10

11

12

13

14

15

16

17

18

How important is temperature for strike success of ectotherms? Thermal effects on

predator-prey interactions of free-ranging pit vipers (Gloydius blomhoffii)

Tomonori Kodama and Akira Mori

Department of Zoology, Graduate School of Science, Kyoto University, Sakyo,

Kyoto, 606-8502, Japan;

Tomonori Kodama e-mail: asukamasuku(@gmail.com place: Department of Zoology,

Graduate School of Science, Kyoto University, Sakyo, Kyoto,606-8502

Acknowledgements

We appreciate Alan H. Savitzky for careful and extensive review of the manuscript. We

thank the staff of Takizawa Research Forest in the Field Science Center, Faculty of

Agriculture, Iwate University for survey permission and assistance with data collection.

We also thank Hiroaki Yanagi, Ryobu Fukuyama, Shota Iyoda, and Yasunori Ohtake for

their assistance during the research. Funding for this research was provided by JSPS

Grant-in-Aid for Special Purposes grant Number JP21J23189 and Charitable Trust -

Takara Harmonist Fund of 2020.


mailto:asukamasuku@gmail.com

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Abstract

Among various environmental factors, temperature has been considered a main

determinant of outcomes of predator-prey interactions involving ectotherms. Although

numerous studies have aimed to examine temperature effects on those interactions, few

studies have been conducted under fully natural conditions. In this study, we examined

the degree to which temperature affects the outcomes of encounters between a Japanese

pit viper (Mamushi, Gloydius blomhoffii) and its prey under natural conditions. We

continuously recorded ambushing behaviors and body temperatures of these snakes in

the field using videography. We found that, over the range of temperatures at which

Mamushi hunted, 1) temperature has only limited effects on whether mamushis initiate

a strike at prey and whether strikes successfully hit the prey; 2) prey reactions to strikes,

such as whether they dodge the strike or the latency from strike initiation to dodge, are

not affected by temperature; and 3) factors such as distance to prey and prey dodging

movements are greater determinants than temperature on the outcomes of encounters

between free-ranging Mamushi and their prey. Our results suggest that temperature

effects on the outcomes of free-ranging snake-prey interactions may be smaller than

hitherto considered.
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Introduction

Predation and its avoidance are directly tied to survival in animals, and thus

evolutionary biologists have focused extensively on these behaviors. Predation is a

dynamic interaction that proceeds through several phases -- sometimes divided into

locate, decide, attack, and consume (Wooton et al. 2021) -- and ultimately results in

either successful capture or escape of prey. Consequently, in each phase, prey have

evolved diverse antipredator strategies to reduce predation risk, whereas predators have

evolved diverse strategies to increase the probability of predatory success. For example,

in the “attack™ phase, various prey taxa have evolved acute sensory systems to detect

strikes and to initiate evasive maneuvers with high accelerations and short reaction

latency (Eaton 1984; Domenici et al. 2019; Freymiller et al. 2019). Conversely,

predators have evolved attacks involving crypsis or increased velocity and acceleration,

to defeat those defensive strategies (DeVries et al. 2012). These attributes by both

participants, which largely determine the outcomes of interactions between predators

and prey (Moore and Biewener 2015), are often affected by environmental conditions at

the time when the predator and prey encounter each other (the end of “locate” phase).

Thus, environmental factors are fundamental determinants of the outcomes of

encounters (Quinn and Cresswell 2004; Johansen and Jones 2013).
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Specifically, predator-prey interactions involving ectotherms may be strongly

influenced by temperature because almost all physical processes of ectotherms are

temperature-dependent (Huey 1982). Accordingly, the thermal effects on strikes or

evasive actions and the associated outcomes of predator-prey encounters involving

ectotherms have been extensively studied across various systems and animal taxa. For

example, the sprint speed of scorpions (Parurotonus marksi), which is considered an

important factor in avoidance of predation, depends on temperature (Nisani et al 2022).

