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Cryptically coloured animals commonly occur in several distinct pattern variants. Such phenotypic diversity may be promoted by
frequency-dependent predation, in which more abundant variants are attacked disproportionately often, but the hypothesis has
never been explicitly tested. Here we report the ®rst controlled experiment on the effects of visual predators on prey crypticity and
phenotypic variance, in which blue jays (Cyanocitta cristata) searched for digital moths on computer monitors. Moth phenotypes
evolved via a genetic algorithm in which individuals detected by the jays were much less likely to reproduce. Jays often failed to
detect atypical cryptic moths, con®rming frequency-dependent selection and suggesting the use of searching images, which
enhance the detection of common prey. Over successive generations, the moths evolved to become signi®cantly harder to detect,
and they showed signi®cantly greater phenotypic variance than non-selected or frequency-independent selected controls.

Polymorphic cryptic coloration has been recorded in a variety of
prey species, including grasshoppers1, homoptera2, mantids3 and
bivalves4, but it is particularly evident in the noctuid moths that rest
concealed on tree trunks and other vegetation during the day5,6.
Roughly 45% of North American moths of the genus Catocala are
polymorphic, with some species occurring in as many as nine
different forms7. In other noctuid genera, the adults are `̀ massively
polymorphic'', varying continuously in appearance over an exceed-
ingly broad range8±10.

Frequency-dependent selection, in which more common prey
types are attacked disproportionately often, has been assumed to
play a role in maintaining colour pattern polymorphism11±12. If
predators respond to changes in relative abundance by switching
away from once common prey when they become rare, such
`apostatic selection' could prevent rare prey types from being
eliminated and thereby maintain balanced numbers of the different
morphs. Although many ecological mechanisms can produce fre-
quency-dependent selection, polymorphism in cryptic prey species
probably re¯ects the fact, ®rst noted by Poulton13 in 1890, that it is
dif®cult and time-consuming to hunt for several different items
simultaneously. Consequently, visual predators tend to search at any
moment for only a limited number of prey types, focusing on the
distinctive features of common ones and effectively overlooking the
others, a phenomenon known as `̀ hunting by searching image''14.
Recent studies have con®rmed the occurrence of searching image
effects, demonstrating that the ability to detect cryptic prey
increases when items of similar appearance are encountered in
rapid succession and that a search for one cryptic prey type can
actively interfere with the detection of alternative forms15±18.

Because the dynamic interplay between predator behaviour and
prey appearance is dif®cult to evoke under controlled conditions,
much of the earlier empirical support for frequency-dependent
selection of cryptic prey was fragmentary and indirect19. To circum-
vent this constraint, we developed a `virtual ecology', in which
captive blue jays hunt for arti®cial, digital moths on computer
displays. The preparation allows realistic, repeatable experimental
investigations of the ecological processes involved in prey evolution.
Our previous work with this system has shown that predators
searching for a set of ®xed prey types do exhibit frequency-
dependent selection, that such selection does serve to maintain
stable prey polymorphism, and that the effect is almost certainly
attributable to hunting by searching image18,19.

Because frequency-dependent selection operates against common,
familiar phenotypes, it should also lead to the proliferation of new,

disparate phenotypes in an initially monomorphic prey
population4,20±22. This prediction has been subjected to only limited
experimental testing. In our previous study of virtual ecology,
frequency-dependent selection produced stable dynamics among
a set of three morphs, but the consequences of adding new morphs
seemed to depend on how dif®cult they were to detect18. In one case,
the new morph was similar in crypticity to those in the initial
population, and a stable con®guration of four prey types was
produced. A second new morph, however, was so cryptic and
distinctive that few of them were ever discovered. This new
morph came to dominate the population completely and drove
all of the others to extinction. The dynamics that one might expect
from natural genetic changes in prey populations are therefore
unclear. By extending our virtual ecology paradigm through the
addition of a genetic algorithm, we have found a means of address-
ing this issue and testing whether frequency-dependent selection
not only maintains but actively encourages the evolution of pheno-
typic diversity.

