1),
For most analyses, we varied the value for this thresholdnd highly discriminating receivers exhibited only a sabtl
by increments of 0.001 to provide a nal estimate for theincrease. However, these outcomes were at low to moderate
proportion of a given sequence as a function of the threshald fowind levels.

responseKigure 5G). Interestingly, when receivers are non-discriminatingg dhe
luminance pro le is at, an increase in prevailing wind actiyal
RESULTS led to an improvement in performanceFigure 6, arrow c).
. . . We explored this further by examining the proportion above
Changing Environmental Variables: threshold as a function of changing thresholds, separatial o
Manipulations of Wind and Light the tail- ick and the rest of the display, for three levels each

We tested the e ect of environmental variables on signabf wind and light conditions Figure 7A). The bene cial e ect

e cacy by systematically varying wind and light conditions of increased wind speed in this light environment is apparent
and computed the proportion of each sequence that exceedddr both the tail- ick component and the rest of the display

a specied threshold value as a proxy for signal e cacy.(Figure 7A). Furthermore, it seems that this result is driven
Performance was subtly dependent on the interaction betweemostly by poor performance of both components of the signal in
prevailing wind conditions, the luminance pro le, and receiv a scene with atter luminance pro les and low wind conditions
response thresholds. We summarize the resultsFigure 6, as the same movement in the same wind conditions shows vast
focusing on three receiver thresholds. In general, perforrean improvements when the luminance pro le of the scene becomes
declined as receivers became more discriminating (comparinmore jagged (black line shifted to the right in middle andhig
across surface plots) and as prevailing wind and concomitarstections under low luminance contrasthiigure 7A).
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FIGURE 5 | A schematic representation of our analytical approach to
quantifying effectiveness of lizard displays in the animian sequences we
created. Frames from the animation sequencégA) are analyzed using saliency
analysis B; see text for details) to yield a salience score in the rangé,[1] for all
(Continued)

FIGURE 5 | areas of the frame(C). These scores are multiplied by a binary
mask (D), which is derived separately and indicates where signal oags [1] or
does not occur [0]. This limits scores to areas of lizard didpy movement(E).
The maximum value in this restricted set of salience scoregpresents the
score for the respective frame in the sequencéF). The attention of receivers is
predicted if the score exceeds a particular threshold; howeer, as explained in
the text, we do not assume a single threshold for response. Raer we
determine the (G) proportion of the sequence that exceeds a given threshold
as a function of different threshold values.

Increasing Signaling Speed

To determine whether increasing signaling speed could improve
signal e cacy, we produced two series of animations featgrin
the model lizard signaling at &ast (150%) andfaster(200%)
speed, using moderate wind conditions and a moderately
jagged luminance pro le.Figure 8A presents the proportion

of sequence duration above threshold as a function of varyin
threshold levels for the original speed and the set of seqgenc
exhibiting fast and faster speeds. In general, the data do not
indicate an improvement when the original sequence duration
is considered (8s). There is, however, a slight improvement
in performance forfaster sequences relative to the normal
speed over medium to high response threshol&gyre 8A
inset). Once again, sequences featuf@gtermovements were
most e ective under moderate to high receiver thresholds.
We explored these data further by separating out the tail
ick component and the rest of the display, and computed
mean salience scores for the lizard movemerigyre 9). Fast
and fastertail movements show modest improvement on the
normal speed and were quite uniform across the range of
backgrounds Figure 9A). In contrast, performance by the rest
of the display was more sensitive to the particular background
against which it was vieweéigure 9B). In Figure 8B we use the
time in motion as the denominator for calculating proportions
rather than sequence duration. When considered in this way,
we observed a substantial improvement in performance with
increased signaling spedeigure 8B).

Changing Signaler Orientation
The proportion of the sequence that exceeded a threshold as a
function of changing threshold in the baseline sequencg&sas/n
in Figure 10A separately for each of the ve di erent signaler
orientations. For this particular display and in the absence of
noise, performance was better when the signaler was oriented
directly away from the receiver (back) or angled away (eithe
left or right). Viewing this sequence with the signaleresried
side on or facing the receiver were less e ective. When we
compared the salience of the whole displ&jg(re 10B with
di erent signal componentsKigures 10C,D, the result showed
that di erences in signal e cacy due to signaler orientatios
mainly driven by the tail ick component. For the non-tail-dgk
component of the display, varying the orientation of the signal
had a negligible e ect on e cacyKigure 10D).

