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Summary

Antipredator behavior is vital for most animals and calls for
accurate timing and swift motion. Whereas fast reaction

times [1] and predictable, context-dependent escape-initia-
tion distances [2] are common features of most escape sys-

tems, previous work has highlighted the need for unpredict-
ability in escape directions, in order to prevent predators

from learning a repeated, fixed pattern [3–5]. Ultimate unpre-
dictability would result from random escape trajectories. Al-

though this strategy would deny any predictive power to the

predator, it would also result in some escape trajectories
toward the threat. Previous work has shown that escape

trajectories are in fact generally directed away from the
threat, although with a high variability [5–8]. However, the

rules governing this variability are largely unknown. Here,
we demonstrate that individual cockroaches (Periplaneta

americana, a much-studied model prey species [9–14])
keep each escape unpredictable by running along one of

a set of preferred trajectories at fixed angles from the
direction of the threatening stimulus. These results provide

a new paradigm for understanding the behavioral strategies
for escape responses, underscoring the need to revisit the

neural mechanisms controlling escape directions in the
cockroach and similar animal models, and the evolutionary

forces driving unpredictable, or ‘‘protean’’ [3], antipredator
behavior.

Results and Discussion

When cockroaches (Periplaneta americana) encounter a sud-
den air movement, such as that generated by an approaching
predator, they show an escape response using a large range
of turning angles from their original body orientation [6, 10],
in line with observations on animals from other taxa [7].
Here, we examine which of the following patterns of variabil-
ity is observed in the trajectories of cockroach escape
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responses: (1) a wide unimodal distribution, (2) a random dis-
tribution, or (3) a multipeak distribution of preferred escape
trajectories.

The first series of experiments tested which of these three
distribution patterns of escape trajectories occurs at the
individual level. Five individual cockroaches (Periplaneta
americana) were startled 75–93 times each by a wind stimulus
and their escape responses were video recorded (see Supple-
mental Experimental Procedures available online). Wind stim-
uli were delivered from a variety of directions, resulting in even
distributions of wind angle (defined as the angle between the
direction of the wind stimulus and the orientation of the
cockroach one frame before their escape response;
Figure 1A) (see Experimental Procedures and Supplemental
Data). Responses to left and right stimuli were pooled as if
all stimuli were from the right, i.e., all wind angles were be-
tween 0�–180�. Cockroaches reacted to the wind stimulus by
turning, followed by forward motion. Escape trajectories
(ETs) were calculated as the angle between wind direction
and the direction of motion of the cockroach at the end of
the turning component of the escape response (Figures 1A
and 1B) and were treated as a circular variable (see Experi-
mental Procedures [15]). Although previous work (e.g., [6, 10])
was commonly analyzed with x-y linear plots of body turn
against wind angle, this representation of the data reflects the
assumption that the cockroach’s escape is a ‘‘hard-wired,’’
reflexive body turn that is directly related to the wind angle it
detects. However, this type of analysis does not allow a direct
test of the hypothesis that cockroaches may escape at fixed
directions relative to the stimulus, in contrast to a circular
analysis that does.

Despite some small individual variation, the ET distributions
of each animal are multimodal, with at least four peaks at ap-
proximately 90�, 120�, 150�, and 180�, suggesting that cock-
roaches do indeed have preferred ETs (Figures 1C–1G). The
distributions of these ETs are not significantly different among
individuals (c2 = 27.75; p > 0.1; d.f. = 20; Figure 1). To determine
quantitatively the angular position and the number of ET
peaks, we fitted mixtures of multiple Gaussian curves to the
unbinned data using a maximum likelihood method (see
Supplemental Data), with the constraints of equally spaced
peaks with equal widths in order to minimize the number of
parameters.

