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plastic traits in a model for adaptive
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bSSE 75 anniversary

SOCIETY for the STUDY of EVOLUTION

Yara Katia Rodrigues,’-? Erik van Bergen,'3"" Filipa Alves,"""" David Duneau,’*"

and Patricia Beldade'* 56"

"Instituto Gulbenkian de Ciéncia, Oeiras, Portugal

2Current address: Atlantic Technical University (UTA), Mindelo, Sdo Vicente island, Cabo Verde

3Current address: Department of Evolutionary Biology and Environmental Studies, University of Zurich, Switzerland

4UMR 5174 - CNRS, Evolution et Diversité Biologique, University Paul Sabatier, Toulouse, France

>CE3C: Centre for Ecology, Evolution, and Environmental Changes, Faculty of Sciences, University of Lisbon, Portugal
6E-mail: pbeldade@fc.ul.pt

Received January 23, 2018
Accepted May 12, 2021

Developmental plasticity can match organismal phenotypes to ecological conditions, helping populations to deal with the en-
vironmental heterogeneity of alternating seasons. In contrast to natural situations, experimental studies of plasticity often use
environmental conditions that are held constant during development. To explore potential interactions between day and night
temperatures, we tested effects of circadian temperature fluctuations on thermally plastic traits in a seasonally plastic butter-
fly, Bicyclus anynana. Comparing phenotypes for four treatments corresponding to a full-factorial analysis of cooler and warmer
temperatures, we found evidence of significant interaction effects between day and night temperatures. We then focused on com-
paring phenotypes between individuals reared under two types of temperature fluctuations (warmer days with cooler nights, and
cooler days with warmer nights) and individuals reared under a constant temperature of the same daily mean. We found evidence
of additive-like effects (for body size), and different types of dominance-like effects, with one particular period of the light cycle
(for development time) or one particular extreme temperature (for eyespot size) having a larger impact on phenotype. Differences
between thermally plastic traits, which together underlie alternative seasonal strategies for survival and reproduction, revealed
their independent responses to temperature. This study underscores the value of studying how organisms integrate complex en-
vironmental information toward a complete understanding of natural phenotypic variation and of the impact of environmental

change thereon.
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INTERNAT

Phenotypic diversity results from complex interactions between variation through effects on organismal development and pheno-
organisms and their environments, which happen at different time type expression. The phenomenon by which environmental con-
scales. External environmental conditions contribute to select- ditions affect developmental rates and/or trajectories, leading to
ing phenotypic variants across generations, but also to generating the production of distinct phenotypes from the same genotype,

. is called developmental plasticity (reviewed in West-Eberhard
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2003; Beldade et al. 2011). This plasticity is both a property
that can evolve and one that is thought to impact adaptive evo-
lution (reviewed in Nettle and Bateson 2015; Lafuente and Bel-
dade 2019), including how organisms deal with environmen-
tal perturbation (Sgro et al. 2016; Snell-Rood et al. 2018; Ro-
drigues and Beldade 2020). Developmental plasticity is adap-
tive when the phenotypes generated in response to the condi-
tions experienced during development are better adjusted to the
environment organisms will experience as adults than an unvary-
ing phenotype would be (Ghalambor et al. 2007). In this man-
ner, plasticity offers a means for organisms to cope with envi-
ronmental heterogeneity, such as that characteristic of alternating
yearly seasons. Seasonal polyphenism refers specifically to dis-
tinct phenotypes being produced in response to seasonally vari-
able environmental factors, such as temperature and photoperiod
(Brakefield 1996; Nijhout 2003; Simpson et al. 2011; Yang and
Pospisilik 2019). Compelling examples in insects include wing
development in aphids (Braendle et al. 2006), wing pigmentation
in butterflies (van der Burg and Reed 2021), and diapause in a
variety of species (Nylin 2013).

Effects of external environmental factors on phenotype have
been amply documented for various traits and species, as have
genetic-by-environment (GxE) interactions (e.g., Lazzaro et al.
2008; Ingleby et al. 2010; Lafuente et al. 2018). Unlike what
happens for the genetic effects (G) underlying phenotypic vari-
ation, environmental effects (E) were traditionally not partitioned
into different components whose impact on phenotype expres-
sion and evolution might be distinct. Partitioning genetic vari-
ance into additive and interaction components (Falconer and
Mackay 1996) takes into account that there are multiple genes
and multiple alleles whose individual effects can depend on ge-
netic context (GxG interactions, including epistasis and domi-
nance). In contrast, much less attention has been given to poten-
tial environment-by-environment (EXE) interactions, especially
in studies of developmental plasticity in animals. Experimen-
tal studies of developmental plasticity in animals often focused
on the effects of single environmental factors that are held con-
stant during the time it takes organisms to complete development.
This is in stark contrast with the complexity of natural situations,
where multiple and highly dynamic environmental variables ap-
pear in different combinations (Jackson et al. 2021), which could
have trait- and genotype-specific effects (e.g., Verspagen et al.
2020). Considering the environment as an irreducible unit does
not reflect the plethora of possible natural scenarios, including
novel combinations of cues and novel cue dynamics, which or-
ganisms might experience when colonizing new environments or
as a consequence of environmental perturbation.

