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Abstract

Background

Stripes and other high contrast patterns foundromas have been hypothesised to c4
“motion dazzle”, a type of defensive coloration ttheperates when in motion, caus
predators to misjudge the speed and direction ggcbbmovement. Several recent stug
have found some support for this idea, but ligleurrently understood about the mechani
underlying this effect. Using humans as model ‘ateds’ in a touch screen experiment
investigated further the effectiveness of stripgdjets in preventing capture, and consid
how stripes compare to other types of patterningriter to understand what aspects of tg
patterning are important in making a target difiti¢a capture.

Results

We find that striped targets are among the moéicdif to capture, but that other pattern
types are also highly effective at preventing ceptin this task. Several target typ
including background sampled targets and targets avispot’ on were significantly easier
capture than striped targets. We also show diftrenn capture attempt rates betw
different target types, but we find no differengetearning rates between target types.

Conclusions
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We conclude that striped targets are effective rev@nting capture, but are not uniquely

ate.

difficult to catch, with luminance matched greygats also showing a similar capture r

luminance matching and having trackable ‘featum@s’the target body. We also find that

We show that key factors in making capture easter a lack of average backgrmj:nd

striped patterns are attempted relatively quiclligspite being difficult to catch. We discuiss



these findings in relation to the motion dazzle dtiyesis and how capture rates may be
affected more generally by pattern type.
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Background

Camouflage can be defined as “strategies involmedoncealment, including prevention of
detection and recognition” [1], and offers an intpat anti-predator defence for many
species. One common type of camouflage is crypgigh helps to prevent initial detection

of an object through a variety of mechanisms, fomple background matching through to
disruptive camouflage and self-shadow concealm2ptMlany studies of camouflage have
considered the case in which a prey item is statioron its background (e.g. [3-9]).

However, most animals cannot remain still inde@ilyitand often need to move to find food
and mates, becoming especially vulnerable to deteeind attack during these periods. It is
therefore important to ask whether some types t¢tepang can provide protection from

predator attack when in motion.

Recent research into this area has focused splyjifen concept of ‘motion dazzle’, where
high contrast stripe and zigzag markings are hygssed to ‘dazzle’ an approaching
predator, making it difficult for them to judge thepeed and direction of the animal’s
movement [1]. This concept was proposed by Thawperahers and was applied in World
War | and Il to the painting of some Allied shigh)]. It was theorised that using striking
geometric patterns would make it difficult to targemoving ship accurately by making the
trajectory or speed of the vessel difficult to emstie, although evidence obtained at the time
was inconclusive about the effectiveness of thezldamarkings [11]. From an ecological
perspective, several studies have suggested thdtigh contrast markings seen on animals
such as zebras and some snakes may create visisédns, distorting speed or direction
perception in some manner [12-16].

The first experimental test of the motion dazzlg@dthesis was conducted by Stevens and
colleagues, who ran human artificial ‘prey’ captasgeriments where subjects were required
to attempt to capture moving targets in a compgéene. They found that some targets with
highly conspicuous patterns, such as bands andgsgzavere more difficult to capture than
uniformly coloured, luminance matched conspicuodsnidi [17]. Scott-Samuel and
colleagues investigated the potential mechanisrhinbedazzle camouflage, in a task where
human subjects were asked to judge which of twgetarappeared to be moving faster, in
order to determine the point at which they wergextttvely perceived to be travelling at the
same speed. They found that dazzle patterning @itédt speed perception in humans, with
high contrast patterns causing a reduction in pezdespeed [18]. However, they did not find
a significant effect for striped stimuli, with onsome high contrast 2D patterns (such as
zigzags and checks) causing perceived speed redscti

However, not all research has supported the maléazle hypothesis. One study combined a
number of approaches, asking human participantotio attempt to capture moving stimuli
and also to make perceptual judgements of speedeparate experiments [19]. This
challenged the finding that high contrast pattegniauses a reduction in perceived speed,



suggesting that striped targets are in fact peecei@s moving faster than non-patterned
targets and also arguing that striped targets arenare difficult, or perhaps sometimes
easier, than non-patterned targets to capture [A9urther study used cuttlefishSdpia
officinalis) as a means to test whether dazzle patterningsereed in a more natural system
[20]. As cuttlefish are able to change their bodttgrns rapidly in response to their
surroundings, the researchers asked whether theldvbe more likely to use low contrast
mottled patterns or high contrast ‘dazzle’ pattemien in motion. They found that cuttlefish
reduced the amount of high contrast patterns tleylad/ed when in motion, and concluded
that they did not use motion dazzle patterning tfeg purpose of motion camouflage.
Similarly, several human studies have found that kontrast striped targets are more
difficult to capture than high contrast ones [17,2here is therefore still much debate as to
the efficacy of motion dazzle, and the mechanisras underlie it.

