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21  Abstract

22  Since the escape response is crucia to survival and hence to the fitness of species,
23 severa studies have attempted to elucidate the kinematic and behavioral components of
24  the response that affect evasion outcome. The prey’s body orientation relative to a
25  predator at the onset of the escape response (initial orientation) could affect evasion
26  outcome, because the turn angle and its duration before the initiation of escape
27  locomotion would be smaller when the initial orientation is more away from the
28  predator. We tested this hypothesis by recording the escape responses of juvenile red
29 sea bream (Pagrus major) in response to the predatory scorpion fish (Sebastiscus
30  marmoratus) using a high-speed video camera. Our results show that an increased initial
31 orientation (i.e., more away from the predator) increases escape probability. Our results
32  adso indicate that an increase in the initial orientation decreases the turn angle and its
33  duration. The flight initiation distance tends to be small when the initial orientation is
34 away from the predator, suggesting that the prey might have a blind zone of sensory
35  perception. These findings highlight the importance of incorporating initial orientation
36 into both empirical and theoretica studies of the kinematics of predator-prey
37  interactions.
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39  Introduction

40  When exposed to sudden predation threats, most animals exhibit escape responses that
41  include turning swiftly and accelerating forward (Bulbert et al., 2015; Camhi et al.,
42 1978; Webb, 1986). Since the escape response is crucia to survival and hence to the
43  fitness of the species, numerous studies have been conducted to €elucidate the
44  environmental and internal factors that affect the behavioral and kinematic components
45  of the escape response (e.g., flight initiation distance, escape trajectory, turning speed,
46 acceleration, etc.) (Bateman and Fleming, 2014; Cooper, 2006; Cooper et al., 2007,
47  Domenici, 2010; Meager et al., 2006). Most of these studies, however, have used
48  artificia stimuli to elicit the escape response, and thus knowledge of the importance of
49  different components of the response in the context of avoiding real predators is fill
50  limited.

51 Previous theoretical studies have shown that the outcome of the escape
52  response is dependent on the flight initiation distance, predator and prey speeds, and the
53  escapetragectory (Arnott et a., 1999; Broom and Ruxton, 2005; Domenici, 2002; Weihs
54  and Webb, 1984). Interestingly, however, these studies have not incorporated the prey’s
55 initial body orientation with respect to the predator (hereafter, initial orientation) and the
56  prey’s turning speed, despite the fact that turning requires additional time prior to the
57  initiation of escape locomotion (King and Comer, 1996), and that initial orientation
58  affects the turn angle (Cooper and Sherbrooke, 2016; Eaton and Emberley, 1991,
59  Kawabata et al., 2016). Empirical studies show that turning speed, as well as the above
60  variables, affects predator evasion (Dangles et a., 2006; Scharf et al., 2003; Stewart et
61 a., 2013; Walker et a., 2005); however, as far as we aware, except for one study

62  (Stewart et a., 2013), no research has been conducted on the effect of initial orientation
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63  on escape probability.

64 The C-start escape response of fish and amphibian larvae is one of the most
65  well-studied escape responses in animals (Domenici and Blake, 1997; Eaton et al.,
66  2001). The C-start escape response is composed of three distinct stages based on
67  kinematics: the initial bend (stage 1), the return tail flip (stage 2), and then continuous
68  swimming or coasting (stage 3) (Domenici and Blake, 1997; Weihs, 1973). It has been
69  shown that flight initiation distance, escape speed, turning speed, and escape trajectory
70  affect evasion outcome (Scharf et al., 2003; Stewart et a., 2013; Walker et al., 2005),
71  but the effect of initial orientation remains to be elucidated. The objectives of our study
72 were to determine whether initial orientation affects evasion outcome, and if so, to
73  investigate the mechanisms involved. To achieve these objectives, we recorded the
74  escape responses of juvenile red sea bream [Pagrus major (Temminck & Schlege,
75  1843)] in response to the predatory scorpion fish [Sebastiscus marmoratus (Cuvier,
76 1829)] using a high-speed video camera. Since the fish could have spatial bias in
77  detecting the attacking predator (e.g., a sensory blind zone), the effect of initial
78  orientation on the response parameters was also examined. The specific questions
79  addressed were as follows. (1) does an increase in the initial orientation of prey fish
80  (more opposite from the direction of the predator) increase escape probability?, (2) does
81 anincrease in the initial orientation decrease the turn angle and its duration?, and (3)
82 doestheinitial orientation affect responsiveness and flight initiation distance?

