PROCEEDINGS B

rsph.royalsocietypublishing.org

)

Research

updates

Cite this article: Nair A, Changsing K, Stewart
WJ, McHenry MJ. 2017 Fish prey change
strategy with the direction of a threat.

Proc. R. Soc. B 284: 20170393.
http://dx.doi.org/10.1098/rspb.2017.0393

Received: 23 February 2017
Accepted: 24 May 2017

Subject Category:
Morphology and biomechanics

Subject Areas:
bioinformatics, behaviour, neuroscience

Keywords:
pursuit—evasion model, locomotion,
predation, sensing, strategy

Author for correspondence:
Matthew J. McHenry
e-mail: mmchenry@udi.edu

THE ROYAL SOCIETY

PUBLISHING

Fish prey change strategy with the
direction of a threat

Arjun Nair, Kelsey Changsing, William J. Stewart and Matthew J. McHenry

Department of Ecology and Evolutionary Biology, University of California, Irvine, 321 Steinhaus Hall, Irvine,
(A 92697, USA

= MJM, 0000-0001-5834-674X

Predation is a fundamental interaction between species, yet it is unclear what
escape strategies are effective for prey survival. Classical theory proposes
that prey should either escape in a direction that conforms to a performance
optimum or that is random and therefore unpredictable. Here, we show that
larval zebrafish (Danio rerio) instead use a mixed strategy that may be either
random or directed. This was determined by testing classic theory with
measurements of the escape direction in response to a predator robot. We
found that prey consistently escaped in a direction contralateral to the
robot when approached from the side of the prey’s body. At such an orien-
tation, the predator appeared in the prey’s central visual field and the
contralateral response was consistent with a model of strategy that maxi-
mizes the distance from the predator. By contrast, when the robot
approached the rostral or caudal ends of the body, and appeared in the
prey’s peripheral vision, the escape showed an equal probability of a contral-
ateral or ipsilateral direction. At this orientation, a contralateral response
offered little strategic advantage. Therefore, zebrafish larvae adopt an
escape strategy that maximizes distance from the threat when strategically
beneficial and that is otherwise random. This sensory-mediated mixed strat-
egy may be employed by a diversity of animals and offers a new paradigm
for understanding the factors that govern prey survival.

1. Introduction

Predation plays a crucial role in the population dynamics, trophic interactions
and individual fitness of a diversity of species. Although the ability of prey
to evade predators may have broad biological implications, the strategies
used for predator evasion are largely unclear. Classic theory suggests that
prey may direct their escape with two major strategies to enhance survival.
The protean strategy [1] favours high variability in escape direction to challenge
a predator’s ability to anticipate the prey’s heading. Prey using an optimal strat-
egy, by contrast, will conform to the direction that maximizes the distance from
the predator [2]. Although the escape direction has been measured in a broad
array of animals [3,4], the predictions of strategic theory are largely untested
(with some exceptions [5,6]). It is consequently unclear which animals use pro-
tean or optimal strategies and what conditions favour one strategy over another.

Predator evasion is facilitated by an animal’s escape response, an explo-
sively fast maneouver performed when a prey senses a threat. Although its
role in survival is not well studied [7], the neuromuscular control of the
escape response has been extensively explored in animals as diverse as rodents,
cephalopods, flies and fishes [8]. This research has revealed specialized circuits
of neurons that activate muscles at high speed with some directional control [9].
One of the most extensively studied escape responses is the ‘fast start” of fishes,
which is controlled by the Mauthner neuron and its serial homologues [10,11].
The fast start is characterized by the body bending into a preparatory ‘C’ shape,
followed by a rapid acceleration as the body unfurls [12]. Recent advances in the
study of this behaviour have been aided by techniques in optogenetics and func-
tional imaging developed in zebrafish (Danio rerio, Hamilton 1922) larvae
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Figure 1. Measurements of the escape response stimulated by a predator robot. (a) The robot consisted of a dead adult zebrafish that was suspended in the centre
of an aquarium populated with larvae and translated through the water at constant speed (11 cm s~ "), like that of a live predator while foraging. Escape responses
were recorded with two high-speed video cameras (250 frames s~ ' at 640 x 480 pixels) that moved with the robot as it translated through a rectanqular
aquarium. The prey were generally motionless until exhibiting a fast start in response to the robot. (b) We calculated the stimulus angle (\) presented by
the robot in the prey’s field of view (in grey), the direction of the escape response (6) and the initial orientation of the body (¢b). (c) The position (in grey)
and displacement (black arrow) of the bodies of larvae achieved during the escape response were measured from the video recordings.