We still know little about how organisms perceive and
integrate complex environmental information into expression of
coherent phenotypes. Toward a more complete account of pheno-
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typic variation, and in particular about effects of environmental
perturbation, recent studies have started to address phenotypic
effects of combinations of different environmental variables, in-
cluding combinations of temperature and other factors (examples
in Rodrigues and Beldade 2020). When in combination, envi-
ronmental factors might act redundantly, or have effects that are
additive or synergistic in some manner (Piggott et al. 2015; West-
neat et al. 2019). Non-additive effects of distinct environmental
variables can be thought of as akin to “environmental epistasis”
(Samir et al. 2015), and a number of studies have explored such
EXE interactions (e.g., Ciannelli et al. 2004; Stoehr and Wojan
2016), including a growing body of work on so-called multiple
stressor effects (Piggott et al. 2015; Jackson et al. 2021). Less
attention has been given to environmental factors that change
during the time it takes organisms to complete development.
However, variables such as temperature, which impact many
aspects of biology, especially in ectotherms, are typically highly
dynamic, varying more or less predictably and across time scales
(e.g., within a day, between days, between months) (reviewed
in Colinet et al. 2015). We can ask about whether periods of
exposure to distinct temperatures affect phenotype expression
in a manner that is additive or one that reflects some type of
“environmental dominance”, with particular periods or particular
temperatures affecting phenotype more strongly. This is what
we explore here, specifically in relation to circadian temperature
fluctuations (see also Zhao et al. 2014; Vangansbeke et al. 2015;
Liefting et al. 2017). Despite the prevalence and importance
of circadian fluctuations in ambient temperature, we know too
little about combined effects of day and night temperatures on
thermally plastic traits in animals, such as those making up the
seasonal syndrome of the butterfly Bicyclus anynana.

B. anynana has become a valuable experimental model
of adaptive developmental plasticity, where we can integrate
information about the evolution and ecological significance of
plasticity with knowledge about its physiological and genetic
underpinnings (Brakefield et al. 2009). In its natural habitat in
sub-Saharan Africa, these butterflies typically have two seasonal
forms that differ in various traits associated with alternative
seasonal strategies for survival and reproduction (see box 1 in
Rodrigues and Beldade 2020 for a recent overview). Relative to
the wet-season form, the dry-season form is larger and delays
reproduction until host plants become available to feed a new
generation of larvae (Brakefield and Larsen 1984; Halali et al.
2020). Dry-season individuals also have less conspicuous wing
patterns and their overall brown coloration is thought to provide
camouflage against the background of dry leaves, thereby help-
ing resting butterflies escape predators’ attention (Windig et al.
1994; van Bergen and Beldade 2019). Wet-season butterflies, on
the contrary, presumably minimize predator attack by deflecting
the attention of predators away from the body, towards their
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Figure 1. Treatments and wing pigmentation phenotypes. (A) Thermal regimes with constant and fluctuating temperatures in association
to the light-dark circadian cycle. (B) Examples of hindwings (ventral surface) from female and male adults from the different constant
temperature treatments. (C) Section of a female hindwing (region corresponding to rectangle in panel (B) where landmarks (white circles)
defined two contiguous transects (white dashed line) passing through the center of the fifth eyespot. The proximal portion of the transect
(solid line) includes the approximate region used to phenotype the brightness of background.

wing margins decorated with conspicuous wing pattern elements
called eyespots (Lyytinen et al. 2004; Prudic et al. 2015). The
temperature experienced during the final stages of development
(from last larval instar until pupae) is the main environmental
cue determining which seasonal morph is produced (Kooi and
Brakefield 1999). Developmental temperature affects the dy-
namics of ecdysone titers, which, in turn, regulate the response
of a suite of plastic traits (e.g., Oostra et al. 2014; Mateus et al.
2014; Monteiro et al. 2015). With few exceptions (Brakefield
and Mazzotta 1995; Brakefield and Kesbeke 1997), laboratory
studies of B. anynana plasticity used temperatures held constant
during the light and dark hours of the day.

Here, we compared a series of thermally plastic traits be-
tween individuals reared under three constant temperatures or
under circadian temperature fluctuations with the same daily av-
erage as the intermediate constant temperature (Fig. 1A). To
test the effects of the association between temperature and light,
we included two regimes with temperature fluctuations: warmer
days and cooler nights, as well as the reverse situation. This de-
sign allowed us to test the hypothesis of dominance-like interac-
tions between day and night temperatures on plastic trait expres-
sion. We found differences between traits in relation to the com-

bined effects of day and night temperature, including additive and
dominance-like effects of different kinds. Our data also provide
evidence that the effect of temperature fluctuations on different
thermally plastic traits cannot solely be a secondary consequence
of direct temperature effects on development time.

Methods

BUTTERFLIES AND TEMPERATURE TREATMENTS

We used a captive outbred population of the tropical butterfly B.
anynana (Brakefield et al. 2009) kept in climate-controlled con-
ditions with 65% humidity and 12-12 h light-dark cycles (Sanyo
MLR-351H or Aralab FITOCLIMA 1000 EH incubators). Cater-
pillars were fed with young organic maize plants and adults with
sliced banana on wet cotton. To set our experiment, we collected
eggs from a large cohort of adults housed at 27°C and allowed
them to hatch at the same temperature. Each day for a period
of 4 days, we collected first instar larvae (L1) and randomly as-
signed them to cages with 22 L1 each that were split into five tem-
perature treatments. Three treatments had constant temperatures:
19°C and 27°C extremes (typical temperatures used to induce

development of the dry and wet seasons, respectively), and an
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intermediate of 23°C. Two additional treatments had a daily aver-
age temperature of 23°C, but cyclical light-dark fluctuations be-
tween the two extreme temperatures (Fig. 1A). For each of these
five thermal regimes, we had four replicate cohorts in four in-
dependent sleeve cages (ca. 22 cm length x 12.5 cm width x
100 cm height). The position of the cohorts within each incuba-
tor was changed regularly, and food availability was monitored
daily. We checked larval cages daily and transferred pre-pupae
into individual cups where they were monitored for pupation and
adult eclosion. Adults were allowed to fully stretch their wings
before being frozen at —20°C. Wings were cut and stored at 4°C
until phenotypic analysis.