83

84 Results

85  In general, the predator [S. marmoratus, 149.9+17.0 (meants.d.) mm total length (TL),

86  n=7] approached the prey (P. major, 56.1+9.6 mm TL, n=46) and then attacked it by
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87 opening its mouth. The kinematic stages in which the prey were captured are
88 summarizedin Fig. 1. The most prey individuals (43/46: 93%) showed escape responses
89  (C-start), but three (3/46: 7%) did not show responses and were captured by predators.
90 Of the 43 prey that showed escape responses, 19 (19/43: 44%) were captured by
91 predators during stage 1. Of the 24 prey that survived until the end of the stage 1, four
92  (4/24: 17%) were captured by the end of stage 2. No fish were captured during stage 3.
93  Of the total number of prey captured (26), 22 (22/26: 85%) were captured by the end of
94  stage 1. These results indicate that stage 1 is the most critical period for P. major to
95  escape from the attack of S. marmoratus.
96 The frequency distribution of the initial orientation and the initia
97  orientation—escape probability relationship are shown in Fig. 2. The frequency of initia
98 orientation at 120-180° was lower than at 0-120° (Fig. 2A). Escape probability was
99  highest in the 120-150° initia orientation bin, although 95% confidence intervals based
100  on binomial distributions suggest that there were no significant differences among the
101  different initial orientation bins (Fig. 2B).
102 Differences in the parameters (initia orientation, flight initiation distance, and
103  predator speed) between the successful (escaped) and unsuccessful (captured) escapes
104 areshown in Table 1. Theinitial orientation of the successful escapes (79.7+43.5°) was
105 larger than that of the unsuccessful ones (64.2+51.0°), and the larger initial orientation
106  significantly increased escape probability (Fig. 3; LR-test, ¥°=5.30, d.f.=1, P<0.05). The
107  odds ratio indicates that a 48.0° (1 s.d.) increase in initial orientation increased the
108  escape probability 2.52 times. Increases in flight initiation distance also significantly
109  increased escape probability (Fig. 3; LR test, ¥°=17.98, d.f.=1, P<0.01), but the effect of

110  predator speed was insignificant (LR test, ¥°=0.23, d.f.=1, P=0.63). The odds ratio of
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111 flight initiation distance indicates that an increase of 31.6 mm (1 s.d.) increased the
112  escape probability 6.47 times.

113 There were negative relationships between initial orientation and turn angle
114 (Fig. 4A; R=-0.61, n=24, P<0.01), and between the initial orientation and turn duration
115 (Fig. 4B; R=-0.41, n=24, P<0.05); the effect of the initial orientation on turn angle and
116  turn duration was significant (turn angle: LMM, F;155=22.88, P<0.01; turn duration:
117 LMM, F1169=29.56, P<0.01). Additionally, there was a significant positive relationship
118  between the turn angle and its duration (R=0.53, n=24, P<0.01). These results indicate
119 that the turn angle and its duration were larger when the initial orientation was more
120 toward the predator, and smaller when the initial orientation was more away from the
121  predator.

122 There was no observable pattern in the initial orientations of the three prey
123  individuals that did not show escape responses (19.9, 33.4, and 165.7°). The flight
124 initiation distance tended to be shorter when the initial orientation was away from
125  predators (about 150-180°; Fig. 5), athough this tendency (the effect of initial
126  orientation on flight initiation distance) was not statisticaly significant (GAMM,
127 F=2.10, estimated d.f.=2.35, estimated residual d.f.=40.92, P=0.09). Predator speed
128  dggnificantly increased the flight initiation distance of the prey (GAMM, F=4.82,
129  estimated d.f.=1.73, estimated residua d.f.=40.92, P<0.05).

