-

View metadata, citation and similar papers at core.ac.uk brought to you byt CORE

provided by University of Liverpool Repository

1 Complex multi-trait responses to multivariate environmental cues in a

2 seasonal butterfly

3 Pragya Singh!??", Erik van Bergen®*, Oskar Brattstrom>~, Dave Osbaldeston?, Paul M.

4 Brakefield® and Vicencio Oostra
5 ! Evolutionary Biology, Zoological Institute, University of Basel, Basel 4055, Switzerland
6 2Indian Institute of Science Education and Research, Kolkata

7 3 Department of Zoology, University Museum of Zoology Cambridge, University of

8 Cambridge, Cambridge, CB2 3EJ, United Kingdom

9 “4Research Centre for Ecological Change, University of Helsinki, PO Box 65 (Viikinkaari 1),

10 FI-00014 University of Helsinki, Finland
11 School of Life Sciences, University of Glasgow, Glasgow, G12 8QQ, United Kingdom

12 ®Department of Evolution, Ecology & Behaviour, University of Liverpool, Liverpool L69

13 7ZB, United Kingdom
14
15  TCorresponding Author:

16  University of Basel, Zoological Institute, Evolutionary Biology, Vesalgasse 1, 4051 Basel,

17  Switzerland
18 Email: pragya.singh42019@gmail.com
19 ORCIiD: https://orcid.org/0000-0002-7411-3206

20 Running title: Multi-trait responses to multivariate environment


https://core.ac.uk/display/356660436?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

21

22

23

24

25

Author contributions: All authors designed the experiments. PS and VO performed the
experiments. PS, EvB and VO statistically analysed the data and wrote the manuscript, with

input from OB and PMB. All authors have read and approved the final version.

Data accessibility: All data in this manuscript will be deposited online on Zenodo (xx).



26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

Abstract

Many organisms inhabiting seasonal environments exhibit adaptive developmental plasticity,
allowing them to optimally match life-history traits with fluctuating conditions. This critically
relies on environmental cues, such as temperature, as predictors for seasonal transitions. In
most seasonal environments, multiple factors vary together, but might not be equally relevant
as cue, making it crucial to understand their combined effects on an organism’s phenotype.
Here, we study plasticity in a multivariate environment in the seasonally polyphenic butterfly
Bicyclus anynana. Using a full-factorial design, we test how developmental temperature and
host plant quality interact to affect life-history traits. Our results show that the cues interact:
reduced food quality can act as a predictive cue at temperatures normally associated with the
food-rich wet season, inducing a partial dry season phenotype. At low temperatures, normally
associated with the food-poor dry season, reduced food quality had an adverse effect on life
history, with decreased body mass and prolonged development time. However, metabolic
rates in adults were not affected, indicating that individuals could partly compensate for
stressful juvenile conditions. Thus, under certain environmental conditions, a single cue (e.g.
temperature) might suffice to shape an organisms’ phenotype, while under other conditions
additional cues (like plant quality) might be needed in shaping the organism’s phenotype to
optimally match seasonal conditions. Our study reveals complex interactive effects of two
environmental variables on seasonal plasticity, highlighting the importance of studying
multivariate environmental factors to better understand the regulation of phenotypic plasticity

in the wild.
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Introduction

Environmental seasonality is frequent in nature and can lead to the evolution of phenotypic
plasticity (Tauber et al. 1986; Gotthard and Nylin 1995; Lafuente and Beldade 2019), which
can help to ensure that the phenotype expressed by an organism is in sync with its
environment (Nylin 1992; Flatt and Heyland 2011; Torres-Dowdall et al. 2012). Examples of
such adaptive seasonal plasticity are reproductive diapause and seasonal polyphenism, both of
which are widespread in insects, where they constitute an important strategy for coping with
unfavourable environmental conditions (Tauber et al. 1986; Halali et al. 2020b). While
phenotypic plasticity has often been examined in single traits, organismal responses to
environmental variation are usually manifested via changes in multiple traits, leading to
multivariate plasticity (Boggs 2009; Robinson and Beckerman 2013; Plaistow and Collin
2014). Rather than independently responding to the environment, plastic responses in multiple
traits are often regulated via shared genetic, developmental or/and physiological mechanisms.
The resulting integrated phenotypic response manifests as trait correlations and life-history
trade-offs, and is often adaptive in predictable environments (Zelditch 1988; Murren 2012;
Plaistow and Collin 2014; van Bergen et al. 2017). Environmental stress can alter these
underlying associations, and hence the correlation between life-history traits, leading to a
potentially maladaptive reduction in plastic trait integration (Antonovics 1976; Schlichting

1989; Pigliucci and Preston 2004).