QUANTIFICATION OF PHENOTYPIC TRAITS

We quantified the response to thermal regimes for various ther-
mally plastic life-history and wing pigmentation traits. We mon-
itored development time by recording the number of days from
L1 larvae to pre-pupae, from pre-pupae to pupae, and from pu-
pae to adult, and we calculated total development time by adding
those together. We measured two proxies of body size: pupal
mass and adult wing area. For pupal mass, one-day-old pu-
pae were weighed to the nearest 0.001 g (KERN ABS 80-4N
scale). For adult wings, we used a flatbed photographic scan-
ner (Epson V600) to image the ventral surface of hindwings. The
scanner was color-calibrated using an IT 8.7/2 reflective calibra-
tion target and the appropriate color profiling software, in ac-
cordance with the ISO 12641-2 standard. The resulting images
were analyzed with a set of custom-made interactive Mathemat-
ica notebooks (Wolfram Research, Inc., Mathematica, Version
10.2, Champaign, IL, 2015) to measure hindwing area and a se-
ries of wing pigmentation traits. For the color pattern measure-
ments, we focused on the fifth eyespot, which is often used to
document wing pattern plasticity in this and related species (e.g.,
Windig et al. 1994; van Bergen et al. 2017). We first drew two
contiguous transect lines defined by the eyespot center and four-
wing landmarks (on the wing margin and intersection between
veins) in that wing compartment (Fig. 1C). We marked the lim-
its of each of the color rings (central white focus, middle black
ring, and external golden ring) along the transect to determine
ring radii and calculate the approximate eyespot diameter and
area (considering the eyespot as a circle). The colors of eyespot
rings and wing background were quantified using the mean RGB
values of the pixels in 3-pixel high rectangles centered on the
transect (see also van Bergen and Beldade 2019). For the wing
background color, we used the most proximal 50 pixels of the
transect, corresponding to a wing region without any defined
color pattern element (Fig. 1C). RGB values were converted to
HSB (hue, saturation, and brightness) using the rgb2hsv function
in R. Background color was characterized by the brightness value

4 EVOLUTION 2021

in the HSB color space; low brightness values corresponding to
darker colors.

STATISTICAL ANALYSES

We compared phenotypes between temperature treatments, each
of which included four replicate cages with up to 21 eclosed
adults per cage (data in Supporting Information S1). Where ap-
propriate, the R syntax used for the different tests is shown (in
italics) and explained. All statistical tests were done with R (R
Core Team 2016), separately for males and females, as we wanted
to focus on testing for additive versus non-additive effects of
day and night temperature, rather than re-evaluating previously
documented sex differences in trait values and/or sex-specific re-
sponses to temperature (e.g., Oostra et al. 2011). However, we
provide information about sex-by-treatment interactions as ob-
tained from likelihood ratio tests comparing the goodness-of-fit
of competing models (with versus without interaction). Normal
distribution and homoscedasticity of the residuals were tested
with Shapiro-Wilk normality tests and Brush-Pagan tests, respec-
tively.

We first conducted a set of analyses to test whether the inter-
action between day and night temperatures was statistically sig-
nificant for our target traits. In this case, the “23” treatment was
disregarded and the comparisons were done between the remain-
ing four treatments (Fig. 1A). This corresponds to a full factorial
analysis of 19°C and 27°C as day and night temperatures (dT and
nT, respectively), which were considered as explanatory categor-
ical variables. For eyespot area, we tested the model eyespot area
~ wing area + dT * nT + (I|replicate), where wing area is a co-
variate and the term (/|replicate) corresponds to accounting for
replicate as a random factor. For each of the other target traits,
we tested the model trait ~ dT * nT + (I |replicate).

Next, we compared phenotypes between the three treatments
with constant temperatures (19, 23, 27) to assess the direction and
strength of thermal plasticity in our B. anynana population and
experimental conditions, and between the three treatments of the
same daily average temperature (19-27, 27-19, 23) to explicitly
test for potential dominance-like effects. In this case, temperature
treatments were considered as categorical explanatory variables.

To test for differences in adult eclosion success, we used a
mixed generalized linear model with a binomial distribution of
the error. We coded the eclosion variable as 1 (success) and 0
(failure) and considered replicate experiments as a random effect.

To test for differences in development time among individu-
als that eclosed successfully, we used the framework of a survival
analysis. We fitted a parametric survival regression model (func-
tion survreg in the R package Survival) to determine whether
treatment (i.e., thermal regime, considered as a fixed factor)
influenced the proportion of eclosions over time. This model as-
sumes a lognormal distribution (choice based on maximum like-
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lihood comparison with the other commonly used distributions)
and contained a Gaussian random effect to account for the four
replicate cages (Thomas and Reyes 2014). This analysis was done
for total development time from L1 to adult, as well as the dura-
tion of the larval and pupal stages. For pre-pupae, the short du-
ration of the stage did not allow the use of a parametric model
and we, therefore, used a Cox proportional hazards model (func-
tion coxme in the R package Coxme; Therneau and Grambsch
2000) with the same structure as the parametric survival regres-
sion model. For each sex, we tested the model survival (time,
eclosion) ~ treatment + (lI|replicate), where the term (I|repli-
cate) corresponds to accounting for replicate as a random factor.