130

131  Discussion

132  Our results clearly show that an increase in the initial orientation (i.e., more fully away
133  from the predator) increases the probability that P. major juveniles will escape from the

134  predatory strikes of S marmoratus (Fig. 3). This result is inconsistent with a study of
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135  zebrafish larvae evading adult zebrafish (Stewart et al., 2013), in which escape
136 probabilities were not significantly different among six different initial orientation bins.
137  Thisdiscrepancy could be attributed to the different statistical methods used in the two
138  studies, or to species-specific/ontogenetic differences. In the study of the zebrafish
139 larvae, the initial orientation values were categorized into six bins and escape
140  probability was compared among the different bins by calculating 95% confidence
141  intervals. In that analysis, the effects of other variables (i.e., flight initiation distance and
142  predator speed) were not offset. By contrast, our study used a generalized linear mixed
143  model (GLMM) with no binning of the initial orientation values, and it included the
144  other possible variables in the model to offset their variation. In fact, when we analyzed
145  the effect of initia orientation in the same manner as in the study of the zebrafish larvae,
146  the effect of initial orientation on escape probability became statistically insignificant
147  (Fig. 2B). In light of these facts, the binning procedures and/or the large variation in the
148  other variables may have masked the actual effect of initial orientation, and thus initial
149  orientation could actually be a crucial parameter for predator evasion in other fishes as
150  well.

151 Our results also show that an increase in the initial orientation decreases the
152  turn angle and its duration (Fig. 4). This initial orientation—turn angle relationship is
153  consistent with studies of many animal taxa (e.g., other fish, frogs, cockroaches, and
154  lizards) (Camhi and Tom, 1978; Cooper and Sherbrooke, 2016; Eaton and Emberley,
155  1991; King and Comer, 1996). Although a limited number of studies have examined the
156  relationship between turn angle and its duration or between initial orientation and turn
157  duration, it is natural to assume that alarger turn angle requires alonger duration, as has

158  been shown in this study and in a study on frogs (King and Comer, 1996). C-starts and
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159  other escape responses start from initia turns, followed by escape locomotion; during
160 theinitia turns, the animals do not move large distances but stay close to their initial
161  positions (Camhi et a., 1978; Domenici and Blake, 1997; King and Comer, 1996;
162  Tauber and Camhi, 1995). Therefore, predators would be able to approach prey animals
163  during these initial turns. It is thus likely that initial orientation-mediated turn angle
164  changes affect escape probability by changing the time available for the predator to
165  approach the prey before the initiation of escape locomation.

166 The flight initiation distance tended to be smaller when the predator
167  approached the prey from behind (Fig. 5). This might be related to a sensory blind zone
168 in the prey. The C-start escape response is triggered by either visual (Dill, 1974),
169  mechanical (Umedaet al., 2016), or sound stimuli (Domenici and Batty, 1997). When it
170  istriggered by visual stimuli there would be a blind zone for the prey (Domenici, 2002;
171 Tyrrell and Fernandez-Juricic, 2015). On the other hand, the latera line
172  (mechanosensory system) is distributed throughout the body (Dijkgraaf, 1963;
173 Kasumyan, 2003), which may allow 360° perception without any spatia bias. It is also
174  unlikely that there is a spatial bias in detecting sound stimuli. It is thus possible that the
175  P. major juveniles relied mainly on visual senses to perform escape responses, and thus
176  the flight initiation distance tended to be smaller when the initial orientation was away
177  from the predator. Further research is clearly needed to clarify the relationship between
178 initial orientation and flight initiation distance, as well as the underlying sensory
179  mechanisms.