The outcome of predator-prey interactions between reef fish, a planktivorous damselfish

and a piscivorous dottyback, changes significantly as temperature varies: strike success

increases by 41% with an increase in water temperature of only 3°C (Allan et al. 2015).

Thermal effects on the feeding performance of squamates (lizards and snakes), which

include most reptile species, have been also well studied. For example, Diaz (1994)

showed that prey capture success and handling time by a lacertid lizard

(Psammodromus algirus) feeding on flies significantly depended on the lizard’s body

temperature (Tb). In a laboratory experiment on a python (Morelia spilota), Ayers and

Shine (1997) found that sensory performance of the python decreased at lower

temperatures. Strike latency, velocity, and acceleration, as well as success rate, are

affected by Tb across various taxa of snakes (Greenwald 1974; Vincent and Mori 2008;
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Whitford et al. 2020). Collectively, most studies have concluded that temperature is a

major factor determining the outcomes of predator-prey interactions involving

ectotherms (Allan et al. 2015; Domenici et al. 2019; Greenwald 1974; Van Damme et al.

1991; Vincent and Mori 2008; Diaz 1994; Vucic-pestic et al. 2011; Wasserman et al.

2016).

Almost all previous analyses of thermal effects on the outcome of predator-prey

encounters have been based on laboratory experiments (but see Putman and Clark

2017). Nonetheless a growing body of literature has shown that animal behaviors and

performances differ between captive and natural conditions (Combes 2012; Moore and

Biewener 2015; Whitford et al. 2020). Consequently, the extent of thermal effects on the

performance of predators and prey may also differ between field and laboratory

conditions. Therefore, previous laboratory studies should be complemented with

observations and analyses of natural encounters between free-ranging individuals

(Whitford et al. 2019b).

Among various ectothermic taxa, snakes, especially ambush-foragers such as viperid

species, would be suitable model organisms for field observations of predator-prey

encounters. They are particularly amenable to field observations because they can be

located using radiotelemetry with minimal disturbance and their foraging behavior can
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be recorded continuously with fixed-videography (reviewed in Clark 2016). A growing

body of literature has shown the effectiveness of vipers as research subjects for

collecting quantitative data on natural encounters between free-ranging predators and

prey and for examining determinants on their outcomes (Barbour and Clark 2012; Clark

et al. 2012; Glaudas and Alexander 2017; Whitford et al. 2019b). In hunting, vipers

remain in a typical ambush-coiled posture for a prolonged period, and once a prey

animal comes within the strike range, they elicit a rapid strike toward the prey, using

envenomation to immobilize it (Clark 2016). Because of the prolonged immobile

ambushing period, which ranges from several days to weeks (Clark et al. 2016; Glaudas

and Alexander 2017), vipers can be exposed to a wide range of Tb (Ayers and Shine

1997; Putman and Clark 2017; Secor and Nagy 1994). Despite such ideal characteristics

of the interactions between ambushing snakes and their prey, to the best of our

knowledge only one study (Putman and Clark 2017) has examined thermal effects on

the outcomes of natural encounters between free-ranging snakes and their prey. The

results of that field study challenged the traditional view of thermal effects on foraging

in ectotherms, which is that low Tb should constrain foraging performance. This

example emphasizes the importance of field studies of thermal effects on outcomes of

predatory interactions.
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The outcomes of natural encounters between a snake and its prey have been shown to

be affected by various additional factors, such as distance between the snake and prey

and dodging reactions and predator-deterrent signals by the prey (Clark et al. 2012;

Whitford et al. 2019a, b). Thus, to examine the relative importance of temperature

among the various factors influencing the outcomes of such encounters, it is essential to

adopt integrative, multivariate approaches. Here, we used fixed-videography on the

Mamushi (Gloydius blomhoffii), a medium-sized pit viper widely distributed on the

main islands of Japan (Matsui and Mori 2021). This species is a typical ambush

predator, similar to other vipers, and the species’ active body temperature in the field

varies across a wide range (12.0-31.5°C, Mori 2021). Our goal was to understand the

relative importance of temperature in the outcomes of natural encounters between the

Mamushi and its prey by comparing the influence of temperature with that of other

variables, such as distance to prey and dodging movements by the prey.