Some data have suggested that other patterning typg be effective in preventing capture.
Background matching stimuli (plain grey luminancataimed) have also been shown to be
effective at reducing capture rates compared terdidrget types tested, including ‘motion
dazzle’ type stimuli [17], suggesting that crypt@amouflage markings may offer good
protection when in motion as well as when statipnBiowever, other results have suggested
that background matching may not be as effectivenation dazzle’ patterning; in one study,
background matching camouflaged stimuli were fowmdoe harder to detect than high
contrast striped stimuli when they were stationauyt, were caught more often than the same
stimuli when they were moving [21]. It is therefoa¢so unclear to what extent cryptic
camouflage strategies offer protection againsturagh motion.

It is not fully understood what aspects of a tdsy@iattern are most critical for making
capture difficult, and by what mechanism motionzal@zould work. One phenomenon which
may be of critical importance is “aperture problemhich occurs because the cells involved
in the early stages of the human visual systenraegssing motion information have small,
local receptive fields. The motion of a line thrbutpese receptive fields is ambiguous for
motion parallel to the line itself, with only movemt perpendicular to the line being
detectable [22]. Unambiguous ‘features’ in the imagch as corners, contour end points or
points of high curvature do not suffer from theréype problem and therefore may be used to
estimate the true speed and direction of motiorZ&3 These features may be detected by
end stopped cells in primary visual cortex in ptiesg29], which allows segmentation of the
visual scene [30] and then tracking of the featores time [31,32]. It has been hypothesised
that the terminator signals may then propagategatbe ambiguous segments of contours,
constraining the velocity and direction signaldowing recovery of object motion [31]. It
may therefore be the case that targets withoutooisvieatures may be most difficult to catch.
In addition, there may be some feature types tfebatter at preventing the aperture effect
and allowing the true motion to be determined tlwhers. Recent research involving
modelling potential motion detection mechanismsigion showed that the stripes on zebra
create erroneous information about direction of ement, much more so than unpatterned
horses [16]. The researchers hypothesised thag #resneous motion signals may be caused
both by the aperture effect and the wagon-wheacgffiwhere motion is perceived to be
inverted by spatiotemporal aliasing (although ther#till debate as to whether this effect can
happen under natural viewing conditions [16]).

Recent research has shown that observers learretaxtdtypes of static camouflage at
different rates [33]. Learning effects have notvpasly been investigated in the context of
moving stimuli, but if there are differences inr@ag rates between different patterns when



targets are in motion, this may suggest that thegequalitatively or quantitatively different
perceptual or cognitive processes involved in tapture process for different stimuli, and
thus may help to explain the differences betwedtepatypes.

While there have now been several studies consigléth the hypothesis of motion dazzle
and more generally how patterning affects perceémod behavioural judgements when in
motion (reviewed in Table 1), there is still debageto which strategies are optimal and what
aspects of a target’s pattern are important inrdeteng capture difficulty. In this study, we
use human prey capture experiments similar to tleoselucted by Stevens and colleagues
[17,21] to investigate these questions. We compargtive ‘motion dazzle’ transverse
striped targets, different types of cryptic stim@iniform luminance matched grey and
background matching targets) and highly conspicuwoli$e targets to determine how these
different patterning types compare in difficulty cdpture. We predict from previous work
[17,21] that striped targets will be among the nihfficult to capture, with white targets and
background matching targets being more easily dadghthe existence of motion dazzle is
still contentious, attempting to replicate thesevius findings is important. We also extend
previous research to consider the effect of sewgpals of targets patterned with conspicuous
white markings (a white edged target, and a tanggt a central white spot), predicting that
these will increase capture success by providimgttires’ for the observers to track.
Furthermore, we tested whether participants impidbeir capture success at different rates
for different patterning types to consider whettieere are differences in learning for
different target types and whether this can explagnpatterns of results seen.



Table 1Review of previous ‘motion dazzle’ studies

Paper

Methodology

Conclusions

Stevens et al. (2008) [17]

Zylinski et al. (2009) [20]
Scott-Samuel et al. (2011) [18]
Stevens et al. (2011) [21]

Santer (2013) [34]

Von Helversen et al. (2013) [19]

How & Zanker (2014)[16]

Human ‘prey capture’ezipents using a computer game. Self paced response
unpredictable trajectory.

Tested whether cuttdfiwvere more likely to use low or high contrasafzle’) patterns
when in motior
Humans asked tgguslhich of two patterns appeared to be moving rqarekly.
Predictable trajectory.
Human ‘prey capture’ezipents using a touch screen computer game. et
responses, unpredictable trajectory.
Tested response of locust nauromlved in escape responses to motion dazzieikti

Humans asked tengbt to capture moving target using a joystickigéamoving on

Targets with highly conspicuous stripe/zigzag page uniformly
camouflaged (grey) targets similarly difficult tatch and caught less than
some other pattern types.

