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ARTICLE INFO ABSTRACT

Keywords: Temperature is an important ecological driver modulating life history traits of organisms, such as growth and

Fish reproduction. With the ongoing global warming, understanding the mechanisms underlying the effect of tem-

Growth perature on size and resource allocation trade-off is crucial. The temperature-size rule (TSR) describes plastic

Life history trait growth patterns in populations of ectothermic species under different thermal environments, whereby warming

ggiﬁ:gg’z‘: results in faster initial growth but lower size at maturity. However, the evolution of the TSR remains poorly

Temperature-size rule understood. Here we conducted an experiment with populations of the medaka fish Oryzias latipes maintained at
two temperatures for successive generations to investigate changes in the growth pattern of the TSR. After
rearing six generations at cold (20 °C) and warm (30 °C) temperature, we conducted common garden experi-
ments on the seventh generation where we compare growth trajectories and reproduction patterns in four dif-
ferent groups of fish: (i) fish reared at cold temperature over all seven generations (cold past and present), (ii)
fish reared at warm temperature over six generations and at cold temperature at the seventh generation (warm
past and cold present), (iii) fish reared at warm temperature over all seven generations (warm past and present)
and (iv) fish reared at cold temperature over six generations and at warm temperature at the seventh generation
(cold past and warm present). For each treatment, we monitored growth curves and reproduction, and in-
vestigated changes in model parameters and reproduction up to 350 days after hatching. Our study showed
changes in TSR patterns according to ancestral and developmental temperatures. Developmental temperature
mainly impacted age at maturity and asymptotic size, whereas size at maturity was driven more by the dis-
similarity between developmental and ancestral temperatures. Our results also highlight a loss of plasticity in
temperature-size and reproductive patterns for the fish that were reared under warm condition over six gen-
erations.

1. Introduction

In the global warming context, understanding the modalities and
mechanisms underlying the biological and ecological impacts of chan-
ging temperature is of prime importance. Temperature is an important
environmental driver that affects the life history traits and strategies of
organisms at molecular, cellular, individual and populational scales
(Malek et al.,, 2015; Parmesan, 2006; Pérez-Valencia and Moya-
Raygoza, 2015; Portner and Farrell, 2008; Sentis et al., 2017;
Walczynska et al., 2017). Body size is strongly influenced by tem-
perature through the relationship between metabolism (enhanced
under warming), development and growth (Brown and Sibly, 2006;
Hoefnagel et al., 2018; Kozlowski et al., 2004; van der Have and de
Jong, 1996; von Bertalanffy, 1957). Body size is a key factor that
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determines life history, being linked to morphological, physiological,
trophic and reproductive traits (Kozlowski et al., 2004; Ohlberger,
2013; Horne et al., 2017; Walczynska et al., 2017).

Body size influences fecundity, and is a major determinant of fit-
ness, especially for ectotherms (Roff, 1992; Stearns, 1992; Steigenga
and Fischer, 2007; Walczyiiska et al., 2015). Reduction in body size was
recently recognised as the third universal ecological response to global
warming, along with shifts in species geographical ranges and in species
phenology (Daufresne et al., 2009; Gardner et al., 2011; Horne et al.,
2017). Ectotherms, which represent 99% of living animal species
(Atkinson and Sibly, 1997), are especially sensitive to global warming
because of their temperature-dependent metabolism. At the phenotypic
scale, warming increases growth rate, but leads to earlier maturation
and smaller adult size (Atkinson, 1994). This plastic thermal response is
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referred to as the temperature-size rule (TSR; Angilletta et al., 2004,
2003; Angilletta and Dunham, 2003; Atkinson, 1994; Berrigan and
Charnov, 1994; Malek et al., 2015; Pérez-Valencia and Moya-Raygoza,
2015). The strength of the TSR depends on habitat, with aquatic species
shrinking more with warming than terrestrial ones (Forster et al., 2012;
Horne et al., 2015).