Materials and Methods

Study site and subjects

We conducted the field survey in the Takizawa Research Forest of Iwate University,

Takizawa, Iwate, Japan. The survey site is a forest area composed mainly of cedars and
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pines. We chose this site because of high densities of mamushis and their prey. The field

survey was conducted between 27 April and 16 October 2021 and between April and

August 2022. We captured adult mamushis and surgically implanted temperature-

sensitive transmitters (Models SB-2T, Holohil Systems Ltd) using the established

method of Reinert and Cundall (1982). Transmitter weights were < 5% of snake body

mass. Following recovering from surgery, the snake was released at its captured location

(typically within 24h of surgery). We generally relocated snakes at least two times per

24h and recorded body temperature and their behaviors. In total, we radiotracked three

males and 11 females (507-601 mm in snout-vent length).

Field videography

When a snake was found in a typical ambush hunting coil (Reinert et al. 2011), we

positioned an infrared light and video camera (HC-VX990M or HC-W850M, Panasonic

Ltd.) powered by a battery to record ambush behavior and all subsequent interactions

with prey animals (following the method of Clark, 2006). All cameras were equipped

with a radio-wave receiver (IC-R10 or IC-R 20, Telecom Ltd,.) that continuously

received the pulse of the transmitter signal. The pulse of the temperature-sensitive

transmitter implanted in the snake was thereby audibly recorded by the camera, to allow

Tb to be calculated later (see below).
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Video analysis

Prey encounters

Mamushis feed on a variety of prey animals, from centipedes, fish, amphibians,

reptiles, to small birds and mammals (Mori and Moriguchi 1988; Hamanaka and Mori

2014). Therefore, in the video analysis we considered any of the above animals that

were small enough to be ingested as potential prey. Prey animals were identified to the

lowest taxonomic level possible. We defined a prey encounter as any time in which prey

animals came within a snake’s strike range, i.e., 15 cm from the snake’s snout (the

furthest distance at which strike initiation was observed in this study).

To estimate distance between the prey and the snake from video frames, we used the

method employed in previous studies (Clark et el. 2012; Clark et al. 2016), with minor

modifications. Briefly, we used Image J software to determine the distance in images

from videos, using snake head length (which had been measured before the surgery of

each radio-tagged snake) as a size scale in each image. Because distance estimates are

subject to some imprecision due to the variation of camera angles and positions, we

estimated distances to the nearest Scm (Clark et el. 2012; Clark et al. 2016).

In each prey encounter, we recorded the pulse rate of implanted temperature-sensitive

10
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transmitters to determine snake Tb. The transmitters increased pulse rate with increasing

temperature. We created calibration curves for each transmitter before implantation, and

we calculated calibration equations using polynomial regression to derive temperature

from pulse rates. By doing so, we were able to determine a snake’s Tb from the video

data at a given time.

Snake strikes and prey reaction

If prey came within strike range in a video, we determined the occurrence of a

strike. If a snake initiated a strike, we determined the strike outcome. Because strikes of

snakes are occasionally too rapid to record clearly at our low frame rate (30fps), we

used the following two criteria to determine strike outcome. We categorized strikes as a

hit if the head of a snake clearly contacted the prey or if the snake searched for prey

after the strike, i.e., when strike-induced chemosensory searching (SICS, reviewed in

Teshera and Clark 2021) occurred. We categorized strikes as a miss if the video clearly

shows that the head did not contact the prey or if contact was ambiguous and a snake

did not show SICS. This is because we assumed that when a snake struck prey but did

not show SICS, the strike either did not make contact with the prey or the snake did not

envenomate the prey during that contact. These criteria have been widely used in

11
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various studies of pitvipers using field videography (Clark et al. 2012; Clark et al. 2016;

Putman et al. 2016). For each strike initiation, we also determined whether prey

dodging occurred in response to the strike. We categorized prey as dodging if the prey

animal's post-strike trajectory of movement deviated from its pre-strike trajectory by

greater than 45° (Clark et al. 2012). We also measured the dodging latency as the time

from initiation of the strike to the first visible dodging movement of the prey, by

counting the number of frames, if both movements could be confirmed.

