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Abstract

In ectothermic predator-prey relationships, the capacity for prey to successfully evade predation will depend upon physiological
and behavioural responses that relate to both players’ thermal biology. On the Izu Islands of Japan, we investigated how a
prey lizard species has responded physiologically and thermally to the presence of a snake predator over evolutionary time
in addition to recent climatic warming. Foraging lizard body temperatures have increased by 1.0°C from 1981 to 2019 while
lizard body temperatures were 3.4°C warmer on islands where the snake predator is present relative to snake-free islands. We
also found that warmer prey body temperatures result in faster running speeds of the prey at temperatures suboptimal for the
snake predator. The results show that lizard body temperatures have increased with warming but not to the same extent as
that exerted by predation pressure. However, further warming could irrevocably alter this and other ectothermic predator-prey

relationships.
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ABSTRACT

In ectothermic predator-prey relationships, evasion of predation by prey depends on physiological and beha-
vioural responses relating to both players’ thermal biology. On Japan’s Izu Islands, we investigated a prey
lizard’s physiological and thermal responses to the presence of a snake predator over evolutionary time in
addition to recent climatic warming. Foraging lizard body temperatures have increased by 1.0°C from 1981
to 2019 overall, yet were 3.4°C warmer on snake islands relative to snake-free islands. We also detected snake
predator-induced selection on hind leg length, which in turn is a major determinant for sprint speed only
in lizard populations exposed to predation by snakes. Accordingly, we found that warmer prey body tem-
peratures result in faster sprint speeds by the prey at temperatures suboptimal for the snake predator, and
therefore contribute to escaping predation. Given recent climatic change, further warming could irrevocably
alter this and other ectothermic predator-prey relationships.

INTRODUCTION

In ectotherms, where body temperatures and physiological processes are dependent on immediate thermal
environments, the prey’s survival under predation is tied to the accessibility of body temperatures to achieve
their thermal optimum for escaping by rapid movement (Hertz et al. 1983; Chai and Srygley 1990; Cooper
2000). To successfully evade predation when chased, a prey’s thermal optimum for escape, in addition to its
locomotory speed at that temperature, should surpass that of the predator for chasing (Grigaltchik et al.
2012; Dell et al. 2014; Ohlund et al. 2015; Figueira et al. 2019). Ectothermic prey-predator dynamics become
increasingly complex when we consider how recent climate change has and will foreseeably continue to impact
both players (Grigaltchik et al. 2012; Laws 2017). In a warming world, changes in the available thermal
landscapes can manifest at the order of microhabitats, which is especially challenging for lizards because
of their dependency on thermoregulation to reach body temperatures adequate for behaviours supporting
survival and reproduction (Sinervo et al. 2010). Considering the thermally dependent nature of predator
evasion, the evolution of a prey species’ thermal physiology and behaviour should be strongly affected by
both their predators and changes in environmental temperatures.

Within the Galapagos Archipelago on Santa Fe Island, Christian and Tracy (1981) found that the success
of predation by Galapagos hawks (Buteo galapagoensis ) on hatchling land iguanas (Conolophus pallidus
) is highest at times of the day when iguana body temperatures are suboptimal for sprinting. Conversely,
at times when iguanas were capable of attaining body temperatures optimal for reaching maximal sprint
speeds, predation success by the hawks was much lower. Similarly, on Isla Plaza Sur, Snell et al. (1988) found



that lava lizards (Tropidurus albemarlensis ) run faster on the side of the island with less vegetation and
greater exposure to predators. Oceanic island systems such as the Galapagos Islands are ideal for studying
ecological processes shaping life history because they formed in isolation with no prior connection to other
landmasses. Once colonized by limited overseas dispersal, the flora and fauna on each island develops along
unique evolutionary trajectories shaping each island’s present-day diversity (Whittaker et al. 2017). In the
case where multiple populations of a single species remain isolated across an archipelago over evolutionary
time, it allows for an untangling of the effects of different selective pressures (Kuriyama et al. 2011; Brandley
et al. 2014).