Body size and fecundity are often positively correlated (Honék,
1993; Roff, 1980, 1992; Stearns, 1992). On the one hand, the TSR
implies earlier maturity under warming which increases likelihood of
reproducing. But on the other hand, smaller size is associated with
lower fecundity, which can seem counterintuitive (Sibly and Atkinson,
1994). Within ectothermic populations, a larger body size is expected to
enhance fitness, favouring larger individuals (Kingsolver and Huey,
2008). It could thus be advantageous to delay maturity if the resulting
larger size increases fecundity (Atkinson and Sibly, 1997), improving
the net reproductive rate (Ry) (Kingsolver and Huey, 2008). By contrast,
an earlier maturity would increase the number of generations in a given
time, resulting in a higher intrinsic rate of population growth (re-
presented by the Malthusian parameter r) and thus greater fitness (also
known as the “compound interest hypothesis”; Angilletta et al., 2004;
Fischer and Fiedler, 2002). However, adaptive models exploring this
trade-off between thermal constraint on growth and maximal size did
not show that TSR patterns corresponded to a greater fitness (Atkinson
and Sibly, 1997; Berrigan and Charnov, 1994). More generally, ac-
cording to Angilletta et al. (2004), the compound interest hypothesis
would apply to species with a constrained generation time. Otherwise,
natural selection would lead to earlier maturation, and if growth is
favoured by temperature, to a larger size. Yet the TSR patterns are not
counter-selected. In other words, assuming the TSR evolves to max-
imize fitness (Czarnoleski et al., 2017; Forster et al., 2013; Forster and
Hirst, 2012; Shama and Wegner, 2014), the mechanisms of this evo-
lution and its adaptive nature remain poorly understood (Angilletta
et al., 2004; Arendt, 2015, 2011; Czarnoleski et al., 2017; Koztowski
et al., 2004). Phenotypic plasticity could be passive (non-adaptive, due
to thermal constraints, e.g. thermodynamic, bioenergetics) or active
(requiring specific response of organisms, e.g. physiological) (Schulte
et al.,, 2011). It has been suggested that the TSR is an adaptive phe-
notypically plastic response (Forster and Hirst, 2012; Ghosh et al.,
2013; Partridge et al., 1994; Partridge and Coyne, 1997; Steigenga and
Fischer, 2007). To test this hypothesis, recent studies suggested using
common garden experiments designed to test for parental and progeny
responses to crossed thermal treatments in order to examine genetic
and environmental effects on different traits (Forster et al., 2013, 2012;
Steigenga and Fischer, 2007).

As originally defined, the TSR describes “the direct effects of rearing
temperature on the size of ectotherms at any given stage of development”
(Atkinson, 1994). From this viewpoint, it has mainly been investigated
by submitting individuals of one generation to different temperatures.
However, comparisons of TSR patterns between individuals with dif-
ferent ancestral thermal conditions (i.e. over several generations) are
scant (but see Blanckenhorn, 2015; Forster and Hirst, 2012; Steigenga
and Fischer, 2007; Walczynska et al., 2015). Plasticity experienced by
parents may span generations and act on phenotypes of offspring
through transgenerational plasticity (Schulte et al., 2011). It can be
considered as evolutionarily selected or even as an “anticipatory ma-
ternal effect” to prepare and protect progeny from constraints ahead
(Blanckenhorn, 2000; Shama et al., 2016; Shama and Wegner, 2014;
Walczynska et al., 2015). Steigenga and Fischer (2007) state that par-
ental effects can be a major mediator of phenotypic plasticity and might
have antagonistic effects on fitness components such as egg size and
body mass. However, their work only dealt with early stages, and so
could not predict the fitness of progeny. The TSR predicts faster initial
growth and larger size at early stages with warming, but a shorter total
period of growth, leading to a lower adult body size. Studies on adults
tend to focus only on growth function, and overlook reproduction, even
though these two processes are related (Arendt, 2011; Kindlmann et al.,
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2001).

Besides the uncertainties stated above, the adaptive nature of the
TSR patterns remains underexplored in vertebrates. In this work, we
investigated, for the first time to our knowledge in aquatic vertebrates,
whether the plasticity of the TSR patterns (usually observed for in-
dividuals of a given generation submitted contrasting temperatures)
changed after long-term exposure to different temperatures. To study
the importance of ancestral (past, over-generations) vs. developmental
(present) temperature on TSR pattern, we examined the growth and
reproduction of a fish model species, the Japanese medaka (Oryzias
latipes), after several generations reared in different thermal conditions
(warm vs. cold). To test the plastic response to each thermal condition,
we designed common garden experiments (Crozier and Hutchings,
2014). We used a full factorial design with two ancestral (past) tem-
peratures and two developmental (present) temperatures resulting in
four temperature treatments: progeny from cold parents in cold con-
ditions (cold past - cold present), progeny from cold parents in warm
conditions (cold past — warm present), progeny from warm parents in
warm conditions (warm past — warm present), and progeny from warm
parents in cold conditions (warm past — cold present). We recorded
body size throughout development, and analysed growth curves using
the von Bertalanffy model. Because adult body size differs according to
stage in indeterminate growers, we compared size at maturity and
asymptotic size. We also investigated individual reproduction by as-
sessing age at maturity, phenology and fecundity.

Arendt (2011) suggested that the TSR is adaptive if the slope of the
relationship between size (x-axis) and fecundity (y-axis) becomes
shallower with warming, as this implies smaller gains in fecundity for
larger adults in warmer water. We tested this hypothesis by comparing
the size-fecundity relationship among temperature treatments.

We sought (i) to determine whether the phenotypic plasticity be-
tween different thermal treatments still appeared after several genera-
tions of progeny reared under the same conditions as their parents
(comparison of warm past — warm present vs. cold past — cold present
growth and reproduction patterns), (ii) to test whether the TSR patterns
were conserved (i.e. similar reaction norms independent of the ancestral
temperature), and conversely (iii) to test for changes in the amplitude
of reaction norms depending on ancestral temperature, and finally (iv)
to test whether growth and reproductive patterns followed the size-fe-
cundity relationship hypothesised by Arendt.

