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For over 150 years, researchers have investigated the anti-predator function of

animal patterns. However, this work has mainly focused on when prey

remain still, and has only recently started to incorporate motion into the

study of defensive coloration. As motion breaks camouflage, a new challenge

is to understand how prey avoid predators while moving around their

environment, and if a moving prey can ever be camouflaged. We propose

that there is a solution to this, in that a ‘flicker fusion effect’ can change the

appearance of the prey in the eyes of their predators to reduce the chances

of initial detection. This effect occurs when a high contrast pattern blurs at

speed, changing the appearance of the prey, which may help them better

match their background. Despite being widely discussed in the literature,

the flicker fusion effect is poorly described, there is no clear theoretical frame-

work for testing how it might reduce predation, and the terminology

describing it is, at best, rather confusing. Our review addresses these three

key issues to enable researchers to formulate precise predictions about

when the flicker fusion effect occurs, and to test how it can reduce predation.
1. Introduction
Prey use an incredible array of different strategies to avoid predators [1]. These

include signalling defences to predators using warning coloration [2,3], avoid-

ing detection by predators through camouflage [4], and mimicking inedible

objects in the environment to avoid being recognized [5]. These defensive strat-

egies have been largely studied in the context of how a prey’s appearance

enhances its survival when it is stationary. However, given that many prey

need to move around their environment (e.g. to find resources and mates), or

use movement as part of their defensive display, there is increasing interest

in how defensive coloration and movement interact to reduce predation

[6–10]. Incorporating motion into the study of defensive coloration is important

because not only can it change the efficacy of a defensive strategy [6], but also

it raises novel questions about how defensive strategies function and are

defined [7–11].

One of the major challenges for understanding the anti-predator function of

colour patterns of moving prey stems from the fact that ‘motion breaks camou-

flage’ [10]: if moving prey cannot conceal themselves through camouflage, what

kind of patterns could help reduce predation? One possibility is that colour pat-

terns elicit visual illusions in predators when prey are moving, making them

hard to capture. For example, high contrast visible patterns could elicit

‘motion dazzle’, impairing predators’ judgements of speed and/or trajectory

of moving targets [12–16].

However, there is another visual illusion that has received much less atten-

tion, but which could in fact help moving prey defend and possibly conceal

themselves rather than just make them tricky to catch. The ‘flicker fusion

effect’ can cause a change in a prey’s appearance if it moves sufficiently quickly

that its pattern becomes blurred [17]. If that change in appearance enables prey

to better match their background, it could reduce the chances that they are
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Figure 1. Newborn water snakes moving (left images) and stationary (right images) on coarse gravel (top images) and plant matter (bottom images) taken from
Pough [17]. (Reproduced with the permission of the American Society of Ichthyologists and Herpetologists.)
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detected by a predator. Despite anecdotal reports by

researchers of this change in appearance occurring in the

wild [17,18], it is still not known if, or how, it might work

to deter natural predators. As a consequence, the flicker

fusion effect remains poorly defined and understood, despite

it having the potential to be a unique way to reduce predation

across a wide range of prey species [19].

Our review will address three main issues. The first is to

explain the psychophysics behind the illusion of flicker fusion

effect so that we can precisely predict when it is found in

nature, and what factors affect its occurrence. The second is

to disentangle the putative functions of the flicker fusion

effect. Enhanced concealment through background matching

is not the only possible function, and we discuss other func-

tions suggested in the literature. Finally, we will clarify the

terminology surrounding the flicker fusion effect to avoid

confusion, particularly with other strategies involving move-

ment and coloration. We aim to facilitate the study of the

flicker fusion effect in the context of prey defences, and

particularly, to highlight its potential role in enhancing

concealment of moving prey.
2. What is the mechanism underlying the flicker
fusion effect?

It was 40 years ago that Pough [17] wrote about prey chan-

ging their appearance when in motion compared with

when they were static. He observed striped newborn north-

ern water snakes (Nerodia sipedon) producing sudden bursts

of rapid movement in response to a threat which meant

that their stripes blurred together to make them appear uni-

formly coloured (figure 1). He suggested that this change in

appearance, from striped to uniform, was due to the fact

that snakes’ pattern elements were alternating faster than
the observer’s critical flicker fusion frequency (CFF), hence

the name ‘flicker fusion effect’ [18].