In four out of five cases (Figures 1C, 1D, 1E, and 1G), four ET
peaks were detected in the approximate range 90�–180�

(Akaike weights 0.67 – 0.93, c2 test comparing the theoretical
and the experimental distributions show no significant differ-
ences with p value ranging from 0.10–0.85). In a fifth case (Fig-
ure 1F), the four observable peaks for this individual appear to
be similar, in terms of their angular positions, to the other indi-
viduals and the distributions are not different statistically.
However, the peaks in Figure 1F are less well defined, and al-
though a multipeak fit has a higher likelihood, it is rejected as
too complex with the more parsimonious corrected Akaike in-
formation criterion (AIC). Overall, the fact that almost identical
peaks can be detected independently in four out of five sepa-
rate animals provides very convincing evidence for the exis-
tence of a multiple-ET escape strategy.
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Figure 1. Individual Cockroaches Tested in Repeated Trials Show Similar, Striking Multimodal Distributions of ETs

(A) Diagram of the sequence of movements in a typical cockroach escape response. The cockroach is walking from the left to the right of the picture. The

gray arrow indicates stimulus direction. Wind angle (wind) at the time of stimulation, body turn (turn), and escape trajectory (ET) are shown.

(B) Diagram illustrating the definition of escape trajectory (ET) and the way it is plotted in all subsequent figures. Escape trajectory (continuous arc) is defined

as the angle between wind direction (gray arrow) and the direction of motion (black arrow) of the escaping cockroach (black cockroach). Left and right stimuli

were pooled as if each stimulus was always on the right side of the animal.

(C–G) The frequency distributions of five individual cockroaches tested in repeated trials. Numbers of responses are 93 (C), 93 (D), 89 (E), 81 (F), and 75 (G).

The asterisk in (C) represents the trajectory of the escape response drawn in (B). Best-fit distributions in (C)–(G) are shown as multimodal curves. The sta-

tistics for the fitted curves are (C): Akaike weight = 0.91, c2 = 14.77, p = 0.254, d.f. = 12; (D): Akaike weight = 0.93, c2 = 19.87, p = 0.099, d.f. = 13; (E): Akaike

weight = 0.85, c2 = 8.98, p = 0.623, d.f. = 11; (F): Akaike weight = 0.51, c2 = 10.48, p = 0.399, d.f. = 10; and (G): Akaike weight = 0.67, c2 = 4.76, p = 0.854, d.f. = 9.

For all panels, concentric circles represent a frequency interval of 2, bin intervals are 5�, and arrowheads indicate peaks, defined as those that contribute at

least 5% to the best-fit curve.
Because the distributions of the ETs are not significantly
different, all the data were pooled as a single data set (‘‘5i,’’
Figure 2A). The pooled data are significantly different from
a uniform distribution both within 360� [15] (U2 test; p <
0.005; n = 431) and within an arc containing 99% of the data
(see Supplemental Data) (c2 = 243.10; p < 0.001; d.f. = 15)
and differ from a von Mises distribution (normal circular) (U2

test; p < 0.005; n = 431). The best-fit curve with the maximum
likelihood method is a multipeak curve with peaks at 96.9�,
123.6�, 150.3�, and 177.0�.

To determine whether the individual patterns observed
above are representative of the variability in the population
as a whole, we carried out a second series of experiments, in
which 86 individuals were used, each startled only once (‘‘sin-
gletons,’’ Figure 2B). Again, the wind angles used were uni-
formly distributed (see Supplemental Data). The ET distribu-
tion of singletons (Figure 2B) and that of the 5i data set
(Figure 2A) are not significantly different from each other
(c2 = 5.25; p > 0.25; d.f. = 5; Figure 2). The singleton data differ
from a uniform distribution both within 360� (U2 test; p < 0.005;
n = 86) and within an arc containing 99% of the data (see Sup-
plemental Data) (c2 = 29.49; p < 0.005; d.f. = 11). Like the 5i data
set, the singleton data differ from a von Mises distribution
(U2 test; p < 0.025; n = 86) and are also best fitted by a curve
with peaks similar to those of the 5i data set, i.e., 93.3�,
120.8�, 148.4�, and 175.9� (Figure 2B). These results show
that preferred ETs are not byproducts of different individual
preferences within the population but are a shared character-
istic of all animals from our inbred colony.
Analysis of the distributions of body-turn angles (within the
range 0�–120�, see Experimental Procedures) shows that
they are uniformly distributed (singletons, c2 = 7.07; p > 0.75;
d.f. = 11; data set 5i, c2 = 13.98; p > 0.1; d.f. = 11). Because
the distribution of wind angles is also uniform, and ET is the
sum of wind angle plus the body turn (see Figure 1A), the mul-
timodal ETs cannot be due to any constraints (mechanical or
neural) that restrict the cockroach to performing turns only at
certain fixed angles relative to its body. This is confirmed by
the distribution of the wind angles that elicit negligible turning
(0�–10� body turn) (Figure 2C). If cockroaches indeed prefer to
escape along ETs at approximately 90�, 120�, 150�, and 180�

as we assert above, then these peaks should be found in the
wind angles of escape responses in which cockroaches
make little or no turning maneuver. Our results show that cock-
roaches escape approximately in line with their body direction
only when stimulated at the predicted wind angles (91.7�,
119.7�, 147.7�, and 175.7�; Figure 2C), i.e., when they are al-
ready positioned along one of their preferred ETs (comparison
between distributions in Figures 2A and 2C, c2 = 2.80, p > 0.5,
d.f. = 4; comparison between distributions in Figures 2B and
2C; c2 = 1.78, p > 0.75, d.f. = 4).

To investigate any effect of wind angle on escape trajectory,
we divided the 5i data set into escape responses elicited by
six different 30� sectors of wind angle; the 0�–30� sector in-
cludes the most frontal stimulations, whereas the 150�–180�

sector corresponds to the most posterior stimuli. The distribu-
tions of ETs divided into these six wind angle sectors are
significantly different from one another (c2 = 104.45, p < 0.001;
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d.f. = 20; Figure 2D), showing that wind angle does have an ef-
fect on ET. The first four peaks present in Figure 2A reappear
here for small wind angles, i.e., <90� (wind directed toward
the head). However, as wind angles increase, the lower peaks
disappear and an upper peak (at 204�) appears so that, for
wind directed at the rear of the animal, only three peaks are
present (Figure 2D). In other words, because most escape re-
sponses are a turn away from the stimulus [6], the angles of
ETs are almost always larger than those of wind angle. As
a consequence, small ETs are used only when cockroaches
are stimulated at small wind angles, whereas larger ETs (e.g.,
177�) are used at all wind angles. Accordingly, the four main
peaks found in the 5i data set occur with different frequencies
(c2 = 65, p < 0.001; d.f. = 3; Figure 2A).

Figure 2. The ET Distributions of Five Individuals Tested in Repeated Trials

and 86 Singletons Tested Each Once Only Are Not Significantly Different

from One Another

(A) Frequency histograms of data set 5i (pooling five individuals from Fig-

ure 1). Total number of responses = 431, concentric circles represent a fre-

quency of ten. Bin intervals are 5�. The best-fit curve Akaike weight > 0.99,

c2 = 23.71, p = 0.536, d.f. = 25.

(B) Frequency histograms of singletons. Total number of responses = 86,

concentric circles represent a frequency of two. Bin intervals are 5�. The

best-fit curve Akaike weight = 0.74, c2 = 5.48, p = 0.906, d.f. = 11.

(C) The distribution of wind angles in escape responses (data set 5i) that

showed little or no body turns (0�–10�; number of responses = 38). Concen-

tric circles represent a frequency of two. Bin intervals are 5�. The wind an-

gles show four peaks as in the preferred ETs found in (A) and (B); see text

for details. The best-fit curve Akaike weight = 0.83, c2 = 0.38, p = 0.943,

d.f. = 3. For all panels, best-fit distributions are shown as multimodal curves

and arrowheads indicate peaks, defined as those that contribute at least 5%

to the best fit curve.

(D) The effect of wind direction on ETs. Diagrammatic representation of the

effect of wind angle on ET probability for the five individuals (data set 5i).