Located off the southeastern coast of Japan’s mainland, the volcanic Izu Islands formed independently less
than a million years ago, rendering them completely vacant for colonization by species occupying adjacent
land (Kaneoka et al. 1970). The low number of reptile species in the Izu Islands relative to tropical or
other less-isolated regions (Hasegawa 2003) provides an opportunity to single out the selection pressures
of prey-predator relationships on thermal physiology and behaviour. Notably, one endemic lizard species,
Okada’s five-lined skink (Plestiodon latiscutatus ), is dominant and distributed across all of the system’s
major islands, while one of its major predators, the Japanese four-lined rat snake (Elaphe quadrivirgata ),
is also found on most, but not all of these islands (Hasegawa and Moriguchi 1989), resulting in a number of
insular skink populations free from snake predation. Therefore, taking into account the thermal dependency
of both predator and prey in this system, we can expect adaptions in the thermal physiology and behaviour
of P. latiscutatus in order to escape predation by E. quadrivirgata across space and time.

With our study spanning nearly 40 years, we investigated variations in the foraging body temperature of
P. latiscutatus as a function of snake predator presence as well as climatic warming over the study period.
We also follow the sequence through which field-active body temperatures matter in this prey-predator
relationship by quantifying the physiological and morphological components of the thermal dependency of
locomotion and its overall role in the evasion of the snake predator by the prey lizard.

METHODS
Study site and species

We collected data on seven Izu Islands, namely Hachijo-Kojima (33.13°N, 139.69°E), Miyake (34.08°N,
139.52°E), Mikura (33.88°N, 139.60°E), Kozu (34.22°N, 139.15°E), Oshima (34.74°N, 139.40°E), Niijima
(34.37°N, 139.26°E) and Toshima (34.52°N, 139.28°E), ranging in size from approximately 6 to 9076 ha (Fi-
gure S1 in Supporting Information). These volcanic islands are located along an axis radiating southwards
from the Izu peninsula of mainland Japan, and are generally subject to the same mild climate carried over
by the Kuroshio current (Hasegawa 1994; Brandley et al. 2014), with average annual air temperatures and
total precipitation ranging from 17.3 to 18.8 °C, and 1810 to 2958 mm, respectively, for the year 2018
(http://www.data.jma.go.jp/).

P. latiscutatus is the most abundant lizard species overall in this system and is found on all islands, where,
with little interspecific competition, it is usually found in high abundance, especially on islands with low
predation (Hasegawa 1994). Amongst its terrestrial predators, E. quadrivirgata is the most widespread and
abundant, with Oshima being the only island where there are other native species preying on the lizard.
These include snakes, such as Lycodon orientalis and Gloydius blomhoffii , as well as the Japanese weasel
(Mustela itatsi ), the only mammalian carnivore native to any of the islands (Hasegawa 1994). Therefore,
aside from Oshima, the only other native predators to the lizards on the islands are birds (Hasegawa 1990,
Hasegawa et al. 1996), notably the grey-faced buzzard (Butastur indicus ) and the Izu island thrush ( Turdus
celaenops ). Given that E. quadrivirgata is present on five of our study islands and absent on two, Hachijo-
Kojima and Miyake, the only potential predation pressure for lizards on the latter two islands at the time
of data collection was from avian predators, whereas predation on Mikura, Kozu, Niijima and Toshima
was mainly by E. quadrivirgata (Hasegawa 1994). The evolutionary history of the relationship between P.
latiscutatusand E. quadrivirgata is outlined in Appendix 1 of the Supporting Information.

Foraging body temperature, sprint speed, morphology and fitness data collection



We collected lizard foraging body temperature data in the field yearly from 1981 to 1991, and then again
in 2004, 2005, 2018 and 2019, all between the months of April to October, and during the day (6:30 -
17:00), when lizards are active. When encountering a lizard, we first observed its behaviour and then caught
it using a mealworm-baited (Tenebrio molitor ) fishing pole. We identified foraging behaviour in lizards
actively searching their surroundings and flicking their tongues, with bodies not pressed against substrates
as they would be during basking. Upon capture, we immediately measured body temperature by inserting
a +0.1 °C, K-type thermocouple (TX-10, Yokogawa, Japan) into the cloaca. We then measured the nearest
air temperature in the shade, noted time of day, marked the individual with a marker, and then released
it at the site of capture. All data are thus known to be from separate individuals. We should also note
that our data for Miyake island lizards are limited to 1983 due to the incidental population collapse of
P. latiscutatus following the deliberate release of the Japanese weasel (Mustela itatsi ) for the control of
rats in the mid 1980’s (Hasegawa 2003). We retrieved observatory air temperature data from the Japan
Meteorological Agency (http://www.data.jma.go.jp/) both as daily mean averages for each year, and at
the finest time scale available to match that of our collected body temperature (the finest being 10 minute
averages, and the coarsest being day averages). Such data however were not available for Kozu from 1981 to
1991, or for Mikura or Toshima at any time. Although data for Hachijo-Kojima were not available, we used
the air temperature data for the larger, adjacent Hachijojima as a proxy, which lies ~7 km away.

