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Abstract

Body size shifts in ectotherms are mostly attributed to the Temperature Size Rule
(TSR) stating that warming speeds up initial growth rate but leads to smaller size when
food does not limit growth. Investigating the links between temperature, growth,
and life history traits is key to understand the adaptive value of TSR, which might be
context dependent. In particular, global warming can affect food quantity or quality
which is another major driver of growth, fecundity, and survival. However, we have
limited information on how temperature and food jointly influence life history traits
in vertebrate predators and how changes in different life history traits combine to
influence fitness and population demography. We investigate (1) whether TSR is
maintained under different food conditions, (2) if food exacerbates or dampens the
effects of temperature on growth and life history traits and (3) if food influences
the adaptive value of TSR. We combine experiments on the medaka with Integral
Projection Models to scale from life history traits to fithess consequences. Our
results confirm that warming triggers a higher initial growth rate and a lower adult
size, reduces generation time and increases mean fitness. A lower level of food
exacerbates the effects of warming on growth trajectories. Although lower feeding
frequency increased survival and decreased fecundity, it did not influence the effects
of warming on fish development rates, fecundity, and survival. In contrast, feeding
frequency influenced the adaptive value of TSR, as, under intermittent feeding,
generation time decreased faster with warming and the increase in growth rate
with warming was weaker compared to continuously fed fish. These results are of
importance in the context of global warming as resources are expected to change with
increasing temperatures but, surprisingly, our results suggest that feeding frequency

have a lower impact on fitness at high temperature.
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1 | INTRODUCTION

Body size reduction has been proposed as a third universal spe-
cies response to global warming (Daufresne et al., 2009; Gardner
etal., 2011; Sheridan & Bickford, 2011), in addition to changes in phe-
nology (Visser & Both, 2005) and geographic distribution (Parmesan
& Yohe, 2003). While the first two responses have been studied ex-
tensively (Meyer et al., 1999), the third one has received less atten-
tion despite its high prevalence and magnitude. For instance, body
size can reduce up to -4% per °C in terrestrial species and up to -8%
per °C in aquatic ectotherms (Forster et al., 2012). Previous studies
focused on proximal mechanisms, (i.e., how environmental factors
influence life history traits by impacting physiological and develop-
mental processes [Thierry, 2005]) and ultimate mechanisms related
to the evolution and adaptive value of body size changes (Atkinson
& Sibly, 1997; Frazier et al., 2001; Hoefnagel & Verberk, 2015;
Verberk et al., 2021; Walczynska et al., 2015; Zuo et al., 2012) and
their variability among species and habitats (Atkinson, 1994; Forster
et al.,, 2012; Horne et al., 2015). At the individual level, body size
shift can be explained by the Temperature Size Rule (TSR, Angilletta
et al, 2004; Arendt, 2007, 2011; Atkinson, 1994; Atkinson &
Sibly, 1997; Berrigan & Charnov, 1994; Perrin, 1995), which states
that ectotherms grow faster but reach a smaller size at a given stage
of development (e.g. size at maturity or adult size) under warm en-
vironment compared with colder ones, resulting in “crossed” growth
curves (Figure 1). This pattern of TSR remains an evolutionary puz-
zle (Atkinson & Sibly, 1997) and body size shifts could be the result
of different developmental strategies. For example, a recent study
showed that warming accelerates growth and reproduction leading
to arapid life cycle but also a decrease in adult survival in a temperate
lizard species (Bestion et al., 2015). This study and others (Clissold
& Simpson, 2015; Corréa et al., 2021; Courtney Jones et al., 2015;
Kingsolver et al., 2006; Marn et al., 2017; Rohner et al., 2017)

(a) Crossed curves (b) Nested curves
Size Size
Cold
Warm
Age

FIGURE 1 Patterns of crossed vs. nested growth curves driven
by (a) temperature and (b) feeding frequency (after Berrigan &
Charnov, 1994).

climate change, feeding frequency, integral projection model, life history traits, strategy,
temperature size rule, warming
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suggest that it is important to investigate the links between growth
trajectories and fitness related traits (survival and fecundity) to
better understand how the combination of these traits may influ-
ence individual fitness and population demographic parameters.
However, most studies on TSR did not investigate these links (but
see Corréa et al., 2021; Kingsolver et al., 2006; Marn et al., 2017) and
the evolutionary puzzle of the TSR thus remains open. We argue that
investigating the links between temperature, growth, and life history
traits is key to understand the adaptive value of TSR. In addition,
the adaptive value of TSR might be context dependent which calls
for investigating (1) how other stressors interact with temperature,
(2) if they can amplify or dampen thermal effects, and (3) if this can
change the adaptive value of the TSR.