Virtual ecology
Our methods derive from a naturally occurring predator±prey
system. In eastern North America, blue jays commonly prey on
cryptically coloured noctuid moths during the daytime, discovering
the insects even while they are resting motionless on tree trunks5.
Jays exhibit similarly impressive detection abilities when required to
locate moths in projected images in the laboratory, providing a
convincing emulation of natural foraging behaviour23±25. To furnish
our jays with a functional virtual ecology, we generated synthetic,
digital mothsÐbilaterally symmetrical triangles about 6 mm
highÐand displayed them to the birds overlaid on a complex,
granular background (Fig. 1)18,19. To avoid potential problems with
avian colour perception, the displays were constructed using a 64-
level grey scale26.

Each moth phenotype was constructed from speci®cations in a
virtual chromosome, through an algorithm derived from salient
features of the genetics of lepidopteran wing patterns27±30. These
included genes that coded for individual patches of pattern ele-
ments, genes that produced global changes in brightness or contrast,
and linkage mechanisms that protected favourable genotypes from
being broken up by recombination. As in real moths, phenotypic
traits were polygenic, in that the intensity of any given pixel was the
result of additive interactions among a large number of loci.

Our experimental design was similar to that of more traditional
selection studies, contrasting the selective effects of jay predation in
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several experimental lineages with the results of control treatments
in which selection was eliminated or constrained. In each of our
experimental and control lineages, the moth population was main-
tained at a constant level of 200 individuals over 100 successive,
non-overlapping generations. Reproduction entailed choosing two
individual chromosomes according to the selection algorithm and
recombining them into a single offspring genome. The offspring

were then subjected to a mutation process that randomly inverted
individual bits. To produce a new generation, these selection,
recombination and mutation steps were repeated until a full array
of 200 progeny had been obtained. The previous population was
then discarded and replaced with the new individuals.

An initial, monomorphic parental population with moderate
phenotypic variability (Fig. 1a) was generated from a template
provided by a moth image from an earlier experiment19. This
population was then hunted by four jays, each of which was required
to search for the moths presented one at a time on a computer
display18,19. Each moth in the population was presented to one of the
jays once in the course of a daily session. Half of these daily trials, on
a random basis, contained a moth embedded somewhere in the
display, while the other half showed only the background. If a jay
correctly detected a moth and pecked at it, the bird was rewarded
with a food pellet; if it did not ®nd a moth, the bird pecked a central
green circle to initiate the next trial.

At the end of each day, the accuracy and latency of the birds'
responses were scored and entered into the selection algorithm,
which favoured those moths that were most dif®cult for the jays to
detect. The moth population was allowed to reproduce, and the
resulting generation was presented to the jays on the succeeding day.
Beginning each time with the same parental population, we pro-
duced three successive experimental lineages, continuing selection
in each case out to the F100 generation. Between runs, the jays were
given 30 days of exposure to the parental population under
stationary, non-evolving conditions to return them to a consistent
baseline.

To test whether observed changes in crypticity and phenotypic
variance in the experimental lines were statistically meaningful, the
results were contrasted with those from two sets of control lineages,
one employing no selective agency and the other using frequency-
independent directional selection based on parameters derived
from global aspects of the jays' behaviour. In both of the control
treatments, we used the same population size, the same initial
parental population, the same backgrounds and the same mutation
rate as in the experimental trials. In the non-selected lineages,
however, the moths were never presented to jays, and the probability
of being chosen to breed was uniform across the moth population,
irrespective of phenotype. This provided a control for the occur-
rence of directional selection for crypticity in the experimental
treatments.

The second control was designed to assess our primary hypoth-
esis, that frequency-dependent selection promotes increased phe-
notypic diversity. This required comparison to lineages in which
selection was independent of the frequency of particular pheno-
types, but was otherwise similar in intensity and direction to that
produced in the experimental lines. For these control lineages,
therefore, we determined the functional relationship between detec-
tion and crypticity for the jays, averaging over all of the results in the
experimental lines. This function was then used to determine the
probability of a moth's being chosen to breed. In the experimental
trials, the jays appeared to allocate their searching effort at least in
part on the basis of the average degree of dif®culty they experienced
in ®nding the moths: Cryptic moths were detected more accurately
and rapidly when the rest of the individuals in the population were
cryptic than when the rest of them were relatively conspicuous
(r2 � 0:9, student's t�1� � 6:74, P , 0:002).