We collected sprint speed data for lizards in two different ways - directly on open field terrain, for a better
comparison with snake crawling speeds, and on a racetrack, to compare lizard sprint speeds between two
islands with and without the snake predator in a controlled setting. We measured racetrack sprint speed for
lizards on Hachijo-Kojima and Kozu islands from May to June 2018 and from July to August 2019. For this,
we brought a 90 cm long wooden racetrack marked at 5 cm intervals, as well as a camera and tripod, to the
field. We then caught lizards using the baited fishing pole method and either briefly placed them in a bucket,
or immediately coerced them to run along the track, with each individual only running once. The lizards
sprinted along the track and into a cloth bag, at which point we immediately measured body temperature
via the cloaca, as well as morphological measurements, which included snout-vent length (SVL), total tail
length, tail break distance (length between the tail base and the first point at which the tail has broken off
in the past) and mass. For the 2019 experiments, we additionally measured hind leg length (joint to tip of
the longest toe) and hind foot length (bottom of the heel to tip of the longest toe). We video recorded each
run at 60 frames per second to obtain a measurement of the fastest 10 cm run in cm/s.

We measured open field sprint speed for lizards on Kozu from July to September 1990, on concrete and earthen
surfaces they regularly occupy. Within 2-3 m from a lizard, and with stopwatch in hand, one person would
stomp their foot, prompting the lizard to run. Once the lizard reached a visible landmark approximately
1-3m away, such as a rock or crack, we clocked the time, immediately caught the individual by hand or
baited fishing pole, and inserted a K-type thermocouple into the cloaca to measure body temperature. We
then measured the starting point to landmark distance to calculate sprint speed in cm/s. For all open field
and racetrack sprint speed measurements, we conducted experiments on a variety of days and times of the
year to include the range of temperatures lizards can experience in the field, and only included non-juvenile
individuals (SVL, >35mm). We also discounted sprint speed data obtained from individuals showing limb
deformities or impairment.

We measured crawling speed for the snakes on Kozu in April 1994 and August 1996, as well as on Niijima
in May 1996. For this, we caught individuals by hand in the field and briefly kept them in cloth bags to
carry over to a flat earthen surface. We conducted experiments on different days and times of the year to
include as much as possible the range of body temperatures snakes naturally experience in the field. With
stopwatch in hand, we then released each snake with the head positioned at one marked spot on the ground
and re-caught it after it had dashed a distance of approximately 2-3m, at which point we marked the exact
position of the head at recapture, and immediately measured body temperatures via the cloaca by inserting
a K-type thermocouple. We then measured the distance between the two marked positions, and together
with the time clocked by the stopwatch, obtained an estimate of crawling speed in c¢m/s. For both lizard and
snake experiments, we released all individuals at respective sites of capture following completion.



To determine fitness in the context of survival against predation by snakes, we collected lizard morphological
data including SVL, hind leg length, and tail break distance, from two islands with the snake predator
(Kozu and Mikura) and two without (Hachijo-Kojima and Miyake), separately from sprint speed and body
temperature measurements. We measured live individuals on Mikura in 1981, as well as on Kozu and Hachijo-
Kojima in 2019.

We measured SVL and tail break distance on Miyake individuals in 1979, before the weasel-induced popu-
lation collapse, and fixed and preserved individuals in 10% formalin and 70% ethanol, respectively. In 2020,
we measured the hind leg length of those preserved individuals. We estimated hind leg lengths when alive
by major axis regression, with hind leg length when alive as the response and that when preserved as the
predictor. We based the model on living and preserved individuals from Oshima (n =6), Mikura (n=14) and
Kozu (n=22), for which we had measured hind leg length of the same individuals under both conditions (y
= 9.48 + 0.80z ; R 2 = 0.73).