Cuttlefish reduced the amount of high contrastguatt they displayed
when in motior

Targets with zigazag/check patterns perceived tmdn&ng more slowly
than unpatterned (white Gaussian) targets. No tefifestriped patterns.
Striped moving targets caught less often than célaged (background
matching) targets (despite being caught more ofteen stationary).
High contrast motion dazzle stimuli causedesker response in these
neurons than uniformly dark stimuli. However, unifdy bright stimuli
produce an even weaker response.

Striped targets no more difficult or easier thaifarm black targets to

predictable trajectory and disappeared before captitempt made. Also made perceptuatapture. Striped targets perceived as moving faséer uniform black

judgements about which of two patterns appearde tmoving more quickly.

Modelling potential motiaietection mechanism in human vision and
the motion signals that zebras would produce i tibdel

targets.
Stripes on zebras produce more erroneous informatiout direction of
movement than unpatterned hor




Previous experiments in this area have often alibpagticipants to make capture attempts at
their own pace [17,18,21]. For example, in sevpravious capture studies [17,21], targets
were presented for a fixed period of time (e.g. omeute) and participants were instructed to
try to catch the target as many times as possibthat interval. In the current study, targets
were only present on screen for a brief periodaichetrial, and therefore participants needed
to make fast responses to have a chance of capttnentarget. This design was chosen to
allow us to standardise how participants had toeggh the task, and may also correspond to
natural situations where animals are only visilde ghort periods of time; e.g. if they are
moving between two different patches of occludiegetation. We then investigated whether
there were differences in capture attempt timesliiderent target types, and how this might
relate to the detectability of targets and how m@rit subjects felt in their judgements, as
confidence judgements and reaction times are thidodbe inversely related [35-37]

Methods

The experiment was a computer ‘game’ created intiMelia Fusion 2 (Clickteam 1996—
2011) and played on a touch screen monitor (Eld151ITyco Electronics, Shanghai, China,
1280 x 1024 pixels, or 42.85 x 34.28 degrees sdetkron the viewer's eye) by human
subjects. The achromatic target (90x40 pixels laBge 1.33 degrees or approximately 24 x
11 mm) started behind an occluding circle (diam&#J pixels, 5.99 degrees) in the centre of
the screen, luminance matched to the average baakgiuminance. The target then moved
out in a random direction at a speed of 20.8 capgproximately 26.7 degrees of visual angle
per second) through a circular arena (diameter 1PBls, 34.28 degrees) before
disappearing. The subjects’ task was to make auoapttempt before the target left the
circular arena. The target did not change trajgctorce it had started moving. After the
subject touched the screen, a cross appeared atiden in the position they had clicked.
The colour of this cross indicated whether they hador missed the target (green or red,
respectively). The computer program recorded thsitipo of the capture attempt, the
position of the target at the time of the captuterapt, the time of the capture attempt and
whether the subject had hit or missed the targier/ capture attempt (or after the target
had left the screen) there was a short pause b#fer@ext target presentation began. The
experiment used a block design: each of the 7 rdifitetarget types was presented in a
random order in one block, and the full experimemttained 20 blocks, meaning that each
participant made 140 capture attempts in total, each target type was presented 20 times
throughout the experiment. We used this numbetaafids as it gave a comparable number of
target presentations to other studies where legraifects have been seen [33]. Figure 1
shows an example screen shot from this experiment.

Figure 1 An example screen shot showing the general set uptbhe experiment.

Targets were PNG images, created in Image J. Sdifferent target types were used in this
experiment. A luminance matched grey target, hightrast stripe target (spatial frequency of
1.74 cycles/deg) and a ‘background sample’ camgeflarget were all luminance matched
to the mean background level. The ‘background semnaiget was created by cutting out a
random section of the background; each subject aaarget that was cut out from the
background exemplar they were presented with. &vipus experiments [21], background
matching targets had been designed to match avedfasimple, repeating background. In
this experiment, we used a more complex, heteragenbackground and matching target to
try to replicate the previous findings. A ‘spotrgat and a grey target with white edges were



matched in luminance to each other (but not topiteious three targets). As a control, a
grey target with luminance matching these two targeas also included. Finally, thd' 7
target was a uniform white target. The effectsabar were removed from the experiment to
allow calibration for luminance and also to simplifie interpretation of the results.

Targets were presented on a ‘heterogeneous’ leafiggnound, and each participant saw one
of four exemplar backgrounds. This was done to enthat any effects seen were due to the
background group and not to a specific image. ldgEmeous backgrounds were chosen as
these have been shown to make the prey capturerataively difficult for subjects [17].
Backgrounds were grey scale digital images of matsubstrates, also in PNG format, and
each background exemplar was matched for mean &moen These were sourced from free
stock image website www.sxc.hu and Wikipedia.