To test for differences in body size (pupal weight and wing
area) and wing pigmentation (relative eyespot size and wing
background brightness) including the four replicate cages as a
random effect, we used a generalized linear mixed model with the
function /mer from the R package Ime4 (Bates et al. 2015). This
method allows for p-values to be obtained from likelihood ratio
tests comparing the goodness of fit of competing models (with
versus without variables). We tested the model trait ~ treatment
+ (I|replicate), a syntax that corresponds to testing for the effect
of treatment (i.e., thermal regime, considered as a fixed factor)
and accounting for differences between replicates (random fac-
tor). For eyespot size, and to account for thermal plasticity in
wing size, we considered “eyespot area” as the response variable
and included “wing area” as a covariate: eyespot area ~ treatment
* wing area + (I|replicate).

To ascertain differences between pairs of thermal regimes,
we used a general linear hypotheses test (glht) using Tukey post
hoc pairwise comparisons (i.e., fitting an adequate model fol-
lowed by a glht (with alpha = 0.05) from the package multcomp
in R; Hothorn et al. 2008). This method allows to contrast sev-
eral factors adjusting the p-value for multiple testing and can be
applied to generalized linear models and Cox models alike.

Finally, to test for the correlation between developmental
time and relative eyespot area, we used the Pearson method, both
on our dataset and on an independent dataset combining previ-
ously published data on B. anynana development time (Oostra
et al. 2011) and eyespot size (van Bergen et al. 2017).

Results

We tested the effect of circadian temperature fluctuations on var-
ious thermally plastic traits: development time (Fig. 2), body size
(Fig. 3), and wing pigmentation (Fig. 4). Except for a lower eclo-
sion success for individuals from 19°C relative to 27°C (glht, z =
3.04, p = 0.02), there was no difference between all other pairs
of thermal regimes in the chance of larvae reaching adulthood
(Supporting Information S2). By focusing on the four thermal

regimes corresponding to a full-factorial analysis of the two ex-
treme temperatures (19°C and 27°C) in the two light periods (day
and night), we established that there was a statistically significant
interaction between day and night temperatures for most target
traits (Supporting Information S3; see below). We then consid-
ered all five thermal regimes (Fig. 1A, Tables 1 and 2) to quantify
thermal plasticity and to explicitly test for possible dominance-
like effects between alternating temperatures. First, we compared
phenotypes between the three treatments with constant tempera-
tures to quantify the direction and strength of thermal plasticity
in our B. anynana population and experimental conditions. Then,
we compared phenotypes between the three treatments of the
same daily average temperature to assess the contribution of day
and night temperatures to phenotype. Finally, to test the hypoth-
esis that temperature-induced changes in wing pattern are medi-
ated by direct temperature effects on development time, we tested
the correlation between development time and eyespot size, using
our and another independent dataset (Fig. 5).

DIFFERENT CONTRIBUTIONS OF DAY AND NIGHT
TEMPERATURES TO DEVELOPMENT TIME

We confirmed thermal plasticity in B. anynana development time
in our study population (Table 1): individuals reared at lower tem-
peratures took longer to reach adulthood than individuals reared
at higher temperatures (Fig. 2A). For both males and females,
temperature affected the duration of all developmental stages
monitored; warmer temperatures resulted in shorter larval, pre-
pupal, and pupal stages (Fig. 2B).

We also found differences in development time between
the three treatments with a daily average temperature of 23°C
(Fig. 2C, Table 1). For both males and females, development was
faster for individuals that spent the day at 27°C and the night
at 19°C (27-19 treatment), compared to individuals that spent
the day at 19°C and the night at 27°C (19-27 treatment). The
duration of the pupal stage differed between those two thermal
regimes, but the duration of the larval and prepupal stages did not
(Fig. 2D). The difference between our two treatments with fluc-
tuating temperatures revealed that the temperature experienced
during the light phase had a larger, dominance-like, impact on to-
tal development time. Individuals reared with a day temperature
of 27°C demonstrated a shift in development time towards that
of individuals reared at constant 27°C, while the development
time of individuals reared with a day temperature of 19°C shifted
toward those reared at a constant temperature of 19°C. The re-
sponse of individuals reared at a constant intermediate tempera-
ture of 23°C (23 treatment) relative to the two fluctuations of the
same daily mean (27-19 and 19-27) appeared different for males
and females (Fig. 2C-D). While for females, the 23 treatment was
different from 19-27 but not from 27-19, the reverse was true for

males. However, we did not detect a significant sex-by-treatment
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Figure 2. Effects of constant and fluctuating temperatures on development time. Total development time (L1 to adult) and duration of
different developmental stages (larvae, pre-pupae, pupae) for females and males developing under constant (A-B) or fluctuating (C-D)
temperatures. Panels (A) and (C) represent the proportion of adult eclosion since the start of the experiment. While each line corresponds
to the individuals of all four replicates for each treatment, the “replicate cage” effect was explicitly included in the statistical analysis (see
Methods). Information on the statistical tests is available in Table 1. There were significant differences between constant temperature
treatments in (A), and between the three types of treatments of same daily mean in (C) (p < 0.001 in all cases). Letters next to treatment
legend illustrate whether pairs of treatments are significantly different (different letters) or not (same letter), cf. glth post hoc test. Panels
(B) and (D) correspond to the duration of different developmental stages. Constant temperature treatments in (B) differed in duration
of all developmental stages (p < 0.001 in all cases). Fluctuating temperature treatments in (D) differed significantly for the duration of
specific developmental stages (p < 0.001 for pupae in both sexes and p < 0.05 for male larvae), but did not differ for other stages (Table 1).

interaction when the sexes were analyzed together (df = 2, x° =
2.6, p = 0.27 for constant temperature treatments; df = 2, x> =
1.4, p = 0.49 for treatments with same daily mean temperature).