Statistical analyses

We tested for differences in lizard foraging body temperatures between snake and snake-free islands as well
as between the two periods of 1981-1991 and 2018-2019 by building a linear mixed-effects model using the
“Ime4” package (De Boeck et al. 2011) in R (R Core Team 2019), with air temperature in the shade as a
covariate, snake presence and period as fixed effects, and island, month and year as random intercepts. We
used the “MuMIn” package (Bartori 2020) to calculate R? values for the model.

To compare the thermal dependency of maximal locomotory speeds between Hachijo-Kojima and Kozu
P. latiscutatus on the racetrack, and between E. quadrivirgata and Kozu P. latiscutatusin open field, we
modelled thermal performance curves (Angilletta 2009). For this, we fit raw data for each group to four
different non-linear models (Tables S1 and S2 in Supporting Information; Angilletta 2006). We then chose
the best fitting model overall in each of the two comparisons based on yielded Akaike’s information criterion
(AIC), assuming a difference larger than 2 to be significant (Burnham and Anderson 2002), relative AIC
weights (w; ), residual sums of squares (RSS), as well as the biological relevance of yielded curve shapes,
where an expected shape would see a gradual increase in performance with body temperature up until an
optimum after which performance drops rapidly to zero (Angilletta 2006; Angilletta 2009). From the thermal
performance curves, we extracted values pertinent to the characterization of the thermal dependency of
locomotion (Logan et al. 2013). These included the thermal optimum for sprinting (Z,p: ), maximal
performance (Py,qs ), and the range of body temperatures at which 95% of P,,,. is attainable. The latter
estimate is termed the Bgs performance breadth, and is interpreted as the thermal optimum range (Hertz
et al. 1983).

In addition to thermal physiology, we aimed to determine if lizards from Kozu, where the snake predator
is present, also show adaptations in limb morphology relative to those from Hachijo-Kojima. This is a
relevant morphological dimension to compare considering that lizards that have evolved longer hindlimbs
run faster at both population and species level (Bonine and Garland 1999; Aerts et al. 2000). We thus
tested for differences in hind leg and hind foot lengths, both as ratios of SVL, between lizards from the two
islands with two-sampled t-tests. We then applied a Bayesian model to determine relationships between
morphological traits and maximum sprint speeds for both lizard populations while accounting for multi-
collinearity in morphological traits. Here we used individual maximum sprint speed measurements rather
than values extracted from modelled thermal performance curves. To remove the effect of temperature on
sprint speed, we estimated relative sprint speed by regressing log-transformed body temperature against
log-transformed sprint speed (Lleonart et al. 2000), where we used the standard major axis regression as the
regression. We subsequently used the obtained residuals as estimates of relative sprint speed. We conducted
the analysis using the “smart” package in R (Warton et al. 2012; R Core Team 2019). We constructed a
hierarchical model consisting of four equations to estimate the contribution of each measurement to relative



sprint speed (Zipkin et al. 2020; Figure S2). We defined the core of this model with the following equation:
rSP; ~ Normal (51,k e HL; + B2, e HF; + (35 1, ® Tail, + B4  SVL; + epy 1, 0%) #(1)

i=1,2,...N, k=1,2

where rSP; represents the value of the ith relative sprint speed, HL; represents the value of ith hind leg
length, HF; represents the value of ith hind foot length,Tail; represents the value of ith tail length,SVL;
represent the value of ith SVL,B1 x, Bak,..., Bar are the coefficients of each variable, ep; i is the fixed
effect on the k th population, o7 is the variance, N is the number of individuals, k is the index for the island
(Hachijo-Kojima or Kozu). This model assumes that the contribution of each measurement to relative sprint
speed varies among populations. Since the autocorrelation between each measurement should be considered
only by this model, we defined the following equations to consider these correlations:

HL; ~ Normal (BS,k e SVL; + epa i, 0‘%) #(2)
HF; ~ Normal (ﬂwc o SVL; + eps i, U%) #(3)

Tail; ~ Normal (67};c o SVL; + epa i, UZ) #(4)

where B5 i, Bo.k, and B7 i, are the coefficients of SVL, eps 1, eps k, and epy i are fixed effects, and 03, 03, o3are
the variances showing individual heterogeneity.