The CFF is a measure of a visual system’s ability to

resolve rapid stimulus change, and is defined as the maxi-

mum temporal frequency at which a light can flicker before

being perceived as continuous [20]. But how does this relate

to a predator’s ability to resolve the stripes of a moving

prey? When a striped prey moves across a predator’s visual

field, the pattern elements locally alternate between light

and dark (figure 2a). If the prey moves fast enough, the fre-

quency of alternation, known as the temporal frequency,

will exceed the maximum frequency that the predator can

temporally resolve, and the stripes will blur and no longer

be perceived. The temporal frequency at which the stripes

alternate depends on the stripe width and on the speed at

which the prey moves, and increases as either the stripes

get thinner or the speed increases.

In principle, by knowing the stripe width and the speed

of the prey, along with the CFF of the predator (which

varies across species, see [21]), it should be possible to predict

when the primary visual effect of blurring will occur in the

eyes of a predator [18,22]. However, it is not quite that

simple. The CFF is generally measured using a whole field

flickering stimulus, which means that it is measured with a

visual stimulus that has no internal pattern. By contrast,

Pough’s striped water snakes represent patterned visual

stimuli, which are characterized by their pattern spatial fre-

quency: spatial frequency is the number of cycles of

alternating dark and light stripes per degree of visual angle

(figure 2a). For patterned stimuli, this is substantially above

zero, while for uniform ones, it is equal to zero. Empirically,

flicker fusion occurs at lower temporal frequency for patterns

having higher spatial frequencies [23]; this means that the

temporal frequency at which the stripes of a patterned prey

will completely blur is not fixed, but decreases as stripe
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Figure 2. The psychophysics behind the flicker fusion effect. (a) The perception of a moving striped prey by a visually hunting predator, and the factors that affect
whether or not the predator sees a flicker fusion effect. The spatial frequency of the pattern is measured in cycles per degree, and in this example is 1 cycle per
degree (one pattern cycle occurs in one degree of visual angle). (b) How reducing stripe width or moving faster blurs the pattern in the eyes of a predator. Any
moving prey with a particular pattern can be characterized by the spatial and temporal frequencies perceived by a predator’s retina. The blue lines are isolines for
speed on the retina. The red line is the TFF for a given contrast, illumination and species (note that the CFF is the same as the TFF when it meets the y-axis, i.e. the
spatial frequency is zero). When a moving prey has a spatio-temporal frequency below the TFF, its patterns can be resolved (P); however, if the prey has thinner
stripes (Fhigh) or moves faster, its pattern will blur and no longer be perceived by the predator (1 and 2, respectively).
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width decreases. We will call this the threshold for flicker

fusion, or the TFF (shown by the red line in figure 2b). Com-

plete blurring occurs above the TFF, although patterns will

start to blur below it. The TFF is the same as the CFF only

when the stimulus is uniform (i.e. where the TFF intersects

the y-axis and spatial frequency is zero); the CFF is the

upper limit of resolvable temporal frequency. To help visual-

ize this, imagine a striped moving prey with a defined spatial

(Flow) and temporal frequency (Wlow); when slow moving, its

pattern remains visible to a predator (P; figure 2b). However,

if the prey has thinner stripes (1; figure 2b) with a higher

spatial frequency (Fhigh), or moves faster (2; figure 2b), result-

ing in a higher temporal frequency (Whigh), its stripes will
alternate faster than the predator’s threshold for flicker

fusion (i.e. W . TFF). Consequently, it will no longer be poss-

ible for the predator to distinguish the pattern elements and

the striped prey will appear uniform.

Besides the TFF, there are other factors that also influence

the occurrence of the flicker fusion effect (table 1). In particu-

lar, the viewing conditions are critical. If the prey is further

away, its stripes will appear thinner to the predator, i.e. the

spatial frequency increases, and the flicker fusion effect will

occur at lower prey speeds. In addition, as ambient lumi-

nance decreases, the TFF also decreases because animals’

eyes visually sample their environment less frequently and

integrate photon capture over longer periods in order to try



Table 1. Factors affecting the flicker fusion effect.

