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ABSTRACT

Introduction

In anti-predator mechanisms, when the prey is located within the mutual
perceptual field of prey and predator, prey responds by reducing the probability
of successful predation. In this situation, prey animals often engage in
secondary defense phase, which requires appropriate decision making of using
anti-predator tactics. Most of cryptic prey animals are considered to use two
types of anti-predator behavior as secondary defense; one is immobility, which is
a motionless state of prey to enhance crypsis against visually hunting predators,
and another is fleeing to increase distance from predator. In the present study, |
focused on immobility and fleeing and conducted field and experimental studies
to examine decision making for the use of these tactics in frogs, which are
known to use immobility and fleeing against snakes to avoid predation. |
considered two situations according to the status of predatory sequence: when
snakes have not detected prey (Chapter 1) and when snakes have detected
prey (Chapters 2 and 3). In both situations, | first experimentally examined how
frogs switch these tactics. Then, | examined how the switching affects survival of
the frogs. Finally, based on the results of these experiments, | propose several
factors that should be included in the future theoretical models of optimal

anti-predator strategy.

Methods
The subjects are a ranid frog, Pelophylax nigromaculatus, and a colubrid snake,

Elaphe quadrivirgata, both of which were collected from paddy field in Kyoto



Prefecture, Japan. In Chapter 1, first | examined behavior of a frog that was
introduced in an arena with a snake that has not detected the frog. | observed
decision of the frog about choosing immobility or fleeing against the snake,
focusing on distance between them. Then, | examined effectiveness of its
decision. | observed predatory response of a snake against a frog in immobile or
moving state at two different distances between them. In Chapter 2, |
manipulated movement of a frog to induce a snake to detect the frog, and |
examined behavior of the frog against the snake that has detected the frog.
Then, | examined effectiveness of its decision by observing predatory response
of a snake to immobile and moving frogs. In Chapter 3, | first examined duration
of predatory event between frogs and snakes in nature. Then, | experimentally
examined factors that affect successful escape of frogs in this duration,

especially focusing on strike behavior of snakes in close quarters.

Results

In Chapter 1, frogs initially exhibited immobility, when snakes were moving at a
long distance, and then switched from immobility to fleeing at a shorter distance
even when snakes had not detected them. On the other hand, snakes at long
distance detected only fleeing frogs, whereas snakes at short distance detected
both immobile and fleeing frogs. In Chapter 2, frogs exhibited immobility against
a snake that has detected the frog. To the immobile frog, snakes approached
more slowly than to the moving frog. In the situation of a single frog, snakes
eventually reached the frog and struck it regardless of its behavioral state.
However, in the situation of two frogs, the immobile frog survived because

snakes are distracted to a moving frog. In Chapter 3, it was confirmed that the



predation events between frogs and snakes are settled within a few seconds
because there are refuges for frogs around the predation event. In the
experiment, video analysis revealed that snakes are not able to change the
trajectory of strike after initiating it and are not able to move in a split second

after the strike behavior.

Discussion

Chapter 1 showed that the ability of snakes to detect motionless frogs depends
on the distance, suggesting that the distance-dependent switching can be
considered an adaptive strategy of the frog. However, a previous model predicts
that cryptic prey should flee immediately on seeing a predator or not flee until
being detected by the predator. To explain this discordance, | propose two new
factors that affect the decision of switching from immobility to fleeing. In Chapter
2, it was demonstrated that even if immobility may lose its cryptic advantage
when predator has detected the prey, immobility has another function of
increasing latency of predator to attack. The increased latency heightens the
probability of emergence of other prey within a perceptual area of predator, and
then, immobile prey would be able to survive by distracting the predator to the
new prey. In Chapter 3, it was suggested that snakes are not able to move
immediately after frogs evaded their strike movements. In addition, frogs are
able to evade the strike of snakes at least with approximately 10 cm separation.
Thus, keeping immobile to induce strike of snake would result in successful

escape.

Conclusion



In theoretical biology, it has been assumed that the optimal timing of switching
from immobility to fleeing should be triggered by the detection of predator.
However, in the present study, it was demonstrated that timing of switching from
immobility to fleeing does not necessarily depend on the detection of predator.
Although the present study was conducted in a simplified environmental
condition, and examinations in more natural setting would be required, |
anticipate that incorporating findings in the present study will contribute to better

understanding of the anti-predator strategy of animals in the real world.



GENERAL INTRODUCTION

Predation avoidance is an essential process for prey to survive, and thus, prey
has evolved various traits to overcome predator (Dawkins and Krebs 1979). In
anti-predator mechanisms, prey responds by reducing the probability of
successful predation when the prey is located by predator within the mutual
perceptual field (Brodie et al. 1991). In this situation, prey animals often engage
in a secondary defense phase, which requires appropriate decision making of
using anti-predator tactics (Edmunds 1974). The study of decision making of
using anti-predator tactics in secondary defense is essential for understanding
strategic components of secondary defense, and thus, the study has been
developed in both theoretical and empirical research fields (Ydenberg and Dill

1986; Ducey and Brodie 1983).

In escape theories, the prey may not always perform anti-predator behavior
immediately on seeing the predator, even if the probability of escaping from the
predator is reduced by this delay (Ydenberg and Dill 1986). The mechanism
underlying the delay is that the prey must often face trade off between the risk of
being eaten and other potential benefits, such as food acquisition (Ydenberg and
Dill 1986). The prey initiates anti-predator responses when the predator comes
close to a distance where the cost of being eaten exceeds other potential
benefits. Following the economic escape model by Ydenberg and Dill (1986),
optimal escape models have been developed, which predict escape decision
based on economic considerations about effects of predation risk, current fitness,

and cost of escaping (Cooper and Frederick 2007). In both economic and



optimal escape models, fleeing is considered as a representative anti-predator
behavior (Ydenberg and Dill 1986; Cooper and Frederick 2007). However,
fleeing is not necessarily a single option of anti-predator behavior against
approaching predator in some prey animals that have a variety of anti-predator
behaviors (Burger 1974; Caro 2005; Wasson and Lyon 2005; Ford and Reeves
2008; Gerald 2008; Toledo et al. 2011). Thus, when these prey animals engage
in anti-predator tactics, they must choose the most appropriate response among

multiple anti-predator behaviors to maximize survival.

Broom and Ruxton (2005) introduced an optimal switching model between
secondary defense tactics. They assumed cryptic prey that has two types of
anti-predator behavior; one is immobility, which is a motionless state of prey to
enhance crypsis against visually hunting predators (Edmunds 1974; Endler
1991; Toledo et al. 2011), and the other is fleeing to increase distance from
predator (Endler 1991). It is assumed that if prey has a sufficient head start of
fleeing, prey will be able to avoid predation, either by outrunning the predator or
by safely reaching a refuge (Broom and Ruxton 2005). However, fleeing from
the predator will in most cases alert it to the presence of the prey individual. The
predator may respond to this detection with attack, which may be successful.
Thus, there may be a countervailing pressure for the prey to use immobility. This
behavior may allow the prey to survive because the predator may pass without
recognizing the presence of the prey. However, immobility incidentally allows a
predator to come closer, which reduces both the probability that the predator
pass without recognizing the prey, and the probability of successful fleeing.
Therefore, to survive, prey animals must achieve an appropriate balance

between immobility and fleeing. Broom and Ruxton (2005) demonstrated that



the optimal strategy for cryptic prey is either fleeing immediately on seeing the
predator or never initiating fleeing until when the predator has detected the prey.
In addition to this prediction, they emphasize the importance of empirical studies
that compare multiple tactics for clarifying optimal decision of tactic choice to

understand the defensive strategy of prey (Broom and Ruxton 2005).

However, such empirical studies have not been carried out sufficiently.
Predictions of escape theories have been confirmed and developed by
experimental studies using real prey animals, mainly lizards and crickets
(Cooper 1997; 2003; Cooper et al. 2003; Lagos et al. 2014). The repertories and
effectiveness of anti-predator tactics against real predators have also been
reported (Wasson and Lyon 2005; Ford and Reeves 2008; Miyatake et al. 2009;
Toledo et al. 2011). However, in spite of the piles of studies reporting
anti-predator tactics, studies that compare multiple tactics for clarifying optimal
decision of tactic choice are scarcely explored (but see Ducey and Brodie 1983),
especially in the view point for applying to the optimal tactic-choice model, such

as the Broom and Ruxton model (2005).

The present study deals with decision making of tactic choice by comparing
immobility and fleeing in frogs from empirical aspect. Frogs are known to be
preyed upon by a variety of predators (Duellman and Trueb 1994). They are able
to detect a predator by its movement and exhibit defensive behaviors, such as
fleeing, immobility, puffing up their body, counterattack and secreting chemicals
(Marchisin and Anderson 1978; Toledo et al. 2011). Among them, the most
commonly observed defensive behavior is fleeing, followed by immobility

(Toledo et al. 2011). Snakes are the most typical predators of frogs (Toledo et al.
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2006). Especially active diurnal hunting snakes are known to detect prey mainly
with visual cue (Mattison 1995). Such snakes may pass immobile frogs without
recognizing them (Ducey and Brodie 1983). Therefore frogs that mainly use
immobility and fleeing and active diurnal hunting snakes are suitable model
animals for examining the switch of prey between immobility and fleeing during

predator-prey encounter.