2. Materials and methods
2.1. Biological model

The Japanese medaka (Oryzias latipes) is a eurythermal rice fish
species of the Adrianichthyidae family, native to marshes, ponds and
rice paddies of East Asia (Leaf et al., 2011; Takehana et al., 2004). It is
often used as a biological laboratory model (Fabacher and Little, 2000;
Leaf et al., 2011; Overstreet et al., 2000). Its lifespan is about one year
in the wild, but it can live for up to five years in captivity (Leaf et al.,
2011; Shima and Mitani, 2004). It is oviparous (Shima and Mitani,
2004), matures at about 75 days post-hatching (dph) (76 - 77 dph at
26.5°C (= 2.2, SD) (Leaf et al., 2011); 10-12 weeks (70 — 84 dph) at
27 °C (Hirshfield, 1980)) and reaches its maximum egg production at
85-92 dph at 26.5 °C ( = 2.2) (Leaf et al., 2011). Its thermal optimum is
25 °C (Kirchen and West, 1976; Leaf et al., 2011), but it can survive over
a wide range of temperatures (0 — 40 °C; Leaf et al., 2011; Shima and
Mitani, 2004; Yamamoto, 1975), making it an ideal model for experi-
mental non-stressful thermal studies.

2.2. Experimental design
The experiment started with a FO of 76 individual Japanese me-

dakas (46 females and 30 males of CAB strain) obtained from Carolina
Biological Supply Company (Burlington, NC, USA; from AMAGEN, Gif-
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sur-Yvette, France) and WatchFrog (Evry, France). Fish were separated
and reared at two temperatures, cold (ca. 20 °C) and warm (ca. 30 °C)
(Hemmer-Brepson, 2013; Hemmer-Brepson et al., 2014) for six gen-
erations (Fig. 1). Each new generation (n+ 1) started from egg clutches
laid by females from the previous generation (n), harvested around
optimum fecundity (i.e. when the average number of eggs per female
per day was at its maximum). Eggs are naturally attached to the female
body. They were therefore collected directly on the female using a
brush in the morning so that they could be placed in their new en-
vironment shortly after fertilization (a few hours at most). Eggs col-
lected from females of the same condition (either cold or warm) were
mixed to compose replicates of the new generation. Each generation
was made up of 12 tanks (6 tanks/replicates per condition;
25 X 40 X 20 cm). Replicates (tank) were initially composed of hun-
dreds of fish larvae from the same treatment randomly placed in a fish
net (nursery tank), resulting in ca. 30 adults per tank with a 50/50 sex
ratio. Density varied according to juvenile mortality, but remained low
enough to minimize competition effects under unlimited food condi-
tions (Magnuson, 1962) and to avoid agonistic behaviour (Hemmer-
Brepson, 2013; Hemmer-Brepson et al., 2014).

We used a full factorial design with two ancestral (past) tempera-
tures and two developmental (present) temperatures. We focused on the
seventh generation, started from eggs laid by the females of the sixth
generation during their reproduction optimum (137.51 + 32.14 dph
under the warm condition and 198.14 + 2.80 dph under the cold
condition). Collected eggs were split into nursery tanks of the two
treatments, composed of a cold and a warm common garden. The cold
common garden consisted of three tanks containing progeny from cold
parents (cold past and cold present, C_C) and three tanks containing
progeny from warm parents (warm past and cold present, W_C).
Symmetrically, the warm common garden consisted of three W_W
(warm past and warm present) and three C_W (cold past and warm
present) tanks (Fig. 1). Growth and reproduction were monitored from
30 dph and from maturity (first egg-laying), respectively, to 350 dph
(based on the average hatching time of individuals in the tank). Since
temperature accelerates development, warm and cold generations were
time shifted. Experiment and data sampling therefore lasted about 600
days.

Apart from temperature, all the experimental parameters were si-
milar in the two conditions. We used an open water system, water
supply being ensured by drip emitters (1L. h™?). Input water quality
was maintained with mechanical, biological and UV filtration. Each
tank was equipped with air powered filters to prevent any nitrite spike
and maintain oxygen at 100% saturation. Fish were fed ad libitum with
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dry flake for tropical fish TetraMin© (Shima and Mitani, 2004) twice a
day (9:00 h and 18:00 h). Photoperiod was set to 16 h : 8 h light : dark
to maximize reproduction (Denny, 1991; Hemmer-Brepson et al., 2014;
Hirshfield, 1980). Water temperature was maintained at 20 °C ( + 0.63,
SD) and 30°C ( * 0.52) using submersible aquarium heaters with
thermostats (JUWEL©) (Fig. S1). Room temperature was adjusted to
20 °C using air conditioning. The tanks were cleaned every day to re-
move food leftovers and faeces.