Besides temperature, another major factor underlying growth,
reproduction, and survival is food (Boersma & Vijverberg, 1996;
Boggs & Ross, 1993; Corréa et al., 2021; Giberson &
Rosenberg, 1992). Individuals need enough resources, as energy
and material inputs, to sustain their metabolic demand and optimize
the allocation of energy to growth, reproduction, and maintenance
(Brown et al., 2004; Cross et al., 2015; Lemoine & Burkepile, 2012).
There is a long history of research on the influence of food on the
growth rate and fecundity of ectothermic species (Boersma &
Vijverberg, 1996; Corréa et al., 2021; Giberson & Rosenberg, 1992;
Johnston et al.,, 2002; Rasmussen & Ostenfeld, 2000). In most
cases, individuals with a higher food level have a higher fecundity
and have both a higher initial growth rate and a larger size at age
compared to individuals under limited food conditions. In contrast
to the pattern of crossed curves driven by temperature, different
food levels lead to a pattern of nested curves where the growth
curve under limiting food is nested below the growth curve under
unlimited food (Figure 1). Interestingly, food restriction may also
be beneficial to the life span of organisms as this restriction re-
duces the production of senescence-accelerating oxidizing agents
during metabolism (Gredilla et al., 2001; Sohal & Weindruch, 1996;
Speakman, 2005), resulting in a “eat little die old” strategy. The
effects of food on fecundity (which decreases) and survival (which
increases) are thus opposite and can be explained by a resource
distribution to nutrient-limited processes (Corréa et al., 2021). As
for temperature, this indicates that we should consider the effects
of food on multiple life history traits to better identify fitness con-
sequences and thus evolutionary strategies. Because food is a key
universal requirement of species niche, investigating the effects
of food and temperature on life history traits is a natural step for
our understanding of the factor that can modulate the adaptive
value of TSR.

B5UB017 SUOWILIOD SIS0 3(dfedtdde Bu Aq peusenob 812 S VO ‘88N JO SN o A%iq1T8UlUO /8|1 UO (SUORIPUOD-PUe-SWLISH LD AB | 1M Afe.q U1 |UO//STNY) SUORIPUOD Pue SWie L 8y} &8s *[e202/2T/20] uo Ariqiautiuo A8)im ‘osdiq - seiu Ag 0£L0T €899/200T OT/I0p/LLI00™A3| M AReaq U1 |UO//:SdNY Wiy papeoiumoq ‘TT ‘€202 ‘85LLSY02



BAZIN ET AL.

Temperature and food availability are key drivers of species
geographical distribution, primary production, species interac-
tions, and energy and material fluxes (Elser et al., 2007; Enquist
et al., 1999; Falkowski et al., 1998; Thomas et al., 2017) and are at
the core of influential ecological theories. On one side, temperature
is fundamental to the metabolic scaling theory (Brown et al., 2004)
while, on the other side, food is at the core of resource competi-
tion theory (Tilman, 1982) and ecological stoichiometry theory
(Sterner & Elser, 2017). Better understanding the interactions be-
tween temperature and food is thus crucial for anticipating ecolog-
ical responses to multiple drivers of global change, such as climate
warming and elevated nutrient supply. The interactive effects of
temperature and food on life history traits have been studied in
many organisms such as phytoplankton (Huey & Kingsolver, 2019),
diatoms (Thomas et al., 2017; Walczynska & Sobczyk, 2017), rotifers
(Kietbasa et al., 2014), cladocerans (Betini et al., 2020; Giebelhausen
& Lampert, 2001; Persson et al., 2011; Wojewodzic et al., 2011),
aquatic insect larvae (Giberson & Rosenberg, 1992), terrestrial in-
sects (Clissold & Simpson, 2015; Corréa et al., 2021; Kingsolver
et al., 2006; Kingsolver & Woods, 1998; Lee & Roh, 2010; Petersen
et al., 2000; Rohner et al., 2017), fish (Brett, 1971; Brett et al., 1969;
McLeod et al., 2013), and turtles (Marn et al., 2017). In these studies,
warming generally resulted in a rapid life cycle by increasing growth
rates and decreasing age and size at maturity as well as survival
probabilities. However, these thermal effects were often modulated
by food level. In particular, temperature and food can covary and
impact ectotherm life history traits. Koussoroplis and Wacker (2016)
showed that the effect of food on life history traits is more severe
when temperature moves away from the optimal temperature.
Nevertheless, these previous studies did not fully investigate how
the effects of temperature and food on multiple life-history traits
combine to influence fitness and population demographic param-
eters (e.g., generation time and population growth rate). This is an
important limitation as we need to determine how the combination
of effects on multiple traits influence fitness to understand the
adaptive value of plastic and evolutionary responses to environmen-
tal factors; the latter being the focus of several studies and intense
debates in the literature on TSR (see Fryxell et al., 2020; Kingsolver
& Huey, 2008; Walters & Hassall, 2006; Zamudio et al., 1995). In
addition, many of the studies mentioned above were conducted on
small invertebrate species (but see Brett, 1971; Brett et al., 1969;
Marn et al., 2017; McLeod et al., 2013). As a result, we have limited
information on how temperature and food jointly influence life his-
tory traits of vertebrate predators. This is of importance as we ex-
pect body size changes to be stronger in predatory species (Forster
etal., 2012), which could affect population structure, trophic interac-
tion strength, and food webs stability (Emmerson & Raffaelli, 2004;
Osmond et al., 2017; Sentis et al., 2017; Uszko et al., 2022).