We then considered the e ect of signaler orientation when
we varied the environmental conditions and show that signal
orientation mediates signal performance. We previously stbw
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FIGURE 6 | Signal effectiveness varied as a function of prevailing winthe luminance pro le of the scene and receiver response tlasholds. Surface plots show the
proportion of sequence duration that exceeds a speci ed thrshold, as a function of wind strength and luminance contrastincreased wind strength results in greater
plant motion noise, while higher luminance contrast accentates areas of light and dark. Separate plots are shown for tferent receiver response threshold: low (0.25),
medium (0.5), and high (0.75) levels of discrimination (froleft to right, respectively). The arrows labeled a, b, and highlight the main outcomes referred to in the text:
performance declines with increased wind speed (a), perfarance improves at low wind speeds with increased luminance antrast (b) and at low receiver thresholds,
and at luminance pro les, performance improves from low to malerate wind speeds (c).

that in scenes with a at luminance pro le, adding plant motion to signal structure can be used to remain salientin di erenaige

improved performance of both the tail ick and the rest of the motion environments. Although we could have varied many
display Figure 7A). However, this applies when viewed from parameters relevant to the signaling context in our simolati

the side, and is not apparent when the signaler is facing awanvironment, we opted to focus on just a few parameters in
from the viewer Figure 7B), and only applies to the tail ick detail. The parameters that we varied in this study were shown
component when the lizard is angled to the rigiiigure 70. It  empirically to be relevant (plant movements, signal speed) or
shows also that the detrimental e ect of increasing plant ranti that we suggested in the Introduction are relevant based on

varies according to signaler orientation. physical principles (light environment, signaler orientatjoWe
discuss our results and their implications below; however, w
DISCUSSION acknowledge from the outset that we have modeled a singlelliz

display in a single habitat and thus our results are not suitédyle
The movements of wind-blown plants are a major sourcénferential statistics and generalizations are made withtion.
of noise for movement-based signals and only rarely havblevertheless, our simulations break new ground for redeiato
been quantied in detail (but see-leishman, 1986; Peters the motion ecology of animals and provides novel insight tfzet c
et al., 2008; Fleishman and Pallus, 208uch image motion guide future work.
backgrounds are likely to hinder detection of relevant wisu ~ The results of the present set of simulations suggest that
motion signals in animals Hleishman, 1986and direct the environmental conditions at the time of signaling do indeed
evolution of e ective communication strategies (sertsndler, aect signal e cacy and behavioral changes can mediate the
199). Knowledge of the environments in which animals operatemasking e ect of environmental noise. We acknowledge that
and the sensory processing demands that mediate behavior &fthough our agent for selection utilized well-establistiedls
ecological contexts is crucial in understanding motionnsilg for measuring salience of scendsi (et al., 199§, there are
processing (e.g.Fleishman, 1988b Physical measurements limitations to its utility owing to inherent assumptions tha
of plant-motion alone do not provide sucient details for do not re ect precisely the complex interactions involved in
understanding the design of movement-based signal stractu predicting attentional capture in natural scenegailer et al.,
and the processing demands faced by animals. Our study pese@f1). Much criticism of this approach centers on the use of
an innovative approach using 3D animation to quantify motionstatic images, so adopting a model that incorporates dynamic
signals and environmental characteristics simultanggqusith  information (Harel et al., 2007at the feature layer is a step
the ability to systematically manipulate one or more vamabl in the right direction, as well as being integral to our reséar
The level of control within the animation environment gave question. Nevertheless, the set of animations we haveetteat
us the opportunity to obtain a more complete picture of can be reanalyzed with di erent analytical approaches, which we
sensory constraints imposed by environmental conditiorsnth are currently investigating. For example, incorporating tapach
previously attempted, and enabled us to assess whether changeidance as to where conspeci cs are most likely to be located
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FIGURE 7 | Signal effectiveness was in uenced by signaler orientatigrbut was also mediated by the type of movement. Each plot show the proportion of the lizard
display with salience scores exceeding receiver threshotdfor response, presented separately for the tail ick and ressof the display for three orientations(A) side-on,
(B) viewed from behind,(C) angled toward the right. Separate plots are shown for scenesvith low (left column), moderate (middle column), and stran(right column)
luminance contrast, while in each plot, lines represent loWblack), moderate (blue), and strong (red) wind conditions

(Kanan et al., 2009and explicity modeling non-uniform Environmental Conditions Affect

sampling by visual systems of natural scenés¢hnewski et al., Signal Ef cacy

2010 will be useful extensions to the novel analysis we presem number of previous studies have demonstrated that plant-
herein, but require knowledge thatis notyetin hand forfds  motion is an important sensory constraint for the reception of
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FIGURE 8 | Signaling faster improves the salience of signal movementompared with plant movements, but reduces the time-frame @er which the signal can be
detected. The plots show the proportion of the lizard displg with salience scores exceeding receiver thresholds for sponse in moderate wind (level 6) and luminance
contrast (level 4). In each plot, thenormal speed sequence (black line) is compared with the set of sequees in which display speed was increased by 1.5 (blue;
fast) and 2.0 (orange;faster) the normal speed. The shaded regions for thefast and faster sequences represent the minimum and maximum values for a gin
threshold. (A) Data is shown using the full 8 s sequence duration, with the @uction in performance for the fastest display movements a@nsequence of reduced time
in motion. Despite this, thefaster sequence was more effective at mid-high thresholds (see im). (B) Data are shown as a function of time in motion and shows that
both fast and faster movements are more salient thamormal speed.