180 Considering the time for turning and the sensory blind zone, the optimal initial
181 orientation for prey to escape from predators might be near the edge of the maximum

182  perception range, since this would require a relatively shorter time for turning before
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183  escape locomotion, and would allow the prey to respond to the predator’s strike from a
184  great enough distance. This hypothesis is consistent with the initial orientation—escape
185  probability relationship, in which the maximum escape probability occurred around
186  120-150° (Fig. 2B). However, the frequency of the initial orientation was not highest
187  around this range: the frequency at 120-180° was smaller than that at 0-120° (Fig. 2A).
188  Because we used naive hatchery-reared fish that had not experienced any predators, the
189  prey might not have recognized the predator as dangerous, and thus the prey did not
190  adjust the initial orientation in advance. It has been shown that black goby change their
191  posture when a weak stimulus is presented before the strong stimulation that finally
192  €licits an escape response (Turesson et a., 2009). Therefore, prey animals that
193  recognize a predator in advance may adjust their initial orientation to maximize their
194  escape probability, although we should note that predators may also adjust the attack
195 angle (i.e, initial orientation) to maximize predation probability (Webb and Skadsen,
196  1980).

197 Different geometricall models have been proposed to explain the factors
198  affecting escape probability and/or the escape trajectory (Arnott et al., 1999; Corcoran
199  and Conner, 2016; Domenici, 2002; Howland, 1974; Weihs and Webb, 1984), but none
200  of these models have incorporated initial orientation. Furthermore, initial orientation has
201 not been considered in many empirical studies of predator-prey interactions (e.g.,
202 Dangleset a., 2006; Fuiman, 1993; Scharf et al., 2003; Walker et al., 2005). Our results
203 clearly show that initial orientation affects escape probability, and that it can affect
204  flight initiation distance. These findings highlight the importance of incorporating data
205 on initial orientation into both theoretical and empirica studies of predator-prey

206  interactions.
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207

208 Materialsand Methods

209  Ethicsstatement

210  Animal care and experimental procedures were approved by the Animal Care and Use
211  Committee of the Institute for East China Sea Research, Nagasaki University (Permit no.
212 ECSER15-12), in accordance with the Regulations of the Animal Care and Use
213  Committee of Nagasaki University.

214

215  Fish samples

216  Hatchery-reared P. major (n=151) were utilized as prey fish in this study. All individual
217  P. major were provided from commercia hatcheries, and were kept in three 200 L
218  polycarbonate tanks at the Institute for East China Sea Research, Nagasaki University,
219  Japan. They were fed with commercial pellets (Otohime C2, Marubeni Nisshin Feed
220  Co,, Ltd., Tokyo, Japan) twice a day.

221 As predators, we used S. marmoratus (n=7), which is a common reef predator
222  around the coast of Japan. S. marmoratus usualy employs a “stalk-and-attack” tactic.
223  All S marmoratus were collected by hook-and-line around Nagasaki prefecture, Japan.
224  Thecollected S marmoratus were kept in a glass aguarium (1200450450 mm) before
225  the start of the experiment. They were standardly fed krill once every 2-4 days.

226 The position of the center of mass (CM) for P. major was estimated by hanging
227  dead fish (54.3+3.3 mm TL, n=10) from two different points using a suture and needle
228  (Lefrancois et al., 2005). The CM position from the tip of the head was estimated as
229  0.34+0.01 TL.

230

10
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231  Experimental procedure

232  Experiments were performed in a glass aguarium (900x600x300 mm) with seawater to
233  adepth of 100 mm. The water temperature during the experiments was 23.1+0.9°C.
234  White plastic plates with grid lines were placed on the bottom and three sides of the
235  tank; one side (900300 mm) of the tank was left transparent to record the side view of
236  the fish. A preliminary experiment showed that S. marmoratus actively fed in low light
237  conditions, so two LED bulbs covered with red cellophane were used to illuminate the
238  tank. The light intensity was maintained at 54 lux. Two synchronized high-speed video
239  cameras (HAS-L1, Ditect Co., Tokyo, Japan) were used to record dorsal and side views
240  of thefish simultaneously. (Note that we only used the dorsal viewsin this study.)