Stimulus wind angle is indicated by the radial scale. The different ET peaks

determined above for the 5i data are indicated by arrowheads at the appro-

priate angular positions, with the width of the arrowhead indicating the per-

centage contribution of that particular peak to the ET distribution at that par-

ticular wind angle. For scale, arrowheads are shown corresponding to 10%,

20%, and 50% contributions (inset). Peaks with a contribution of less than

5% are not shown. As wind angles increase, the lower value ET peaks

(i.e., at approximately 90� and 120�) disappear and a 204� peak appears.
Our pooled data from the five individuals (data set 5i,
Figure 2A) were compared to data from previous studies [6,
10] of cockroach escape behavior with high sample sizes, orig-
inally analyzed with linear x-y plots of body turn against wind
angle, but reanalyzed here with circular statistics (see Supple-
mental Data). Our analyses show that the circular distributions
of these previous data are nonuniform both within 360�

(Figure 3A, U2 test; p < 0.005, n = 161; Figure 3B, U2 test; p <
0.005, n = 253) and within an arc containing 99% of the data
(see Supplemental Data) (Figure 3A, c2 = 87.36; p < 0.001;
d.f. = 28; Figure 3B, c2 = 159.92; p < 0.001; d.f. = 27) and are
different from a von Mises distribution (Figure 3A, U2 test;
p < 0.01, n = 161; Figure 3B, U2 test; p < 0.01, n = 253). These
data are also best fitted by curves with multiple, equally
spaced peaks of equal width, at 31�, 61�, 92�, 122�, 152�,
183�, and 206� (Figure 3A) and at 50�, 88�, 126�, 164�, and
201� (Figure 3B). Therefore, by reanalyzing these data as es-
cape trajectories relative to the stimulus, we reveal the
unpredictable, yet nonrandom, nature of this behavior. The
multiple ET strategy provides an explanation for the wide range
of body turns seen in x-y plots, which has to date been ex-
plained by postulating a large amount of random ‘‘noise’’ in
the system [16].

Comparison of the data obtained in the present study
(Figure 2A) with the previous studies [6, 10] (Figure 3) shows
that the distributions of multiple peaks of ETs are significantly
different (comparison with Figure 3A, c2 = 136; d.f. = 8; p <
0.001; comparison with Figure 3B, c2 = 160.1; d.f. = 9; p <
0.001). However, all three distributions do show multiple peaks
of ETs; it is possible that different ET peaks occur in cock-
roaches from different laboratory colonies. Variation in the dis-
tributions could also be due to methodological differences of
the behavioral experiment (size of arena, characteristics of
the wind stimulus, walking versus standing still, etc.). Some
of the difference between our data and previous work can be
ascribed to differences in wind angle; whereas in our study
wind angles are uniformly distributed, in previous work [6,
10] they are non uniform (see Supplemental Data) with a high
proportion of stimulations toward the head. This would result
in a higher proportion of ETs at smaller angles (see Figure 2D),
as observed in previous work [6, 10] compared to our own.
Notably, most ETs observed in Figures 2 and 3 are within the

Figure 3. Re-analysis of Cockroach Escape-Behavior Data from the Pub-

lished Literature Reveals Hitherto-Undetected Patterns of ET Distributions

(A) Concentric circles represent a frequency of two. Bin intervals are 5�.

Number of responses = 161. Results are based on published data [6]. Akaike

weight = 0.68, c2 = 13.06, p = 0.907, d.f. = 21.

(B) Concentric circles represent a frequency of 2.5. Bin intervals are 5�.

Number of responses = 253. Results are based on published data [10].

Akaike weight = 0.76, c2 = 27.19, p = 0.709, d.f. = 32. For both panels, the

best-fit distribution is shown as a multimodal curve and arrowheads indi-

cate peaks, defined as those that contribute at least 5% to the best-fit curve.
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90�–180� sector, which corresponds to the theoretically opti-
mum range [17, 18].

The finding that cockroaches show multiple, discrete ETs
has implications both in terms of the neural mechanisms that
generate them and the resultant adaptive significance of mul-
tiple ETs. Adult cockroaches possess hundreds of wind-sen-
sory hairs on their paired abdominal cerci that detect the direc-
tion of hair movements [6, 19–21]. The sensory neurons of
these hairs input to giant interneurons (GIs) in the terminal gan-
glion, each with its own directional selectivity to wind [22]. A
relatively small number of GIs convey this information to the
thoracic ganglia, which produce the body turns [22]. The angu-
lar resolution of the sensory system must have a limit; how-
ever, this will simply add to the width of the peaks in the ET dis-
tribution. A poor resolution of wind direction would thus tend
to smooth out, rather than sharpen, ET peaks.