2.3. Monitoring of life history traits

2.3.1. Growth
Size was measured at 30, 45, 60, 100, 150, 200, 300 and 350 dph.
At each date, we randomly chose 15 fish from each tank and measured
their total length (L, from head to end of caudal fin) by placing them in
a Petri dish on 1 mm graph paper, with a precision of = 0.5 mm.
Growth was modelled using the von Bertalanffy (Cailliet et al.,
2006; Leaf et al., 2011; von Bertalanffy, 1960) model:

Ly = Loo (1 — e7*0=0),

where L.. stands for the asymptotic size, k the growth coefficient cor-
responding to the initial growth rate, t time, and t, the theoretical initial
age. Growth curves and parameters were estimated using non-linear
least squares with the R package fishmethods (Nelson, 2017), with the
same initial theoretical parameters in all cases (previous assays with
theoretical parameters estimated for each tank showed no differences;
Table S.2) (Quinn and Deriso, 1999). All theoretical parameters were
estimated by fitting the von Bertalanffy model to all data regardless of
treatment (Table S.3). Theoretical L.. was defined as the maximal
length reached. Theoretical k was estimated by the slope of the linear
regression model fitting overall body size as a function of age. Theo-
retically, to can be before birth, i.e. be negative, starting when the egg is
fertilized to modify the inflection point of the curve (Hoefnagel et al.,
2018), but it was not possible to assess early stage data (i.e. larvae) in
our study. Here theoretical t, was defined as the smallest sampled age
(30 days).

2.3.2. Reproduction

Fecundity (Fec) was defined as the number of eggs laid per female
per day in each tank. Fec and L; of hatching females were monitored
every morning from maturity to 350 dph in each tank. Phenology was
described by the density of eggs by age specific to each treatment re-
presenting the lifetime evolution of egg laying events for each treat-
ment.
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2.4. Statistical analysis

We analysed treatment effect on growth (L.., k) using likelihood
ratio tests (Kimura, 1980). The likelihoods of two sub-models (con-
sidering a common L.. value or a common k value) were compared to
the likelihood of the general model (including one L.., one k, and one t,
for each treatment). We computed a nonlinear mixed-effects (NLME)
model taking into account all treatments following the sub-models
hypothesis with tank as group effect and parameter L..; +k; +tp; as
random effect (Table S.1). Differences among treatments were then
tested by comparison of NLME sub-models using subsets of the data of
two treatments (Table S.4).

Variability of phenology among treatments was analysed by com-
paring pairs of distributions with Kolmogorov-Smirnov tests.

Treatments and size effects on fecundity were analysed by a gen-
eralized linear mixed model (GLMM) with a negative binomial dis-
tribution (R package glmmADMB; Bolker et al., 2012; Skaug et al.,
2014) according to the recommendations of Zuur et al. (2013) with Fec
as dependent variable, treatment, L, and the treatment:L, interaction as
fixed effects, and tank as random effect to control for potential within-
treatment variability. Age was not considered because of its high cor-
relation with L, (Pearson correlation coefficient = 0.73, t = 90.7,
P < 2.2e-16). Best models were selected based on their relative AICc.

Treatments’ effects on age and size at maturity were analysed using
Nested Anovas (R package nlme; Pinheiro et al., 2017). Post hoc analyses
were performed to highlight differences between treatment (function
glht of the R package multcomp; Bretz et al., 2016; Hothorn et al., 2008).

All statistical analyses were computed using R (R Core Team, 2017).
For all tests, the significance threshold was P = 0.05. Normality of
variables was evaluated with the Shapiro test (Royston, 1995) and vi-
sually with a quantile-quantile plot (QQplot) (Becker et al., 1988).
Homoscedasticity was tested with the Bartlett test (Bartlett, 1937).

3. Results
3.1. Growth

Growth curves varied significantly among treatments of the seventh
generation (Fig. 2A, Table 1). The TSR patterns were clearly visible on
comparing growth curves between the two developmental thermal
conditions. The complete model (HO) was selected as the best model,
compared with sub-models revealing a significant effect of treatments
for both k and L.. (Table 1). k values were significantly different among
treatments (Fig. 2B left). Individuals under warm developmental con-
ditions (W.W and C_W) had the highest k values (mean = SD:
0.0132 * 8e-04 and 0.0163 + 5e-04, respectively) and the lowest L..
(36.36 = 0.82 and 33.72 *= 0.4mm) (Fig. 2B right), whereas in-
dividuals under cold developmental condition (W_C and C_C) presented
the highest L.. (41.35 = 1.12 and 43.82 * 2.31 mm, respectively)
and the lowest k values (0.0079 * 3e-04 and 0.0059 + 6e-04).

However, treatments sharing developmental temperature but with
different ancestral temperatures did not display identical growth pat-
terns, showing a significant effect of ancestral temperature (Fig. 2A and
B). For both developmental temperatures, individuals with the same
ancestral and developmental temperatures (W_W and C_C) exhibited
significantly lower k than the crossed treatments with different ances-
tral temperatures i.e. compared to C_W and W_C respectively (Fig. 2B
left). The strongest TSR pattern, characterized by the largest differences
in k and L., between treatments, was observed between C_.W and C_C,
whereas W_ W and W_C showed intermediate patterns (Fig. 2A and 2B).