Calibration

The display was calibrated for human luminance gmion using a Minolta LS-110
luminance meter (Osaka, Japan). Images with gr&yesaranging from 0-255 on an 8 bit
scale were displayed on the screen, and the lurmgnamas measured in lux for each image at
four different points on the screen and averagée. grey value was then plotted against the
average luminance to determine the value that wapdesent an intermediate grey between
the black and white markings on a ratio scale, #nd value was used in target and
background creation. The display refreshed at 70fich would equate to a frame by frame
displacement of 0.57 degrees. The flicker of thépetl targets was 41.6Hz (based on
calculating the time taken for one complete cydlevbite and black stripes), which was
lower than the refresh rate of the display.

Subjects

Data from a total of 80 volunteers were used inahalysis (two volunteers were run and not
used in the analysis due to technical difficuliseth the program). Subjects were drawn from
the undergraduate and graduate populations atnhetdity of Cambridge, were naive to the
experimental aims and were only given enough in&tiom to be able to play the game. The
University of Cambridge's ethical research policiesre adhered to and no ethical review
was required. Subjects gave consent verbally, andlicking the “start” button on the

touchscreen before the trial commenced. Subjects fmee to terminate the trial at any point
without explanation, and no sensitive informatiomswcollected. Viewing distance was
approximately constant at 45 cm, and the experimeast conducted in standard laboratory
light conditions throughout the working day (ligigilevels did not change with time of day
as all windows were covered for the duration of éxperiment). All subjects received 10
training target presentations first, where a blkacget was captured on a white background.

Statistical analysis

Due to the repeated measures design of the exparimesults were analysed using linear
mixed models (LMMs) or generalised linear mixed msd GLMMs) [38,39] using the Ime4

package (version 1.1-7) and the ImerTest packagesibn 2.0-6) in R (version 3.1-0) [40],

using target type, background type, trial numbed gosition group (whether the capture
attempt was ahead of or behind the midline of #inget, as defined by its direction of travel;
this factor was included as it greatly improved thedel fit, as many more capture attempts
were made behind the centre of the target, creatinignodal distribution) as fixed factors as



appropriate. The initial model also contained alsgible first order interactions with target

type. Subject was included as a random intercegttlam specific background exemplar was
also included as a random slope. Models were dieglbased on their AIC weights and log

likelihood to produce a best fit model [38,39]. Aysas was run for each experiment using a
hit/miss dependent variable (binomial error strugfuand also for a reaction time measure
(log normal error structure). We calculated therallamain effects of the models using the

Anova function from the car package (version 2.p-a0d then analysed the effects of
individual pattern types using planned contrast gamnsons [41]. The high contrast striped

target was taken as the reference against whiattat targets were compared.

Results

All main effects in the simplified hits model wesignificant (target typey® = 47.328, p
<0.001, position group? = 98.199, p <0.001, trial numbgt = 65.744, p < 0.001). We then
compared the hit rate (hits as a proportion of tibtal number of attempts) of the high
contrast striped target with all the other targpies (see Table 2 for full statistical results).
When considering the capture rate of these stinibkre was no significant difference
between the striped target and either of the gaegets (Z = -1.520, p = 0.128 for the
background average luminance matched grey, and@ 792, p = 0.483 for the lighter grey;
Figure 2). There was also no difference betweersthped target and the white edged grey
target (Z = -0.598, p = 0.550). However, there wmasignificant difference between the
striped target and the white target (Z = 3.660, @.601), the ‘spot’ target (Z = 2.729, p =
0.006) and the background matching camouflage tdfye 2.126, p = 0.034), with these
three targets all being easier to capture tharstiged target. There was also a significant
effect of position group, with significantly moraccessful capture attempts made in front of
the target centre than behind (Z = 9.910, p < 0,08f&d trial number, with participants
improving throughout the experiment (Z = 8.108, 9.€01). During model simplification,
the interaction of trial number with target typeopped out of the model, suggesting that
learning rates were not different for differentgets. Similarly the interaction of position
group with target type was not significant and wespped.

Table 2 Table to show the full statistical results for thehit rate measure

Factor Estimate Std. error Z value p value
Stripe vs. luminance match grey -0.11405 0.07503 524 0.128
Stripe vs. lighter grey —-0.05262 0.07497 -0.702 88.4
Stripe vs. white 0.27288 0.07455 3.660 <0.001
Stripe vs. white edged grey -0.04470 0.07476 -0.598 0.550
Stripe vs. ‘spot’ 0.20384 0.07470 2.729 0.006
Stripe vs. background match 0.15891 0.07475 2.126 .0340
Position group 0.58129 0.05866 9.910 <0.001
Trial number 0.16294 0.02010 8.108 <0.001

These results were obtained using a generalisedrlimixed model. The first six rows detail
the planned comparisons of the target type, whigefinal two rows show the effects of the
other factors included in the model.