factor impact

viewing conditions distance from the prey increasing viewing distance increases the spatial frequency of the pattern as seen by the predator,

making the flicker fusion effect more likely to occur

ambient light at lower illumination, animals integrate visual information over longer times and TFFs decrease

more rapidly: the flicker fusion effect can occur at lower speeds

prey pattern and

movement

speed adequate speed is required for blurring of pattern elements to occur

stripe width thinner stripes will blur at lower speeds as they produce more rapid temporal frequency

pattern internal

contrast

low contrast patterns blur at lower speeds than high contrast ones

orientation of pattern

elements

blurring occurs when elements are repeated along the vector of motion

predator vision spatio-temporal acuity increasing spatio-temporal acuity of the predator requires higher speeds for the flicker fusion effect

to occur (in figure 2b, TFF will shift towards higher temporal and spatial frequencies)

contrast sensitivity the more sensitive the predator is to contrast at the relevant luminance level, the harder the flicker

fusion effect is to achieve (in figure 2b, TFF shifts upwards and declines more steeply)

fixation if the predator tracks the prey to stabilize it on the retina, the effective speed of the prey will be

reduced, weakening or abolishing the flicker fusion effect
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and gather sufficient visual information from their environ-

ment [24]. When animal eyes become adapted to low

lighting conditions, spatial acuity can also decrease [25].

This means that the flicker fusion effect is more likely to

occur under dim compared with bright conditions [22],

because prey do not need to be moving as fast for blurring

to occur. While for a given speed, finer stripes will produce

faster alternation (and more likely exceed the TFF), other

things being equal, the speed necessary for the flicker

fusion effect will always be lower for prey patterns of lower

internal contrast. The same principles discussed so far can

be applied to prey having non-striped patterns, e.g. zigzag

or spotted, if the elements are repeated along the vector of

motion. When the temporal frequency at which these

elements alternate exceeds a predator’s TFF, the prey will

appear uniform or even differently patterned while moving.

Ultimately, the speed necessary for the flicker fusion

effect to occur depends upon the predator’s contrast sensi-

tivity function. Contrast sensitivity is defined as 1/contrast

threshold, where the threshold is the minimum contrast

required for the predator to detect a pattern. The contrast sen-

sitivity function describes how contrast sensitivity varies as a

function of spatial and temporal frequency. The red ‘TFF’ line

in figure 2b corresponds to a line of constant contrast sensi-

tivity; for predators with more sensitive vision, the TFF line

will be shifted upwards and decline less steeply with spatial

frequency [23]. And of course, flicker fusion only occurs if the

predator’s eyes remain stationary as the prey moves: if it

tracks the prey and stabilizes it on the retina, blurring will

not occur.

Given this complex interaction of factors affecting the

occurrence of the flicker fusion effect, how often might it

occur in the wild? To date, the evidence is limited to striped

coral snake mimics (Lampropeltis triangulum campbelli and

L. elapsoides), which are calculated to move fast enough

when in flight for their patterns to blur in the eyes of some

potential predators (raptors), particularly in dim light [22].

Indeed, the effect may be particularly prevalent in low light
intensity environments, including deep water or forest

environments. However, while demonstrating the feasibility

of the flicker fusion effect, these calculations are likely to be

conservative as they were based on predators’ CFF values,

and prey do not need to move as fast to blur based on the

TFF. Blurring through the flicker fusion effect may be occur-

ring more often in nature than previously thought (e.g. [22]),

and occur in slower moving prey, not just those performing a

rapid escape.

Although calculations for the flicker fusion effect have

been made predominantly with avian predators in mind,

other species of predator (e.g. insects [26]) have lower

visual acuities. This means that the flicker fusion effect

could be occurring more often in the eyes of these predators.

Based on praying mantis’ visual acuity [26], we calculate that

a bumblebee’s pattern will certainly be perceived as blurred

at a typical viewing and strike distance of 5 cm [26] when

the insect flies at 0.25 m s21 (Bombus terrestris maximum

flying speed is 6 m s21 [27]). Consequently, the flicker

fusion effect could be more widespread than it initially

would appear, and not restricted to striped snakes. In the

same way that UV colours were ignored for a long time

because we could not see them [28], blurring through the

flicker fusion effect may also have been an underappreciated

feature of animal coloration because of our own visual biases.
3. What defensive function might the flicker
fusion effect have?

The second issue to address is what anti-predator function

the flicker fusion effect may have. While changes in appear-

ance caused by the flicker fusion effect have been widely

assumed to be an adaptation to reduce predation (e.g.