In this study, our objectives were to investigate (1) whether TSR
is maintained under different food conditions, (2) if food exacerbates
or dampens the effects of temperature on the growth trajectory and
life history traits of a vertebrate predatory species, and (3) if food
can influence the adaptive value of TSR. We address these three
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points by combining experiments on the medaka fish (Oryzias lati-
pes, Temminck & schlegel) with Integral Projection Models (IPMs) to
scale from life history traits to fitness consequences. In particular,
we first experimentally investigated the growth, reproduction, and
survival probability of medaka fish raised at two temperatures (20°C
and 30°C) and fed at two feeding frequencies (continuous or inter-
mittent). We next used our empirical estimates to parameterise an
IPM that was then used to understand and predict how temperature
and feeding frequency combine to influence mean fitness and gen-
eration time. We hypothesized that warming would increase growth
and fecundity but lower survival, leading to a rapid life cycle (short
generation time). Moreover, we hypothesized that this thermal ef-
fect would be modulated by intermittent feeding, the latter would
increase survival and selects for late maturation at larger body size.
We therefore expected that, in contrast to temperature, intermit-
tent feeding would increase the population generation time. As a
result, temperature and intermittent feeding would have opposite
effects on generation time and their overall effect would thus de-
pend on the relative strength of their individual effects. Overall, our
aim was to better understand to which extent investigating growth,
reproduction, and survival patterns could help disentangling the
relative impacts of temperature and food on body size shifts under
global warming as well as understand the adaptive values of these
phenotypic responses.

2 | MATERIALS AND METHODS
2.1 | Biological system and rearing conditions

The medaka is a small iteroparous freshwater fish native to East Asia
(Hirshfield, 1980). The life span of a medaka is about 2years and its
adult size varies between 30 and 50mm (Ding et al., 2010; Egami
& Etoh, 1969). This is an eurythermal species living in small ponds
and rice paddies with temperatures ranging from 10°C to 34°C
(Terao, 1985), with an optimum individual growth temperature of
25°C (Dhillon & Fox, 2004; Hirshfield, 1980). At this temperature,
the medaka requires only 10-12 weeks to reach sexual maturity. Fish
were maintained in the laboratory in 20L aquaria with 20-30 fish
using an open water system with a water supply controlled by drip
emitters (1Lh™). This density (less than 2-3 fishL'?) does not cause
any stress or agonistic behavior in this species (Denny et al., 1991).
Input water had a pH of 7.5 at 16 °GH and its quality was main-
tained with mechanical, biological, and UV filtration. Each tank
(25x40x20cm) was equipped with an air filter to prevent high ni-
trite concentrations and maintain oxygen at saturation.

The parental F, generation consisted of 46 females and 30
males (approximately 120 days old) belonging to the CAB strain from
Carolina Biological Supply Company (Burlington, NC, USA) and pro-
vided by AMAGEN® (Gif-sur-Yvette, France). At AMAGENG®), the fish
are fed ad libitum, providing a portion of ~1% of their weight four
times a day. At reception, fish were kept for 5days at 25°C. Then,
half of the fish were placed into five 20 L tanks for the “cold” thermal
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regime and the other half were placed into five 20L tanks for the
“warm” thermal regime. The female-to-male sex ratio per tank ranged
from 1.33:1 to 1.66:1. The tank temperatures were increased or de-
creased by 0.5°C every day until they reached 30°C or 20°C. During
this acclimation period, the photoperiod was 12h:12h (day:night)
and, after acclimation, it was then adjusted to 16h:8h (day:night)
which is optimal for medaka reproduction (Hirshfield, 1980).

From this F, generation, about 300 eggs were collected in each
tank and placed into hatcheries. Egg collection was carried out over
5days, implying that the maximum age difference between two
fish was 5days. Once the eggs had hatched, F, fish larvae were
transferred into six small nurseries (2.5L) per rearing temperature.
After 30days of growth, the fish larvae were transferred from their
nursery to a 20L tank and reared under four different treatments:
conti_20 (continuous and 20°C), inter_20 (intermittent and 20°C),
conti_30 (ad libitum and 30°C), and inter_30 (intermittent and 30°C).
Thus, for each treatment, approximately 80 fish were maintained in
three tanks, and their growth was monitored, except for inter_20
where only 54 fish in two tanks could be kept. The fish were fed with
TetraMin© every morning (for the continuously fed fish) or every
two mornings (for the intermittently fed fish). On each feeding day,
TetraMin© was provided to each tank until the fish no longer went
up to the surface to get food. Excess food was systematically re-
moved after feeding to prevent feeding between two meals. Apart
from temperature and food, all the experimental parameters were
similar in the four treatments.