Figure 2 Distribution of the number of hits for each targettype across all subjects and
trials. Trial types from left to right are average backgrd luminance matching grey, lighter
grey, white, white edged grey, ‘spot’, backgrounatching camouflage and high contrast
stripe. Whiskers encompass 1.5 x the interquasdiige, and points beyond this are plotted as
outliers (black circles). Means are represented/iye diamonds.




We also used a capture attempt time measure tgsantdiese data, again finding that all the
main effects in our simplified model were significatarget typey® = 182.86, p <0.001,
position group:y®> = 410.34, p <0.001, trial numbgf = 493.77, p < 0.001). We then
compared the high contrast striped target to akiotarget types (see Table 3 for full results).
Participants were slower to make capture attemptboth grey stimuli compared to the
striped target (t = 6.289, p < 0.001 for the baokgd average luminance matched grey, and t
= 8.154, p < 0.001 for the lighter grey; Figure Barticipants were also slower to make
capture attempts for the ‘spot’ target (t = 4.98% 0.001) and for the background matching
camouflage target (t = 5.847, p < 0.001). Howetleere was no significant difference in
reaction time between the striped target and th#éewddged grey target (t = 1.566, p =
0.117). Finally, participants made faster captutenapts to the white target compared to the
striped target (t = —2.695, p = 0.007). Again, éheras a significant effect of trial number,
with participants increasing in speed throughoetekperiment (t = 22.221, p < 0.001), and
of position group, with significantly quicker captuattempts being made in front of the
centre of the target than behind (+20.257,p < 0.001). During model simplification, the
interaction of trial number with target type drogpaut of the model, suggesting that people
did not differentially change their capture strgtegth different targets. The interaction of
position group with target type was also not sigaifit and was dropped.

Table 3Table to show the full statistical results for thecapture time measure

Factor Estimate Std. error t value p value
Stripe vs. luminance match grey 0.01942 0.003087 28%. <0.001
Stripe vs. lighter grey 0.02518 0.003089 8.154 €0.0
Stripe vs. white -0.008295 0.003079 -2.695 0.007
Stripe vs. white edged grey 0.004827 0.003083 1.566 0.117
Stripe vs. ‘spot’ 0.01522 0.003087 4.931 <0.001
Stripe vs. background match 0.01805 0.003087 5.847 <0.001
Position group -0.04877 0.002408 -20.257 <0.001
Trial number 0.0184 0.0008255 22.221 <0.001

These results were obtained using a linear mixedemd he first six rows detail the planned
comparisons of the target type, while the final nears show the effects of the other factors
included in the model.

Figure 3 Distribution of time taken to hit for each target type across all subjects and

trials. Trial types from left to right are average backgrd luminance matching grey, lighter
grey, white, white edged grey, ‘spot’, backgrounatching camouflage and high contrast
stripe. Whiskers encompass 1.5 x the interquasdiige, and points beyond this are plotted as
outliers (black circles). Means are represented/iye diamonds.

Discussion

The aim of this experiment was to elucidate thatiet difficulty of capture of different
types of patterned targets. We found that highreghstriped targets were relatively difficult,
as in previous experiments, but that this beneéis wot unique; several other target types,
including uniform grey targets and a white edgedygtarget were similarly difficult to
capture. However, white, ‘spot’ and background dang@rgets were easier to capture than
the high contrast striped target. These findingdfiom those shown previously [17,21] and
extend them to show that a range of different pattgpes can influence capture success. We
also found differences in capture attempt time agrtangets, with participants making faster
responses to the white targets and slower respdndbe other targets, in comparison to the



striped targets. However, we found no differencekearning rates across trials for different
targets.

The fact that the striped target was relativelyiclift to capture is in agreement with several
other recent studies [17,21]. However, success fatethe striped target did not significantly

differ from the grey targets. Previous studies hals® shown that when stationary, striped
patterning is much easier to find than uniform gpegterning in a detection task [21]. Other
studies have also found that low contrast targetsinilarly effective in preventing capture

[17], and that animals prefer to use low contrastguning when in motion [20]. This suggest
that all other things being equal, the uniform Inarice matched grey patterning may be
effective in preventing capture, as well as hawome benefit in preventing detection.

It has previously been hypothesised that high esbtpatterns such as stripes may help to
provide camouflage when in motion through ‘flickesion’, where the rapid movement of
the animal blurs the striped pattern causing iappear uniformly camouflaged [42]. The
results from this experiment suggest generally ifhah animal moves fast enough to cause
flicker fusion, the effect could cause it to becomere difficult to capture (as uniform grey
targets are relatively difficult to catch) but thiatthey don't, stripes may also provide
effective motion camouflage. As flicker fusion wduepend on many parameters, including
the visual acuity of the predator, the speed ofpitey, the width of the stripes and the range
of the viewer, it would seem likely that this effesould not occur in all predator—prey
encounters, and thus the fact that the stripesdbk@s can also cause perceptual illusions
when in motion could be beneficial.