NO DIFFERENCE BETWEEN FLUCTUATIONS AND
CONSTANT DAILY TEMPERATURE FOR BODY SIZE

For both proxies of body size quantified, pupal mass (Fig. 3A)
and adult wing area (Fig. 3B), we confirmed known patterns
of thermal plasticity (Table 2), with lower temperatures yielding
larger individuals. Individuals reared at 19°C were significantly
larger than individuals reared at 27°C, and those from 23°C were
not different from 27°C in females and not different from either
extreme in males. However, lack of a significant sex-by-treatment
interaction suggests similar effects for males and females (pupal
mass: df = 2, x> =0.9, p = 0.64; wing area: df = 2, x° = 1.63,
p =0.44).

The full-factorial analysis (Supporting Information S3) re-
vealed no statistically significant interaction between day and
night temperatures for male pupal mass, and the comparison be-
tween the three thermal regimes with the average daily tempera-
ture of 23°C detected no significant differences for either proxy
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of body size (except female pupal mass; Fig. 3C and D). When
the sexes were analyzed together, we confirmed a significant sex-
by-treatment interaction for pupal mass (df = 2, x° = 7.5, p =
0.02) but not for wing area (df = 2, x> = 3.18, p = 0.2). Detection
of no clear difference in the contribution of day and night temper-
atures to body size reflects seemingly largely additive rather than
any dominance-like effects of day and night temperatures on this
trait.

DIFFERENT CONTRIBUTIONS OF COOL AND WARM
TEMPERATURES TO EYESPOT SIZE

We investigated two aspects of wing pigmentation (Fig. 4,
Table 2): relative eyespot size, which is a trait well known to
be thermally plastic and vary between seasonal morphs, and
wing background brightness. We showed significant effects
of developmental temperature on wing background bright-
ness, but only for males (Fig. 4A; significant sex-by-treatment
interaction with df = 2, X’ =211, p =26 x 10), and con-
firmed effects on eyespot size for both sexes (Fig. 4B), with
seemingly stronger thermal plasticity for females (significant
sex-by-treatment interaction when the sexes were analyzed
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Figure 3. Effects of constant and fluctuating temperatures on body size. Pupal mass and wing area of adult butterflies for females and
males developed under constant (A and B) and fluctuating (C and D) temperatures. Each dot corresponds to one individual (all replicates
plotted together but “replicate” effect included in statistical model) and the red triangles are median values. Further information on the
statistical tests is available in Table 2. We found significant differences (p < 0.05 in all cases) in pupal mass between constant temperature
treatments (A) and between treatments of same daily mean temperature (C) for females (but not males). We found significant differences
in adult wing area between constant temperature treatments (B) (p < 0.001 for both sexes), but not between treatments of same daily
mean temperature (D). When there was a significant difference between treatments, letters above each treatment illustrate whether
pairs of treatments are significantly different between them (different letters) or not (same letter), cf. glth post-hoc pairwise-comparison

test. ns refers to non-significant differences between treatments.

together: df = 2, x° = 23.1, p = 9.8 x 10°). This is in line
with previously described thermal plasticity for B. anynana
wing pigmentation (van Bergen and Beldade 2019), with larger
and brighter eyespots in animals reared at warmer temperatures
(Fig. 4E).

Regarding the comparison between constant and fluctuat-
ing temperatures of the same daily average, we found similar
results for males and females (confirmed by lack of significant
sex-by-treatment interaction when sexes were tested together;
brightness: df = 2, x> = 0.23, p = 0.89; eyespot size: df =
2, x> = 1.35, p = 0.51): no differences for wing brightness,
and clear differences for eyespot size (Fig. 4C-E). Individuals
reared at either of the two fluctuating temperature regimes had
larger eyespots than those reared at the constant temperature of
23°C, and were not significantly different from each other. The
exposure to 27°C for half of each day, regardless of whether
lights were on or off, resulted in larger eyespots, suggesting
that the higher temperature had a stronger, dominant-like, effect
on this trait. Size and color of individual eyespot rings (central
white focus, middle black ring, and external golden ring) are
illustrated in Figure 4E, and have been shown before to differ be-

tween temperatures and between sexes (van Bergen and Beldade
2019).

CORRELATION BETWEEN EYESPOT SIZE AND
DEVELOPMENT TIME BETWEEN BUT NOT WITHIN
TEMPERATURE TREATMENTS

It had been previously suggested that thermal plasticity in traits
such as eyespot size, rather than a direct response to temperature,
is a correlated response to temperature-induced changes in devel-
opment time (Brakefield and Kesbeke 1997; Zijlstra et al. 2004).
This hypothesis is not consistent with our results, which show
that individuals reared at 19-27 developed more slowly than
those from 27-19 (Fig. 2) but had similar eyespot size (Fig. 4).
We, thus, went on to investigate the correlation between devel-
opment time and relative eyespot size, both across and within
temperature treatments (Fig. 5).