To uncover the functional links between morphology, performance and fitness (Arnold 1983) for lizards, we
estimated selection gradients and shapes of natural selection on hind leg length. We determined if lizards
with longer hind legs showed higher rates of survival from predation using tail break distance as a proxy
for predator escape success. We assumed individuals with longer tail break distances relative to SVL to
be more capable of escaping predatory events, and therefore more likely to survive. We thus examined the
survival component of fitness related to hind leg length and sprint speed by comparing tail break distance as
a function of hind leg length for two snake-free islands (Miyake and Hachijo-Kojima) and two islands with
snakes (Kozu and Mikura). To correct for the effect of SVL on tail break distance and hind leg length, we
calculated their relative values (rTBD and rHLL, respectively) as ratios of SVL. We then applied a second-
order polynomial regression to estimate selection gradients (Equation 5), and a P-spline function (Equation
6) to visualize the shape of natural selection (Lande and Arnold 1983; Blows and Brooks 2003; Gimenez et
al. 2006; Ito and Konuma 2020):

f@TBD;) = p+ B-rHLL; + L4 tHLL? # (5)

f@TBD;) = p+ By -tHLL; + -+ 3, - tHLLY + 537 by, ((HLL; — )" # (6)

where g is the intercept, [ is the linear selection gradient representing directional selection, - is
the non-linear selection gradient representing disruptive selection wheny > 0 or stabilizing selection
when v < 0, P is the degree of freedom in the P-spline (which we set to 3), n is a vector of
parameters(fy,--- Bp, b1, -+ bg),(tHLL; — mk)f is either(rHLL; — /@k)P when (rtHLL; — k) > 0 or 0 oth-
erwise, andky is k ’s fixed knots, withk; < ko < --- < kg. Following Ruppert (2002) and Ito and Konuma
(2020), we set the number of knots to 35 where K = min(%, 35), and used k/(K + 1) quantiles for all values

of relative hind leg length, with k between 1 and 35. We assumed that the coefficient b for(rHLL; — Hk)i has
a normal distribution with mean 0 and variance o7 (Gimenez et al. 2009). Since relative tail break distance



was a positive continuous variable, we applied the exponential function as the link function and assumed it
followed a gamma distribution.

To estimate each parameter, we used Markov Chain Monte Carlo (MCMC) simulations in a Bayesian
framework. We used non-informative distributions as prior distributions for all parameters, the uniform
distribution for the interval [0, 30] for the prior distribution of the hyper—pauraumeters(0%7 o3, ..., ai),
and used a normal distribution with a mean of 0 and variance of 1002 as the prior distributions for all
gradients (ﬁl’k,ﬁg)k, .y Br.k), fixed effects (ep1k, epak,.-.,epak), intercept p, linear selection gradient B,
non-linear selection gradienty and the parameter ¢ in the gamma distribution. We used an inverse-gamma
distribution with the two parameters both at 0.001 for the prior distribution of 0. We obtained the posterior
distributions for each parameter by generating three Markov chains using 2,000 MCMC simulations sampled
at a rate of five times following an initial burn-in of 1,000 iterations. We standardized all measurements
using z-scores in order to avoid numerical instabilities and to improve mixing each chain (Gilks & Roberts
1996). The posterior distributions for all the parameters were summarized by 95% Bayesian confidence
intervals. We used Gelman and Rubin statistics to evaluate the MCMC convergence (Gelman & Shirley
2011) and confirmed all parameters underwent acceptable convergence. We performed MCMC simulations
using PyStan (https://github.com/stan-dev/pystan; accessed 15 December 2019) in Python, and deposited
the source code for the Bayesian model in $3$$$333$ (e.g. GITHUB, ZENODO).