A common mechanism of seasonal plasticity is developmental plasticity, where phenotypic
changes are induced by the environment experienced during development (Beldade et al.
2011). Developmental plasticity can be adaptive in seasonal environments as it can allow
organisms to adjust their life history strategy for future conditions well before the new season

starts, using predictive environmental cues present during the course of development. For
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example, diapause is known to be regulated by multiple factors, including abiotic factors such
as photoperiod and temperature (de Wilde 1962; Tauber et al. 1986; Brodeur and McNeil
1989), and biotic factors such as food quality and predation risk (Tauber et al. 1986; Hunter
and Mcneil 1997; Wedell et al. 1997; Kroon et al. 2004; Liu et al. 2010). In a seasonal
environment multiple environmental factors often vary together (Jackson et al. 2009; Chevin
and Lande 2015), leading to key open questions about whether organisms sense their
environment through one or multiple cues, whether these cues interact or act as independent

predictors, and whether they induce similar phenotypic responses.

In a case where multiple cues are used by an organism to respond to the environment, the
responses to a single cue might be nonintuitive and misleading (Chevin and Lande 2015). For
example, studies have shown that responses to temperature can be modulated by the presence
of other factors, such as precipitation, predation, photoperiod or food, and these interactions
not only influence an organisms physiology, e.g. diapause or melanisation, but can also affect
the population dynamics and stability of ecological communities (Tauber et al. 1986; Alto and
Juliano 2001; Stoehr and Wojan 2016; Sentis et al. 2017). Use of multiple cues is especially
favoured in situations where one of the environmental cues has only limited predictive
reliability on the pertinent timescale, such that the cues together are more dependable
indicators of future conditions (Hoffman 1978; Shapiro 1978; Kingsolver and Huey 1998).
On the other hand, theoretical work has shown that under certain conditions, such as when
there is imperfect correlation between two cues leading to contradictory information,
organisms may be favoured to ignore one of the cues, even if this cue is also predictive of
future conditions (van Baalen 2014). Additionally, theoretical work suggests that when the
relationship between an environmental cue and future conditions is weak, plasticity may not

evolve in response to the environmental predictor (Tufto 2000; Leimar et al. 2006; Rickard
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and Lummaa 2007; Reed et al. 2010; Chevin and Hoffmann 2017). Thus, there can be

different predictions for how environmental factors interact to affect organismal phenotypes.

Here, we investigate the effect of a multivariate environment on developmental plasticity of
life history traits, using the seasonally polyphenic butterfly, Bicyclus anynana. This species
exhibits two alternative seasonal forms (wet and dry) which correspond to a warm and a cool
season, respectively. The wet season butterflies experience high temperatures and
precipitation during development (>25°C; November to March), and adults have larger, more
conspicuous eyespots on their ventral wing surfaces, shorter larval and pupal developmental
periods, lower pupal and adult mass, shorter lifespan and reproduce relatively early than dry

season adults (Brakefield and Reitsma 1991; Brakefield et al. 2009; Oostra et al. 2011).