The species-specific optimal thermal range for TSR is the range
between the temperature at which the population growth rate be-
comes positive and the temperature at which the population growth
rate is maximal (Walczynska et al., 2016). Walczynska et al. (2016)
showed that TSR can be maintained for temperatures slightly above
the optimal temperature for population growth rate. The optimal
temperature for medaka reproduction is 27°C (Hirshfield, 1980;
Yamamoto, 1975), and our warm experimental temperature is only
3°C above this optimal temperature which suggests that our warm
temperature is within the “optimal thermal range” for TSR and that
our results are not the product of a response to a thermal stress.

In the next sections, we explain how the effects of temperature
and food on growth, fecundity, and survival were measured and an-
alyzed and how we used these empirical estimates to parameterize
an IPM model to understand how effects on growth and life history
traits combine to influence mean fitness and generation time.

2.2 | Growth, fecundity, and survival

The total length (from the head to the tip of the caudal fin, TL) of fish
was measured with a precision of 0.5mm at 30, 45, 60, 100, 150,
200, 300, and 350days post hatching. Fish were measured after
placing them on a 5cm diameter Petri dish layered with a millimeter
graph paper and filled with water. They were then immediately
released into their respective tank. We measured between 12 and
17 fish per tank at a given age or all the fish when the number of

survivors was lower (see Figure S1 for more details). As fish were not
identified individually, the growth curves apply to the experimental
population (i.e., one curve per treatment) and not to individuals. In
each tank, we determined the time at which the first individual fish
was sexually mature, and we measured its size and determined its
age. The investment in reproduction was quantified by counting each
day in each tank the number of females with eggs and the number of
eggs laid per female (all the eggs were systematically removed). The
survival probability from 60days (age of the first individual sexually
mature all treatments combined), referred to as survival in this study,
was monitored daily until the end of the experiment.

2.3 | Statistical analysis

TL measurements and ages were used to fit Von Bertalanffy growth
curve model (Von Bertalanffy, 1938):

L= Lw(l - e’K(HO)) (1)

where L, is the estimated total length at time t, L the maximum as-
ymptotic size (i.e., the total length for fish with an « age), K is the initial
growth rate, and t, is the theoretical age at which body size is null.
Von Bertallanfy growth curves parameters (L, K, t,) were es-
timated by Bayesian inference using the Bayesian software JAGS
and the “R2jags” package (Su & Yajima, 2015) in R software (ver-
sion 4.0.2; R development Core Team). We assumed that the asymp-
totic size L, the initial growth rate K, and the theoretical age at null
size t, could vary between temperature (T) and food (C) conditions.
Consequently, four values of L, K, and t,, (one for each combination
[CT] of temperature and food condition) were fitted. For each pa-
rameter, we used a normal uninformative prior with a mean of 0 and

a precision parameter (inverse of the variance) of 0.001:
L.,crN(0,0.001) K-rN(0,0.001) t,-rN(0,0.001) 2)

To account for tanks (t) variability, we estimated random effects & for
each parameter using a multivariate normal distribution, e~N(0, X). The

covariance matrix X33 Was defined as:

of ry-6,_ g fp:0_ -0y
N
2
fi-01, ok i r3-0k -0 (3)
2
ry:6,_ 0y [r3:0g: 0y oy

With oL Ok and oy, the standard deviations of each random vector,
one per parameter, and ry, r,, ry the correlations between these vec-
tors. We used uninformative priors with a uniform distribution for each
parameter of X, adapting the limits to the parameters (e.g., between -1
and 1 for a correlation).

L.cr Ker, and toer are thus hyperpriors (population parameters)
that serve to assess parameters for each tank (t) when associated

with the random effects. For instance for the L parameter:

Lot =Loer et (4)
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We then used (Equation 1) to estimate the expected mean total length

L;; for each tank (t), and each age (j):
Ly = Lo (1 - e ) (5)

Finally, we hypothesized that the observed total length of each fish (f),

L, was normally distributed:

LyN(Ly, o)
+U(0, 10)

(6)

To compare the growth patterns among temperature and food con-
ditions, we plotted the average growth curves for each treatment
(combination of food condition and temperature) and their credibility
interval (Cl) using the posterior distributions of the parameters (L .,
Kerr tocr) that were obtained from five independent Monte-Carlo
Markov chains (see Figure S2 for more details on the estimated param-
eter values). For each chain, after an initial burning of 50,000 values,
400,000 iterations were computed and we conserved one value every
200 iterations to limit autocorrelation between estimations. The pos-
terior distributions for each average total length at age (L) were thus
constituted of 10,000 values. The quantiles 2.5% and 97.5% were used
to estimate credibility intervals Cls. We compared the growth curves
among our four experimental treatments by investigating the overlap
among their Cls. Curves were considered significantly different when
their Cls did not overlap (Pritchard et al., 2017).