This `search rate'31 or `caution'15 effect has been observed in other
experimental studies of foraging behaviour, and although caution
cannot produce frequency-dependent predation when prey are
presented in a randomized sequence32, it provided a solid basis for
an alternative, frequency-independent control. The selection algo-
rithm in the frequency-independent lineages was based on the
empirical relationships between crypticity and detection perfor-
mance in the experimental trials and ®tted to the observed effects of
mean population crypticity. We generated 200 selection lines of
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Figure 1 Samples of digital moths, shown on uniform grey (left) and cryptically

textured (right) backgrounds, from the parental population, P0 (a), and from the F100

generations from the non-selected lines (b), the frequency-independent selection lines

(c), and the experimental lines selected by the jays (d). We note that moths from the

experimental lines are generally more cryptic then those in the non-selected lines and

more variable in appearance than those in the lines subjected to frequency-independent

selection.
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100 successive generations using the non-selected and frequency-
independent control treatments to provide controls for the selective
effects of jay predation.

Frequency-dependent selection
In our previous studies of virtual ecology, which used morphs of
®xed appearance, we found clear evidence of frequency-dependent
selection and were able to show that such selection served to
maintain a stable prey polymorphism. To con®rm that a similar
process was also operating on the continuously variable morphs in
our current experiment, we examined the factors in¯uencing
detection accuracy in the experimental lines. Subjects varied in
their ability to detect cryptic prey, with two of the birds
consistently showing higher accuracy than the others
(F3;400 > 49:67, P , 0:0001). Mean accuracy across subjects
remained almost constant over the course of each experimental
lineage (r2 � 0:04; t�1� � 1:18, NS) but increased signi®cantly
across successive lineages (F2;30 � 10:48, P , 0:001). The pattern
of variation of accuracy over time was quite complex, exhibiting a
strong, regular oscillation with a fundamental period of about 10
generations (minimum Durbin±Watson statistic, DW�10� � 1:503,
P , 0:001). Oscillations in accuracy of roughly the same periodicity
were also observed in our previous work on selection with ®xed
morphs19, where they were linked to the rise and fall in abundance of
the corresponding prey types. Although we cannot readily categor-
ize phenotype abundance here, the accuracy oscillation presumably
derives from a similar unstable feedback between the predators'
focal search for a limited number of visual features and the resulting
selective pressure against prey that carry those features.

More cogent evidence of the selective mechanisms can be
obtained from close examination of the effects of trial sequence. If
the jays were using searching images in their pursuit of digital
moths, cases in which several moths of similar appearance were
presented in succession would be expected to produce a temporary
enhancement in detection, while moths of disparate appearance
should be more likely to be overlooked18. Stepping through the
results, trial by trial, we extracted the phenotypic distance between
each moth and the most recent previously detected moth. We
corrected this dissimilarity measure for the mean dissimilarity
and crypticity among all moths in each population, producing a
relative measure of successional dissimilarity for all individuals in all
three experimental lines.

For analysis, we pooled the data from the three lines and divided
them into three groupings on the basis of moth crypticity. Within
each grouping, trials were sorted by relative dissimilarity and
blocked into sets of 100. Detection accuracy in each set was then
analysed as a function of dissimilarity and crypticity grouping
(Fig. 2). There was a strong, signi®cant effect of crypticity level on
accuracy (F2;554 � 709, P , 0:0001): the mean accuracy on trials
with low-crypticity moths was 0.92, with medium-crypticity moths
0.89, and with high-crypticity moths 0.76. The relationship
between accuracy and dissimilarity was noticeably affected by
crypticity. At low- and medium-crypticity levels, the slopes of the
regression of accuracy on dissimilarity were not signi®cant
(r2 < 0:021; t�1� < 1:97, NS). The high crypticity grouping, on
the other hand, showed a strong negative relationship between
accuracy and dissimilarity (r2 � 0:35; t�1� � 210:3, P , 0:0001).

That atypical cryptic prey items should be more dif®cult to
detect is precisely what one would expect from the operation of
searching images, and it substantiates our assumption that moths in
the experimental lineages were subjected to frequency-dependent
selection. Sequential dissimilarity had no evident effect on the
detection of relatively conspicuous prey, however, replicating
numerous previous ®ndings that searching image mainly plays a
role in the detection of cryptic stimuli15±17,33. In addition, to our
knowledge these results provide the ®rst evidence of searching
image effects where prey appearance was continuously variable;

all previous studies have employed a limited number of ®xed, easily
distinguishable prey types.