3.2. Reproduction
Different reproduction strategies appeared according to the ances-

tral and developmental temperatures (Figs. 3 and 4).
Individuals of the seventh generation under warm developmental
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Fig. 2. Growth pattern. (A) Von Bertalanffy growth model curves for each
treatment: warm line (W_W; continuous red line), cold line (C_C; continuous
blue line), cold of warm origin (W_C; dashed turquoise line), and warm of cold
origin (C_W; dashed orange line). Darkened areas around curves represent
confidence interval. (B) Boxplots of estimated von Bertalanffy parameters.
Boxplots represent the median (middle line), the first and third quantiles of the
result, and points represent the measure for each replicate (tank). Boxes with
different letters indicate significant differences tested by post hoc analyses,
using NLME models and likelihood ratio tests. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)

temperature (W_.W and C_W) matured earlier than those under cold
(C_C and W_C) (Fig. 3A). They also displayed advances in reproductive
phenology with earlier fecundity peaks and reproductive senescence
than individuals experiencing cold developmental temperature
(Fig. 4A).

Reproductive strategies of individuals sharing developmental tem-
perature but with different ancestral temperatures (C_W, W_.W and W_C,
C_C) were likewise not identical, demonstrating a significant effect of
the interaction with the ancestral temperature. Reproduction of C_W
individuals started earliest (W.W: D =0.23; W.C: D =0.37; CC:
D = 0.48; P < 2.2e-16 in the other three cases) at 72 dph (df = 8,
F =198.25, P < 0.0001; Fig. 3A) with the smallest size at maturity of
22 = 1mm (df =8, F=10.870, P =0.0034; Fig. 3B). WW in-
dividuals started and stopped reproducing after C_W individuals, but
before W_C (Kolmogorov-Smirnov test, D = 0.31, P < 2.2e-16) and
CC (D =0.52, P < 2.2e-16) individuals (Figs. 3A and 4A). Peak of
reproduction in W_C individuals occurred before that of CC in-
dividuals, which came latest (D = 0.38, P < 2.2e-16).

Fecundity was also significantly affected by treatment, i.e. interac-
tion between developmental and ancestral temperature (Table 2). We
observed a rising trend in Fec (clutch size) with the ancestral warm
condition (W_W and W_C) (Table 2; Fig. S.2C and S.3). W_W individuals
had the highest mean Fec (11.19 * 6.32 eggs per clutch), followed by
W_C (7.72 £+ 4.29 eggs per clutch, z-value = 3.65, P = 0.0013), C_C
(6.24 = 4.06, z-value =5.42, P < le-04) and CW individuals
(6.18 = 3.95 eggs per clutch, z-value = 5.59, P < 1e-04).

*
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Table 1
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Comparison of growth sub-models. Hypothesis HO, H1 and H2 represented sub-models following Kimura (1980) to fit length and age, with HO as the general model
(one different L.., k, and t, for each treatment), H1 as the sub-model with the same L.. for each treatment, and H2 as the sub-model with the same k for each
treatment. The P-values for the effect of each model were calculated by ANOVA of the NLME. Key: 0 “***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘. 0.1 “ 1.

Property/trait Test Hypothesis df AIC BIC LogLik L.Ratio P
Growth HO vs. H1 Loi=Ley=Los=L.y 19 6162.31 6262.09 -3062.16
13 6184.15 6252.41 —3079.07 33.84 <.0001 ***
HO vs. H2 k; = ks =ks =ky 19 6162.31 6262.09 —3062.16
16 6217 6301 —-3092.26 60 < .0001 ***
A Age at maturity B sizeat maturity A Phenology
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Fig. 3. Maturity features. (A) Age at maturity. (B) Size at maturity. Boxes with Age (days post hatching)
different letters indicate significant differences tested by post hoc analyses. B
Points represent replicate (tank) per treatment. . . . )
Size-fecundity relationship
Fec increased with L, for all treatment, but the amplitude depended ’g 40+
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(Fig. 4B, Table 2). Size-fecundity relationships were steeper for in- S 30
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- S esses!
fered from the ancestral temperature (C_W and W_C respectively). The £ 204 i Treatment
fecundity of W_W and C_C individuals rose with L, (slope = 1.20 and .g H : WW +
1.30 respectively) more than 4 times faster than for CW individuals £ 104 3 8881837« . C
. 3 . i L)
(slope = 0.27) and ca. 1.3 times faster than for W_C ones (slope = 0.95) i:) N 1 T
(Fig. 4B). @ : 2
0l : -
10 20 30 40

4. Discussion

In this study, we found that the TSR patterns of faster growth,
earlier maturity and smaller adult size under a warmer developmental
environment persisted after six generations of exposure to different
ancestral temperatures (i.e. comparing W W and C_W to C_C and W_C).
As reported in previous fish studies (Donelson et al., 2016; Kuparinen
et al., 2011), we also found that earlier maturity under warming was
associated with earlier reproduction peaks. This advance in phenology
with warming is consistent with previous studies of thermal effects on
fish reproduction, and may represent a rapid way to adapt to new cli-
matic conditions (Donelson et al., 2016; Kavanagh et al., 2010; Munday
et al., 2009; Salinas et al., 2013; Walczynska et al., 2017). Other im-
portant life-history characteristics, namely size at maturity and fe-
cundity showed no similarities between treatments sharing the same
developmental temperature, but common patterns appeared between
treatments sharing the same ancestral temperature (W_W, W_C and C_C,
C_W). Thermal history thus offers a new perspective for understanding
TSR patterns. More precisely, pairwise comparisons among the different
temperature treatments revealed consistent TSR patterns between
continuous treatments (C_C vs. W_W), crossed treatments (C_W vs. W_C)
and treatments with the same ancestral temperature but different de-
velopmental temperatures (C_C vs. CW and W_W vs. W_C). This con-
servation of the TSR patterns showed that plastic abilities persisted
after long-term exposure and were regulated by developmental and
ancestral temperatures for growth and reproductive traits.
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Female size (mm)