Statistical analyses

To examine whether Tb influences Mamushi strike behavior and how important Tb is

for strike success compared to other factors, we used multivariate logistic regression

using penalized maximum likelihood, using the /ogistf package of R ver 4.2.2 (Puhr et

al. 2017). Due to the small sample size of our dataset, we limited our models to one or

two predictor variables in addition to Tb and only included variables that we considered

highly likely to influence strike initiation and outcome. To examine the influence on

strike initiation when prey came within strike range (a binary response variable, ‘yes’ or

‘no’), we included distance and Tb as predictor variables. To examine the influence on

strike outcome when a strike was initiated (a binary response variable, “hit” or

12
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“missed”), we included prey dodge movement (a binary response variable, “dodge” or

“not”), as well as distance and Tb as predictor variables. Although we recorded multiple

strikes in some individuals (a total of 20 strikes from nine individual snakes were used

in the statistical analysis; 1-6 strikes per snake, median=2), we treated all events as

independent samples because they probably all involved independent prey items under

unique field circumstances (e.g., different spatial locations and times, and high density

of prey animals) (Clark 2012; Barbour and Clark 2012; Clark et al. 2016). To examine

whether ambient temperature influenced the occurrence and latency of prey dodging

movement, we ran a univariate logistic regression (by using the logistf package) and a

linear regression, respectively, including snake Tb as a predictor variable for both

analyses. We used snake Tb as the estimated ambient temperature because active snake

Tb at night generally shows a high correlation with ambient temperatures (i.e., air or

substrate temperature) and those temperatures are nearly equal (Mori et al. 2002). All

values are given as mean + SD.

Results

Snake-prey encounters

A total of 54 snake-prey encounters was recorded. Sample video recordings are

13
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available on the website (https://www.youtube.com/(@TomonoriKodama-vd2no/videos).

Mamushis encountered various prey species (Table 1, Table S1). Among them, 46%

encounters resulted in initiation of a strike. Eight of the 25 strikes appeared to result in

success, yielding a strike success rate of 32%. After successful strikes, snakes released

all the mammalian prey, whereas they retained all the frog prey (mammal: 6/6, frog:

2/2). Two encounters were excluded from the statistical analysis of strike initiation

because of the difficulty of estimating distance, due to the high density of bushes. Five

strikes were also excluded from the statistical analysis of strike outcome, due to the

difficulty of determining the occurrence of prey dodge.

Determinants of strike initiation

A total of 52 encounters, involving 10 snakes (1-11 encounters per one snake), was

included in our analysis of strike initiation (Sample sizes of strike initiation and no

initiation: 23 and 29, respectively, Figure 1). Distances between Mamushi and prey

when snakes initiated strikes were 7.39 3.3 (range: 5-15 c¢m), and distances when

snakes did not initiate strikes were 9.83 =4.33 (5-15 cm). Prey encounters and strike

initiation were both recorded across a wide range of snake Tb (encounter: 11.4-26.7°C,

strike initiation: 13.4-25.8°C). Decreased distance between prey and predator

significantly increased the probability of strike initiation (likelihood ratio: 6.49, df = 2,