Our results suggest that ETs are generated by a geocentric
mechanism, i.e., in which the trajectories are fixed relative to
an external reference (the stimulus), rather than by an egocen-
tric mechanism in which trajectories are generated relative to
a body reference (i.e., by fixed-body-turn angles). The neural
mechanism for generating these multiple ETs is completely
unknown, although it could involve the many thoracic inter-
neurons that are interposed between the GIs and the motor-
neurons [23, 24], dorsal GIs, or even other wind-sensitive in-
terneurons. Clearly, the finding of preferred ETs underscores
the need to revisit the neural mechanisms controlling escape
directions in the cockroach and other similar animal models.
In addition, the experimental approach used here could be
applied to animals from other taxa because high variability
in escape directions is a common feature of many escape
systems [3]. This would allow the construction of a more
general theory of how animal generate unpredictable escape
trajectories.

Independently of how the multiple ETs are generated, what
matters in terms of adaptive significance is that the resultant
escape behavior is sufficiently unpredictable (i.e., protean [3])
to predators that a selective advantage is achieved. It is unlikely
that there is any particular fitness significance for any specific
ET, i.e., escaping at 120� or 150�, but not at 135�. Although
each peak must emerge from the neuronal computation of
the escape-behavior circuit, the evolutionary significance of
the multiple ETs is likely to lie in the overall multimodal pattern,
which allows an animal to generate the variability necessary to
keep the predator ‘‘guessing.’’

Experimental Procedures

Experimental Measurements

Animal keeping and the experimental apparatus are described in the

Supplemental Data. Wind angles were measured with respect to the ani-

mal’s midline in the frame preceding the onset of the wind stimulus. All

individuals were walking at the time of stimulation. Escapes from left and

right stimuli were pooled as if the stimuli were always from the right; no

asymmetries were present in the 5i data set when this was divided into

escapes that were stimulated from the left and right sides of the animals

(c2 = 6.01; p > 0.25; d.f. = 6; data not shown). Thus wind angle spanned

0�–180�, where head-on stimulations were designated as 0� and stimula-

tions directly from the rear corresponded to 180�. Escape trajectories

(ETs) were defined as the angle between the direction of motion at the

end of the turning component of the escape and the direction of the stimulus

(Figure 1A). ETs therefore correspond to the sum of the wind angle and the

body turn by the cockroach (defined as the angle between the body’s mid-

line before stimulation and its direction of motion at the end of the re-

sponse), in which body turns away from the stimulus bear a positive sign

and body turns toward the stimulus bear a negative sign. Therefore, ETs
in a direction directly away from the stimulus were at 180�. ETs > 180� indi-

cated that animals had turned through a greater angle than was required to

face directly away from the stimulus (see Figure 1). ETs potentially spanned

360� and were treated as a circular variable [15].

Statistics

Goodness-of-fit tests against uniform and von Mises (normal circular [15])

distributions for ET data were carried out with U2 tests [15] with Oriana

circular statistics software. We used c2 tests to compare distributions [25]

with data divided into bins. Wind-angle data were divided into nine 20�

bins (0�–20�; 20�–40�, and so on). ETs data were divided into eighteen 20�

bins, centered at 0�, 20�, 40�, etc. Any bin with expected frequencies <5

was pooled with the adjacent bin until an expected frequency >5 was

reached [25]. Uniformity of distribution in the body-turn angles was ana-

lyzed in singletons and data set 5i with c2 tests. Body-turn data were divided

into 10� bins. To avoid low frequencies at the tail end of the distribution, we

analyzed body-turn data within the range 0�–120�, which comprised 86.8%

of all turns for data set 5i and 96.25% for the singletons. Wind-angle distri-

bution and additional statistics are described in the Supplemental Data.

Supplemental Data

Supplemental Data include Supplemental Experimental Procedures and

can be found with this article online at http://www.current-biology.com/

supplemental/S0960-9822(08)01340-7.
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