RESULTS
Foraging body temperatures , snake predator presence, and recent climatic warming

Lizards on islands with the snake predator forage at warmer body temperatures than those on islands without
(Fig. 1), with respective mean foraging body temperatures of 35.4 + 0.1°C (n = 223; 135 on Kozu, 42 on
Mikura, 14 on Niijima, 14 on Oshima, and 18 on Toshima) and 32.2 £+ 0.2°C (n = 219; 85 on Hachijo-Kojima
and 134 on Miyake). After controlling for data collection period and measured air temperature in the shade
with the linear mixed-effects model, we found lizard foraging body temperatures to be 2.9°C hotter (p< 0.
01) on average on snake predator islands than on snake-free islands (Table S3).

We observed a warming trend across islands, with annual average daily means having increased from 16.9 £
0.2°C in 1981-1991 to 18.3 £ 0.2°C in 2018-2019 (Fig. 2). We also found mean foraging body temperatures
to have increased from 35.2 4+ 0.2°C in 1981-1991 (n = 183; 111 on Kozu, 42 on Mikura, 12 on Oshima and
18 on Toshima) to 36.4 + 0.2°C in 2018-2019 (n = 40; 24 on Kozu, 14 on Niijima and 2 on Oshima) on
islands where the snake predator is present, and from 31.7 £ 0.2°C in 1981-1991 (n = 134, all on Miyake) to
32.6 = 0.3°C in 2018-2019 (n = 73, all on Hachijo-Kojima) on islands where it is absent (Fig. 2). We found
overall lizard foraging body temperatures in 2018-2019 to have, on average, increased by 1.3°C (p < 0.001)
relative to 1981-1991 (Table S3).

Thermal dependency of locomotion

From the thermal performance curves based on racetrack sprint speeds for Kozu and Hachijo-Kojima (Fig.
3A) we found Kozu lizards (n = 81) to have maximum sprint speeds at warmer temperatures than Hachijo-
Kojima lizards (n = 85), with a difference in T,y of 1.4°C (Table S4). From the thermal performance curves
based on open field speeds, we found Kozu lizard sprint speeds (n = 79) to surpass snake crawling speeds
(n= 61; 34 from Kozu and 27 from Niijima) at temperatures of 33.8 °C and over (Fig. 3B). Accordingly,
the mean foraging body temperature of Kozu lizards is approximately 1.6 °C above this threshold at which
Kozu lizards outpace snakes, and about 1.6°C below it for Hachijo-Kojima lizards. Due to the nature of the
distribution of the data on Kozu lizard open field sprint speeds, however, none of the models yielded the
typical unimodal shaped curve, and we could therefore not extract thermal performance parameter estimates
for this particular group.

Limb morphology and natural selection

In proportion to SVL, we found Kozu lizards (n = 37) to have significantly longer hind legs (0.44 + 0.03,
p < 0.001) and hind foot lengths (0.21 £+ 0.002, p < 0.001) than Hachijo-Kojima lizards (0.41 4 0.003 and



0.20 £ 0.002, respectively,n = 66). We found differences in estimated contributions of morphological traits
to relative sprint speed to be especially pronounced for hind leg length and SVL (Table S5). We determined
hind leg length to have a 0.82 probability of positively affecting sprint speed for Kozu lizards, and to have no
effect on Hachijo-Kojima lizard sprint speed (Fig. 4A). Regarding SVL (Fig. 4D), we found a 0.91 probability
of it positively affecting Hachijo-Kojima lizard sprint speed, and a 0.78 probability of it negatively affecting
Kozu lizard sprint speed. We did not detect any effect of hind foot length on sprint speed for either island
(Fig. 4B). Total tail length (Fig. 4C) had a 0.81 probability of positively affecting sprint speed for Kozu
lizards, but had no effect for Hachijo-Kojima.

For Kozu lizards (n = 113), the Bayesian 95% confidence interval regarding the linear selection gradient
B did not include 0, but the non-linear selection gradient - included 0 (Table S6). Accordingly, the shape
of the relationship between relative hind leg length and relative tail break distance shows an upward and
rising slope (Fig. 5A), implying positive directional selection on hind leg length. In contrast, for Miyake (n
= 78) and Hachijo-Kojima (n = 59) lizards, the Bayesian 95% confidence interval for the linear selection
gradient  included 0 (Table S6), suggesting no natural selection on hind leg length on these islands (Fig.5C-
D). Although for Mikura lizards (n = 38), the linear selection gradient confidence interval only marginally
includes 0, the shape of the relationship between hind leg length and relative tail break distance shows a
rising slope (Fig. 5B) similar to that for Kozu lizards.