14
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95%CI = -0.34—0.029, x 2= 5.63, P=10.018). The probability of strike initiation was
not affected by snake Tb (likelihood ratio: 6.49, df = 2, 95%CI = -0.044-0.30, x>=
1.99, P=0.16).
Determinants of strike outcome
Twenty strikes from 9 snakes were included in our analysis of strike outcome (Figure
2). Prey dodge movements occurred in 1 of 6 hit strikes and in all 14 missed strikes.
Distances between the Mamushi and prey animal in the case of hit strikes were 5—10 cm
(mean distance: 6.67 = 2.58 cm), and those in the case of missed strikes were 5—15 cm
(7.5 + 3.80 cm). Hit and missed strikes were recorded across a wide range of snake Tb
(hit: 16.1-25.8°C; missed: 13.4-24.9°C). Prey dodging behavior significantly decreased
the probability of strike success (likelihood ratio:13.29, df = 3, 95%CI = -11.34—1.38,
x2=19.99, P=0.002). Conversely, the probability of strike success was not influenced
by either snake Tb (likelihood ratio:13.29, df = 3, 95%CI = -0.33-1.54, x>=0.58,P=
0.45) or distance (likelihood ratio:13.29, df = 3, 95%CI = -0.50-0.50, ¥ >=0.001, P =
0.97).
Thermal effects on prey reaction
The probability of prey dodge movement was not affected by the estimated ambient

temperature (likelihood ratio:0.70, df = 1, 95%CI = -0.38-0.24, x2=0.15, P=0.70).
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We determined prey dodging latency in 13 cases out of the 20 strikes. Prey showed
dodging movement within 116.67 = 52.70 ms (33.33 — 200). Prey dodging latency was
also not affected by estimated ambient temperature (F = 1.20, R?=0.13, P=0.31,

Figure 3).

Discussion

The main finding of this study is that in natural encounters between an ectothermic
predator and its prey, temperature did not have strong effects on either strike initiation
or strike outcome. For strike initiation, distance to prey was a more important
determinant, and for strike outcome, the occurrence of prey dodging movements was
more important. In addition, prey reaction to strikes was not affected by ambient
temperature. These results challenge some key assumptions of previous studies of
thermal effects on foraging behaviors of ectotherms (Allan et al. 2015; Ayers and Shine
1997; Greenwald 1974; Vincent and Mori 2008; Diaz 1994), but they lend support to
the results of recent studies on rattlesnakes (Putman and Clark 2017; Whitford et al.
2020b).

Our results showed that, when encountering prey, snakes either did or did not strike

across a wide range of Tb, and only the distance to prey significantly affected initiation
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of the strike. These results suggest that snake Tb does not exert a strong effect on strike

initiation. Ectotherms would refrain from striking prey at low Tb, if the temperature

exerts strong deleterious effects on their performance by influencing variables such as

prey detection and effectiveness of the strike. However, these performance variables of

snakes are unlikely to be strongly affected by Tb during prey encounters involving

Mamushi. First, with regard to detection of prey, sensory performance of snakes

detecting prey with facial pits, especially within the strike range, may not be affected by

Tb based on the following evidence. Pitvipers and most boid and pythonid snakes are

generally believed to use thermal images generated by pit organs to sense, identify and

target prey, in addition to using chemical and visual cues (de Cock Buning 1983). Hayes

and Duval (1991) suggested that rattlesnakes do not need chemical cues during strike

initiation to effectively target prey within the strike range. Thus, in detecting prey within

the strike range, chemical cues may play a less important role than thermal or visual

cues. The infrared imaging systems rely on thermal contrast, rather than absolute

temperature (Van Dyke and Grace 2010; Chen et al. 2017). Another field study also

suggested that arboreal pitvipers (Gloydius shedaoensis) select ambush sites that

provide them with backgrounds of lower temperature, which may enable them to create

thermal images of small avian prey with higher contrast (Shine and Xin 2002).

17



292 Moreover, a study showed that Pacific rattlesnakes (Crotalus oreganus) with lower Tb

293  show increased sensitivity to infrared stimuli, although the mechanisms remain unclear

294  (Bakken et al. 2018). Collectively, lower ambient and body temperatures may actually

295  improve sensory performance within the strike range by providing snakes with clearer

296  images of ectothermic prey against a high-contrast background.