[29,30]), the problem is that there have been no tests with

actual predators. So far, the evidence for the anti-predator

function of the flicker fusion effect comes from indirect obser-

vations in snakes [22,31]. For example, the ‘zigzag’ morphs of



Table 2. How the flicker fusion effect might reduce predation.

function how this is achieved

camouflage the moving

prey

the uniform coloration from blurring helps prey match general features of their background, and enhances

concealment [19,30]

alter the perception of

motion

the change in appearance during movement alters the prey’s perceived speed or trajectory, making it difficult to

capture [18,30]

hide the final resting

location

a sudden change in appearance from the moving to the static prey pattern makes it difficult for a predator to locate

resting prey [17,22,29]

deter predators a sudden change in appearance caused by the flicker fusion effect may cause the attacking predator to show neophobia or

hesitate, giving the prey an increased opportunity to escape
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Vipera berus appear to have a higher survival advantage com-

pared with other morphs, but there is no evidence that this

results from reduced predation, and if it does, how that

occurs [31]. Therefore, it could be argued that the flicker

fusion effect is simply the by-product of rapid movement

that has been selected to escape a predator, rather than part

of a defensive strategy. It is important to identify how the

flicker fusion effect might work in order to conduct exper-

iments with predators to distinguish among functional

hypotheses. We have attempted to disentangle the proposed

explanations to provide a theoretical framework for the future

study of how the flicker fusion effect could help reduce

predation (table 2).

As already mentioned, the flicker fusion effect could help

prey to become more camouflaged during movement [19,30].

Pough’s [17] original observations included how the uniform

appearance generated by the flicker fusion effect in the

escape responses of snakes made them appear to blend into

their environment. This could happen, for example, if prey’s

coloration matches the mean luminance of the background,

even though it has a high contrast visual texture (e.g. stripes);

such prey might be highly conspicuous when remaining still

but could become camouflaged when moving fast enough for

the flicker fusion effect to occur [19]. If the flicker fusion

effect does indeed improve background matching, it would

be the basis for a unique form of camouflage in moving prey:

rather than concealing the speed or trajectory of the prey’s

motion once detected (like motion dazzle; [13]), the flicker

fusion effect would reduce the chances of initial detection.

However, it is possible that the flicker fusion effect could

help prevent capture by ‘confusing’ predators, and making it

difficult for them to track and effectively capture the prey; for

example, pattern blurring could cause predators to lose

internal reference points [15]. The effect of blurring could

also lead to additional illusory effects, such as altering

prey’s perceived speed due to the loss of internal contrast

in the pattern or reduced contrast against the background

[30,32,33]. While this latter idea could be considered a form

of motion dazzle [30], the idea and study of motion dazzle

has thus far relied upon the prey’s pattern being visible to

the predator when it is moving [1,13–16]. Therefore, if the

flicker fusion effect also changes the speed and/or trajectory

of prey through pattern blurring, it must be due to different

perceptual mechanisms than those already proposed (e.g.

[13,16]) and not through the pattern ‘dazzling’ predators.

A third way that the flicker fusion effect could help reduce

predation is by hiding the final resting place of a moving prey,
making it difficult to locate once it becomes stationary again

[17]. This idea is perhaps similar to the idea of ‘flash coloration’,

where an otherwise camouflaged prey suddenly reveals a con-

spicuous body part when it flees a predator, only to hide it

again before or as it comes to rest [1,34]. Although the benefits

of flash coloration are not established, it is thought that if a

predator tracks the moving prey using its conspicuous color-

ation, it will subsequently be less able to detect cryptic

features of the prey’s camouflage pattern (perhaps through

loss of a search image; [35]). In the case of the flicker fusion

effect, when the prey suddenly becomes stationary with a cryp-

tic pattern, the predator would continue to look for the prey

based on its appearance when moving. The problem of finding

the stationary cryptic prey could be further exacerbated if the

predator predicts the movement of the prey along the perceived

trajectory, and searches in the wrong place, either because it

looks further along the path than where the prey has actually

stopped [17], or less far because of misjudging the speed [33].

Finally, the flicker fusion effect could simply be a way to

deter predators: a novel dynamically changing appearance

could elicit neophobia or an avoidance response, similar to

that of warning signals (e.g. [36,37]). Alternatively, perhaps

the sudden change in coloration is a deimatic display eliciting

a startle or fear response in its predators [11], that gives prey

an advantage to escape. In these cases, the flicker fusion effect

simply performs a well-established defensive function.