Across constant temperature treatments with largely non-
overlapping development times, we found an overall strong neg-
ative correlation between development time and relative eyespot
area, for both females and males (Fig. 5A and B). However,
within temperature treatments, no correlations between develop-
ment time and relative eyespot size were statistically significantly
different from zero. This result was confirmed using an additional
independent dataset put together from previously published work
(Oostra et al. 2011; van Bergen et al. 2017) that included two
extra intermediate constant temperature treatments (Fig. 5C).
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Figure 4. Effects of constant and fluctuating temperatures on wing pigmentation. The background color and relative eyespot size from
females and males developed under constant (A and B) and fluctuating temperatures (C and D). Each dot corresponds to one individual
(all replicates plotted together but “replicate” effect included in the statistical model) and the red triangles are median values. Further
information on the statistical tests is available in Table 2. We found differences in brightness of wing background color between constant
temperature treatments (A) for males (p < 0.001) but not females, and no significant differences between treatments of same daily mean
temperature (C) for either sex. We found significant differences in eyespot size (using wing area as covariate) for both sexes (p < 0.001 in
all cases) between constant temperature treatments (B), and also between treatments with the same daily mean (D). When there was a
significant difference between treatments, letters above each treatment illustrate whether pairs of treatments are significantly different
between them (different letters) or not (same letter), cf. glth post hoc pairwise-comparison test. ns refers to non-significant differences
between treatments. (E) Representation of mean RGB color for the pixels of the wing background, as well as relative area and colors of
eyespot rings from different thermal regimes.

D / SCUSS I'O n effects of day and night temperatures, we focused on comparing

We investigated the effects of combinations of day and night tem- phenotypes from individuals reared under two types of circadian

peratures on a series of thermally plastic traits in B. anynana but- temperature fluctuations and under a constant temperature of the

terflies: development time, body size, and wing pigmentation same daily average. While butterflies from all treatments with an

Butterflies reared under constant warmer temperatures gener- average intermediate temperature (constant 23, as well as fluc-

ally had faster development, smaller bodies, and larger eyespots, tuating 27-19 and 19-27) had trait values that were intermediate

matching the seasonal polyphenism described for the species, between those from the extreme constant temperatures (19 and

which reflects alternative seasonal strategies for survival and re- 27), we found striking differences between traits in the relative

production (Brakefield 1996; Brakefield et al. 2009; box in Ro- contribution of two alternating temperatures experienced during

drigues and Beldade 2020). To test for possible dominance-like development to final phenotype.
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Figure 5. Correlation between relative eyespot size and development time. Relationship between development time and relative eye-

spot size for females and males from our regimes with constant temperatures (A) or with daily mean temperature of 23°C (B), as well as

data from published work on B. anynana using constant temperatures (C). Each dot corresponds to one individual and all replicates are
plotted together, separately for females and males. Lines correspond to the best fit line: same color as dots for relationships within each

of the different thermal regimes, and black lines for relationship across all data points. Parametric correlation test based on Pearson’s cor-

relation coefficient (r) showed a significant negative correlation when data points from all treatments were considered together (dashed
black lines): r = —0.79 for females and r = —0.82 for males in A and B; r = —0.84 for females and r = —0.86 males in C (p < 0.0001 in all
cases). The correlations within treatments and corresponding p-values are given in the figure.

COMBINED EFFECTS OF DAY AND NIGHT
TEMPERATURES ON THERMALLY PLASTIC TRAITS

If day and night temperatures contributed equally to phenotype
expression, that is, if their effects were purely “additive”, to bor-
row from the terminology used to partition genetic variance, we
expected to have no difference between the two types of fluc-
tuations (our 27-19 and 19-27 regimes), and also no difference
between those and the treatment with constant temperature of the
same daily average (our 23 regime). We found evidence for such
additive effects (for body size; Fig. 3), but also for dominance-
like effects where one particular period of the light cycle (for de-
velopment time; Fig. 2) or one particular extreme temperature
(for eyespot size; Fig. 4) had a relatively larger impact on pheno-
type. We could distinguish between different types of dominance-
like effects because, relative to the more ecologically relevant
scenario of warmer days with cooler nights, which had been stud-
ied before (Brakefield and Mazzotta 1995; Brakefield and Kes-
beke 1997), we added a treatment with cooler days and warmer
nights. We found that the temperature experienced during the day
had a stronger effect on development time than the temperature

experienced during the night (Fig. 2C), and that the warmer tem-
perature experienced, during whatever period of the light-dark
cycle, had a stronger effect on eyespot size than the cooler tem-
perature (Fig. 4D). Previous studies had shown that for some, but
not all, traits, animals reared under day-night temperature fluc-
tuations differed from those reared under constant temperatures
(e.g., Brakefield and Mazzotta 1995; Brakefield and Kesbeke
1997; Zhao et al. 2014; Vangansbeke et al. 2015; Liefting et al.
2017, Salachan et al. 2017; Bai et al. 2019). However, without an
experimental treatment with cooler days and warmer nights, it is
not possible to disentangle temperature from light phase effects,
and to identify the distinct types of non-additive effects we docu-
ment here (“day-dominance” for development time, and “warm-
dominance” for eyespot size).

In terms of the effects of fluctuating day and night tem-
peratures on development time, the number of hours spent at
a particular temperature seems to have been “weighed” differ-
ently depending on light phase. It had been previously suggested
that the acceleration of development resulting from warmer
days could be related to B. anynana caterpillars feeding mostly
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during dark hours and assimilating resources during light hours
(Brakefield and Mazzotta 1995). Cooler nights could presumably
sustain higher feeding rates, and warmer days allow higher as-
similation efficiency. Either or both of these could result in faster

1.6 x 104
1.5 x 10700
4.1 x 1090

5.5 x 104

development in regimes with warmer days. Studies in different
insects have, indeed, documented associations between temper-
ature and various metabolism-related variables, including food
ingestion efficiency (Rall et al. 2010), depletion of energy re-
serves (Klepsatel et al. 2016, Klepsatel et al. 2019), lipid stor-
age (Jang and Lee 2018), and effects of macro-nutrient diet in