We found that the white target was easier for pgiints to catch than the striped target, in
agreement with some recent studies [17,21], angestsbalso made the fastest responses to
these targets, suggesting they were confident abhalkiing accurate capture attempts [35-37].
Capture attempts were also made relatively quitkiyne striped targets, which could suggest
that there was a dissociation between perceptiah astion in this task; perceptually
participants felt confident about their judgemeibist were actually relatively inaccurate in
their actions. The speed of response and the corda felt by subjects could reflect the
detectability of the targets, as striped targetgehlaeen shown to be easy to detect when
stationary [21].

Interestingly, some recent research has shown ghesite effect to that seen in this study,
with striped objects being hit more often than amiily coloured objects [19]. In that earlier
study, subjects attempted to hit target objects Were moving from left to right using a
cursor controlled by a joystick. On each trial, theget disappeared before the subject made
their capture attempt, and so participants hadedipt where they thought the target would
have reached on its trajectory when making theptwa attempt. There are several
differences in design of this study that could axplthe differences in results seen. Firstly,
the unicoloured object in their experiment was klac comparison to the white target used
in the current experiment. While both of these étésgvould have similar contrasts on a mid-
grey background and thus might be expected to givélar results, it is possible that their
different luminance levels differentially affectptare success. Secondly, the target trajectory
was always the same across trials in the study day Melversen and colleagues, and thus
was highly predictable, whereas in the current ystidere was more variability in target
trajectory, with targets being presented on on82frajectories randomly, ensuring that the
participants could not predict where it would bavelling on each trial. 1t would be



interesting in future research to know if thesdéedénces could explain the variability seen in
results.

Striped targets were also significantly more difficto capture than both the spot and
background sampled targets. The latter result &greement with previous research [21], and
suggests this effect may occur using a range &éreit backgrounds. One thing that these
targets have in common is that they both haveufest in the body of the target, which may
have acted as a tracking cue for motion directimh speed [23-27], allowing participants to
make more accurate capture attempts. Both of tteget types had significantly slower
capture attempt times than the striped target,gperindicating that participants actively tried
to track them, as it is thought that extracting lwting features may take longer than other
motion extraction methods [43]. Interestingly, tiwbite edged grey target was relatively
difficult to capture, being caught at a statisticaimilar rate to the striped target, and capture
attempts were also made at a similar rate to thpest target. This could suggest that the
edges of the target are treated as relatively uoiitapt, which is surprising as the corners and
line ends should also provide ‘feature’ informatfon tracking. Visual attention is thought to
be important in feature tracking [44,45], and tifiere it could be that visual attention plays a
role in determining which features are used in orotntegration. For example, if participants
focus their attention on the centre of the targeheir attempts to capture it, they may not use
the information from the edges.

During statistical modelling, we tested for theeetf of differential learning of target types,
but did not find any significant effects. While paipants tended to improve with increasing
exposure to a particular type of target, the raiesmprovement were not significantly

different for different target types. This contsaswith recent work with stationary

camouflage, which suggests that some types of cagaupatterning are learnt more rapidly
than others [33], and suggests that differencese@mning rate cannot account for the
differences in pattern capture success shown.

It is of course important to note that other fastoray affect the relative advantages of these
different types of patterning, and that these tesmlay not represent the natural situation in
several ways. It is known that some prey animalsanmpredictably and erratically in their
escape behaviours in what is known as protean miatie movement [46], and it has been
shown that this behaviour might affect capture easc[16]. In addition, some animals
commonly travel in groups, and increased group b&® been shown to decrease capture
success via the confusion effect [47,48]. It issiae that the patterning on each animal
could interact in a non-linear fashion with the femion effect or protean behaviours to create
a stronger effect. In accordance with this, modglipotential motion detection mechanisms
in zebra herds has shown that the motion signalsted are varied, perhaps leading to both
misperceptions in motion perception and difficudtie perceptually isolating individual zebra
for predators or parasites [16]. Patterning may dlave evolved for multiple purposes,
including aposematism and mate choice, which madre be considered in assessing the
relative costs and benefits of different types aitgrning. For example, in zebra, it has been
suggested that stripes may be unattractive to tneests [49-51] and in some snake species,
zigzag markings may have an aposematic functioh [BZome species, conspicuous stripes
may pose relatively little cost, as they offer samicamouflage benefits to the uniform grey
coloration when in motion, while still allowing thhange of other communicative signals that
dazzle signals can be used for. Finally, differ@mimals have different visual systems, and
prey patterning may therefore be specialised fer ghrameters of the particular predators



they encounter. An important avenue for furtheeaesh would be to test the current findings
in other animal systems as well as human models.