We investigated the effects of temperature, feeding frequency,
and their interaction (fixed effects) on mean daily clutch size per fe-
male (log-transformed) and survival probabilities using a linear mixed
effects model (Imer function in the “Ime4” package, Bates et al., 2015)
and a mixed effects Cox proportional hazards model (coxme function
in the “coxme” package [Therneau, 2015]), respectively, with tank as
a random factor. For both models, analyses of deviance using Wald
tests were provided to test the significance of fixed parameters. We
tested the assumptions of the mixed effects Cox proportional haz-

|u

ards model using the cox.zph function (“survival” package [Therneau
& Lumley, 2015]) which correlates the corresponding set of scaled
Schoenfeld residuals with time to test for independence between

residuals and time (see Figure S3 for more details).

2.4 | |Integral projection modelling (IPM)

Integral Projection Models are discrete-time, structured population
models that estimate the asymptotic behavior of populations by
combining life history traits that can be discrete or continuous (Levin
et al., 2021). We used our empirical measurement of life history
traits to quantify the fitness of populations simulated by IPMs for
our four experimental treatments of temperature and food. To
build an IPM, the first step is to represent the life cycle of the focal
species. At each time step, an individual medaka has a probability s
to survive. If it survives, it grows according to a growth function g.
This individual has a chance to reproduce according to the function
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f_p, and if it reproduces, it produces a number of eggs according to
the fecundity function f_n. In the model, the vital rates (s, g, f_p, f_n)
are functions of the fish body size at time t. The eggs have hatching
and survival probabilities according to the function f_g, and the
resulting juvenile fish have a size distribution f_d. Egg hatching rate,
survival of juvenile, and their size distribution are independent of the
size of their parents.
We used a similar IPM structure as in Bogdan et al. (2021):
U

n(Z,t+1) = L K(Z,z)n(z t)dz (7)
where n(z/, t+ 1) is the size of the population at time t+1, z’ is the state
variable describing the population (i.e., body size in our model). n(z,
t+ 1) is obtained by integrating the product of K(z',z) and n(z,t) over the
domain [L, U]. In our model, the lower bound L is the minimum fish size
and the upper bound U is the maximum size. K(z',z) is a bivariate kernel
function that describes the transitions to state z’ given the initial state
of an individual z at time t. K(z,z) consists of two sub-kernels P and F.
P describes the survival and growth of fish at time t (P=s - g) and F de-
scribes the number and body size of juveniles at time t+ 1 according to
reproduction probability, hatching rate, juvenile survival and body size
distribution (F=f_p-f.n-f.g-f.d).

This yields to:

U
n(Z,t+1) = J [P(Z.2) + F(Z,2)]n(z t)dz (8)
L

The analytical solutions of IPMs are very resource expensive. An alter-
native method to solve Equation 8 is to use the integration rule of the
midpoint of the meshes along the domain [L,U] (Ellner et al., 2016). In
our model, the domain extends from the predicted size in log of a fish
after 30days (L) to the maximum observed size in log (U). The number
of meshes along this domain was set to 400.

To obtain the survival function s, we used Kaplan-Meier esti-
mates to compute the survival probability for each sampled age. We
then associated survival probabilities to fish body size using the es-
timated age-size relationship from the fitted Von Bertalanffy model.
Survival probability (s) in function of body size was estimated using
a logistic equation for each experimental treatment of temperature
and feeding frequency.

To obtain the growth function g, we predicted the size at t (L,)
(from O to 350days) of 10,000 fish from the 10,000 combinations of
Von Bertallanfy parameters from the Bayesian model posterior dis-
tributions. We then calculated the size at t+ 1 (LM) from L, following

the formula:
Lya=Le™+L (1-e) 9

For each age, we computed the standard deviation of the sizes at t+1
(10,000 values) and then considered the average value of the standard
deviations to implement residual variation around growth (g).

For the reproduction probability (f_p), we used a logistic equa-
tion considering that all fish reproduce once they reach their
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treatment-dependent age at maturity. For the fecundity function
(f_n), we used a Poisson regression model to describe the link be-
tween fish size and egg number. Egg hatching rate and survival
probability (f_g) and the body size distribution of juveniles (f_d)
were estimated from unpublished data from the same experimental
populations.

We used the “ipmr” R package (Levin et al., 2021) functions to de-
fine the kernels (define_kernel), the domain (define_domains), and the
initial state of the population (define_pop_state) and to compute the
IPMs (make_ipm). The number of iterations of the IPMs was fixed per
treatment to achieve asymptotic dynamics according to the is_conv_
to_asymptotic function. We used the gen_time and lambda functions
from the “Rage” and “ipmr” R packages (Jones et al., 2022; Levin
et al., 2021) to quantify the generation time T and the asymptotic
per capita population growth rate 1. We quantified the uncertainty
of T and 1 by bootstrapping 1000 combinations of L, K, and t, from
the Bayesian model posterior distributions (with replacement) and
by using 1000 random sample of each vital rate data set (survival,
reproduction, and fecundity) and refitting all demographic functions
s, g, f_p, f_n. For each new iteration, we ran an IPM and estimated T
and 4. This yielded 1000 estimates of T and 4 for each experimental
treatment. We next calculated the 95% confidence intervals of T and
A and compared their mean values across experimental treatments
based on the overlap of their 95% confidence intervals. We also per-
formed a sensitivity analysis to investigate the sensitivity of T and 4
to small changes in the vital rate estimates (see Figure S5). Data and
scripts used to build the IPMs and perform the sensitivity analysis

are available online.