[10,13,14]. Zebrafish larvae are also amenable to laboratory
study of predator—prey interactions where they use the fast
start to escape predation by adults of the same species [15].
For these reasons, the present study used the zebrafish system
to test models of strategy with experiments that simulated the
approach of an adult predator using a predator robot.

2. Material and methods

(a) Escape-response kinematics

All zebrafish larvae were bred from wild-type (AB line) colonies in
a flow-through tank system (Aquatic Habitats, Apopka, FL, USA)
that was maintained at 28.5°C on a 14 L: 10 D cycle. These larvae
were exposed to a predator robot to present a controlled and repea-
table visual stimulus that elicited a fast start (figure 1a) [16]. The
robot consisted of a dead adult zebrafish that was suspended in
the centre of an aquarium populated with larvae, as described pre-
viously [16]. Through the action of a linear servomotor (figure 1a),
the fish body was translated through the aquarium at a constant
speed (11cm s7h), like a foraging predator [15]. This motor also
propelled two high-speed (250 framess ') cameras that were
mounted above the predator to record the responses of larval
zebrafish. The prey were generally motionless until exhibiting a
fast start in response to the robot.

We performed a kinematic analysis of the fast start to deter-
mine how visual cues affect the direction of the escape response
in prey by recording the three-dimensional location of each larva
before and after an escape. This was achieved with custom soft-
ware developed in MatLas (v.2014b, MathWorks, Natick, MA,
USA) to digitize three landmarks along the prey body (rostrum,
swim bladder and tail) from the video recordings of both cameras.
Coordinates were transformed into three-dimensional space using
‘Digitizing Tools” software in MarLaB [17] and expressed with
respect to the rostrum and heading of the robot. We consequently
calculated the angular position () and orientation (¢) of each
larva in the video frame prior to escape (figure 1b). The prey’s
field of view was defined as extending from —16° to 167° with

respect to the central axis of the body, where 0° is directed ante-
riorly. This was previously determined from the retinal anatomy
and eye rotation during saccades [18,19]. Within the field of
view, we found the stimulus angle (\), the position of the preda-
tor’s centre, and examined the responses elicited by stimuli in
10 equal intervals of this angle, which yielded 1 > 5 in each bin.

(b) Mathematical modelling

We used differential game theory to model optimal strategy. Con-
sistent with the theoretical literature [2,20], our model considered
how the minimum distance (d, normalized by escape distance) is
affected by the kinematics of predator and prey. Assuming a
fixed velocity for both animals, the minimum distance depends
on the escape heading (@) and angular position (i) relative to the
predator’s heading, as follows [21]:

1/
d(a, ) = { (sin (@ — ) + Ksin(¢))2, E;;s:((;)) (2.1)
K2 + 2K cos () + 1 - ’

where K is the ratio of predator to prey speed (K= 0.5) [15,22].
Based on previous results [10,16] and our preliminary findings,
we modelled the escape heading to be perpendicular to the body
orientation prior to the escape. We calculated the minimum
distance as a function of body orientation for contralateral (¢ =
¢ —90°) and ipsilateral (a;= ¢+ 90°) responses. From these
results, we found the contralateral advantage as the difference
between the minimum distance for contralateral (dc) or ipsilateral
(dy) responses. The contralateral advantage expresses the strategic
benefit of a contralateral escape relative to the alternative.