FIGURE 9 | The salience scores of the tail ick component were lower tharthat of the rest of the display, but the rest of the display shaed greater variability in
response to background conditions. Bar charts show mean saénce score of (A) tail icks and (B) the rest of the display. Data are shown for the sequence atormal
speed (N) and the set of animations at 1.5 (top row) and 2.0 (bottom row) normal speed. In each plot, thenormal speed sequence () is shown in black, with the
open circle representing the mean ( SE) of the faster speed sequences to the right.
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movement-based signals in several lizard species includling
muricatus(Fleishman, 1986; Ord et al., 2007; Peters et al.,)200
Similarly, our analysis showed an overall decline in sigredcy

as we systematically increased wind strength in the siradlat
environment. However, our results o er an interesting cavea
in that when receivers are less discriminating, the e ect o
prevailing wind might actually facilitate segmentation degieg

on the light environment and the orientation of the signaler
This e ect is not present when receivers become moderately {
highly discriminating. Likewise, the facilitating e ectioicreased
luminance contrast at low wind levels attens out when reees
are more discriminatingKigure 6).

Peters et al. (200)as described in detail the image motion
generated by dierent plant communities under a range of
meteorological conditions across multiple sites. Theiruhss
demonstrated that plant-motion varied as a function of wind
speed, plant structure and habitat topograpleishman and
Pallus (2010demonstrated the importance of local conditions
for lizards when they modeled the signal detection task oéieer
visual systems for multiple species Aufiolis lizards. Changing
noise levels had a detrimental e ect for only one of ve species
but the environmental conditions were moderate at worst. It
would be interesting to know whether signal performance wloul
be adversely a ected for the other four species if noise leve
spanned a greater range of conditions, as utilized in the ptese
study. However, although we quantied signal performance
under an unprecedented range of environmental conditions, o
study focused on one signal in one habitat. Taking the leathfr
Fleishman and Pallus (201,®e need to consider multiple signals
and multiple habitats to understand fully the environmental
constraints on motion signaling. To this end, we are in the
process of simulating multiple lizard species, which have ver
distinctive motor patterns, and the di erent habitats theyooipy.
We will then have the ability to compare signal performance
in di erent habitats across di erent environmental conditis.
More importantly, this involves “swapping” species betweer
habitats to examine performance in a manner that would no
be possible in nature due to government regulations preventin
translocations outside of species' natural ranges.

Our study provides novel insights into the e ect of the light
environment on the e cacy of movement-based signals. As
light passes through vegetated environments it casts shado
and creates areas of rapid changes in light intensity. The
areas can change dynamically if the structures upon which th

~

f

)

Is

A

W
5€

eFIGURE 10 | Signal effectiveness was mediated by signaler orientatiomut

shadows are cast are moving, and furthermore, if the objec
causing the shadows are themselves moving. These feafures
the environment are potentially very important for movement-
based signals as the visual systems of receivers use Iwaina

[Sonly for tail- icking. (A) The proportion of lizard displays with salience scores
5 €kceeding receiver thresholds for response, shown separaty for ve different
signaler orientations. Summed salience scores for the wheldisplay (B), and
nfor the tail ick component (C) and rest of the display(D) separately. The color

scheme in(A) is the same as in(B,D).

di erences to detect motion, and the perception of movement ig
most reliable for areas of high-contrastiatchette et al. (2018)
recently demonstrated that detection of a moving prey item by

human observers was more di cult when prey moved across

dynamic, dappled areas of the scene. This potential anti-poedatis an underappreciated area of investigation and worthy of
strategy is an option because it is a di cult visual processingurther consideration. The light environment is importandrf
task for the receiver. Similarly, we show here that the extéon  static visual signaling systenisr(dler, 1993b; Endler and Thery,
between luminance pro les and wind-blown plants can mask al99¢ but the present study suggests it is also relevant in a
signal, however, this time the signaler wants to be seers Thdynamic world.
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Behavioral Strategies Can Mediate the might be a strategy they could adopt, but it is seemingly not

Masking Effect of Environmental Noise what the lizards do in response to increased noise lefelsrs
Adjusting behavior and the structure of signals to enharigeal €t al. (2007)showed that lizards lengthened the duration of
reception in “noisy” environments is widely observed in aais1  tail icking without changing speeds in windy conditions. &
across diverse taxonomic groupdy@n et al., 1990; Ord et al., also switched to more intermittent movements. We held this
2007; Peters et al., 2007n the present study, we showed CoOmponent constant in the present analysis because we were
quantitatively that simple behavioral modi cations can et ~ €Xplicitly testing the same display in di erent circumstances, b
improve e cacy of movement-based signals, but whether thes&® € cacy bene t of structural variations of this kind shod

are actually useful strategies is more complicated. Animals thbe investigated.