This thesis is divided into three chapters according to the phase of
predatory sequence. Chapter 1 deals with optimal decision when predator has
not detected prey and when predator has detected prey, and Chapter 2 and 3
deal with optimal decision when predator has detected prey. Chapter 2 focuses
on a function of immobility that increases latency of predator to attack, and
Chapter 3 focuses on optimal flight initiation timing for successful escape. In all
chapters, | first experimentally examined how frogs switch these tactics. Then, |
examined how the switching affects survival of the frogs. Finally, based on the
results of these experiments, | propose several factors that should be taken into

considerations for development of study of anti-predator strategy.
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Chapter 1: Decision making before being detected by a predator snake

"Distance-dependent switching of frogs from immobility to fleeing"

1-1 Introduction

In the early stage of the predatory sequence, it is considered that many prey
animals in secondary defense exhibit anti-predator behaviors that is effective
against a predator that is searching for or approaching prey. A representative
anti-predator behavior against a searching predator is immobility, which is a
motionless state of prey to enhance crypsis against visually hunting predators
(Edmunds 1974; Endler 1991; Toledo et al. 2011), and one against an
approaching predator is fleeing (Endler 1991). When predator is searching for
prey and has not detected it yet, it is assumed that if prey has a sufficient head
start of fleeing, prey will be able to evade predation, either by outrunning the
predator or by safely reaching a refuge (Broom and Ruxton 2005). However,
fleeing from the predator will in most cases alert it to the presence of the prey
individual. The predator may respond to this detection with attack, which may be
successful. Thus, there may be a countervailing pressure for the prey to use
immobility. This behavior may allow the prey to survive because the predator
may pass by without recognizing the presence of the prey. Therefore, to survive,
prey animals must achieve an appropriate balance between immobility and

fleeing.

According to the Broom and Ruxton (2005) model, the optimal response of

cryptic prey is either fleeing immediately on seeing the predator. In their model,

12



they assumed forestall fleeing and longer distance between prey and predator
as factors that positively affect probability of successful escape, and immobile
state and the longer distance as factors that positively affect probability of letting
predator pass without detection. Thus, it was also predicted that initiating fleeing
until when the predator has detected the prey is never optimal, because the prey
thereby abandons the advantage of crypsis and initiates fleeing at a shorter

distance than that of the immediate fleeing.

In Chapter 1, | first examined whether frogs switch these tactics optimally, as
predicted by the theory of Broom and Ruxton (2005). Then, | experimentally
examined how the switching affects survival of the frogs. Finally, based on the
results of these experiments, | propose several important factors that should be

included in the future theoretical models of optimal anti-predator strategy.

1-2 General Methods

Study organisms

The subjects were a ranid frog, Pelophylax nigromaculatus, and a colubrid
snake, Elaphe quadrivirgata. Pelophylax nigromaculatus is a pond frog densely
distributed over a large part of East Asia, including Japan, Korea, China, and the
Amur Basin of Russia (Maeda and Matsui 1999; Shinohara 2007; Zhang et al.
2008). Elaphe quadrivirgata is widely distributed in Japan and is a dietary

generalist, mainly feeding on frogs including P. nigromaculatus (Mori and
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Moriguchi 1988; Kadowaki 1996; Goris and Maeda 2004). Because E.
quadrivirgata is diurnal, it is presumed that the snake detects prey mainly by

visual cues (Ota 1986).

A total of 124 frogs were used for the experiments. All frogs were collected
from Kyoto Prefecture, Japan. They were housed individually in clear plastic
terraria (130 x 210 x 160 mm). The floor of each terrarium was slightly inclined,
and the terraria contained water that covered half of the floor. The terraria were
kept under the natural ambient photoperiod and at air temperature during
May-September in Kyoto. During October, the terraria were kept in a laboratory
where air temperature was maintained between 25°C and 30°C. lllumination
was provided by sunlight. All frogs were used for experiments within two weeks
after they were captured. Twenty-three snakes were used for the experiment (19
and 4 snakes from Kyoto and Tokushima Prefectures, respectively). They were
collected from areas sympatric with P. nigromaculatus. Snakes were housed
individually in clear plastic terraria (405 x 265 x 200 mm) containing glass
vessels with water, paper floor and a few pieces of broken plant pots as shelter.
The terraria were kept in a laboratory where air temperature was maintained
between 25°C and 30°C. lllumination was provided by sunlight. All snakes were
fed two or three frogs per week. After the experiment, all frogs were eventually
fed to these snakes, except for 15 frogs that were eaten during the experiment,

and snakes were basically released at the site of capture.

Experimental apparatus

The test arena, measuring 1175 x 452 x 425 mm, was made of clear glass
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panels, and set on center place of an experimental room, measuring 4 x 2 x 2 m.
The arena was divided into two compartments (indoor and outdoor spaces) by a
white plastic board (Fig. 1). One edge of this board was attached to a wall of the
arena via hinges so that the board could be lifted up by being pulled up with a

string. All trials were filmed with a video camera (Canon IVIS HV30) by means of

a mirror.

1-3 Experiment 1: examination of the effects of snake movements and distance

between frogs and snakes

In this experiment, | examined factors that affect the occurrence of immobility
and fleeing in encounters between predator and prey. Experiment 1 comprised
of two parts: experiments 1A and 1B. Experiment 1A was conducted to examine
the effects of snake movement on the behavior of frogs. Experiment 1B was
conducted to examine the effects of distance between a frog and a snake on the

behavior of the frog.

1-3-1 Methods

In Experiment 1A, the outdoor space of an arena was divided into two
compartments: prey and predator compartments, by a clear plastic partition that

contained many small holes (Fig. 1). Experiment 1A consisted of three sessions:
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first | observed the behavior of a frog without a snake (Control session-1; CS1),
then | observed it with the presence of a snake (Experimental session; ES), and
finally | conducted a control session again (Control session-2; CS2). The same
frog was used repeatedly throughout CS1, ES and CS2. The duration of each
session was 1 hour, and the interval between two successive sessions was 1
day. In ES, | introduced a snake and a frog into the indoor space and the prey
compartment of the outdoor space, respectively. Ten minutes after introducing
the frog, | lifted the door and recorded the behavior of the snake and frog with
the aid of a video camera for 1 hour. The distance between a frog and a snake at
the start of ES was at least 400 mm. During this session, both frog and snake
were allowed to utilize visual and chemical cues through the partition board. In
CS1 and CS2, | introduced only a frog into the prey compartment of the outdoor
space and recorded its behavior in the same way as in ES. | conducted 18 trials,
and each trial contains these three types of session. Eighteen frogs and two
snakes were used in the experiment. Mean body mass of the frogs was 5.7 g
(range 2.0-19.2 g). Body mass of the snakes was 361 g and 478 g, and their

snout-vent length was 1059 mm and 1230 mm.

| used C-trax software for analyzing the speed of the locomotive movements
of frogs in the video data. C-trax is an open-source program for estimating the
positions and orientations of many individual walking flies over long periods of
time. It was released by the California Institute of Technology and is designed to
allow high-throughput, quantitative analysis of behavior in freely moving flies
(http://ctrax.sourceforge.net/). Because the minimum speed of locomotive
movements that | was able to recognize was 40 mm/s, | discarded movements

whose speed was less than 40 mm/s as noise, and then | counted the number of
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the frog movements. | divided the ES into two periods: when the snake remained
motionless (ES-ml) and when it was moving (ES-mv), and then | analyzed the
data using the multiple comparison procedure following Friedman test (Siegel
and Castellan 1988) applying treatment (CS-1, CS-2, ES-ml and ES-mv) as

independent variable and the rate of frog movements as dependent variable.

In Experiment 1B, | introduced a frog and a snake into the indoor space and the
outdoor space, respectively, separated from each other by at least 800 mm. The
arena did not have a partition, so that the snake was allowed to approach the
frog. Ten minutes after introducing them, | lifted the door and recorded their
behavior with the aid of a video camera for 1 hour. | recorded the timing of the
flight initiation of frogs in relation to behavior of snakes and distance between a
frog and a snake. | defined the following three responses of E. quadrivirgata to
frogs. Phase 1: Orienting — a sudden displacement of the head, head and neck,
or the anterior part of the body in the direction of the prey. The position of the
whole body does not change. Phase 2: Straight approaching — slow or rapid
locomotion straight toward the prey. Phase 3: Striking — opening the jaws and
projecting the head, head and neck, or the anterior part of the body rapidly
toward the prey. | determined whether snakes detected frogs based on behavior
of the snakes. However, it is difficult to judge the occurrence of detection based
on the orienting behavior because snakes orient not only to frogs but also to
many other kinds of objects. Thus, | considered orienting as only an indicator
that snakes detected some object(s), and | used straight approaching and
striking as an indicator that snakes detected the frogs. Fifty frogs and 13 snakes
were used. Mean body mass of the frogs was 4.8 g (range 0.7-16.6 g). Mean

body mass and snout-vent length of the snakes were 243 g (range 25-500 g)
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and 923 mm (range 427-1270 mm), respectively. No frogs were used more than

once.

1-3-2 Results

In the ES of Experiment 1A, the snake initially remained motionless. Once the
snake started moving, it kept moving almost continuously until the end of the
session. Mean + SD of duration of ES-ml and ES-mv was 18 + 14 min and 43 +
14 min, respectively (n = 18). During the ES, the mean number of movements of
the frogs was 49 (range: 0-421 g), and most of the movements were observed
while the snake remained motionless (mean = 48). The treatments significantly
affected the rate of frog movements (Friedman test: x? = 21.3, df = 3, P < 0.001).
There were no significant differences in the rate of frog movements (the number
of movements / hour) among CS-1, CS-2, and ES-ml (multiple comparison: each
|IRu\-R\| <20.43, each P > 0.05; Fig. 2). The lack of a significant difference
between CS-1 and CS-2 indicated the absence of acclimation effects. The rate
of frog movements when the snake was moving (ES-mv) was significantly lower
than that during CS-1, CS-2 and ES-ml (multiple comparison: each |R,-R,| 2

20.43, each P < 0.05; Fig. 2).