3 | RESULTS

We found that when fish were fed continuously, warming leads

to crossed growth curves by increasing the initial growth rate and

decreasing adult size (Figure 2). The same pattern was observed
under intermittent feeding, although the curves crossed later
for the intermittently fed fish compared with continuously fed
fish. Intermittent feeding in the cold treatment leads to nested
growth curves throughout the experiment by decreasing the ini-
tial growth rate and adult size. Growth curves also tended to be
nested in the warm treatment although the credibility intervals
overlapped until day 149 and the curves were only significantly
different toward the end of the experiment (from day 149 to day
316, Figure 2).

Inthe warm treatment, the first sexually mature continuously fed
fish were observed at 67.3+2.3days (body length: 16.8+0.1mm)
and at 60days for all replicates (body length: 17.2+0.7 mm)
under intermittent feeding. In the cold treatment, they were sex-
ually mature at 169.7 +0.6days (body length: 26.3+0.6mm) and
186.5+0.7days (body length: 25.7+0.4mm) under continuous
feeding or intermittent feeding conditions, respectively. We found
that the mean daily clutch size per female was higher in the warm
treatment (Figure 3; X2:13.3, df=1, p<.001, n=196) and lower
under intermittent feeding (X2:10.6, df=1, p=.001, n=196). The
mean daily clutch size per female was not dependent on the inter-
action between temperature and feeding frequency (x2=0.8, df=1,
p=.374,n=196).

The fish survival was not significantly affected by the interaction
between warming and feeding frequency (X2:0.7, df=1, p=.402,
n=292). In contrast, warming significantly reduced fish survival
(Figure 4; X2=7.O, df=1, p=.008, n=292). Moreover, intermittent
feeding significantly increased survival (X2=15.O, df=1, p<.001,
n=292).

We found that warming decreased generation time T and in-
creased the asymptotic per capita population growth rate 1 (Figure 5).
In the cold treatment, intermittent feeding significantly increased T
and . Intermittent feeding had no significant effect on Tand 4 in the

warm treatment as their 95% confidence intervals overlapped.

Food
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sizes (in mm) at age (in days) of fish from
different replicates (i.e., tanks).
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FIGURE 4 Kaplan-Meier survival curves from 60days for each combination of temperature and feeding frequency. All fish (males
and females) were included. Black and red colors represent the cold and warm treatments (i.e., 20°C and 30°C), respectively. Solid and
dashed lines represent the continuous and intermittent feeding treatments, respectively. Shaded areas around the lines represent the 95%

confidence intervals.
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FIGURE 5 Estimated (a) generation time T and (b) asymptotic per capita population growth rate A for each combination of temperature
and feeding frequency. Black and red colors correspond to the cold and warm treatments, respectively. Filled and empty circles correspond
to the median of continuous and intermittent feeding treatments, respectively. Bars represent 95% confidence intervals.

4 | DISCUSSION

The results of our laboratory experiment indicate that, in agreement
with the TSR rule (Arendt, 2011; Atkinson & Sibly, 1997; Berrigan
& Charnov, 1994), warming leads to crossed growth curves with in-
dividuals growing faster but reaching a smaller size at maturity and
adult size compared with the cold condition. In addition, we found
this pattern in both feeding treatments, which indicates that TSR
can be maintained under different food conditions. We also found
that intermittent feeding does not affect size at maturity but leads to
nested curves where intermittently fed fish are smaller than contin-
uously fed fish at each age. Furthermore, the effects of intermittent
feeding appeared to be greater at 20°C where the growth curve for

the intermittent fed fish was more nested (i.e., below the curves for
continuously fed fish) than at 30°C. This is surprising because we ex-
pected intermittent feeding to have more effect in warm treatment
(as reported in Giberson & Rosenberg, 1992; McLeod et al., 2013;
Persson et al., 2011; Wojewodzic et al., 2011) because warming in-
creases metabolic rates which implies higher energetic demand and
feeding rate to sustain high metabolic costs (Brown et al., 2004). For
instance, Betini et al. (2020) found a TSR amplification in Daphnia
magna under low food levels with a body size reduction under warm-
ing five times stronger under food restriction than under unlimited
food conditions. Brett et al. (1969) found that food limitation more
strongly reduced growth rates in sockeye salmon (Oncorhynchus
nerka) at intermediate temperatures, and that optimal growth
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temperature shifted to lower values when food was limited. The im-
portant variability in the responses of size at maturity or adult size
to temperature and food shows the complexity of understanding the
mechanisms underlying the control of body size in ectotherms. We
conducted a short synthesis of the results of previous experimental
studies investigating the responses in size at maturity or adult size
to warming and food conditions (see Table S1). These results suggest
that temperature-induced body size shifts depend on the frequency
(McLeod et al., 2013), the quantity (Brett, 1971; Brett et al., 1969;
Courtney Jones et al., 2015; Kingsolver & Woods, 1998) but also
the quality (Kietbasa et al., 2014; Persson et al., 2011; Wojewodzic
et al., 2011) of resources, with lower resource quality amplifying the
detrimental effect of warming as reported in a recent study (Sentis
et al., 2022). Overall, decreasing feeding frequency tended to exac-
erbate the effects of warming on growth trajectories, which would
indicate that we underestimate the potential of global warming for
decreasing body sizes when we consider unlimited food.