297 Second, Tb may not strongly affect the outcome of snake predatory encounters, as

298  discussed in detail below. This implies that Tb may not strongly affect strike

299  performance (i.e., their predatory strike may have a wide optimal thermal range), and

300 therefore the decision whether or not to strike prey may not depend on Tb.

301 Even if low Tb at prey encounters negatively affects snake performance, mamushis

302  may be motivated to initiate a strike regardless of Tb. This is related to the

303  characteristics of the ambush foraging mode. Generally, prey encounter rates of

304  ambushing snakes under natural conditions are low (Clark 2006; Clark et al. 2016;

305  Putman and Clark 2017; Glaudas and Alexander 2017). Thus, if mamushis do not

306  perform strikes at sub-optimal temperatures, that would represent a significant

307  opportunity loss. In addition, during the time snakes are ambushing prey, movement for

308  thermoregulation may be costly, because movement may result in breaking crypsis, as

309  well as in energetic loss. Breaking crypsis would lead to an increase in predation risk

18



310  and subsequent opportunity loss to encounter prey (Clark 2016). A recent study implied

311  that pitvipers in an ambushing coil may be highly cryptic to predators and thus may be

312 at low predation risk (Maag and Clark 2022). Considering the three possible reasons

313  described above, there may be selection pressure for ambushing snakes to maintain

314  motivation to strike at prey regardless of Tb.

315 Our results also showed that 1) both successful and unsuccessful strikes occurred

316  across a wide range of Tbs, which largely overlapped each other; 2) only the occurrence

317  of prey dodging significantly affected strike outcome; and 3) the occurrence and latency

318  of prey dodging were not affected by estimated ambient temperature. Although our

319  sample size is relatively small, these results suggest that snake Tb does not strongly

320  affect strike outcomes. With regard to determinants of strike success of rattlesnakes

321  feeding on mammalian prey under natural conditions, Whitford et al. (2019b) showed

322 that neither strike velocity nor distance to prey significantly affect strike outcomes,

323  whereas strike accuracy and reaction time of prey do have an effect, indicating that

324  accuracy and lack of awareness by prey are more important determinants of successful

325  strikes than is speed. This interpretation also seems to apply to strikes of Mamushi, in

326  which our study shows that the occurrence of prey dodging has a highly significant

327  effect on strike outcome. A recent study of thermal effects on predatory strike
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kinematics of rattlesnakes, examining velocity, acceleration, and distance to prey,

showed that only acceleration is significantly affected by Tb of the snake (Whitford et

al. 2020b). That study also found that thermal effects on those variables are smaller in

predatory strikes than in defensive strikes, concluding that rattlesnakes may maximize

accuracy rather than speed during predatory strikes, reflecting an assumed tradeoff

between speed and accuracy in animal performance. Given these previous studies and

our results, body temperature does not seem to be a major determinant of strike success,

although no study has directly examined thermal effects on strike accuracy. In addition,

from the standpoint of prey, the present study showed that evasive responses to strikes

also were not affected by temperature, which are major determinants of strike outcomes

in viperid snakes (Clark et al. 2012; Clark et al. 2016; Whitford et al. 2019b; the present

study). This is partly because most prey in the present study were endotherms, for which

physiological processes are not highly sensitive to variation in ambient temperature.

Although we recorded strikes to frogs four times (see Figure.3 and Table. S1), we did

not compare temperature effects on dodging reaction between these ectothermic and

endothermic prey because of the limited sample size. Future studies should examine the

relationships between the effects of temperature on strike outcome and prey types in

detail. Collectively, it is likely that the effects of temperature on the outcome of strikes

20
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by mamushis might be limited because the major determinants of strike outcome for

both parties do not depend on temperature.