In Experiment 1B, after the snake started moving, it did not approach the
frog directly, but rather crawled around the arena without orienting to the frog.
Consequently, the snake shortened the distance between the frog and itself, and
in all cases the frogs fled before the snake reached them, and the snake showed

neither orienting, straight approaching nor striking before the flight initiation of
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the frogs. Mean + SD of the distance between the snake and the frog when the

latter exhibited the first fleeing was 80 + 67mm (n = 50; Fig. 3).

1-4 Experiment 2: examination of the effectiveness of immobility in relation to

distance

In Experiment 1, frogs switched from immobility to fleeing according to their
distance from snakes. This suggests the increase of predation risk with
decreasing distance to a predator. | assumed that the probability of detection of
motionless frogs by snakes might increase as the distance between them
becomes short. To test this assumption, | examined the effectiveness of

immobility against snakes at two different distances.

1-4-1 Methods

| examined the responses of snakes against a motionless and a moving frog at
two different distances: short distance (0-100 mm) and long distance (400-800

mm). The responses of snakes were defined as Experiment 1B.

| introduced a frog and a snake into the indoor space and the outdoor space,
respectively, separated from each other by at least 800 mm. The arena did not
have a partition, so that the snake was allowed to approach the frog. Ten

minutes after introducing them, | lifted the door and recorded their behavior with
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the aid of a video camera for 1 hour. After the snake started moving, the snake
usually explored the arena, shortening its distance from the frog. In the test of
snakes against a motionless frog, | observed the snake’s behavior toward a
motionless frog when the snake was crawling within the range of 400-800 mm
(session of motionless frogs at long distance; session-ml-L) and within the range
of 0-100 mm (session of motionless frogs at short distance; session-ml-S). In the
test of snakes against a moving frog, | observed the snake’s behavior toward a
moving frog when the snake was crawling within the range of 400-800 mm
(session of moving frogs at long distance; session-mv-L) and within the range of
0-100 mm (session of moving frogs at short distance; session-mv-S). |
terminated the sessions when the snake moved out of the distance range

without showing straight approaching or when the snake struck the frog.

According to the results of Experiment 1B, within the long distance range,
frogs usually exhibited immobility and did not voluntarily move, and within the
short distance range, frogs usually exhibited fleeing as a response to an
approaching snake. Thus, | used frogs without manipulation in session-ml-L and
session-mv-S. However, | needed to manipulate frogs to initiate moving in
session-mv-L, and to inhibit moving in session-ml-S. To induce the frogs to move
within the long distance range, a string was tied around the bellies of the frogs.
By pulling the string from outside of the arena, | induced the frogs to perform
locomotive movement similar to voluntary jumping. After the snake reached the
long distance range, | pulled the string basically once every five seconds until
the snake struck the frog. On the other hand, to prevent frogs from fleeing within
the short distance range, | lowered their body temperature because frogs are not

able to move at low body temperature. | soaked the frogs in ice water for 15 min
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and then put them on an ice pack (100 mm x 100 mm x 10 mm) on the floor of

the arena and kept them there during the session.

In session-ml-L, 20 snakes and 20 frogs were used. Mean body mass of
these frogs was 5.0 g (range 4.3-12.7 g). Mean body mass and snout-vent
length of these snakes were 219 g (range 25-500 g) and 915 mm (range
427-1270 mm), respectively. In session-ml-S, nine snakes and nine frogs were
used. Mean body mass of these frogs was 2.1 g (range 1.1-5.0 g). Mean body
mass and snout-vent length of these snakes were 179 g (range 42-355 g) and
874 mm (range 530-1120 mm), respectively. In session-mv-L, seven snakes and
seven frogs were used. Mean body mass of these frogs was 8.3 g (range
2.4-12.1 g). Mean body mass and snout-vent length of these snakes were 166 g
(range 112-320 g) and 869 mm (range 720-1120 mm), respectively. In
session-mv-S, 20 snakes and 20 frogs, which were the same individuals as
those in session-ml-L, were used. No frog was used more than once, but seven
snakes were used in both session-ml-L and session-mv-L, and in both

session-mv-S and session-ml-S.

| analyzed the data of Experiment 2 using GLMM with binomial family,
applying the occurrence of detection of the frog as dependent variable, the
distance between the frog and the snake at the start of each session (long or
short) as a fixed factor, and snake's ID as a random factor. The statistical

package JMP (version, 8.0.2) was used for the GLMM analyses.

1-4-2 Results
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In the test of snakes against a motionless frog, no snakes showed orienting,
straight approaching or striking against the frog at the long distance. On the
other hand, at the short distance all snakes approached the motionless frog
slowly but not straightly while frequently flicking their tongues, and eventually
contacted the frog with their snouts. Eight of the nine snakes then grasped the
frog with their jaws (striking). The other snake did not exhibit striking and instead
resumed crawling. The distance significantly affected the occurrence of

predatory behavior of snakes (GLMM: Coefficient = 0.44, t = 12.21, P < 0.0001).

In the test of snakes against a moving frog, all snakes immediately exhibited
orienting to the frog at the long distance, and then performed straight
approaching and finally struck the frog (Table 1). On the other hand, against the
moving frog at the short distance, although all snakes immediately exhibited
orienting to it, only 70% of the snakes performed straight approaching and struck
it. The remaining 30% of the snakes performed orienting but exhibited neither
straight approaching nor striking, and then resumed crawling. The distance did
not significantly affect the occurrence of predatory behavior of snakes (GLMM:

Coefficient =-0.15,t =-1.67, P = 0.108).

1-5 Discussion

The results of Experiment 1 suggest that frogs recognize the predation threat of
a snake by its movement always before they are detected by the snake, which is

the basic assumption of the model of Broom and Ruxton (2005). Nonetheless,
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contrary to their predation, frogs switch from immobility to fleeing at an
intermediate time between detecting a snake and being detected by it. The
results of Experiment 2 demonstrated that immobility of the frog was effective for
avoiding detection by snakes only at a long distance. When the snakes were
positioned at a close distance, the frog was not able to avoid detection

regardless of their anti-predator behaviors.

In the model of Broom and Ruxton (2005), it was demonstrated that the
optimal strategy for prey is either fleeing immediately on seeing the predator or
never initiating fleeing until when the predator detects the prey. The former
strategy has the advantage that the prey can initiate fleeing at the maximum
distance, and the timing of the initiation of fleeing is before the prey is detected,
when the predator may not be able to respond to it immediately. On the other
hand, the latter strategy has an advantage that the predator may pass without
detecting the prey. In addition, Broom and Ruxton (2005) demonstrated that it is
never optimal for prey to use immobility first, and then initiate fleeing after
waiting for the predator to reach at a certain distance but before being detected.
In this “inappropriate” strategy, the prey abandons the advantage of crypsis and
initiates fleeing at a shorter distance than that of immediate fleeing. However, in
contradiction to this model, the frogs in Experiment 1B responded with the
“‘inappropriate” strategy: they remained motionless when they first noticed the
moving snake, and then they initiated fleeing at a certain distance before the
snake obviously detected them. There are at least two possible explanations for

this unexpected result.

First, when frogs initiated fleeing, although snakes had not detected frogs,

23



the future detection may have been no longer avoidable if the frogs remained
motionless. The model of Broom & Ruxton (2005) is based on the assumption
that there is still possibility that the predator will pass by the prey without
detecting it if the predator has not detected it. However, if the predator engages
in a searching mode that enables it to eventually detect the prey within a certain
range, the circumstance of unavoidable future detection would occur. Immobility
is a cryptic tactic that is effective against predators using a visual sense, and it
may not work to avoid detection by other senses, especially at a short distance.
In the present experiments, snakes were able to detect immobile frogs within
100 mm distance even in the absence of the movement cue. It is well known that
snakes have a keen chemical sense that relies on the vomeronasal organ
(Jacobson’s organ) and that they are able to detect prey with chemical cues
alone (Halpern 1987; Wattiez et al. 1994). Thus, it is likely that E. quadrivirgata
used some chemical cue(s) for detecting nearby frogs. Although chemical cues
are not effective to locate the exact position of remote frogs, intensive local
search using chemical cues would enable snakes to eventually detect the prey
in the vicinity. Therefore, even when snakes have not detected frogs, the frogs
should initiate fleeing at a distance that they are expected to be detected sooner
or later. The occurrence of the intensive searching mode at short distance, which
leads to definite detection of prey, may be one of possible explanations of the

discordance between my results and the prediction of Broom and Ruxton (2005).

Second, the relationship between the distance and the probability of
successful escape by fleeing may not be simple. The theory of Broom and
Ruxton (2005) is based on a presumption that the probability of successful

escape by fleeing decreases as the distance between the prey and the predator
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decreases because they simply considered that the function of fleeing is to
increase the distance between prey and predator. However, contrary to this
presumption, close distance may add other functions on fleeing. For example,
when prey initiates fleeing at a shorter distance, the angle between the
longitudinal axis of the head of the predator and the line from the predator to the
prey changes rapidly. Consequently, the predator may not be able to keep
tracking of the moving prey (Howland 1974). Moreover, the predator may not be
able to immediately recognize the moving object at close proximately as prey or
the predator may be frightened by the sudden movement of the prey
(Gamberale-Stille et al. 2009). Indeed, 30% of the frogs in Experiment 2 that
initiated fleeing at the short distance did not induce immediate attack of the
snakes. Therefore, initiating fleeing at close distance may provide an additional
defensive function, resulting in the lower predation risk than fleeing at
intermediate distance. This may be the reason why the frogs did not flee
immediately when they recognized the snakes, but subsequently initiated fleeing

before being detected.