We acknowledge that this may not be an exhaustive list,

and of course, differences in hunting strategies or visual sys-

tems among predator species means that the flicker fusion

effect could serve more than one defensive function, even

for a single prey species. However, what is clear is that we

need to know how it works, and particularly if it is a form

of camouflage or a deterrent. We think it is particularly

important to establish if it is a unique form of concealment,

where blurring of an internal pattern at speed could reduce

the initial detection of prey. The question of whether any pat-

tern can reduce the detection of moving prey is one of the

major unanswered questions in the study of defensive color-

ation. Currently, only the flicker fusion effect offers a possible

solution.
4. How is confusion arising through current
terminology?

To investigate the flicker fusion effect, we need to be clear

about what it is we refer to when using this term. This is
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because the flicker fusion effect has not just been used to

describe the mechanism by which the appearance of a

prey’s pattern changes (e.g. [14,30,31,38]), but has also

given its name to a hypothesis [29–31], and been used to

describe a camouflage strategy [4,12,30]. This has led to

what we see as some confusion in the literature.

For example, some researchers refer to a ‘flicker fusion

hypothesis’; however, it is not clear what this is. Sometimes,

it refers to the mechanism and whether or not it is possible

that blurring occurs through the flicker fusion effect [22,30],

while other times it refers to whether or not the blurring

could confer a survival advantage [29,31]. While this is con-

fusing in itself, there is of course the additional problem

that there are multiple functional hypotheses relating to

how it might reduce predation (table 2). The use of the

term ‘flicker fusion hypothesis’ has the potential to lead to

considerable confusion about what the hypothesis actually

is, and we suggest that it is abandoned altogether.

The flicker fusion effect has also been used to describe a

specific defensive strategy, ‘flicker fusion camouflage’

[12,30], which describes the situation when the effect helps

prey better match their backgrounds by making prey ‘uni-

formly camouflaged’ [12]. The problem with the use of this

term is that it suggests that the function of the flicker fusion

effect is to camouflage the prey, while several other possible

functions exist (table 2). While calling motion dazzle a form

of camouflage works because its only possible function is to

hide the movement of the prey (‘dazzle camouflage’;

[13,14]), the same logic cannot be applied to the flicker

fusion effect, because it might instead deter predators.

Unless we know that patterns have evolved to elicit the

flicker fusion effect to enhance concealment, we suggest

that it is best not to use this term.

However, we do still need terminology that allows us to

study flicker fusion, so what terminology should we be

using? Our view is that the flicker fusion effect should be lim-

ited to describing the visual illusion that alters the perceived

pattern of a prey when it moves sufficiently quickly to exceed

the predator TFF. This definition accurately describes how

pattern and speed interact to produce a change in appearance

in the eyes of the predator, and does not ascribe any particu-

lar function to the effect. Avoiding using flicker fusion effect

in relation to any functional role reduces any implicit bias in

understanding how it works. By clearly separating the mech-

anism (the perceptual effect) from the function (how it deters

predators), our proposed terminology allows researchers to
study one or the other, or both. Only once functions are

better explored and identified should we start to use flicker

fusion in ways that align it to particular defensive strategies.
5. Conclusion
For a long time, the flicker fusion effect has been thought to

confer a selective advantage to several snake species fleeing

from putative predators. By exploring the psychophysical

principles behind the effect, we hope to have highlighted

how widespread the effect could be. Striped patterns in par-

ticular, but also other patterns types, common across many

taxa, could blur at speed given what we know about the

visual capabilities of different species of predators.

It is clear that we need more studies of the flicker fusion

effect in order to understand when it occurs, and what its

effect(s) are on predators. Understanding how the flicker

fusion effect works is likely to be solved by a combination

of approaches. Field observations will be important for estab-

lishing how the effect might function and if it could be

involved in contexts other than predation (e.g. signalling to

mates). Nonetheless, psychophysics experiments in the lab-

oratory are likely to provide valuable insights into its

perceptual basis, and tests with computer generated targets

can be readily conducted with predatory species, such as

birds and mantids (e.g. [26,39]).

Despite these challenges to fully understand when and

how it works in the wild, the study of the flicker fusion

effect, to our eyes, offers an exciting opportunity to discover

new ways in which a prey’s appearance and behaviour have

evolved to reduce predation. Notably, the flicker fusion effect

fundamentally differs from other defensive strategies invol-

ving movement and patterning, because it allows prey to

look different when moving and when stationary. Crucially,

it has the potential to conceal an animal during motion, redu-

cing the chances of it being detected by a predator. Perhaps,

when combined with the right pattern, motion need not

always break camouflage.
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