Fig. 4. Reproduction pattern. (A) Reproductive phenology represented by
density of egg-laying events according to age for each treatment: warm lines
(W_W; continuous red line and cross), cold line (C_C; continuous blue line and
circle), cold of warm origin (W_C; dashed turquoise line and square) and warm
of cold origin (C_W; dashed orange line and triangle). (B) Size-fecundity re-
lationship for each treatment. Linear regression lines are represented with
confidence intervals (grey). Points symbolize clutch size according to female
size. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Another interesting finding is that the TSR pattern of smaller size
under warming depended on whether we considered size at maturity or
final size (i.e. asymptotic size). For size at maturity, the developmental
temperature alone was not enough to explain individual strategies,
since individuals sharing warm developmental temperature showed the
greatest difference in size (i.e. smallest size for C_W individuals and
largest for W_C). By contrast, final asymptotic sizes were smaller for fish
sharing warm developmental condition (C_W and W_W) and larger for
fish sharing cold developmental condition (W_C and C_C). However,
considering the ancestral temperature, we found that asymptotic size in
crossed treatments (C_W and W_C) tended to be smaller than in con-
tinuous treatment (C_C and W_W respectively) though not significantly
so (Fig. 2B right and Fig. S.2D). Thus, size at maturity was more
strongly influenced by the interaction between developmental and an-
cestral temperatures, ie. constant thermal history vs. different
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Table 2
Best estimation of reproduction models. The P-values for the effect of each model were calculated by ANOVA of the model. Key: 0 “***’ 0.001 “*** 0.01 “** 0.05 *.’
0.1“1.
Property/trait N Model type Dependent variable Random effects Fixed effects
Effect s.d. Effect Chisq P
Reproduction 7251 GLMM NB Fec tank 0.13 intercept 546.8 < 2.2e-16 ***
treatment 44.2 1.373e-09 *
L, 139.7 < 2.2e-16 ***
treatment: L, 62.6 1.607e-13 ***

developmental temperature from the ancestral one, while asymptotic
size was mainly impacted by developmental temperature. Transge-
nerational studies on marine sticklebacks showed an increase in body
size with age in a cold developmental environment, supporting our
findings (Shama et al., 2014; Shama, 2015; Shama and Wegner, 2014).
However, body size monitoring was stopped before maturity (i.e. 90
dph), limiting comparison with our work and its contribution to un-
derstanding of TSR. A study with an experimental design closer to ours
on Drosophila melanogaster reported larger adult size for an adapted cold
line (cold ancestral temperature) at cold developmental temperature
(equivalent of C_C vs. W_C in our study), but also at warm develop-
mental temperature (equivalent of larger adults in C_W than in W_W)
unlike our results (Partridge et al., 1994). However, Drosophila has
determinate growth (size at maturity and final size are the same) unlike
medaka fish, which as indeterminate growers have to trade off the
switch to reproduction (size at maturity) and somatic investment (final
size) to maximize fitness. Here we focused mainly on asymptotic size,
but the TSR is usually addressed through size at maturity (Brans and
Meester, 2018; Breckels et al., 2013; Fischer and Fiedler, 2002; Hirst
et al., 2015; Hoefnagel et al., 2018; Majdi et al., 2019; Trip et al., 2014).
Maturity and stage after maturity appeared to be a key period impacted
differently by temperature according to species, resulting in potentially
different life trade-offs and strategies (Walczynska et al., 2015). Our
study thus highlighted the complexity of the TSR patterns and the im-
portance of considering diverse body size metrics (i.e. size at maturity
and asymptotic size) and thermal history (developmental and ancestral
temperatures) to better understand TSR patterns in species with in-
determinate growth.

We found that fish from warm ancestral and developmental tem-
peratures (W_W) had the largest size at maturity (Figs. 3B and 2B) and
the highest fecundity (Fig. S.2C and S.3), notably at an early age
(Fig. 4A). According to the maximization fitness hypothesis (Koztowski,
1999), this corresponds to the most optimal strategy (i.e. reproducing as
much as possible at the earliest age). However, their asymptotic size
was one of the smallest, bearing out that “bigger is not always better”
(Fuxjdger et al., 2019; Kaplan, 1992). The fact that reproduction was
higher for individuals from warm ancestral treatments is in line with
previous studies on flies (Partridge et al., 1995) and coral reef fishes for
relative warming (Donelson et al., 2016; Munday et al., 2017). Previous
studies showed that mothers can “act” through non-genetic inheritance
by investment in offspring to anticipate their future environment
(transgenerational plasticity, bet-hedging, silver spoon effect)
(Bonduriansky et al., 2012; Donelson et al., 2018; Engqvist and
Reinhold, 2016; Fuxjéger et al., 2019; Shama, 2015, 2017).