In summary, | propose two new viewpoints for understanding interplay
between predator and prey. First, at a short distance, some predators switch to
intensive searching mode with the aid of additional sensory cues, which leads
them to eventually detect the prey. Against such predators, adaptive response of
the prey in a short distance is to start fleeing even before the predator detects it.
This presumption has not been considered in the model by Broom and Ruxton
(2005), in which prey still has chance to induce the predator pass without
detection while predator has not detected it. Second, close distance can create

an additional defensive function of fleeing. | call this effect “close-quarters effect”.
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Close-quarters effect would be apply to not only frog-prey and snake-predator
system but also many other animals. For example, as a butterfly opens its wings
with eyespots against predator in order to flee, the deimatic impact would be
enhanced at short distance (Gamberale-Stille et al. 2009; Vallin et al. 2005). In
studies of anti-predator strategy, the probability of escaping predation by fleeing
has been simply assumed as a monotonically increasing function of distance
between a prey and its predator. However, it is highly likely that another
distance-dependent effect, such as close-quarters effect, would partly change
the shape of the function from monotonically increasing to convex upward,

resulting in higher escape probability of fleeing in proximate distance.
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Chapter 2: Decision making after being detected by a predator snake, part 1

"Immobile tactic of frogs for increasing latency of predator to attack"

2-1 Introduction

In Chapter 1 | dealt with a situation that prey has not been detected by predator.
In this chapter | deal with a situation that prey has been detected by predator. In
this situation, according to the currently accepted function of immobility, that is
enhancing crypsis, prey should select fleeing rather than immobility because the
cryptic function of immobility is no longer effective under being detected by
predator (Endler 1991; Broom and Ruxton 2005; Ruxton et al. 2004). However,
some prey animals often exhibit immobility instead of fleeing even when
predator has detected them (Brodie et al. 1974). This implies that keeping
immobility under being detected by predator has some kinds of advantage for
predation avoidance. In this chapter, | focus on predators with two
characteristics mentioned below and examine the possible advantages of

immobility under being detected by predator.

First, some predators are known to stalk their prey with careful slow speed
until they reach an optimal distance to initiate pursuing the prey (Van
Valkenburgh 1985). If the prey initiates escape before they reach the optimal
distance for pursuit, they would immediately initiate pursuing the prey. Thus,
against such predators, escape behavior of prey would trigger the initiation of
their pursuing; in other words, remaining immobile has an effect to increase

latency of predators to initiate pursuing.

Second, some predators are more strongly attracted to moving prey as a
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target than immobilized prey (Jackson and Pollard 1996; T. Miyatake et al. 2009;
Chapter 1). Against such predators, remaining immobile has effect to reduce

their predatory interest (Miyatake et al. 2004).

| assumed a situation where multiple prey animals face a predator that have
the above two characteristics, and predict a predation avoidance mechanism
that has the following five presumption: 1) immobility of a prey animal induces
slower approach of the predator that has already detected the prey, 2) the slow
approach increases latency of the predator to attack, which incidentally makes
the predator inconspicuous, 3) the increased latency and the inconspicuousness
induce some other prey animals that do not recognize the existence of predator
to come into the perceptual area of the predator before the predator initiates
attack on the immobile prey, 4) the predator is distracted from the immobile prey
to the new prey, and 5) the immobile prey survives as a result of the distraction.
Similar distraction has been demonstrated in insects that exhibit death-feigning
for increasing probability of survival at the expense of more mobile neighbors
(Miyatake et al. 2009). Here, | examined feasibility of this mechanism by a

staged-experiment using frogs as prey and snakes as predator.

| first examined the response of frogs against snakes slowly approaching
them so as to confirm whether frogs exhibit immobility after being detected by
snakes. Then, | examined whether snakes are distracted from an immobile frog
to a moving frog during the slow approach to the immobile frog. Finally, to
evaluate the feasibility of the occurrence of this phenomenon in nature, |
measured the abundance of frogs simultaneously observed on a small area in a

paddy field.
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2-2 Methods

Study organisms

The subjects were Pelophylax nigromaculatus, and Elaphe quadrivirgata. A total
of 48 frogs and 12 snakes were used for the experiments. The sampling sites,
housing condition and treatment after the experiments were same as Chapter 1

except that frogs were housed in each terrarium by eight frogs.

Definition of predatory behavior in snakes

| defined the following four responses of E. quadrivirgata to frogs. Phase 1:
Orienting — a sudden displacement of the head, head and neck, or the anterior
part of the body in the direction of the prey. The position of the whole body does
not change. Phase 2: Slow approaching — slow locomotion straight toward the
prey. Phase 3: Pursuing — Rapid locomotion straight toward the prey. Phase 4:
Striking — opening the jaws and projecting the head, head and neck, or the

anterior part of the body rapidly toward the prey.

Experimental apparatus

The test arena, measuring 1175 x 452 x 425 mm, was made of clear glass
panels. A box, measuring 400 x 300 x 300 mm, was put on the arena. The box

was made of cardboards and had a window, which is able to be opened by
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pulling up with a string. Two rings were attached at the corner of the arena, and
strings that were tiled around the belly of each frog (see below) were passed
through the rings (Fig. 4). All trials were filmed with a video camera (JVC

GZ-HM1) by means of a mirror.

2-2-1 Experiment 1: examining response of frogs against an approaching snake,

and measuring the increased latency

| introduced a snake inside the box and a frog outside the box in the arena.
Distance between the frog and the box was at least 800 mm. Ten minutes after
introducing the frog, | opened the window of the box. When the snake protruded
its anterior part of the body from the box, | initiated a session and induced
movement of the frog so that the snake detects the frog. To induce the frog to
move, a string was tied around the belly of the frog. By pulling the string from
outside of the arena, | induced the frog to perform locomotive movement similar
to voluntary jumping. For this manipulation, | pulled the string basically once
every five seconds. When the snake exhibited orienting, | immediately stopped
pulling the string on seeing the orientation, and confirmed that the snake had not
initiated pursuing. Three minutes later, | began recording behavior of the snake
and frog with the aid of a video camera. If the snake did not exhibit orienting for
10 minutes after the initiation of pulling the frog, | abandoned the session. In an
Experimental session, | recorded their interaction without pulling the string, and
measured time until the snake struck the frog after the initiation of recording. In a

Control session, | resumed pulling the string at the same time as the initiation of
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recording, and measured time until the snake struck the frog after initiation of
recording. If the snake struck the frog or moved other directions continuously for
three minutes, | finished the session. | conducted 11 and eight trials in
Experimental and Control session, respectively. Frogs and snakes were not
used more than once in each session, but six snakes were used in both
sessions. Nineteen frogs and 13 snakes were used. Mean body mass of the
frogs was 5.8 g (range 2.1-25.9 g). Mean body mass and snout-vent length of
the snakes was 232.3 g (range 77.5-455.0 g) and 986 mm (range 825-1180 mm),

respectively.

2-2-2 Experiment 2: examination of distraction from an immobile frog to a

moving frog

Experiment 2 consisted of Experimental sessions 1and 2 and control session. In
Experimental session 1, | focused on whether a snake is distracted by a moving
frog during the slow approach toward an immobile frog. In case that the snake
was distracted, | continued to session 2 to examine the probability of survival of
the immobile frog. Consequently, | conducted 12 session 1 and 11 session 2. In
Control session, | examined probability of survival of the immobile frog without
any other frogs. | conducted 12 Control sessions. Twenty-four frogs and 12
snakes were used throughout Experimental sessions 1 and 2. Twelve frogs and
snakes each were used in Control session. No frogs were used more than once,
but snakes were used repeatedly throughout Experimental sessions 1, and 2

and Control session. Mean body mass of the frogs was 4.4 g (range 1.6-11.5 g).
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Mean body mass and snout-vent length of the snakes were 243.3 g (range

77.5-455.0) and 941 mm (range 737-1180 mm), respectively.

Experimental session 1

| introduced a snake inside the box and two frogs (frogs-A and B) outside the
box in the arena. Distance between each frog and the box was at least 800 mm,
between two frogs was at least 350 mm. Ten minutes after introducing the snake
and frogs, | opened the window of the box. After the snake protruded its anterior
part of body from the box, | induced movement of frog-A by pulling a string tied
around its belly with the same way as Experiment 1. When the snake exhibited
orienting, | stop pulling the string and began recording the behavior of the snake
and frog with the aid of a video camera. If the snake did not exhibit orienting
behavior for 10 minutes after the initiation of pulling the frog, | abandoned the
session. When the snake approached the frog-A and reached 400 - 250 mm
distance from it, | began pulling a string tied around frog-B and observed which
frog (frog-A or frog-B) was struck by the snake. In case that frog-B was struck by
the snake, | regarded frog-A as survived, and continued to session 2. In case
that frog-A was struck by the snake, | regarded frog-A as dead and terminated

the session (Fig. 5).

Experimental session 2

| continued observing behavior of frog-A while the snake was swallowing frog-B.
After the snake finished swallowing and began locomotive movement, |

examined whether frog-A is able to avoid predation of the snake. Three minutes
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after the initiation of locomotion of the snake, | induced movement of frog-A with
the string for three minutes. | defined the first three minutes as Before frog-A
movement Session (BS) and the next three minutes as After frog-A movement
Session (AS). | observed whether the snake resume approaching frog-A in each
session. In case that frog-A was not approached by the snake in BS, | regarded
frog-A as survived. In case that frog-A was approached by the snake in BS, |

regarded frog-A as dead (Fig. 5).