Selection effects on crypticity
Our next concern was whether jay predation resulted in directional
selection for crypticity over the course of the study, that is, whether
the moths evolved to become more dif®cult to detect. Mean
crypticity indices from the three experimental lines rose from 0.47
in the parental generation to an average of 0.60 in the last ®ve
generations, an increase of 29% (Fig. 3). Crypticity also increased in
the non-selected control lines, apparently as a result of initial
conditions: the parental population was slightly less cryptic than
the long-term average of non-selected lines, causing a gradual drift
towards greater crypticity in the ®rst 100 generations. All three
experimental lines, however, did display a signi®cantly higher level
of crypticity in the F100 generation than did the non-selective
controls (Fig. 3a, F1;40596 > 11:51, P , 0:0001).

Jay predation thus resulted in unequivocal, directional selection
for increased crypticity in the digital moth populations, as can
readily be con®rmed in even small, arbitrary samples of individuals
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Figure 2 Detection accuracy of blocks of 100 trials as a function of crypticity of the target

moth and dissimilarity between the target and the last previous correctly detected moth.

Dissimilarity has been adjusted to remove the in¯uence of mean phenotypic variance and

mean population crypticity. Individual moth crypticity, c, increases from the top to the

bottom panel: low (c < 0:45), medium (0:45 , c < 0:6), and high (c . 0:6). Regression

lines indicate the relationship between accuracy and dissimilarity within crypticity levels.
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from the hundredth generation (Fig. 1b, c). Selection in favour of
individuals that resemble the background has been invoked as the
probable cause of cryptic coloration in prey species for over a
century13,34, and there have been numerous demonstrations that
predators preferentially feed on more conspicuous prey items3,35±37.
Our study is, however, the only work other than Endler's research on
colour-pattern selection in guppies38 that has shown signi®cant
directional selection by predators over multiple successive prey
generations when compared with a non-selected control.

Mean crypticity increased more gradually in the experimental
lines than in the frequency-independent controls and was still
signi®cantly lower in the F100 generation (Figs 1b, d and 3b;
F1;40596 > 28:7, P , 0:0001). This should not be surprising, as
frequency-dependent selection should enable infrequent, moder-
ately cryptic phenotypes to persist long after a directional, fre-
quency-independent process would have led to their extinction. In
addition, if the jays were focusing their search on speci®c, salient
features of individual moth phenotypes, they may often have over-
looked even relatively conspicuous individuals, accentuating the
disparity between experimental and control treatments.

Selection effects on phenotypic variance
In our ®nal analysis, the role of frequency-dependent selection in
promoting phenotypic variance was tested by comparing the diver-
sity of phenotypes in the experimental lines with that in the control
lineages. Phenotypic diversity increased in the three experimental

lines from 0.27 in the parental population to an average of 0.53 in
the last ®ve generations, an increase of 95% (Fig. 4). Although the
diversity of phenotypes also increased in both control treatments, all
three experimental lines showed signi®cantly higher diversity in
the F100 generation than did the frequency-independent controls
(Figs 1b, d and 4b; F1;40596 > 21:44, P, 0:0001), and two of the three
lines were even higher than the non-selected controls (lines 1 and 3,
Figs 1b, c and 4a; F1;40596> 57:67, P , 0:0001). The signi®cantly
higher variance exhibited in the experimental lines thus provides
the ®rst direct evidence of the polymorphic effects of frequency-
dependent selection.

The observed increase in phenotypic diversity does not meet
Ford's restrictive de®nition of polymorphism39, in that the morphs
were neither discontinuously variable nor controlled by a single
switch gene. It would be surprising, however, if we had obtained
discontinuous phenotypic variation in the absence of signi®cant
background heterogeneity35. Instances of similarly phenotypically
diverse, or `̀ massively polymorphic'', cryptic species are by no
means uncommon in the literature, having been recorded in
brittle-stars40, bivalves4, grasshoppers41, ®sh35,38 and noctuid
moths8±10. One feature that these disparate organisms have in
common is high levels of local abundance, which ensures that
predators will experience short time delays between successive
encounters with the species. Short interprey intervals may tend to
accentuate the in¯uence of searching images, relative to other
selective factors that affect prey colour patterns42.
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experimental lines (plotted with symbols), contrasted with the distribution of values
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Phenotypic variance increased to some degree in all three treatments, but the increase

was greater in the experimental lines than in the controls. Experimental lines 1 and 3 each

exhibited an abrupt shift to a higher level of phenotypic variance at some point in the

course of selection trials. In each case, the shift appeared to have been produced by the

explosive spread of mutant regulatory genes affecting global levels of brightness or

contrast.
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High phenotypic diversity can therefore be selected for in
abundant prey species living in ®ne-grained habitats. In the next
stage of our explorations of virtual ecology, we will introduce a
range of heterogeneous backgrounds to examine the evolution of
more classical, discontinuous polymorphisms. This will allow a
direct test of the hypothesis that high phenotypic diversity is, as has
been suggested43, a step along the evolutionary path toward more
discrete and genetically integrated polymorphisms. M