Although temperature effects on the initiation and outcome of strikes in pitvipers are

limited, the effects on other aspects of foraging may not be ignored. For example,

injection of a sufficient amount of venom during the brief duration of fang contact is

necessary for successful ingestion. Snake venom has at least two major functions: 1)

rapid immobilization of prey and 2) facilitation of prey relocation. Venomous snakes,

especially pitvipers, generally release dangerous prey (e.g., mammals or large prey)

after envenomation, and the prey is relocated through scent trailing after its death

(SICS; Teshera and Clark 2021). In SICS, injected venom provides chemical cues of

envenomated prey to the snake, which enables the snake to trail that specific prey item.

It is possible that considering the thermal dependency of muscle contractions that

pressurize the venom glands, the amount of injected venom may be affected by Tb. If

the quantity of venom that is injected decreases, the probability and speed of

immobilizing prey would decrease, and accordingly its escape distance would increase

(Hayes 1995; Hayes et al. 2002). Thus, if the amount of venom delivered depends on

Tb, the success rate of both immobilizing and relocation of prey would be affected by

Tb. Furthermore, considering the thermal dependence of snake locomotor performance
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(Stevenson et al. 1985; Gerald et al. 2008), lower Tb may result in longer relocation of

prey, leading to a lower success rate of prey ingestion due to the robbery of the carcass

by other animals or due to disturbance by potential predators of the snake. Indeed, field

observations on pitvipers (Clark 2016; Kodama, personal observation; Whitford et al.

2019) show that even when snakes successfully strike prey, the snakes sometimes fail to

ingest their meals. Further studies on various aspects of foraging are strongly desired in

order to gain a comprehensive understanding of thermal effects on snake-prey

interactions.

A field study of rattlesnakes (Crotalus oreganus) showed that the mean Tbs did not

significantly differ between when snakes strike prey and when they do not, and between

when strikes hit the target and when they missed (Putman and Clark 2017). The

similarity between their results and ours provides support for our conclusions that the

thermal effects on outcomes of encounters between free-ranging snakes and prey are

limited, at least in pitvipers. Nonetheless, studies of thermal effects on predator-prey

interactions under natural conditions are still quite meager in any taxon. Future studies

focusing on other taxa of ectotherms having different habitats, hunting strategies, and

adaptive traits are strongly desired, to clarify whether such limited thermal effects on

predator-prey interactions are ubiquitous among predatory ectotherms.
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Table 1. The total numbers of prey encounters and their outcomes recorded with video.

Some of them were excluded from the statistical analysis because of low quality of video

images. Numbers in parentheses indicate sample sizes used for statistical analyses.

Prey type Prey species Encounter  Strike initiation  Strike success
Mammal Apodemus speciosus 32 (31) 16 (15) 54)
Apodemus argenteus 2(2) 0 0
Microtus montebelli 1(1) 1(1) 0
Urotricbus talpoides 2(2) 0 0
Unknown 8(7) 2(0) 1(0)
Frog Rana tagoi 44 2 (1) 1(1)
Dryophytes japonicus 2(2) 2(1) 1(1)
Unknown 2(2) 2(2) 0
Bird Unknown 1(1) 0 0
Total 54 (52) 25 (20) 8(6)
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Figure 1. Response of Mamushi (strike, Yes; no strike, No) to prey coming within the

strike range (15cm), at various body temperatures (Tb). The color of the points indicates

distance to prey: black, Scm; gray, 10cm; white, 15cm. We jittered the location of data

points around Yes and No to avoid overlapping values; the values are binary, and all data

points are either Yes or No.
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Figure 2. Strike outcomes (Hit or Missed) of each strike at prey, at various body
temperatures (Tb). The color of the points indicates distance to prey; black, Scm; gray,
10cm; white, 15cm. Circles and triangles indicate that prey dodged or did not dodge,
respectively. We jittered the location of data points around Hit and Missed to avoid

overlapping values; the values are binary, and all data points were either Hit or Missed.
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583  Figure 3. Scatter plots of prey reaction latency in response to snake strikes, in relation to
584  estimated ambient temperature. Circles indicate reactions of mammals; triangles indicate
585  reactions of frogs. Open and closed symbols indicate missed strikes or hits, respectively.
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