Control session

| examined probability of survival of frog-A in the absence of any other frog. |
conducted the same procedure as Experimental session 1 except that frog-B
was not introduced. | introduced a snake inside the box and a frog (frog-A)
outside the box in the arena. Distance between the frog and the box was at least
800 mm. Ten minutes after introducing the snake and the frog, | opened the
window of the box. After the snake protruded its anterior part of body from the
box, | induced movement of frog-A by pulling a string tied around its belly with
the same way as in Experiment 1. When the snake exhibited orienting, | stop
pulling the string and began recording behavior of the snake and frog with the
aid of a video camera. If the snake did not exhibit orienting for 10 minutes after
the initiation of pulling the frog, | abandoned the session. | defined survival of
frog-A when the snake changed its locomotive direction from frog-A and did not
resume direct approach for three minutes. | also defined dead of frog-A when the

snake struck frog-A (Fig. 5).
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2-2-3 Field Observations

To evaluate the feasibility of the occurrence of this phenomenon in nature, |
surveyed the number of moving P. nigromaculatus within 10 m x 1 m area where
P. nigromaculatus distributes densely, which was the path of paddy field in
Kyoto Prefecture, Japan. Prior to survey, | confirmed the occurrence of predation
events between P. nigromaculatus and E. quadrivirgata in this study site. |
walked along the path of the paddy field and counted the number of frogs. The
duration of each survey was approximately 30 sec. | conducted the survey once

a month from April to November in 2013.

2-3 Results

2-3-1 Experiment 1

In Experimental session, frogs initially exhibited immobility. The snake
approached directly with a series of loops on its entire body, which is a typical
preparatory posture for strike (Kardong and Bels 1998), and finally struck and
captured the frog. In three of the 11 trials, the frog fled by jumping away when
the snake reached the vicinity of the frog, then the snake pursued and struck it.
In the remaining eight trials, the snake struck the frog before it initiated flight.
Mean duration from the initiation of recording to the initiation of the strike was

1715.8 sec (range: 126.1-6821.3). In Control session, the snake initiated
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pursuing the moving frogs and captured them in all nine trials. Mean duration
from the initiation of recording to initiation of the strike was 3.1 sec (range:
1.1-8.0). | conducted a statistical analysis for six Experimental and Control
sessions, in which six snakes were used in each session. The duration from the
initiation of recording to the initiation of the strike in Experimental session was
significantly longer than that in Control session (Wilcoxon signed-rank test: P =

0.00216).

2-3-2 Experiment 2

In Experimental session 1, after frog-B moved, the snakes changed their
locomotive direction and struck frog-B in 11 of the 12 trials. In the other trial, the
snake kept approaching frog-A and struck it. The snakes significantly more
frequently targeted frog-B than frog-A (Binomial test: P = 0.0063). In
Experimental session 2, while the snake was swallowing frog-B, frog-A remained
motionless in all trials. After swallowing, the snake initiated crawling but not
toward frog-A in all 11 BS. On the other hand, the snakes resumed approaching

frog-A and captured it in 10 of the 11 AS.

In Control session, frog-A survived in one of the 12 trials. In the other 11
trials, the snake reached directly the frog and captured it. The probability of
survival of frog-A with another frog was significantly higher than that without any

other frog (McNemar's test: P < 0.005; Table 2).

2-3-3 Field observations

35



The number of frogs increased from April to August, and then decreased to
November (Fig. 6). The estimated density of frogs in the place was 0.2 frogs/m?
(Apr), 1.0 frogs/m? (May), 1.7 frogs/m? (Jun), 3.3 frogs/m? (Jul), 3.6 frogs/m?
(Aug), 2.1 frogs/m? (Sep), 0.9 frogs/m? (Oct), 0.0 frogs/m? (Nov).

2-4 Discussion

The results of Experiment 1 support the first and second presumptions: frogs
exhibited immobility, and snakes approached slowly with a pre-strike posture
against the immobile frogs. The results of Experimental session 2 demonstrated
that the snakes do not resume approaching the immobile frog after eating the
newly emerged frog even though they still have enough motivation to feed on
additional frogs, supporting the forth and fifth presumptions. Regarding the third
presumption, P. nigromaculatus is known to be densely distributed around
paddy fields (Shinoda 1984), and the result of the field observation, especially
from May to October, confirmed the densely destribution. This period overlaps
with the active season of E. quadrivirgata (Fukada 1960). Thus, the presence of
some other frogs in the vicinity of the event that a snake is approaching an
immobile frog would not be an unrealistic assumption. In Chapter 1, it was
demonstrated that the frogs exhibit immobility against a moving snake, but the
frogs move at approximately 3 times per minute against a static snake. The slow
approach of snakes toward the immobile frog is relatively static state, in which

other frogs would not aware the existence of the snakes. Thus, it is likely that
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some moving frogs that do not recognize the existence of predator come into a
perceptual area of a snake during the slow approach toward an immobile frog.
Therefore, the proposed predation avoidance mechanism is empirically
demonstrated in, at least, a frog-prey and snake-predator system, and
immobility after being detected by predator can be an adaptive choice to avoid

predation.

The above mechanism is assumed a situation of one predator versus
multiple prey. However, the increased latency of predator to attack may
contribute to predation avoidance even in a situation of one predator versus one
prey. Considering the food chain, animals that are predators of some prey
animals are also preyed upon by other predators. Optimal theories regarding
foraging efficiency and predation risk assume that longer foraging time expose
animals to their predator for longer time, consequently increases predation risk
(Bednekoff 2007: Quinn et al. 2012). Thus, the longer latency of predator to
attack may increase the probability that the predator is preyed upon by other
predators during the latency. In case of snakes, snake may be preyed upon by
birds before reaching the immobile frogs because the path of paddy field is
exposed to avian predators. Therefore, the increased latency may have a
function of predation avoidance even if no other frogs present near the predation
event, and thus, immobility under being detected by predator can be exhibited

regardless the existence of other prey animals.

When confronted with a predator, prey is often in close proximity to
conspecifics (Hamilton 1971). This situation has generated several hypotheses

regarding anti-predator strategies adopted by individuals within groups of
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gregarious species, such as collective detection that all members of the group
are unambiguously alerted to presence of predator as long as the predator is
detected by at least one group member (Lima 1995). Moreover, even in
short-term temporary aggregations of non-gregarious animals, the collective
detection has been confirmed, and it does not necessarily need alarm call
(Martin et al. 2006; Fernandez-Juricic et al. 2009; Pays et al. 2013). For example,
frogs are known to change their anti-predator responses according to the
occurrence of escape behaviors of other individuals (Martin et al. 2006).
However, for some prey animals that attempt surviving at expense of conspecific
individuals, the system of collective detection should reduce the probability of
successful expense of other individuals because it allows them to exhibit
defensive behaviors (Hamilton 1971). On the other hand, frogs in the present
study exhibited immobility on seeing snakes, which would not alert conspecifics
to the occurrence of the predator. In addition, because the snake became
relatively static in response to the immobile frog, it would become difficult for
other frog individuals to recognize the presence of the snakes. Thus, exhibiting
immobility on seeing predator incidentally hides the occurrence of predator from

conspecifics, and increases probability of successful expense of them.
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Chapter 3: Decision making after being detected by a predator snake, part 2

" Waiting for strike of predator snakes for successful escape in frogs "

3-1 Introduction

Broom and Ruxton (2005) model predicted that the optimal decision for
cryptic prey is either fleeing immediately on seeing the predator, or not initiating
fleeing until the predator has detected the prey. Thus, under being detected by
predator, the prey has no choice but to initiate fleeing immediately. This,
prediction is based on two presumptions: 1) immobility functions only to enhance
crypsis and thus, it becomes no longer effective under being detected by
predator 2) probability of successful escape decreases as the flight initiation is
delayed because the delay allows predator come close. However, some prey
animals do not initiate fleeing immediately even when predator has detected
them (Brodie et al. 1974; Lagos et al. 2014). In Chapter 2, | demonstrated that
immobility is still effective to avoid predation even under being detected by
predator. In addition to the effectiveness of immobility after the detection by
predator, non-immediate escape under detection have some advantages for
avoid predation. In this chapter, | explored factors of successful escape by

focusing on kinematic features of escape behavior of frogs and strike of snakes.

Escape of frogs relies on jumping (Toledo et al. 2011), which takes frogs in
mid-air for a short distance. Because of the absence of friction to the ground,

most of frogs except for gliding frogs (McCay 2001) are rarely able to change
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their direction of escape in the air. On the other hand, capture of locomotive prey
by snakes is achieved by crawling up to the prey and lunging the remaining
distance (Cundall and Greene 2000). At the end of the lunging, snakes open
their jaws and project the head, head and neck, or the anterior part of the body
rapidly toward the prey, which is basic definition of snake strike (Cundall and
Greene 2000). Basically in strike, a third or less of the trunk is recruited to move
the head, with the remainder of the trunk remaining essentially stationary, for
serving inertia as the launching platform for the head (Cundall and Greene 2000).
Thus, it is suggested that once snakes initiate strike, they are rarely change their
direction of strike. Moreover, the strike requires preparatory postures that consist
of curve(s) on its bodies to create rapid forward movement by straightening the
curve(s) (Kardong and Bels 1998). This implies that once snakes fail to capture
prey by strike, they are not able to strike again until they make curve(s) at their
trunks. Overall, it is likely that frogs and snakes hardly change their motion for a
while after initiating jumping escape and strike, respectively. Thus, it is
suggested that the timing of flight initiation of frogs relative to initiation of snake
strike would be important factor to determine the outcome of the predation event

between them.

In the present study, | first measured duration and area of the predation
event between a frog and a snake based on field observation to confirm natural
condition at predation events. Then, | examined the sequence of their interaction
and kinematically measured their escape and predatory actions that would
determine the outcome of predation event. Finally, based on the results of the
experiments, | propose several important factors that would affect the decision of

flight initiation of frogs.
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3-2 Methods

Study organisms

The subjects were Pelophylax nigromaculatus, and Elaphe quadrivirgata. A total
of 50 frogs and 23 snakes were used for the experiments. The subjects,
sampling sites, housing condition and treatment after the experiments were
same as Chapter 1 except that frogs were housed in each terrarium by eight

frogs.