We found that fish reared at 30°C were sexually mature
at a younger age and produced a larger mean daily clutch size
per female. These results are in line with Betini et al. (2020),
Giebelhausen and Lampert (2001), and Marn et al. (2017) who
found early maturation and increased fertility under warming in
Daphnia and turtles. In contrast, less is known about the responses
of developmental rates and fecundity to covariation between tem-
perature and food. Our results suggest that developmental rates
and fecundity are not sensitive to covariation between warming
and feeding frequency as we did not find any effect of intermit-
tent feeding on age at maturity and that intermittent feeding
decreased mean daily clutch size similarly in both temperature
conditions. We hypothesized that this last result may be explained
by a temperature-independent decrease in the energy allocated to
reproduction in response to lower feeding frequency. Our results
contrast with Betini et al. (2020) who found later maturation and
lower fecundity in Daphnia under food restriction, and these det-
rimental effects of food were exacerbated at high temperatures.
Marn et al. (2017) found a synergistic effect of the two environ-
mental factors on reproduction with similar predictions of repro-
ductive output under low temperature and high food availability
versus high temperature and low food availability. The various
responses of development rates and fecundity to covariation be-
tween temperature and food may be explained by a difference in
the energy allocation to growth or reproduction under different
environmental conditions, requiring further studies to fully under-
stand them.

In our experiment, the survival probability was influenced by
both temperature and feeding conditions. Indeed, fish reared at
30°C had a lower survival than fish reared at 20°C while intermittent
feeding increased the survival under both temperature conditions.
This beneficial effect of lower food conditions on survival was also
observed in frog larvae (Courtney Jones et al., 2015) and Daphnia
(Betini et al., 2020). Lower food implies a decrease in metabolism
and thus a lower production of oxidizing agents which contributes
to slow down senescence and increase survival, resulting in a “eat

little die old” strategy (Gredilla et al., 2001; Pifferi et al., 2018; Sohal
& Weindruch, 1996; Speakman, 2005). Although survival probability
was not significantly affected by the interaction between warming
and feeding frequency (i.e., the survival probability of continuously
fed fish at 20°C was similar to that of fish intermittently fed fish
at 30°C), our results potentially illustrate different developmental
strategies. For example, at 30°C, fish may have maintained a high
growth rate despite intermittent feeding in order to maintain a rapid
life cycle, at the expense of lower survival. This hypothesis is sup-
ported by the fact that mortality was higher and sexual maturity was
reached at a younger age and smaller size at 30°C compared with
20°C. Ultimately, measuring the fitness of the fish under the differ-
ent conditions would help in understanding if these strategies are
adaptive or result from physiological constraints that are difficulty
overpassed by evolutionary adaptations.

When we integrated our experimentally measured traits into
Integral Projection Model, we found a reduction in generation
time and an increase in the population growth rate under warm-
ing, suggesting that TSR increases the adaptive value of the pop-
ulation. Although survival probability was lower under warming,
fish reached sexual maturity much faster and had higher fecundity.
The earlier sexual maturity of fish enabled them to reproduce for
a longer time (Cole, 1954). Therefore, each female could produce
a higher number of juveniles, which leads to a higher population
growth rate compared to cold-acclimated populations. Consistent
with our experimental data, intermittent feeding increased genera-
tion time and asymptotic per capita population growth rate at 20°C,
whereas it had no significant effect on demographic parameters
of the populations at 30°C. Our experimental results showed that
intermittent feeding slightly decreased fecundity but strongly in-
creased fish survival probability, resulting in longer individual lifes-
pans and the production of more juveniles. Ultimately, intermittent
feeding proved evolutionarily advantageous in the cold treatment,
leading to a population growth rate equal to unity (A=1). This in-
dicates that the population moves from a declining dynamic (1< 1)
when food is not limiting to an increasing dynamic (1> 1) under
lower food conditions. Consequently, feeding frequency influenced
the adaptive value of TSR, as, under intermittent feeding, genera-
tion time decreased faster with warming and the increase in growth
rate with warming was weaker compared to continuously fed fish.
Our sensitivity analyses revealed that the demographic parameters
were mainly sensitive to the reproduction and survival probabil-
ities (see Figure S5). These parameters determine the lifespan of
the fish and the duration of their reproduction. The high sensitiv-
ity of the model to the reproduction probability can be explained
by our assumption that, in the model, all females reproduce after
reaching maturity (because we lacked information on which female
reproduces when) which lead to a steep reproduction function.
Nevertheless, this assumption was similar for the four treatments
and should not influence the qualitative comparison of our four
treatments. We suggest that the increase in population growth rate
and decrease in generation time at 30°C represent a TSR-induced
increase in population adaptive value, but we were not able to