Methods
Subjects

Four blue jays were captured in the ®eld as nestlings and hand-reared in the laboratory.
They were initially trained to peck at a single, invariant moth on a uniform grey
background. Subsequently, negative trials without moths were added to the daily sessions,
and the jays were given extensive discrimination training on a set of six ®xed moth
phenotypes. When the birds reached a criterion of 70±80% correct responses, we began to
embed the moths in backgrounds of gradually increasing levels of dif®culty. Once all four
subjects could ®nd the ®xed set of moths at criterion levels on the experimental
backgrounds, we introduced the birds to the parental population under non-evolving
conditions. Stable performance by all subjects of at least 70% correct was required to begin
selection trials.

Genetic algorithms

Moth phenotypes were developed from speci®cations in a virtual haploid chromosome, a
string of 117 bytes. The wing pattern was encoded by 18 loci, each consisting of ®ve bytes
that de®ned an elliptical wing patch by specifying its location, its orientation, the ratio of
its axis lengths, the spread of intensity from its centre, and its base intensity. The value of
each pixel in the phenotype was determined by the additive result of multiple overlapping
patches, which provided some redundancy and assisted in maintaining the level of genetic
variance in the population in spite of repeated generations of selection.

The chromosome was divided into nine linkage groups, each consisting of two patch loci
and a regulatory locus. Each regulatory locus included one gene for brightness, one for
contrast, and one for the probability of crossing over. Once the primary pattern was decoded
from the patch loci, the developmental algorithm calculated the mean values of the
brightness and contrast genes and modi®ed the ®nal image accordingly. This feature enabled
®ne adjustments in the colour pattern and added to the redundancy of genetic encoding.

Reproduction entailed choosing two different chromosomes from the population and
recombining them into a single offspring genome. Moths that had been overlooked during
predation trials were 2.5 times as likely to be chosen as the average detected individual.
Within the detected group, moths were ranked in inverse order of the time the predator
took to ®nd them, and the highest-ranked individual had a 25% higher probability of
being chosen than the lowest-ranked44. To enable maintenance of integrated pattern
features, recombination took place only between linkage groups, and the cross-over
probability was determined by the combined values of the recombination regulators above
and below the exchange point. Each offspring genome was subsequently subjected to a
mutation process that randomly inverted individual bits with a probability of 0.003 (ref. 44).
To standardize the impact of individual mutations, gene values were interpreted using
Gray code, which minimizes the bit string distance between adjacent integer values44.

Analytical measures

The primary dependent variables in this study were the crypticity and the phenotypic
variability of the moths. To quantify crypticity, we calculated the frequency distribution of
pixel intensities for each moth and computed the average unsigned difference between the
moth and background distributions45. In contrast to other studies of the mechanism of
crypticity35, we found no indication that differences between the moths and the background
in the spatial frequency or distribution of patch sizes signi®cantly affected detectability.

The crypticity index was subsequently validated by testing the consequences of direct
manipulation of background resemblance, as well as by demonstrating that moths with a
higher crypticity index were more dif®cult for the jays to ®nd. Detection accuracy in
blocks of 50 experimental trials declined signi®cantly as a function of moth crypticity
(r2 � 0:33; t�1� � 26:1; P , 0:0001), and the response time for correct detections
increased (r2 � 0:33; t�1� � 5:2; P , 0:0001).

To quantify phenotypic variability, we applied a non-parametric partitioning
algorithm46 to the moth phenotypes in each generation, choosing a prototypical
individual whose average distance from all others in phenotypic space (measured in terms
of `̀ taxonomic distance''47) was minimal. This distance for each moth expressed the
magnitude of its deviation from the prototype, and the average deviation for each
population provided a relatively bias-free estimate of phenotypic variability.
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