Homogeneous lines (C_C, W_W) tended to adopt “cold strategies” if
we compare with crossed treatment sharing developmental condition
(W_C, C_W respectively). These “cold-slow” life-history strategies are
characterized by a lower k and a later maturity than sharing develop-
mental crossed treatments (C_C vs. W_C and W_W vs. C_W) and a higher
L. (W.W vs. C_W). We were unable to highlight any significant dif-
ferences in L.. between C_C and W_C individuals. If a crossing occurred
in growth trajectories, it probably did so at around 350 dph, i.e. at the
end of our experiment (Fig. 2A). In addition, our statistical power might

be too low given of the small number of individuals considered. Pat-
terns in L.. were the only ones that were not consistent across the
treatments and the commonly observed negative relationship between k
and L.. (Atkinson and Sibly, 1997; Berrigan and Charnov, 1994) would
suggest that W_C and C_C may cross. However, longer experiments in-
volving more individuals are needed to test this hypothesis. The mod-
ification of the size-fecundity relationship (Arendt, 2011) might explain
this change in growth and reproduction towards “cold” strategies.
However, Arendt's assumptions have not been positively verified, since
the size-fecundity slope did not drop with temperature. The slope in-
stead dropped with a change in thermal conditions after a long-term
exposure to a specific temperature (C_C vs. CW; W_W vs. W_C), what-
ever the direction of the thermal change (warming or cooling). Dura-
tion of thermal exposure might thus be a major driver of the size-fe-
cundity relationship. Parental and grandparental environment
influence phenotypic plasticity of offspring fish as shown in experi-
ments on guppies (Roy et al., 2017) and sticklebacks (Shama and
Wegner, 2014). Number of generations could play a role in anticipatory
strategy if transgenerational plasticity accumulates at each generation
(Shama et al., 2016). More generally, this change in growth patterns
towards a “cold type” is in line with the predictions stating that, in a
stable environment, individuals should delay their switch to re-
production to maximize fitness (Berrigan and Charnov, 1994; Charnov
et al., 2001; Koztowski, 1996). This would resemble a switch from r to K
strategy (MacArthur and Wilson, 1967; Pianka, 1970) at the population
scale. This raises an interesting point. The TSR has been considered as
puzzling because it does not correspond to this expected switch from r
to K strategy. Our results suggest that the patterns should be considered
as nested: within TSR patterns, individuals at a given temperature over
several generations will tend to adopt cold/K strategies.

However, changing environment (unstable ie. different ancestral
and developmental temperatures) appeared to lead to other types of
strategy. The impacts of developmental temperature varied according
to the traits (reproduction, growth) and the nature of the thermal
change (cooling vs. warming) compared to the ancestral temperature.
Plasticity of growth and reproduction strategies between treatments
sharing ancestral temperature (W_W vs. W_C or C_C vs. C_W) fitted the
TSR patterns as originally defined (Atkinson, 1994) and was higher
(wider magnitude of reaction norm) for individuals sharing cold an-
cestral temperatures (C_W vs. C_C) than for individuals sharing warm
ones (W_C vs. W_W). In addition, growth strategies of crossed treat-
ments appeared more similar to typical pattern of developmental con-
dition (“cold” vs “warm” type) and even more intense than homo-
geneous treatments sharing the same environment (C_W and W_W; W_C
and C_C). Conversely, reproduction strategies appeared more confusing,
and may depend more on ancestral and/or developmental conditions.
Thus difference between ancestral and developmental temperature still
played a role, even after long-term exposure during six generations,
expressing the complexity of the evolution of response abilities.

More precisely, individuals from C_W exhibited an extreme warm-
type TSR strategy (earliest maturity, fastest growth, smallest adult size)
compared to other treatments, representing a high energy investment,
but resulting in a low fecundity, the opposite of fitness maximization
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(Barnes and Partridge, 2003; Berrigan and Charnov, 1994; Charnov
et al., 2001; Charnov and Gillooly, 2004; Koztowski, 1999; Partridge
and Coyne, 1997). This high response ability in this case might be af-
fected by the direction of thermal change (Walczynska et al., 2015) and
could therefore be interpreted as a “plastic overshoot”. Plasticity can be
negative (Donelson et al., 2018) or even maladaptive, notably when the
environment is unpredictable (Bonduriansky et al., 2012; Munday,
2014; Reed et al., 2010). This could be the case for the warming ex-
perienced after six generations under cold conditions, which may have
been perceived as sudden and unpredictable. In this way, individuals
with a cold past may have become more sensitive to warmer tem-
peratures. However, phenotypic plasticity, within and between gen-
erations, is a powerful way to cope with rapid environmental change
such as climate change (Bonduriansky et al., 2012; Crozier and
Hutchings, 2014; Donelson et al., 2018; Ramler et al., 2014; Rummer
and Munday, 2017; Walczyriska et al., 2017). If this way should prove
insufficient, species could see their fitness threatened, which could be a
concern in a global warming context.