Pupae
250.3
205.2
28.4
25.5

development (Kutz et al. 2019). And studies in other lepidopter-
ans have documented seasonal plasticity in metabolism (Kiveld

3.0 x 103
7.9 x 107

0.08
0.77

et al. 2019). Aside from association to food acquisition and pro-
cessing, potential day-night differences in temperature percep-
tion could also contribute to day temperature having a higher
impact on development time. The issue of how often and ex-

Pre-pupae
103.7
60.4

5.0

0.5

actly when developing organisms ‘“acquire information” about
external conditions is largely unresolved (Frankenhuis and Pan-
chanathan 2011). Within specific windows of environmental sen-
sitivity during development (e.g., Snell-Rood et al. 2015; Fawcett
and Frankenhuis 2015; Panchanathan and Frankenhuis 2016;
Kingsolver and Buckley 2020), it remains unclear whether organ-

6.3 x 104
1.9 x 10%
0.10
0.02

isms assess external conditions continuously or at discrete time
points. A “dominance” effect of the conditions experienced dur-
ing the light hours could reflect assessment of temperature mainly
occurring during that period of the day. However, the differences
that we found between traits would imply that such an “assess-

Larvae
2

246.4

230.8

8.5

7.9

ment effect” would need to be trait- and/or developmental stage-
specific. Understanding where (which tissues), when (which pe-
riods of development and periods of the day), and how (which
mechanisms) external temperature is sensed is needed to explain
interactions between day and night temperatures on thermally
plastic traits, in this and other systems. Recent studies, in both an-
imals and plants, have been providing molecular insight into the

2.9 x 10°°!
2.2 x 1070
9.8 x 10
7.6 x 109

existence of distinct mechanisms for how cold versus high tem-
peratures are sensed (Guillaume-Schopfer et al. 2020; Nogueira

2) relative to the data in Figure 2, testing the effect of temperature treatment on duration of development and of different developmental stages with

a parametric survival analysis (Lognormal distribution), except for the time as pre-pupae (tested with a cox regression survival analysis).

Freitas and Voets 2020) and affect biological processes (Lloyd
et al. 2018).

INDEPENDENT EFFECTS OF TEMPERATURE ON
DIFFERENT TRAITS MAKING UP A PLASTICITY
SYNDROME

Typically, seasonal morphs differ in a suite of traits that respond

Total dev time

2
290.3
281.2
18.5
19.0

to seasonably variable environmental conditions, and reflect sea-
sonally variable strategies for survival and reproduction. In the
case of B. anynana, the thermal plasticity “syndrome” includes
the traits monitored here, as well as various others traits, such as

Results of statistical analysis for variation in development time.

starvation resistance, longevity, and reproductive investment (re-

females
females
males

males
Fluctuations & 23°C

cent overview in Rodrigues and Beldade 2020). Supported also

Constant temperatures

x2 LRT test statistic and corresponding p-value (df

Table 1.

by laboratory data on correlated responses to artificial selection
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Table 2. Results of statistical analysis for variation in body size and wing pigmentation.

Pupal mass Wing area Wing background Eyespot size”
X P X p X p X P
Constant temperatures
Females 8.0 0.02 19.7 52 x10° 43 0.12 173.3 3.0 x 107
Males 7.1 0.03 323 9.5 x 10% 532 2.8 x 101? 166.8 2.1 x 103
Fluctuations & 23°C
Females 14.5 0.7e-03 1.13 0.56 1.0 0.62 29.0 4.8 x 107
Males 0.21 0.90 22 0.32 2.0 0.37 42.6 5.6 x 10710

x2 LRT test statistic and corresponding p-value (df = 2) relative to the data in Figures 3 and 4, testing the effect of temperature treatment on body size and

wing patterns with a GLMM.

*The analysis of eyespot size used wing area as covariate (cf. Methods section).

on development time (Zijlstra et al. 2004), it had been suggested
that temperature affects development time directly, and it is the
ensuing changes in development time that lead to changes in
other thermally plastic traits (Brakefield and Kesbeke 1997; Zijl-
stra et al. 2004; Brakefield and Frankino 2006).

Butterflies developing at lower temperatures take longer to
complete development and have smaller eyespots than those de-
veloping at warmer temperatures, and there was a clear negative
correlation between development time and eyespot size when
testing across temperature treatments. However, for individuals
developing under the same thermal regime, development time,
which can differ by several days, did not correlate with eyespot
size. This situation, reminiscent of the Simpson’s paradox or
Yule—Simpson effect (Hernén et al. 2011), was true both for our
dataset and for data from another independent study (Fig. 5).
These data suggest that temperature-induced changes in devel-
opment time are unlikely to account for temperature-induced
changes in eyespot size, such as those we documented for fluc-
tuating temperatures, and argue for a direct effect of temperature
on different thermally plastic traits. Additional support for this
comes from the different shapes of reaction norms for traits be-
longing to the thermal plasticity syndrome, and from the fact that
manipulations of the ecdysone dynamics known to mediate this
plasticity have trait-specific effects (Mateus et al. 2014; Oostra
et al. 2014; Monteiro et al. 2015). Differences in the shape of
reaction norms can help account for differences in the response
to day-night temperature fluctuations. In particular, mathematical
properties of non-linear reaction norms, such as Jensen’s inequal-
ity (see Colinet et al. 2015), can partly account for the type of
dominance effect of one particular period of the light cycle that
we observed for eyespot size, and others have observed for other
traits (Vangansbeke et al. 2015). These results underscore the
value of teasing apart effects of day and night warming in studies
assessing the impact of climate change on phenotypic variation;
particularly since trait-specific responses can break up puta-

tively adaptive trait correlations and, as such, affect organismal
fitness.