DISCUSSION

We demonstrate that lizard foraging body temperatures are higher in the presence of its snake predator (Fig.
1). In tandem with warmer-adapted thermal performance and predation-induced selection for longer hind
legs, we show that these higher body temperatures are conducive to optimal sprint speeds at temperatures
suboptimal for the predator (Fig. 3; Table S4). We also found lizard body temperatures to have increased
throughout the study period, consistent with recent climatic warming over the past few decades, regardless of
snake predator presence or absence (Fig. 2). This suggests a pathway through which predation in ectotherm
systems acts as a pivotal factor determining prey thermal biology and thereby potentially regulating the
degree of climate change vulnerability. Given the functional importance of body temperature in evasion by
prey and success by predator, warming is also likely to impact ectotherm predator-prey relationships, but in
unpredictable ways.

Analyses and conclusions based on thermal performance curves are often founded on many assumptions
regarding their implications for fitness and resulting climate change consequences (Sinclair et al. 2016).
While a significant body of work has consolidated the mechanisms through which ectotherms are vulnerable
to warming impacts according to their thermal performance (Sinervo et al. 2010; Kearney 2013; Logan et
al. 2013; Sinclair et al. 2016) or exposure to predation (Schmitz and Barton 2014; Sinclair et al. 2016;
Laws 2017; Osmond et al. 2017), few studies have explicitly linked predation and fitness within a thermal
framework. Elucidating the relationship between predation pressure and fitness, and how this affects thermal
physiology, contextualizes observable differences in prey behaviour as a potentially decisive factor in climate
change vulnerability (Sinervo et al. 2010; Kearney 2013). Here we show that predation-induced selection
on morphology and thermal performance results in warmer prey foraging body temperatures, where further
climatic warming could differentially affect these populations relative to those free from the same predation

type.

In mediating tradeoffs for survival, prey species can be pushed by predation pressure to forage during hotter
times of day (Tambling et al. 2015; Veldhuis et al. 2020). Yet a common expectation for lizard species is for
body temperatures to be lower under higher predation pressure due to the heightened risks of behavioural
thermoregulation (Huey and Slatkin 1976; Salazar et al. 2019). In contrast, we provide evidence for predation
pressure by snakes to push lizard prey thermal biology towards warmer temperatures. Main predation type
is also likely to be an important factor affecting prey thermal biology, seeing that P. latiscutatus on snake-
free islands are nonetheless hunted by birds despite foraging at lower body temperatures than snake island
populations. Evasion strategies by prey lizards differ depending on predator typee, where cryptic strategies
are usually employed to avoid predation by birds, and running for escaping terrestrial predators (Samia et



al. 2016). Accordingly, P. latiscutatus individuals on snake-free islands tend to carry more cryptic dorsal
patterns and coloration (Brandley et al. 2014; Kuriyama et al. 2016), whereas those under snake predation
are better suited physiologically and morphologically for escaping snake predation by running (Figs. 3 and 4).
Broadly, prey species are often exposed to a variety of predatory strategies and densities, and understanding
how these affect prey behaviours, including thermal responses, are crucial in explaining their current spatial
distributions (Wirsing et al. 2010). This in turn could be important for predicting future spatial distributions
under climate change as modeling tools are increasingly inclusive of interspecific interactions (Singer et al.
2016).

Body temperatures in lizard species overall tend to follow temporal environmental temperature patterns,
such as within a day, or across seasons or years (Clusella-Trullas and Chown 2014; Dominguez-Guerrero et
al. 2020), yet the stability or steepness of this relationship can vary depending on the number of predators
or competitors present (Salazar et al. 2019). In this regard, our observations suggest body temperatures
follow increases in environmental temperatures regardless of predation exposure. Yet we demonstrate that
predation does drive warmer body temperatures, and with climatic warming likely to be ongoing in the near
future, could thereby impose changes in lizard activity restrictions differently than for populations free from
snake predation and which depend on relatively lower body temperatures (Sinervo et al. 2010; Kearney
2013). Accordingly, we provide evidence for thermal physiology to be among the life history traits through
which higher rates of predation can improve prey persistence under environmental warming (Osmond et al.
2017). Conversely, prey activity windows can also be more restricted to the hottest times of day, and thus
less flexible to respond to warming because of predators hunting during cooler hours (Veldhuis et al. 2020).
Changes in the temporal and spatial occupancy of thermal habitats by both prey and predator, and the ways
in which they compound and affect one another, thus need to be jointly considered in order to adequately
estimate climate change responses (Schmitz and Barton 2014) for effective comparisons with systems free of
predation.