Conversely, thermal reaction norm appeared lower in the warm line
i.e. warm ancestral temperature. Individuals from W_C did not mature
latest, as an extreme cold strategy would predict, but after W_-W and
before C_C individuals, suggesting a mix of the two strategies. This
highlights a variation in plasticity of the TSR patterns, pointing to a
combination of ancestral (past) and developmental (present) effects in
growth and reproduction. It recalls the association of maternal and
thermal environment effects observed on rotifers in early stages
(Walczynska et al., 2015) and parental environment in sticklebacks
(Shama et al., 2014), strengthening the potential adaptive plasticity of
the TSR. We can speculate about the reasons for this low plasticity for
individuals from the warm line. This pattern could be due to a lower
need for plasticity because individuals were less stressed. According to
Jensen's inequality, warming would have a stronger effect (Shama,
2017). Transition from cold to warm treatment would then be more
constraining than the other way around. Conversely, low plasticity
could demonstrate a loss of response abilities. This last hypothesis is
alarming because it implies that populations adapted to a warm en-
vironment will struggle to face the environmental variabilities (e.g
more thermal fluctuations and more frequent extreme events), that are
likely to increase in a climate change context (Pachauri et al., 2014;
Stocker et al., 2013).

Finally, some limits should be taken into account before general-
izing our results. First, the very high plastic capacities after long-term
thermal exposure shown in this study may be due to the eurythermal
nature of our study model. The broad thermal tolerance of the medakas
(0-40°C; Leaf et al., 2011; Shima and Mitani, 2004; Yamamoto, 1975)
means that a change, of 10° from 20 °C to 30 °C is not critical for them.
However, a change of a few degrees could have a very strong effect on
populations with a narrower thermal range and particularly for ste-
notherms such as polar or tropical species (Donelson et al., 2016;
Munday et al., 2017; Munoz et al., 2015; Rummer and Munday, 2017).
There is a need to conduct the same experiment with other species that
have narrow thermal ranges. Second, all the individuals considered in
our study were derived from the same parental group FO, but were
reared over seven generations at different temperatures. From this
viewpoint, our results showed most likely transgenerational plasticity
in the evolution of TSR, although our experimental design did not en-
able us to confirm this hypothesis. Transgenerational effects of warming
and cooling could be evidenced using split-brood experiments
(Bonduriansky et al., 2012; Donelson et al., 2018). The study of later
generations, incorporating genotyping analysis (e.g. SNPs) would give
more clues to distinguish acclimation from adaptation. Quantitative
genetic analysis and appropriate breeding design (Muifioz et al., 2015;
Rummer and Munday, 2017) such as crossing families associated with
trait monitoring would provide information about the contribution of
environmental and parental effects (Bonduriansky et al., 2012;
Donelson et al., 2018) and possibly distinction between gender (Shama,
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2015; Shama and Wegner, 2014; Zhao et al., 2018; Braun et al., 2013;
Shama et al., 2016; Roy et al., 2017). Third, for crossed temperature
treatments, eggs were transferred to the new temperature regimes after
fecundation, and thus experienced the first few hours in the ancestral
temperature. Previous studies showed that developmental plasticity
through timing and stage of exposure might impact evolution of the
TSR (Walczyriska et al., 2015). The ancestral temperature may thus
have played a role in the observed response. However, this was for a
very short time period since eggs were placed in the new developmental
temperature, assuring larval development under the same environment
as the rest of the lifespan. Environmental change during ontogeny
(Donelson et al., 2018; Engqvist and Reinhold, 2016; Roy et al., 2017)
can have long-term effects and can notably influence physiology,
morphology and behaviour of individuals (Marquis et al., 2008).
Moreover, transgenerational plasticity depends on life stages (Munday
et al., 2017). Walczynska et al. (2015) state that at least for Rotifera,
difference in adult body size leading to TSR patterns is mainly impacted
by temperature before hatching and not post-hatching. It would be
useful to extend our experiment with thermal change at different stages
to test divergence of plasticity (egg, hatching, pre-maturity, post-ma-
turity, late adult).

5. Conclusion

We report evidence that plastic TSR patterns are still present after
seven generations of exposure to cold and warm temperatures.
However, plasticity in growth and reproduction depended on the
thermal history of the populations, with more plastic individuals in the
cold populations that in the warm ones. Moreover, individuals with the
same ancestral and developmental temperatures tended to adopt “cold”
or “slow” strategies (higher L.., a lower k and later maturity than those
sharing present crossed treatments) after long-term exposure to cold or
warm temperatures. To our knowledge, this is the first study to explore
the TSR patterns and trade-off between growth and reproduction con-
tinuously in a long experiment after multigenerational exposure to
temperatures in an aquatic vertebrate. Our findings enhance our un-
derstanding of the life-history trait responses to temperature variations,
and give us more insight into variation of plasticity in species enduring
thermal constraints, which helps to predict responses to climate change.
To go a step further, split-brood experiments with difference stages and
genotyping analysis would help to distinguish adaptive, developmental
and transgenerational effects.
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