Experimental apparatus

The floor of test arena 1, measuring 2 x 2 m, was made of steel wire net covered
with white cloth. The arena was enclosed its three sides by walls (2 m) made of
plasterboard, and the other side by blue cloth (Fig. 7a). A hole was opened on
the center of the floor, of which diameter was 5 mm, and the string was passed
through the hole toward underside of the floor and tied around the belly of a frog
on the floor. The floor of the arena was lifted up to 70 cm from floor of the room
with pedestals so that | am able to observe their shadows from underside of the
arena and manipulate frogs by pulling the string. A box, measuring 400 x 300 x
300 mm, was put on a corner of the arena. The box was made of cardboards
and had a window that | am able to open by pulling up with a string (Fig. 7c). All
trials were filmed from side by a high-speed video camera (KEYENCE VW-9000,

1000 frames per seconds) and top by a video camera (JVC GZ-HM1, 60 frames
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per second).

The test arena 2, measuring 1175 x 452 x 425 mm, was made of clear glass
panels. The box same as that of test arena 1 was put on the corner of test arena
2 (Fig. 7b). A ring was attached on top of the glass panel of the arena, and the
string was passed through the ring and tiled around the belly of a frog for
controlling its movements. (Fig. 7b). All trials were filmed from side and top by

means of a mirror with a video camera (JVC GZ-HM1, 60 frames per second).

Definition of predatory behavior of snakes

| defined the following four responses of E. quadrivirgata to frogs. Phase 1:
Orienting — a sudden displacement of the head, head and neck, or the anterior
part of the body in the direction of the prey. The position of the whole body does
not change. Phase 2: Slow approaching — slow locomotion straight toward the
prey. Phase 3: Chasing — Rapid locomotion straight toward the fleeing prey.
Phase 4: Striking — opening the jaws and projecting the head, head and neck, or

the anterior part of the body rapidly toward the prey.

3-2-1 Field observations

To confirm natural condition at predation events, | measured duration and
area of the predation event between a frog and a snake by field observation. The
observations were made on 6 June 2012, 27 June 2013 and 1 July 2013 at
paths of small paddy field surrounded by deciduous broad-leaved and evergreen

coniferous forests in Iwakura and Shizuhara, Sakyo, Kyoto Prefecture, Japan. |
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walked along the path, looking for foraging snakes. When | found E.
quadrivirgata, | stalked it to observe predation event between the snake and a
frog. The predation events were directly observed and were recorded with a
video camera (JVC GZ-HM1, 60 frames per second). All durations (s) are

obtained as result of dividing the number of the frames by 60.

3-2-2 Experiment 1: observation of the sequence of predation event

To examine the sequence of interaction between a frog and a snake during
escape of frogs, | conducted a staged encounter experiment on a floor of which
size was similar to the horizontal size of predation event at the field observations.
| introduced a snake inside the box and a frog outside the box on the center of
the test arena 1 (Fig. 7a). By pulling the string from underside of the arena, | was
able to hold the position of the frog near the center of the arena and also induce
the frog to perform locomotive movement similar to voluntary jumping. Distance
between the frog and the box was approximately 1 m. Ten minutes after
introducing the frog and the snake, | opened the window of the box. When the
snake protruded its anterior part of the body from the box, | induced movement
of the frog by pulling the string from outside of the arena basically once every
five seconds so that the snake detects the frog. When the snake reached
approximately 40cm distance from the frog, | cut the string as short as possible
at underside of arena so that the frog is able to move freely. Then, | initiated the
session and began recording behavior of the frog and snake with the aid of a
video camera (JVC GZ-HM1, 60 frames per second) from upper side. | finished

the session when either the snake captured the frog, the snake returned to the
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box, head of the snake reached the edge of the arena or the frog reached the
edge of the arena. | conducted 10 trials, and 10 frogs and eight snakes were
used. Frogs were not used more than once, but two snakes were used
repeatedly. Mean body mass of the frogs was 5.2 g (range 2.8-7.2 g). Mean
body mass and snout-vent length of the snakes was 243 g (range 76-455.0 g)

and 942 mm (range 695-1130 mm), respectively.

3-2-3 Experiment 2: measurement of durations of behavioral acts

| introduced a snake inside the box and a frog outside the box in the test arena 2.
Distance between the frog and the box was at least 800 mm. Ten minutes after
introducing the frog, | opened the window of the box. When the snake protruded
its anterior part of the body from the box, | initiated a session and induced
movement of the frog so that the snake detects the frog. By pulling the string
from outside of the arena basically once every five seconds, | induced the frog to
perform locomotive movement similar to voluntary jumping. When the snake
exhibited orienting, | cut the string so that the frog is able to move freely, and
then | began recording behavior of the snake and frog with the aid of a video
camera (JVC GZ-HM1, 60 frames per second). If the snake did not exhibit
orienting for 10 minutes after the initiation of pulling the frog, | abandoned the
session. If the snake captured the frog or moved other directions continuously

for three minutes, | finished the session.

To estimate an area that snakes are able to capture frogs during a strike, |

first defined the following two lines. One is a line of sight from the snake to the
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frog at the initiation of strike, and the other is a line from head of the snake at
initiation of strike to a point at which the trajectory of the snake head in strike
intersected which the trajectory of the frog in flight when the frog successfully
evaded the strike (Fig. 8). | measured an angle of these two lines (hereafter |
refer it as the maximum adjustable angle of strike, Fig. 8) by video analysis of

snakes and frogs.

For detail analysis of interaction between frogs and snakes, | defined the
following moments of behavioral acts of snakes and frogs. Strike initiation: when
snakes initiate launching their head from preparatory posture of strike. Strike
end: when the anterior trunk of snakes is completely straightened after strike.
Chase initiation: when snakes initiate locomotive movement rapidly toward the
fleeing frog but do not strike. Flight initiation: when frogs initiate locomotive
movement for fleeing. Take off: when all of their body parts of frogs separated
from the floor of the arena. Touch down: when frogs touch any part of their body

to the floor after the preceding Take off.

To determine factors that affect outcome of chase of frogs by snakes, |
measured the following durations. All durations (s) are obtained as result of
dividing the number of the video frames by 60. In case that the chase began by
strike movement of the snake on the stationary frog, | measured (1) duration
from Strike initiation to Flight initiation (Response-f), (2) duration from Flight
initiation to Take off (Kicking), (3) duration from the first Take off to the first
Touch down (Air 1), (4) duration from the first Touch down to the second Take
off (Ground 1), (5) duration from the second Take off to the second Touch down

(Air 2), (6) duration from the second Touch down to the third Take off (Ground 2),
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(7) duration from Flight initiation to Chase initiation (Flight to Chase), (8) duration
from Strike initiation to Strike end (Strike1), (9) locomotive velocity of head of the
snake from Strike initiation to Strike end, (10) duration from Strike end to Chase
initiation (Post-Strike). In case that the chase began by fleeing of the frog prior to
strike, | measured (2), (3), (4), (5), (6), (7) and (11) distance between a frog and
a snake at Flight initiation (Flight initiation distance). Flight-Chase is referred to
as response time of snakes to a fleeing frog (Response-s) in this case for the
convenience of description of figure (see Results). | excluded behavioral acts
that are apparently disturbed by a string or clear panels. | conducted 40 trials.
Frogs were not used more than once. Twenty-three snakes were used, of which
nine snakes were used more than once. Mean body mass of the frogs was 6.6 g
(range 1.0-25.9 g). Mean body mass and snout-vent length of the snakes was

233 g (range 46-455 g) and 939 mm (range 501-1180 mm), respectively.

3-3 Results

3-3-1 Field observations

Four cases of behavioral interaction between a snake and a frog were observed.
The observed interactions occurred on fair days in June and July at air

temperature of 27.3-28.4 °C.

Observation 1: | noticed a snake crawling along a path of the paddy field and
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began recording it at 13 h 45 min on 6 June 2012. Air temperature was 27.5 °C.
A frog initiated fleeing and the snake chased it with strike. Consequently strike of
the snake failed and the frog survived by one jump toward the water (Table 3).

The distance between the position of the snake at the initiation of strike and that
at the end of chasing was 1 m. The duration between the initiation of jumping of

the frog and the end of chasing by the snake was 1.250 sec.

Observation 2: | continued observing the snake after the observation 1. The
snake kept crawling along with the path of the paddy field. Air temperature was
27.6 °C.A frog initiated fleeing and the snake chased it. Consequently, the frog
survived by one jump toward the water (Table 4). The distance between the
position of the snake at the initiation of chasing and that at the end of chasing
was 0.5 m. The duration between the initiation of jumping of the frog and the end

of chasing by the snake was 1.067 sec.

Observation 3: | noticed a snake crawling on a steep upsloping bank at 4 m
outside of paddy field and began recording it at 15 h 11 m on 27 June 2013. Air
temperature was 27.3 °C. A frog initiated fleeing and the snake chased it.
Consequently, the frog survived by three jumps toward grass (Table 5). The
distance between the position of the snake at initiation of strike and that at the
end of chasing was 3 m. The duration between the initiation of jumping of the

frog and the end of chasing by the snake was 1.43 sec.

Observation 4: | noticed a snake crawling along a path of the paddy field and
began recording it at 1613 h on 1 July 2013. Air temperature was 28.4 °C.
Consequently, the frog survived by one jump toward the ditch (Table 6). The

distance between the position of the snake at the initiation of strike and that at
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the end of chasing was 1 m. The duration between the initiation of jumping of the

frog and the end of chasing by the snake was 1.317 sec.