signal faster could enjoy e cacy bene ts, and our resultggast .

that doubling the speed of movement is preferable. Howevigsr, it CondUde Rema_rks .

not clear whether such speeds are achievable in Iizards,arwhOur study used an |n|_wovat|ve approap_h to understand the
the energetic demands of this extra activity might ent&ieéd complex. € ects of environmental condmons. on F“O"em?”"
et al., 2013 The potential energetic demands are compounde(kjﬁ)"jlsed §|gnal performar!ce. W? have quaptl ed n Qetall an
when we consider that these faster movements would need {Bter_actlve € ect_ofchanglng environmental wind cqndltmand

be sustained over a longer time peridéeters and Evans, 2003 _var_ylng_the luminance pro Ig of the Scene. In addition to néve
Furthermore, signaling faster over sustained periods maso |nS|ght_ Into Fhe role_ of the light _envwonment, we a_lso sugges
increase the risk of predation by predators that also deteet ththat orlentatpn of signalers relative to the surroundingupls is
movement Gteinberg et al., 20).4inally, while evaluating these relevant, particularly for some motor patterns. Our approach to

extra costs, it is worth being mindful of the result that segtgd undeltrst;mdl_ng animal pc;mmu?lca}t;]on IS entltr;]ely no;/;alésh?t
displays (excluding tail- icks) are quite sensitive to tkexél of results herein are very informative; however, the gre 0

noise at the time of signaling. In contrast, tail- icks al®nvere simulations like ours comes from guiding work on living arsa.

less sensitive to noise conditions and might be better duite Ont_the pa3|s|_of our r_eSliltSt’ '\(Ne ?nccilulragke ?;[Eers_ Wor:t:g on
sustained signalingeters et al., 2007 motion-signaling species to take a fresh look at the circuntsta

Our results also show that orientation of the signaler rigkat in which signa!ing take_s place. For example,. where do animals
to surrounding plant-motion noise has implications for signa perform t.he'r display with reSpe.Ct to surrqqndlng plants and the
e cacy (Figures7 10). The Jacky dragon display consists ofl'(:-:’ht e_nvwonment? How do a_mmals ppsmon thems_elves when
tail- icks, followed by a rapid sequence of foreleg waves an ignaling a_n_d hoyv do Fhey 'adjugt positions during dlsplays_? Are
other movements centered on a push-upefers and Ord. there conditions in WhICh signaling dogs not take place?llylna
2003; Ramos and Peters, 2J)1When we partitioned out the the present analysis suggestg that signal performance is very
tail- ick from the rest of the display we observed that tail much a consequence of receiver thresholds for response. It is
movements were susceptible to lizard orientation, but the re wort_hwhlle to k_n ow whgther potential receivers of these types
of the display was more robust to variation in orientation.igh of displays exhibit varying thresholds under di erent context

can be explained by the nature of the two sets of movementg.oIr ex_ample, when foraging and seeking out the movements of
Tail movements in this species occur in random directions an otential prey fioese et al., 20)7are they more, less, or equally

can go in and out of view depending on the structure of '[heIkely to detect a conspeci ¢ territorial display?
environment and the presence of occluding objects. In catira
as the rest of the display has a far more restricted range AUTHOR CONTRIBUTIONS
movement, and mostly delivered in full view, it is relatwedbust
to changes in orientation. Signaler orientation also appéars
mediate performance in noise, and there are likely to be ogtim
orientations for a given movement type that might reduce th
e ects of noise.

The two strategies investigated for mediating the maskiné]:UND”\lG
e ect of plant motion thus seem to favor di erent components of __ ) )
the display. Tail- icks show an improvement with faster speeds! NiS Work was supported by an Australian Research Council
are less susceptible to prevailing noise levels and, we sugges DiScovery Project Grant (DP170102370).
less costly during sustained signaling; yet they are subtept
to performance decrements due to signaler orientation. IFACKNOWLEDGMENTS
contrast, the rest of the display is robust to signaler omion
and faster movements are bene cial. However, these must b&/e are grateful to Nicole Butler and Jose Ramos for comments
weighed up against the energetic and predation costs of sugn the manuscript, Jose Ramos for providing eld data,
movements, which are undetermined at this stage. How d@handara Ung for providing earlier versions of the lizard
these data and interpretations t with what we know aboutmodel and Warwick Laird for providing earlier versions of the
Jacky dragon behavior? Our analysis shows that fasterlsigna habitat model.

The project was designed by RP and XB. Animation work was
d,mdertaken by XB and AP. Manuscript was prepared by XB and
P with input from all authors.
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