B5UB017 SUOWILIOD SIS0 3(dfedtdde Bu Aq peusenob 812 S VO ‘88N JO SN o A%iq1T8UlUO /8|1 UO (SUORIPUOD-PUe-SWLISH LD AB | 1M Afe.q U1 |UO//STNY) SUORIPUOD Pue SWie L 8y} &8s *[e202/2T/20] uo Ariqiautiuo A8)im ‘osdiq - seiu Ag 0£L0T €899/200T OT/I0p/LLI00™A3| M AReaq U1 |UO//:SdNY Wiy papeoiumoq ‘TT ‘€202 ‘85LLSY02



BAZIN ET AL.

disentangle the effects of warming on growth from its effects on
other life-history traits, which may affect demographic parameters.
Thunell et al. (2023) and Smallegange et al. (2017) parameterized a
DEB-IPM model, incorporating parameters related to metabolism,
energy allocation, and consumption to explore the consequences
of temperature and food on population demographic parameters.
This type of model could better distinguish the effects of TSR from
other temperature effects on life history traits and investigate their
relative contributions in estimating population demographic param-
eters. However, this type of model requires a very large number of
parameters associated with each process (metabolism, energy allo-
cation, and consumption), and we had no such information from our
empirical data. Moreover, these parameters can be affected by tem-
perature acclimation, as shown in Sentis et al. (2015), Gray (2013),
and Sohlstrom et al. (2021). Consequently, we decided instead to
use only our empirical data to parameterize our simpler IPM model,
rather than making numerous, potentially less robust assumptions
about the parameters required for DEB-IPM. Although our IPM
model is simpler than the DEB-IPM model, it still allows us to ex-
plore how empirically studied life-history traits may affect popula-
tion demographics. As population growth rate corresponds to the
population mean fitness, the IPM helps determining the adaptive
value of TSR at different feeding frequency which is key to under-
stand if TSR is an ultimate or proximal mechanism.

Although intermittent feeding strongly affected survival, its ef-
fects on growth, fecundity, and demographic parameters were weak,
especially at 30°C. This may be explained by the potential acclima-
tion of medaka to rearing temperatures or by feeding frequency
being not severe enough. Reducing feeding events by half (1 out of
2 mornings) was considered restrictive although we cannot exclude
compensatory mechanisms where intermittent-fed fish would feed
more when they have access to food (Kingsolver & Woods, 1998).
In addition, temperature and feeding frequency are likely to have
independent and interactive nonlinear effects on life history traits,
as reported by Brett (1971). However, our experimental 2x2 fac-
torial design did not allow us to study the potential nonlinear ef-
fects of temperature and feeding frequency on life history traits,
although such nonlinear effects have been shown in previous stud-
ies (Brett, 1971). Although this remains to be investigated in more
detail, our results highlight the importance of considering the inter-
actions between temperature, body size, and food to understand
how larger predatory species respond to global changes in terms of
developmental and life history strategies. In addition, the ecologi-
cal consequences of temperature-induced changes in body size are
multiple. For instance, it can alter predator-prey size ratio which has
important implications for the occurrence and strength of preda-
tor-prey interactions and thus for community dynamics and food
web structure (Emmerson & Raffaelli, 2004; Kalinkat et al., 2013;
Sentis et al., 2017; Vagnon et al., 2021; Williams & Martinez, 2000;
Yodzis & Innes, 1992). To date, studies examining the consequences
of temperature-induced body size shifts on trophic interactions,
community dynamics, and food web structure, only considered the
reduction in adult size (Bideault et al., 2019; Osmond et al., 2017;
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Sentis et al., 2017). However, our results emphasize the importance
of considering ontogeny in future studies as the temperature effect
on growth is dependent on life stages. In addition, we expect phe-
nological and geographic changes to alter the quantity and quality of
resources (Ekvall et al., 2013; Paerl, 2014; Paerl & Huisman, 2008;
Urrutia-Cordero et al., 2017; Winder & Schindler, 2004), for exam-
ple in predator-prey relationships by inducing temporal or spatial
mismatches where the predator is left with reduced food (Boukal
et al., 2019; Twining et al., 2022). These phenological asynchronies
can alter the structure and dynamics of food webs and modify ecosys-
tem processes (Damien & Tougeron, 2019; Renner & Zohner, 2018).
Altogether, these studies indicate that it is important to investigate
the direct effects of temperature as well as indirect effects such as
altered food quality and availability to better understand the impact

of climate change on growth, survival, and fecundity.
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