3-3-2 Experiment 1

After cutting the string tied around the belly of the frog, the frog initially exhibited
immobile state in all 10 trials. The snake approached directly and slowly with a
series of loops on its entire body, which is a typical preparatory posture for strike
(Kardong and Bels 1998), in all trials. Subsequently to the direct and slow
approach, a chase of the frog by the snake was observed in seven of the 10
trials. The shift from the slow approach to the chase was triggered by flight
movement of frogs in three trials and by strike of snakes in four trials. The frog
eventually reached the edge of the arena without being captured in all seven
trials. In the other three trials, the snake initiated striking the frog, and the frog

did not exhibit fleeing in response to the strike and was captured.

3-3-3 Experiment 2

| confirmed that 27 trials contained a chase: 11 chases were triggered by strike
and 16 chases were triggered by fleeing of frogs. In the other 13 trials, the snake
did not strike the frog or the frog did not flee. In the 11 strike-triggered chases,
six events that the frog evaded the forestall strike were suitable for estimating

the area that snakes are able to capture frogs during a strike. Mean of the
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maximum adjustable angle of strike was 4.1 ° (range: 0-11 °). The sequence of
their behaviors on the strike-triggered chase was 1) the snake initiated strike, 2)
the frog evaded the strike by jumping and fled by continuous jumping, and 3) the
snake initiated chase. Mean = SD of each duration were mentioned on Table 7
(see Fig. 9). On the other hand, the sequence of their behaviors on the
flight-triggered chase was 1) the frog initiated jumping and fled by continuous
jumping, and 2) the snake initiated chase. Mean + SD of velocity of the snake
head from Strike initiation to Strike end was 93 + 34 cm/s. Mean + SD of each
duration were mentioned on Table 7 (see Fig. 9). Flight-Chase at strike-triggered
chase was significantly longer than that at flight-triggered chase (Welch's test: P

< 0.05, Fig. 9).

3-4 Discussion

The result of field observations showed that water zones and grass around the
predation event work as temporary refuges for frogs against snakes. Thus,
accessing these refuges by a few meter movements, which is carried out by a
few times of jumping, results in successful escape for frogs. The results of
Experiment 1 indicated that frogs are inevitable to be chased by snakes while
moving to refuges, and the chase is triggered by either fleeing of frogs or strike
of snakes. The results of Experiment 2 demonstrated that snakes hardly change
their trajectories of strike. Most of the strikes recruit anterior part of the trunk to

move the head, with the remainder of the trunk remaining essentially stationary
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to serve inertia for launching the head (Cundall and Greene 2000). Thus, snake
strike is accelerated straightly along with a line from stationary part of the
posterior trunk to the head. This mechanism should unable snakes to change
direction while striking. Thus, it is likely that frogs are able to evade the strike
with a certain distance at the initiation of strike. This minimum distance for
evasion (D) can be estimated by velocity of strike (V) and time for frogs to evade

the strike (T) as following formula.
D=VxT

V is obtained by the mean locomotive velocity of the snake head from Strike
initiation to Strike end, which is 93 cm/sec. When snakes strike the frog, they
would aim at the position of the frogs on the surface of the ground. To evade the
straightly and horizontally launched head, a little vertical locomotion would be
sufficient for the frogs. Hence, | assumed that frogs successfully evade strike by
achievement of their take off. Thus, T equals to the duration from Strike initiation
to Take off, which consists of Response-f and Kicking. | used mean Response-f

and Kicking, which is 0.159 sec and 0.050 sec, respectively. Therefore,
D =93 cm/sec x (0.159 sec + 0.050 sec)
=19 cm

Within this distance, approximately 19 cm, frogs would not be able to evade
forestall strike, and they should initiate fleeing before initiation of strike. This may
be a reason that frogs initiated fleeing at 21.9 cm distance on average in
Experiment 2. On the other hand, at more than the distance, frogs would be able
to evade strike even after it is launched. Therefore, frogs may be able to select

the type of chase initiation, flight-triggered chase by forestall fleeing or
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strike-triggered chase by waiting for initiation of snake strike.

The probability of reaching refuge of frogs may change according to the type
of chase initiation. The results of Experiment 2 indicate that snakes are not able
to begin the subsequent predatory acts immediately after exhibiting strike
behavior. When performing strike, snakes produce strong thrust power by
straightening curve(s) of their trunks (Cundall and Greene 2000). Thus, as the
result of straightening, they lose potential to produce additional thrust. This must
be the reason for the occurrence of a short lag between the end of strike and the
initiation of the subsequent chase. Hence, once frogs evade the strike of snakes,
they consequently acquire a split second to flee without being chased by the
snakes. Considering the short time taken to access refuges in the field
observations, even the momentary pause that is caused by evading the first

strike would be sufficient to increase a chance for frogs to reach the refuge.

In addition to the pause after strike, flight initiation after strike initiation
causes predator to come close and pass the vicinity of the prey when the strike
is evaded by the frog. This effect has two advantages of successful escape. First,
it enhances prey to be positioned out of predator sight. Predatory animals
usually have their two eyes positioned on the front of their heads, thereby
allowing for binocular vision and reducing their field of view in favor of stereopsis
(Platel R 1994; O'Rourske et al. 2010; Larsson 2013). As mentioned in
Discussion of Chapter 1, fleeing at the shorter distance causes greater changes
in the angle between the longitudinal axis of the head of the snake and the line
from the snake to the frog. Moreover, the angle would increase rapidly and

greatly when predator is passing the vicinity of the prey. Consequently, predator
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may lose sight of the prey and not be able to initiate chasing appropriately (see
Howland 1974). Second, it removes predator from the expected escape course
of prey. In nature, it occurs that predator positions between the prey and the
refuge. In the field observation, snakes crawled along the path of paddy field,
and frogs at outer side of the path than the snakes must be obstructed by the
snakes to access the paddy field directly. In such situations, evading the strike of
the predator replaces the predator from a position between prey and refuge to
an external position between them. Thus, fleeing after initiation of strike enables

the prey to escape directly toward a refuge without obstruction of predator.

On the other hand, flight before the initiation of strike does not have the
above possible advantages and also may increase the risk of being captured
because of kinematic characteristics of fleeing of frogs. At jumping of frogs,
acceleration and direction changes are produced by kicking force to the ground,
then they travel in mid-air where barely no reduction of their velocity and no
change of trajectory are possible because of no friction to the ground. Thus,
frogs in fleeing should be either in mid-air with rapid locomotion of constant
velocity and parabolic trajectory or on the ground with slow locomotion. Hence,
flight initiation prior to snake strike allows snakes to adjust the direction of strike
to the moving frog in mid-air. Indeed, at the Observation 1, the frog initiated
fleeing and then the strike of the snake passed the close vicinity of the frog.
While the strike passed, the frog did not change its trajectory. Moreover, it may
allow snakes to strike the frogs at landing, in which the frogs are not able to
move quickly. Therefore, flight initiation of frogs prior to the initiation of snake

strike may decrease the probability of successful escape.
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In conclusion, flight initiation of frogs after initiation of snake strike may
increase the probability of successful escape, and thus, frogs may wait for strike
of snakes until they closely approach can be an adaptive decision that results in
head start. This mechanism may explain the response of frogs that they do not
initiate fleeing even when they have been detected by snakes. In Broom and
Ruxton (2005) model, the probability of successful escape is assumed to
decrease with shortening the distance between predator and prey, and they
predicted initiation of fleeing is simply triggered by detecting predator or being
detected by predator. However, the present study suggests that considering the
detailed behavioral acts of predator and prey, of which kinematic characteristics
must be varied according to species, is important to determine the optimal

response of predation avoidance in the real world.
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GENERAL DISCUSSION

In Chapter 1, it was demonstrated that frogs initially exhibit immobility against a
remote predator, and they switch from immobility to fleeing at a timing between
detecting predator and being detected by predator, which is obvious
discordance with the prediction of the Broom and Ruxton (2005) model. To
explain this discordance, | proposed two new viewpoints for understanding
interplay between predator and prey: 1) engagement of intensive searching
mode by predator at short distance, which leads it to eventually detect the prey,
and 2) close-quarters effect that produces an additional defensive function on
fleeing only within a close proximately of predators. In Chapter 2, frogs remain
motionless even when snakes have detected the frogs, which is in discordance
with current interpretation of function of immobile state against predator. |
demonstrated that immobile state has function to increase latency of predator to
attack, and it results in distracting the predator to other prey. In Chapter 3, it was
suggested that flight initiation of frogs after the initiation of snake strike may
increase the probability of successful escape because snakes hardly change
their strike trajectory after initiating strike and are unable to move immediately
after the end of striking. Collectively, it was suggested that the decision of
switching from immobility to fleeing does not necessarily depend on detection of
predator, the trigger of switching is likely to be the distance between the frog and

predator snake and/or the occurrence of strike.

The anti-predator mechanisms proposed in each chapter can be applied not

only on between P. nigromaculatus and E. quadrivirgata, but also on other prey
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and predator systems. The decision making of frogs in Chapter 1 may be
adaptive for some prey animals that use immobility for crypsis against predator
that actively searches prey with multiple cues, for example mice against weasels
(King and Powell 2006). The decision making of frogs in Chapter 2 may be
adaptive for some prey animals living with other conspecifics against visually
hunting predator in stalking, for example crickets against jumping spiders,
(Jackson and Pollard 1996; Miyatake et al. 2009; Lagos et al. 2014). The
decision making of frogs in Chapter 3 may be adaptive for some prey animals of
which successful escape depends on timing of initiation of escape, for example

fishes against predator fishes and snakes (Catania 2009; Stewart et al. 2013).