A purely protean strategy predicts that an escape has an
equal probability of occurring among all possible directions.
Because larval zebrafish escape in a relatively narrow range of
directions with respect to the initial orientation of the body
[10,16], the escape direction was defined as towards the side of
the body that is either contralateral or ipsilateral to the stimulus.
Therefore, the protean strategy predicts an equal probability
between these directions (pc = 0.5, where pc is the probability
of a contralateral response). We tested whether the escape
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Figure 2. The direction of the escape response relative to the visual stimulus. (a) The frequency of the escape direction when the predator appeared on the left eye
(in blue) and right eye (in red) of the prey. (b) The escape heading was not correlated with the stimulus angle (X, linear regression, p = 0.75). (c) The probability
of a contralateral response in equal intervals (18.3°) of the stimulus angle (& 95% confidence intervals, assuming binomial distribution, n = 502).

responses conformed to this prediction for larvae with variable
orientation with respect to the predator.

3. Results

Most escape responses were directed away from the predator
robot (figure 1c). This occurred because most larvae escaped
towards the side of the body facing away from the predator.
This was discovered by transforming the escape heading
with respect to the prey’s frame of reference prior to its
escape (figure 2). Whether the predator appeared in the left

eye (pc = 0.80 + 0.05, + 95% confidence intervals for a bino-
mial distribution, n=224) or right eye (pc=0.73 £ 0.06,
n = 239), about three-quarters of escapes were directed con-
tralateral to the predator (figure 2a). The escape heading
was not correlated with the stimulus angle of the predator
(linear regression, p=0.75; figure 2b), but rather was
approximately perpendicular to the body’s initial orientation
(6=106° + 10°, n =502). The stimulus angle, the position of
the predator in the prey’s visual field, did influence the
probability of a contralateral escape. In particular, contralat-
eral responses occurred in the vast majority of instances
when the predator approached from the side of the prey’s
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Figure 3. The strategic implications of escape heading. (a) We modelled the escape response as occurring at a right angle from the initial orientation of the body
(¢p) for contralateral (purple) and ipsilateral (blue) escape responses. (b) For each response, the minimum distance between predator and prey were predicted for
contralateral (dc) and ipsilateral () escapes, and (c) this was determined for all body orientations. The difference in minimum distance between ipsilateral and
contralateral responses (black curve, dc — d) represents the contralateral advantage. We calculated the contralateral advantage (grey circles) for all positions and
orientations recorded in our experiments (figure 1¢). (d) The contralateral probability (values from figure 2¢) was correlated with the contralateral advantage (logistic
regression, p < 0.001, n =9), when binned with respect to the visual field. These regions of the visual field are colour-coded, as shown in the legend.

body and consequently appeared in the central visual field
(pc = 0.87 £ 0.04, for 30° < \ < 30°, where \ is the stimulus
angle n = 265; figure 2c). By contrast, prey were as likely to
respond with an ipsilateral response as a contralateral
response when the predator approached the rostrum (pc =
0.39 +0.23, for —16.0° <\ <20.6°, n=18) or tail (pc=
0.58 + 0.08, for 130.4° <\ <167°, n=154; figure 2c) of the
prey. Therefore, peripheral visual stimuli generated responses
that were consistent with a protean strategy.

We examined how our kinematics compared to the pre-
dictions of optimal strategy. Assuming an escape that is
perpendicular to the initial orientation of the body, predic-
tions of minimum distance differed substantially between
ipsilateral and contralateral responses (figure 34,b). The mini-
mum distance is maximal for contralateral responses over
a broad range of body orientations (figure 3c), but varies
greatly with body orientation among ipsilateral responses.
This relationship resembles an inverse parabola, with an
advantage to a contralateral response that is greatest when
the body is perpendicular to the predator’s heading. The
contralateral advantage, the difference in minimum distance
between contralateral and ipsilateral responses (dc — dj), indi-
cates that a contralateral response is optimal when the prey is
oriented perpendicular to a predator’s heading (figure 3c).