241 An individual S marmoratus starved for at least 24 h was first introduced into
242  the experimental tank and allowed to acclimate for 30 min. An individual P. major was
243  then introduced into a PVC pipe (60 mm diameter) with 112 small holes (3 mm
244  diameter) set in the center of the tank, and acclimated for 15 min. The 15-min period
245  was chosen because a preliminary experiment showed that the fish settled down and
246  opercular beat frequency recovered to the basal level within at most 15 min. After the
247  acclimation period, the trial was started by slowly removing the PV C pipe to release the
248 P. major. When S. marmoratus attacked the P. major, we recorded the movements of
249  both predator and prey using the high-speed video cameras. If S. marmoratus did not
250  show any predatory movements for 20 min, the trial was ended. Seven S marmoratus
251  were repeatedly used, but each P. major was used only once.

252

253  Analysis of video sequences

254  Because the vertical displacements of both fishes were negligible, we only used the

11
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255  dorsal video views in our analyses. Before measuring the kinematic and behaviora
256  variables, we noted the kinematic stage in which each prey was captured. The escape
257  response of P. major and the predatory strike of S marmoratus were then analyzed
258  frame by frame using Dipp-Motion Pro 2D (Ditect Co., Tokyo, Japan). The CM and the
259  tip of the snout of P. major, and the tip of the snout of S. marmoratus, were digitized in
260  each frame, and the following variables were calculated:

261 Flight initiation distance: the distance between the predator’s snout and the
262  prey’s CM at the onset of stage 1 (Fig. 6, DO). Initia orientation (°): the angle between
263  the line passing through the predator’s snout and the prey’s CM, and the line passing
264  through the prey’s CM and the prey’ s snout at the onset of the stage 1 (Fig. 6, AO). Turn
265  angle (°): the angle between the line passing through the prey’s CM and the prey’s snout
266  at the onset of stage 1, and the line passing through the prey’s CM and the prey’s snout
267  at the onset of the return tail flip (Fig. 6, Al). Turn duration (s): the time between the
268 onset of stage 1 and the onset of the return tail flip. Predator speed (mm s): the
269  cumulative distance the predator’s snout moves during the period between the onset of
270  stage 1 and 0.01 s before the onset of stage 1, multiplied by 100.

271 When prey fish did not show escape responses (n=3, Fig. 1), the flight
272  initiation distance was regarded as 0. The initial orientation relative to a predator was
273  calculated at the onset of the predator’ s strike. The predator speed was calculated during
274  the period between the time of capture and 0.01 s before the time of capture.

275

276  Statistical analyses

277  Of the 151 digital films recorded, 46 were used for the data analyses. First, fish that

278  were not sufficiently far from the wall (more than one total length) were omitted from

12
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279  theanalysisto eliminate possible wall effects (Eaton and Emberley, 1991). Second, only
280 fish that initiated an escape response from a state of rest were used in the analysis (we
281  excluded cases where S. marmoratus chased P. major that were already swimming).

282 To test the hypothesis that initial orientation affects escape probability, the
283  effects of initial orientation on escape probability were evaluated using a generalized
284  linear mixed model (GLMM) with abinomial error distribution and a logit link function
285  (Zuur et al., 2009). All the fish were used in this analysis (n=46). Success and failure of
286  predator evasion were designated as 1 and O, respectively, and used as the objective
287 variable. Initial orientation, flight initiation distance, and predator speed were
288  considered as explanatory variables; flight initiation distance and predator speed were
289 included in the model because these variables significantly affected escape probability
290 in previous studies (Dangles et al., 2006; Stewart et a., 2013; Walker et al., 2005).
291  Predator ID was also included as a random factor because unknown predator abilities
292  may affect the evasion outcome. The significance of the explanatory variables was then
293  assessed by progressively removing them from the model and comparing the change in
294  deviance using the likelihood ratio test with a % distribution (LR test). The final model
295 for estimating the escape probability was also determined by progressively removing
296  the explanatory variables when the variables were not significant in the LR test.