Set within a natural laboratory system, our study provides valuable empirical evidence on how predation
shapes prey behaviour, morphology and physiology, all of which are integral components of thermal adap-
tation (Angilletta 2009). Such responses are instrumental in mechanistically explaining prey intraspecific
variability in habitat suitability according to predation type, and, ultimately, persistence under climatic
warming (e.g. Landry Yuan et al. 2018). As in predation, other biotic interactions can have either negative
or positive effects on environmental change vulnerability of species, as mediated by both direct and indirect
pathways (Singer et al. 2016; Engelhardt et al. 2020). Thus, the implementation of holistic approaches
incorporating the interplay between abiotic and biotic factors as well as life history traits is essential in
breaking down the processes through which species affect one another, in order to understand biodiversity
change in this era of rapid anthropogenic change.
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Figure 1. Boxplots depicting foraging body temperatures for P. latiscutatus on islands where E. quadrivirgata
is present (orange with shaded area), and on islands where E. quadrivirgatais absent (blue with unshaded
area).
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Figure 2. Shown in the left panel are the increases in mean foraging body temperature (+SE), from the
earliest (1981-1991) to the latest data collection periods (2018-2019), for P. latiscutatus on islands where
E. quadrivirgata is present (orange with shaded area), and on islands where E. quadrivirgata is absent
(blue with unshaded area). Shown in the right panel as plotted points and associatedloess curves with 95%
confidence intervals are the annually averaged daily mean temperatures for the years between 1981 and 2019
for which data were available for Hachijojima (grey), Kozu (orange), Miyake (blue), Niijima (green) and
Oshima (yellow).
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Figure 3. Thermal performance curves estimated from the non-linear models applied to the raw maximum
locomotory speed data for P. latiscutatus and E. quadrivirgata . Curves in panel A are based on racetrack
sprint speeds of P. latiscutatus individuals from Hachijo-Kojima (blue solid line), where E. quadrivirgata is
absent, and Kozu (orange solid line), where it is present. Panel B shows the curves based on P. latiscutatus
open field sprint speeds on Kozu (solid grey line) and E. quadrivirgata maximum crawling speeds on Niijima
and Kozu (black dotted line). The plotted points represent individual speed measurements for Hachijo-
Kojima (blue) and Kozu (orange) P. latiscutatus in panel A, as well as for E. quadrivirgata (black) and open
field P. latiscutatus (grey) in panel B. The vertical bands in both panels represent foraging body temperatures
for P. latiscutatus measured on Hachijo-Kojima (blue) and Kozu (orange) islands, where the middle line is
the mean, and the shaded range the standard error. The descending portion of theP. latiscutatus open field
sprint speed curve (solid grey line) in panel B was removed for visual clarity.
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Figure 4. Posterior density plots estimating the contributions from each morphological measurement to
relative sprint speed for P. latiscutatus individuals from Hachijo-Kojima (blue), where E. quadrivirgata is
absent, and Kozu (orange), where it is present. Here, A) represents hind leg length, B), hind foot length,
C), total tail length, and D), SVL.
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Figure 5. The relationship between relative tail break distance and relative hind leg length for P. latiscutatus
from A) Kozu and B) Mikura, where E. quadrivirgata is present, as well as from C) Miyake and D) Hachijo-
Kojima, where E. quadrivirgata is absent. This shape represents the natural selection worked on relative hind
leg. The solid and dashed lines indicate the median and the 95% Bayesian confidence intervals, respectively,
in the posterior distribution obtained from Markov chain Monte Carlo simulations. Each point represents
individual measurement values.

541 /au.1

)2

https

without permission

Al rights reserved. No reuse

mde:

older is the author

ht 1

o)
0
]

Posted on Au

15