We found that the observed probability of a contralateral
response may be predicted by the contralateral advantage
(figure 3d). Using the results of our model, we determined
the contralateral advantage (figure 3c) for equal intervals of
the prey’s visual field. These predictions were compared
with the probability of a contralateral response for the same
intervals (figure 2c). We found that a logistic regression
(pc =1+ exp(-2.3(dc — dy) +0.126)) !, p < 0.001, n=9)
significantly characterizes the positive relationship between
these quantities. This relationship demonstrates that contral-
ateral responses occur with greater frequency when they are
strategically advantageous. These conditions may be detected
by the position of the predator in the prey’s field of view.

4. Discussion

Through a combination of experimental measurements and
mathematical modelling, our results suggest that zebrafish
larvae employ a mixed strategy that combines protean and
optimal responses. Prey escaped contralateral to the predator
when approached from the side (figure 2c), which is consist-
ent with a strategy to maximize distance. However, the
strategic advantage of a contralateral response diminishes at
orientations deviating from the perpendicular, and prey
under these conditions were increasingly likely to exhibit
an ipsilateral response. At the extremes, prey aligned with
the predator’s heading responded with a protean response
and were therefore unpredictable in direction (figure 3d).
Therefore, the escape strategy depended on the direc-
tion of the predator approach, as detected by the prey’s
visual system.

Our findings are compatible with current understanding
of the neurophysiology of zebrafish larvae. A looming stimu-
lus is detected in a brain region known as the optic tectum
[10], which is structured with a topographic map of the
retinal cells that span the visual field [23,24]. Therefore, a
predator approaching the side of a prey’s body that stimu-
lates a central portion of the retina activates a region of the
brain that is distinct from that activated by a peripheral
stimulus. Each region of the optic tectum is capable of activat-
ing the motor programme for an escape [10,25]. Escapes
stimulated by the optic tectum are controlled by left and
right sets of the Mauthner neuron and its serial homologues
[10]. The premotor interneurons that activate these regions
can inhibit one side of the body while activating the other
and thereby creating a competition that determines the side
of the body that activates an escape [14]. Our results suggest
that the region of the optic tectum activated by a central
stimulus strongly biases the outcome of this competition in
favour of the contralateral side. The brain regions activated
by a peripheral stimulus offer no such favouritism and
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consequently exhibit an equal probability of contralateral and
ipsilateral responses. In this manner, a mixed strategy may be
facilitated through the activation of distinct premotor path-
ways by different regions of a larva’s retina. One great
advantage to this arrangement is that directed responses
may be triggered with minimal neuronal processing and
may consequently be executed at high speed.

A broad diversity of animals may employ a mixed strat-
egy like that of zebrafish larvae. Similar kinematics have
been measured in shrimp [26] and crabs [27], which also
escape with a limited range in heading. These animals like-
wise exhibit an equal probability of contralateral and
ipsilateral escapes when approached from behind. They
also show a high frequency of contralateral escapes when a
predator approaches from the side, which is consistent with
an optimal strategy. Unlike larval zebrafish, adult fish have
the capacity to direct the fast start with a heading that is
directed away from a threat, irrespective of their initial orien-
tation [9]. Nonetheless, some adult fishes, such as herring
[28], exhibit a protean strategy when aligned with a preda-
tor’s heading and show consistent contralateral responses to
a lateral approach. A mixed strategy may therefore offer a
common means for prey to combine the benefits of optimal
and protean responses based on the direction of a threat.
The predictions of optimal [2] and protean [1] theories have
rarely been tested against measurements of the escape direc-
tion [3,4], and it consequently remains unclear what
strategies are supported by the empirical literature. By con-
trast, the integration of directional measurements with a
mathematical model of strategy [5,6] provides the means to
distinguish between hypothetical strategies, as done pre-
sently. It remains an exciting prospect to consider how
other prey species similarly combine strategies to survive
encounters with predators.
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