Conclusions

In conclusion, we have shown clear differencesaptare success for different types of target
patterning in this study. Our results suggest thate is not a unique benefit for putative
dazzle-style patterning, as some uniform grey lamt@st targets are also difficult to
capture, in agreement with previous results. Howestiped patterning does seem to have
properties that are conducive to preventing captooenpared to some other target types.
Despite subjects responding relatively quickly toped targets, suggesting that they find
them easy to detect or that they expect them teasg to capture, these targets are actually
more difficult to catch than several other typestafget patterning. Interestingly, one
common feature of targets that appear to be relgtwasy to catch is the presence of easily
trackable features in the centre of the targetutre challenge is therefore to understand
why the highly visible stripes do not seem to bk db be used for accurate tracking in the
same manner.

Competing interests

The authors declare that they have no competirgdsts.

Authors’ contributions

All authors designed the experiment; AEH ran thpeginent; AEH and JT performed the
statistics and AEH and MS wrote the manuscript. &Althors read and approved the final
manuscript.

Acknowledgements

We thank the subjects who volunteered to take ipathese experiments. AEH received a
studentship from the BBSRC and a CASE award froth Bsrtsdown West, UK. MS and JT
were supported by a Biotechnology and BiologicaleBoes Research Council, David
Phillips Research Fellowship (BB/G022887/1). Wenthd@im Caro and two anonymous
referees for helpful comments on the paper.

References

1. Stevens M, Merilaita SAnimal camouflage: current issues and new perspeves.
Philos Trans R Soc B Biol Sci 2009,364:423-427.

2. Stevens M:Predator perception and the interrelation between dferent forms of
protective coloration. Proc R Soc B Biol Sci 2007,274:1457-1464.

3. Cuthill IC, Stevens M, Sheppard J, Maddocks drrdya CA, Troscianko TRisruptive
coloration and background pattern matching.Nature 2005,434:72—74.



4. Stevens M, Marshall KLA, Troscianko J, FinlayB&irnand D, Chadwick SLRevealed
by conspicuousness: distractive markings reduce camflage. Behav Ecol 2013,24:213—
222.

5. Rowland HM, Speed MP, Ruxton GD, Edmunds M, &tev M, Harvey IF:
Countershading enhances cryptic protection: an expament with wild birds and
artificial prey. Anim Behav 2007,74:1249-1258.

6. Rowland HM, Cuthill IC, Harvey IF, Speed MP, Rux GD: Can't tell the caterpillars
from the trees: countershading enhances survival ia woodland.Proc R Soc B Biol i
2008,275:2539-2545.

7. Fraser S, Callahan A, Klassen D, Sherratt EMpirical tests of the role of disruptive
coloration in reducing detectability. Proc R Soc B Biol Sci 2007,274:1325-1331.

8. Schaefer HM, Stobbe NDisruptive coloration provides camouflage independea of
background matching.Proc R Soc B Biol Sci 2006,273:2427-2432.

9. Webster RJ, Hassall C, Herdman CM, Godin J-Gé&yratt TN:Disruptive camouflage
impairs object recognition. Biol Lett 2013,9:20130501.

10. Behrens RRThe role of artists in ship camouflage during WorldWar |. Leonardo
1999,32:53-59.

11. Forbes PDazzed and Deceived: Mimicry and Camouflage. New Haven: Yale University
Press; 2011.

12. Shine R, Madsen Bexual dischromatism in snakes of the genus vipera review
and a new evolutionary hypothesis] Herpetol 1994,28:112-114.

13. Brodie ED lll:Differential avoidance of coral snake banded patters by free-ranging
avian predators in Costa RicaEvolution 1993,47:227-235.

14. Jackson JF, Ingram W Ill, Campbell HWhe dorsal pigmentation pattern of snakes
as an antipredator strategy: a multivariate approa®. Am Nat 1976,110:1029-1053.

15. Allen WL, Baddeley R, Scott-Samuel NE, Cuth@: The evolution and function of
pattern diversity in snakes.Behav Ecol 2013,24:1237-1250.

16. How MJ, Zanker JMMotion camouflage induced by zebra stripesZool Jena Ger
2014,117:163-170.

17. Stevens M, Yule DH, Ruxton GDazzle coloration and prey movementProc R Soc B
Biol Sci 2008,275:22639-2643.

18. Scott-Samuel NE, Baddeley R, Palmer CE, Cut@ilDazzle camouflage affects speed
perception. PloSOne 2011,6:20233.

19. Von Helversen B, Schooler LJ, Czienskowski Afe stripes beneficial? Dazzle
camouflage influences perceived speed and hit ratddoS One 2013,8:€61173.



20. Zylinski S, Osorio D, Shohet AZuttlefish camouflage: context-dependent body
pattern use during motion.Proc R Soc B Biol Sci 2009,276:3963—-39609.

21. Stevens M, Searle WT, Seymour JE, Marshall Ruxton GD: Motion dazzle and
camouflage as distinct anti-predator defense®MC Biol 2011,9:81.