EFFECTS OF CIRCADIAN TEMPERATURE
FLUCTUATIONS ON TRAIT EXPRESSION AND TRAIT
EVOLUTION

The combined effects of day and night temperatures on pheno-
type expression are especially well studied in plants (e.g. effects
on the regulation of flowering time; Jin and Zhu 2019; Qiu et al.
2019), and have been documented also for various fitness-related
traits in different animal taxa (e.g., Zhao et al. 2014; Vangansbeke
et al. 2015; Liefting et al. 2017; Salachan et al. 2017; Bai et al.
2019). The close association between effects of light and temper-
ature on biological processes is revealed by some overlap in the
molecules involved in sensing the two types of cues (e.g., phy-
tochromes in Arabidopsis (Jung et al. 2016; Legris et al. 2016;
Qiu et al. 2019), or cryptochrome in Drosophila (Gentile et al.
2013; Harper et al. 2017)), and by the observation that both light
and temperature can reset the circadian clock (Goda et al. 2014;
Chu et al. 2016). On the other hand, beyond the documented ef-
fects on phenotype expression (notably, via developmental plas-
ticity), day-night temperature fluctuations also affect evolution
by natural selection. Studies of adaptation under different ther-
mal regimes have documented effects of circadian temperature
fluctuations on a variety of phenotypic traits, including body size
(Czarnoleski et al. 2013; Adrian et al. 2016), as well on allelic
frequencies (Tobler et al. 2015).

Unlike most experimental studies of thermal developmen-
tal plasticity, we addressed the effects of short-term tempera-
ture fluctuations. Circadian fluctuating temperatures are undoubt-
edly closer to reality than constant temperatures. This is the
scenario under which organisms have evolved in natural popu-
lations, but is often not the scenario under which animals are
maintained or studied in the laboratory (but see Kong et al.
2016). In fact, while exposure to radical temperature change
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can be used as a form of acute stress, it is possible that ther-
mal constancy might also constitute a type of stress and have
a negative impact on organismal performance (Schulte 2014;
Kingsolver et al. 2015). Whether temperature change during de-
velopment is or not perceived as a stress, capable of triggering
stress responses, likely depends on how abrupt and recurrent the
change is (Kingsolver et al. 2016). Studies in different animals
have investigated day-night temperature fluctuations, as well as
fluctuations happening at variable timescales within an organ-
ism’s lifetime (e.g., Brakefield and Mazzota 1995; Zhao et al.
2014; Kingsolver et al. 2015; Vangansbeke et al. 2015; Liefting
et al. 2017; Salachan et al. 2017; Bai et al. 2019; Carter and Shel-
don 2020). Non-constant temperatures affect trait expression in
some but not all traits investigated, with the extent of the pheno-
typic difference between fluctuating versus constant temperatures
often varying with the amplitude of the fluctuations.

It remains unclear how organisms integrate complex envi-
ronmental information, such as that where multiple environmen-
tal factors change during the time it takes to complete develop-
ment, and still produce coherent phenotypes (Ketola et al. 2014).
What is clear is that a better understanding of the interactions
of organisms with their changing environments will need to con-
sider effects of complex environments (see Rodrigues and Bel-
dade 2020), including multiple and highly dynamic environmen-
tal factors, on both trait expression (phenotypic plasticity) and
trait evolution (resulting in adaptation) (Jackson et al. 2021). It
has been argued that it is important to consider developmental
plasticity in the context of studying adaptation to environmental
perturbation, including that resulting from climate change (e.g.,
Sgro et al. 2016, Snell-Rood et al. 2018, Rodrigues and Bel-
dade 2020). In that it can match organismal phenotypes to eco-
logical conditions, plasticity can help populations cope with en-
vironmental heterogeneity, as illustrated by the phenomenon of
seasonal polyphenisms (Simpson et al. 2011; Yang et Pospisilik
2019). Developmental plasticity can further help (or hinder; e.g.,
Jensen et al. 2018; Oostra et al. 2018; Lockley and Eizaguirre
2021) not only the immediate survival but also future adapta-
tion of populations facing environmental perturbation (Reed et al.
2011; Bonamour et al. 2019; Rodrigues and Beldade 2020) or
colonizing novel environments (Ghalambor et al. 2007; Bilandz-
ija et al. 2020).

Conclusions

We found evidence for different types of combined effects for
day- and night-time temperatures on a suite of thermally plastic
traits associated with distinct seasonal strategies for survival and
reproduction in B. anynana butterflies. While day and night tem-
peratures can have largely additive effects on phenotype expres-
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sion, we also identified different types of non-additive effects.
These include dominance-like effects where one particular pe-
riod of the circadian cycle or one particular extreme tempera-
ture had a relatively larger contribution to end phenotype. Differ-
ences between traits revealed their independence in the response
to temperature, which might relate to trait-specific windows of
environmental sensitivity and/or trait-specific assessment of en-
vironmental conditions. Explaining effects of dynamic temper-
atures on trait expression will require a better understanding of
the precise mechanisms by which animals perceive and respond
to external temperature fluctuations. Our study underscores the
importance of understanding how organisms integrate complex
environmental information towards a complete understanding of
natural phenotypic variation, and of the potential impact of en-
vironmental change thereon. Instead of considering the environ-
ment as an irreducible unit, that is, not taking into account that it
is made up of many and dynamic variables, it can be valuable to
consider that combinations of external conditions can have non-
additive effects on trait expression, as well as on organismal fit-
ness.
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