Immobile state has been considered as a representative defensive behavior
among many animals. It is generally thought that immobile state can be
classified into two types: tonic immobility and the others according to whether it
is spontaneous or not, and the latter is often called immobility (Herzog 1984;
Greene 1988). Tonic immobility is a state of natural paralysis and it has been
considered to be exhibited mainly against predator of approaching and
subjugating phase (Endler 1991; Miyatake et al, 2004, 2008, 2009; Ruxton et al.
2004; Gerald 2008). Its function has been considered as at least death-feigning,
physical defense, loss of predator's interest and signaling of unpalatability
(Miyatake et al. 2009). On the other hand, the immobility is a voluntarily
immobile state. It has been considered to be exhibited against predator in
searching phase (Endler 1991), and its function has been considered only as
enhancing crypsis (Endler 1991, Ruxton et al. 2004). Thus, this classification
has been useful because each immobile state corresponds to predatory phase

of predator: tonic immobility, which is performed against predator in approaching
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and subjugating phases, and immobility, which is performed against predator in
searching phase. However, in the present study, immobility was demonstrated
to be also performed against predator in approaching phase (Chapter 2). Thus,
the classification according to spontaneousness would not be suitable to divide
immobile state in correspondence with predatory phase of predator. In addition,
terminologically immobility can cover tonic immobility. To avoid confusion of
terminology of immobile state, | propose a definition to describe immobile state
of prey animals. First, "immobility" covers every immobile state. Then, according
to spontaneousness, immobility is classified into "tonic immobility" and
"spontaneous immobility" (Mori 1991), but the classification is independent from

correspondence with predatory phase.

Broom and Ruxton (2005) model predicted flight initiation is triggered by
detection of prey or predator. However, my study demonstrated that there are
other factors that affect the timing of flight initiation: intensive searching mode of
predator, close-quarters effect, latency of predator to attack, presence of
another nearby prey and kinematic features of predatory behavior and escape
behavior. Incorporating these factors into theoretical models will be a fruitful
challenge to determine the optimal response of prey for predation avoidance.
Although the present study was conducted in a simplified environmental
condition, and examinations in more natural setting would be required, |
anticipate that new findings in the present study will contribute to better

understanding of the anti-predator strategy of animals in the real world.
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Table 1 The number of snakes that detected frogs in Experiment 2, Chapter 1

Behavior of frogs

Experiment
Motionless Moving
Long distance
0 (20) 7(7)
(400-800 mm)
Short distance
8 (9) 14 (20)

(0-100 mm)

Numerals in parentheses are the total number of trials.
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Table 2 Analysis using MacNemar's test on the results of survival of frog-A
against 12 snakes in Experimental sessions (With a moving frog) and Control

sessions (without any other frog). Numerals are number of trials.

Without any other moving frog

Survived (n=1) Dead (n=11)
Survived (n=11) 1 10
With a moving frog
Died (n=1) 0 1
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Table 3 Time sequence of frog-snake interaction at observation 1, Chapter 3.

Time

Behavioral description

13 h 55 min 49.800 s

A frog initiated jumping at 3 cm distance from the snake

toward inside of the paddy field.

13 h 55 min 49.867 s

The snake initiated striking the fleeing frog in mid-air at 7 cm

distance from the snake.

13 h 55 min 49.967 s

The snake failed to hit the frog.

13 h 55 min 50.067 s

The snake oriented and initiated chasing the frog still in

mid-air at 1 cm distance from the snake.

13 h 55 min 50.150 s

The frog reached water surface of the paddy field, and then

dived into the water.

13 h 55 min 50.267 s

The snake reached the water surface where the frog dived.

13 h 55 min 51.050 s

The snake stopped chasing the frog.

13 h 55 min 53.817 s

The snake resumed crawling along the path of the paddy

field.
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Table 4 Time sequence of frog-snake interaction at observation 2, Chapter 3.

Time Behavioral description

14 h 35 min 7.483 s A frog on the path at 2 cm distance from the snake initiated

jumping toward inside of the paddy field.

14 h 35 min 7.567 s The snake initiated chasing the fleeing frog in mid-air at 3 cm

distance from the snake.

14 h 35 min 7.683 s The frog reached the water surface of the paddy field, and

then dived into the water.

14 h 35 min 7.750 s The snake reached the water surface where the frog dived.

14 h 35 min 8.550 s, The snake stopped chasing the frog.

14 h 36 min 49.833 s The snake resumed crawling along the path of the paddy
field.
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Table 5 Time sequence of frog-snake interaction at observation 3, Chapter 3.

Time

Behavioral description

15h 34 min 1.133 s

A frog jumped from the outside of the paddy field toward the
paddy field. Although | could not see the frog and head of the
snake at the initiation of the jump because of grass covered
them, the distance between the frog and the snake was

estimated as approximately 10 cm.

15h 34 min 1.283 s

The snake initiated chasing the fleeing frog in mid-air at 30 cm

distance from the snake.

15h 34 min 1.550 s

The frog went out of sight of the video camera, but it was
directly observed: the frog jumped twice and then

disappeared into grass.

15 h 34 min 2.567 s

The snake stopped chasing the frog.

15 h 34 min 15.083 s

The frog initiated jumping at 50 cm distance from the snake.

15 h 34 min 15.267 s

The snake initiated raising its head.

15 h 34 min 15.750 s

The snake kept its posture with raising its head 30 cm above

the ground.

15 h 34 min 29.083 s

The snake initiated lowering its head and then resumed

crawling.
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Table 6 Time sequence of frog-snake interaction at observation 4, Chapter 3.

Time

Behavioral description

16 h 24 min 34.017 s

A frog on the path at 5 cm distance from the snake initiated
jumping toward an irrigation ditch filled with water along the

path.

16 h 24 min 34.050 s

The snake initiated chasing the jumping frog at 6 cm distance

from the snake.

16 h 24 min 34.567 s

The frog reached water surface of the ditch and dived into the

water.

16 h 24 min 34.983 s

The snake reached the water surface where the frog dived.

16 h 24 min 35.333 s

The snake stopped chasing the frog.

16 h 24 min 46.600 s

The snake resumed crawling along the path.
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Table 7 Durations of behavioral acts of a frog and a snake at predation event

and flight initiation distance of frogs. See text for explanations of each duration.

Type of Chase Variables Mean SD N
Flight-triggered chase Kicking (sec) 0.073 0.047 14
Air1 (sec) 0.209 0.129 13

Ground1 (sec) 0.163 0.074 12

Air2 (sec) 0.189 0.080 9

Ground? (sec) 0.119 0.031 9

(Ef:;oizzsg (sec) 0.111 0.054 14

Flight initiation (o) 20.9 21.8 16

Strike-triggered chase Response-f (sec) 0.159 0.121 11
Kicking (sec) 0.050 0.022 11

Air1 (sec) 0.257 0.043 7

Ground1 (sec) 0.128 0.076 6

Air2 (sec) 0.163 0.069 4

Ground?2 (sec) 0.158 0.058 2

Strike1 (sec) 0.261 0.147 6

Post-Strike (sec) 0.206 0.235 6

Flight-Chase (sec) 0.436 0.320 7
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Reflection of the floor of the arena
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Fig. 1 Top (upper) and side (lower) views of the test arena used in the

experiments in Chapter 1. See text for detailed descriptions.
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Frequency of frog movements

700
X
600 A x
X
500 A
400 -
A
300 A
200 - A
X I
100 A
B
0 < . * . % : * )
ES-ml ES-mv
| |
CS-1 ES CS-2

Session
Fig. 2 Box plot of the rate of frog movements (the number of movements per
hour). ES is an experimental session in which a frog movements are monitored
in the presence of a snake. CS is a control session (no snake) conducted before
(CS1) or after (CS2) the experimental session. ES-ml and ES-mv indicate the
period when the snake remained motionless and when the snake was moving,
respectively. Different letters above the boxes indicate significant differences

(multiple comparison: |R,-Ry| = 20.43, P < 0.05).
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Number of frogs fleeing

0 5 10 15 20 25 30
Distance (cm)

Fig. 3 Frequency distribution of the distance between a frog and a snake when

the frog started fleeing in response to the approaching snake.
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Control Session

C 'iéﬁake: approach frog-A sIov;/IY)

Y

struck frog-A T

<_response of snake
~__—

frog-A: dead ‘ ‘ frog-A: survived

not approach frog-A for 3 min.

Experimental Session

C iéin’ake: approach frog-A sIov&lY’;

('::fFog-B: move )

TN

— >~ struck frog-A

<iiffesponse of snake
~—_ -

Tstruck frog-B

frog-A: go to Session 2 ‘

’ frog-A: dead

/,J;,,,_
(_snake: eat frog-B )

(snake: initiate locomotion )

~

~__struck frog-A

<response of snake

lr;ot-approach frog-A for 3 min.

’ frog-A: survived ‘

’ frog-A: dead

v
AS

Fig. 5 Experimental flow of Experiment 2 in Chapter 2

~]Session 1

" |Session 2

BS

The right side is a flow of Experimental session, in which two frogs were used

against a snake. Below the part of Before movement Session (BS), the part of

After movement Session (AS) was omitted. The left side is a flow of Control

session, in which one frog was used against a snake.
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Q Intersect point

Line of sight

Fig. 8 Schematic view of the interaction of a frog and a snake to measure the
maximum adjustable angle for strike (6). Positions of the animals at the initiation
of strike are indicated grey color. Positions of the animals at evasion of strike are
indicated by white color. Line of sight is a line from the center of frog to the head
of the snake at the initiation of strike. Intersect point is a point at which the

trajectory of strike and that of fleeing frog are crossed.
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