22. Adelson EH, Movshon JA2henomenal coherence of moving visual patterndlature
1982,300:523-525.

23. Castet E, Lorenceau J, Shiffrar M, BonneP€rceived speed of moving lines depends
on orientation, length, speed and luminanceVision Res 1993,33:1921-1936.

24. Lorenceau J, Shiffrar Mrhe influence of terminators on motion integrationacross
space.Vision Res 1992,32:263-273.

25. Lorenceau J, Shiffrar M, Wells N, Castet [Bifferent motion sensitive units are
involved in recovering the direction of moving line. Vision Res 1993,33:1207-1217.

26. Nakayama K, Silverman GHhe aperture problem—I. Perception of nonrigidity and
motion direction in translating sinusoidal lines.Vision Res 1988,28:739-746.

27. Nakayama K, Silverman GHhe aperture problem-II. Spatial integration of vebcity
information along contours. Vision Res 1988,28:747-753.

28. Shimojo S, Silverman GH, Nakayama ®cclusion and the solution to the aperture
problem for motion. Vision Res 1989,29:619—-626.

29. Hubel DH, Wiesel TNReceptive fields and functional architecture of mokey striate
cortex. J Physiol 1968,195:2215-243.

30. Marr D, Hildreth E:Theory of edge detection.Proc R Soc Lond - Biol Sci 1980,
207:187-217.

31. Hildreth EC:The computation of the velocity field.Proc R Soc Lond - Biol Sci 1984,
221:189-220.

32. Marr D, Ullman SDirectional selectivity and its use in early visuaprocessing.Proc R
Soc Lond Ser B Contain Pap Biol Character R Soc G B 1981,211:151-180.

33. Troscianko J, Lown AE, Hughes AE, Stevens Dé&feating crypsis: detection and
learning of camouflage strategiesPLoS One 2013,8:e73733.

34. Santer RDMotion dazzle: a locust’s eye viewBiol Lett 2013,9:20130811-20130811.

35. Kellogg WN:The time of judgment in psychometric measuresAm J Psychol 1931,
43:65-86.

36. Henmon V a CThe relation of the time of a judgment to its accuacy. Psychol Rev
1911,18:186—201.



37. Audley RJ:A stochastic model for individual choice behavior.Psychol Rev 1960,
67:1-15.

38. Crawley MJSatistics: An Introduction Using R. Chichester: John Wiley & Sons, Ltd.;
2005.

39. Zuur AF, leno EN, Walker NJ, Saveliev AA, SmiBM: Mixed Effects Models and
Extensonsin Ecology with R. New York: Springer; 2009.

40. lhaka R, Gentleman RR: A Language for data analysis and graphicsJ Comput
Graph Sat 1996,5:299.

41. Ruxton GD, Beauchamp Gime for some a priori thinking about post hoc tesing.
Behav Ecol 2008,19:690-693.

42. Pough FHMultiple cryptic effects of crossbanded and ringedpatterns of snakes.
Copeia 1976,1976834—836.

43. Derrington AM, Allen HA, Delicato LSVisual mechanisms of motion analysis and
motion perception. Annu Rev Psychol 2004,55:181-205.

44. Allen HA, Derrington AM: Slow discrimination of contrast-defined expansion
patterns. Vision Res 2000,40:735-744.

45, Ashida H, Seiffert AE, Osaka Mefficient visual search for second-order motion.J
Opt Soc Am A Opt Image Sci Vis 2001,18:2255-2266.

46. Humphries DA, Driver PMErratic display as a device against predatorsScience
1967,156:1767—-1768.

47. Tosh CR, Jackson AL, Ruxton GIrhe confusion effect in predatory neural
networks. Am Nat 2006,167:E52—E65.

48. Jeschke JM, Tollrian RRrey swarming: which predators become confused anghy?
Anim Behav 2007,74:387—-393.

49. Ruxton GD:The possible fitness benefits of striped coat colation for zebra.
Mammal Rev 2002,32:237-244.

50. Gibson GDo tsetse-flies see zebras -a field-study of thesual response of tsetse to
striped targets. Physiol Entomol 1992,17:141-147.

51. Caro T, 1zzo A, Reiner RC Jr, Walker H, Stankdwr: The function of zebra stripes.
Nat Commun 2014,5.

52. Valkonen J, Niskanen M, Bjorklund M, Mappes Disruption or aposematism?
Significance of dorsal zigzag pattern of Europeanipers. Evol Ecol 2011,25:1047-1063.






15+

T
o

SNy JO JaquINN




see o o
scee o
. oo
e o
sesce o

T
=3

©
|0 0} uaye) awl ]

404




	12862_2014_201.pdf
	12862_2014_201_Article_Formatted_final.pdf
	s12862-014-0201-4fmb1.tif
	s12862-014-0201-4fmb2.tif
	s12862-014-0201-4fmb3.tif