297 The second hypothesis, that initial orientation decreases the turn angle and its
298  duration, was evaluated using a linear mixed model (LMM) (Grafen and Hails, 2002;
299  Zuur et al., 2009). Prey fish that survived until the end of stage 1 were used in this
300 anaysis (n=24, Fig. 1). Turn angle or turn duration was used as the objective variable,
301 and initial orientation was considered as the explanatory variable. Predator ID was also

302 included as a random factor. The significance of the explanatory variable was assessed

13
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303 by theF test.

304 Prey animals can have spatial bias in detecting an attacking predator (e.g., from
305 asensory blind zone) (Domenici, 2002; Tyrrell and Fernandez-Juricic, 2015). Therefore,
306  we examined whether the initial orientation affected the responsive parameters. Because
307 amajority of the prey (43/46, 93%) showed escape responses, we could not conduct any
308 datistical analysis regarding responsiveness. Instead, we examined whether initial
309 orientation affected the flight initiation distance using a generalized additive mixed
310 model (GAMM) with anormal error distribution and an identity link function (Zuur et
311 4., 2009). The GAMM was used because flight initiation distance is likely to changein
312  response to changesininitial orientation in a non-linear fashion due to the sensory blind
313  zone. All the fish were used in this analysis (n=46). Hight initiation distance was used
314  asthe objective variable, and initial orientation and predator speed were considered as
315  explanatory variables. Predator ID was aso included as a random factor. The
316  dignificance of the explanatory variables was assessed by the F test. All the analyses
317  were carried out using R 3.3.2 (The R Foundation for Statistical Computing, Vienna,
318  Austria) with the package Ime4 for GLMM and LMM, and the package gammé for
319 GAMM.
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438  Table 1. Comparisons of variables between successful (escaped) and unsuccessful

439  (captured) escapes.

Variable Escaped Captured
Initial orientation (°) 79.7+435 64.2+51.0
Flight initiation distance (mm) 72.9+30.0 39.3+24.6
Predator speed (mm s%) 1536.2+592.2 1343.0+£565.5
440
441
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Fig. 1. Diagram showing the kinematic stages in which the prey were captured.
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448 Fig. 2. (A) Frequency distribution of initial orientations. (B) Relationship between
449  initial orientation and escape probability. The error bars represent 95% confidence

450  intervals, estimated by assuming binomial distributions.

451

21


https://doi.org/10.1101/134494
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/134494; this version posted May 7, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

120

(o]
-

NN
o

Flight initiation distance (mm)

0 60 120 180
Initial orientation (°)

452

453  Fg. 3. Effect of initial orientation and flight initiation distance on survival probability.
454  Open circles are indicative of successful escape from predator’s attack and filled circles
455  are indicative of captured by predator’s attack. The dashed line represents the 50%
456  escape probability estimated from the generalized linear mixed model (GLMM). All the

457  prey fish were used in this analysis (n=46).
458
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460 Fig. 4. (A) Reationship between initial orientation and turn angle. (B) Relationship
461  between initial orientation and turn duration. Open circles are indicative of successful
462  escape from predator’s attack and filled circles are indicative of captured by predator’s

463  attack. Prey fish that survived until the end of stage 1 were used in this analysis (n=24).
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465  Fig. 5. Effect of initial orientation on flight initiation distance. The line was estimated
466 by the generalized additive mixed model (GAMM), in which the predator speed was
467  regarded as its mean value (1427 m s%). All the prey fish were used in this analysis
468  (n=46).
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470

471  Fg. 6. Schematic drawing of measured variables. The position of the prey at the onset
472  of the escape response is shown as an unfilled fish, and the position at the end of stage 1
473  isshown as afilled fish. Unfilled circles represent the prey’s center of mass (CM). DO,
474  flight initiation distance; AQ, initial orientation; A1, turn angle.
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