The transitory period from the wet to dry season (March and April) is characterised by a
decline in temperature (from >25°C to <21°C) and a gradual drying out of the environment
which likely affects host plant quality (Windig et al. 1994; van Bergen et al. 2016;
Nokelainen et al. 2018). The larvae that develop during the early dry season (April to July)
experience relatively low levels of precipitation and cooler temperatures (<21°C). Dry season
individuals accumulate higher mass and fat reserves during development; have small or
absent eyespots, a higher resting metabolic rate, delayed reproduction (with larger eggs) until
the following wet season, and a longer lifespan (Brakefield and Reitsma 1991; Pijpe et al.
2007; Geister et al. 2008; Oostra et al. 2011; Halali et al. 2020b). No recruitment occurs
during the final part of the dry season (August to October) since larval host plants dry out and
disappear completely (Brakefield and Reitsma 1991; van Bergen et al. 2016). In addition to

above, the seasonal forms also differ in their behaviour (e.g. Bear and Monteiro 2013; van
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Bergen and Beldade 2019) and investment in secondary sexual traits (e.g. Balmer et al. 2018;
Hugq et al. 2019). Results from field, laboratory and computational experiments have provided
ample support for the adaptive advantage of these seasonal forms in their respective

environments (Brakefield and Frankino 2009; van den Heuvel et al. 2013; Prudic et al. 2015).

Previous studies have shown that the temperature experienced during the (late) larval and
(early) pupal stages are crucial cues for plasticity in this species (Brakefield and Reitsma
1991; Brakefield et al. 2007, 2009; Bear and Monteiro 2013). Interestingly, variation in
temperature alone does not produce the full extent of plasticity in life-history traits as
observed in the wild (Roskam and Brakefield 1999), suggesting that other predictive
environmental factors may act in conjunction with temperature (Brakefield 1987; Brakefield
and Reitsma 1991). Here, we hypothesise that larval host plant quality could be an important
environmental cue, in addition to temperature, for developing individuals in the field as
during the transition from wet to dry season in the field, the host plants on which the larvae
feed tend to be older, drier and of poor quality (Brakefield and Reitsma 1991; Kooi et al.
1996). A proxy for the availability and quality of the host plants is rainfall, and the latter is
highly correlated with temperature in parts of range where B. anynana occurs, such as Malawi
(de Jong et al. 2010; Oostra et al. 2018). Food quality has been shown to be an important
environmental cue for plasticity in many species, with poor food quality leading to longer
development time, higher mortality (Nylin and Gotthard 1998), decreased fecundity (Awmack
and Leather 2002), reduced growth rates (Atkinson and Sibly 1997), and smaller body size
(Berrigan and Charnov 1994). Moreover, earlier work in B. anynana has shown that under
conditions of larval food limitation, this species is better adapted to cope with stressful
conditions as an adult (Saastamoinen et al. 2010; van den Heuvel et al. 2013). Here, we

hypothesise that temperature and plant quality could act together as cues to predict future



149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

environmental conditions, in which case we would expect that variation in food quality alters
phenotypic traits in the same direction as temperature, i.e. making each cohort more dry or
wet season-like. Alternatively, if temperature acts as the sole cue, with the plant quality not
being perceived or processed at all, or even acting as a stressor, we would predict general
detrimental effects of life history traits, irrespective of seasonal conditions, and a reduction in
integration of plastic responses. We also expect the sexes to differ in their response as key
life-history traits such as development time, growth rate and body size can have sex-specific
effects on fitness. Moreover, we can expect secondary cues like host plant quality to have a
larger effect (i.e. increased sensitivity) at intermediate temperatures that are typical of the

transition between the seasons in the wild.

In our study, we test how larval host plant quality—in conjunction with temperature—affects a
suite of life history traits: larval and pupal development time, pupal and adult mass, resting
metabolic rate (RMR) and the respiratory quotient (RQ) of adults. Using old host plants that
mimic the deteriorating conditions in dry season, we feed cohorts of individuals during a
critical window of larval development on old (poor quality) plants, whereas control cohorts
are reared on young (high quality) plants. We tested the effect of host plant quality at three
different temperatures that correspond to wet, intermediate, and dry season temperatures in
the field. This design allows testing of how larval host plant quality and temperature interact
to affect life history traits. Earlier studies in B. anynana have shown that CO> respiration rate
varies in response to temperature (Brakefield et al. 2007; Pijpe et al. 2007), but O
consumption or RQ have so far not been examined. Analysing RQ allows us to evaluate
whether adults differ in their macronutrient metabolism in response to environmental
conditions (i.e. whether they burn different fuels, in particular fat, protein and carbohydrates).

Finally, we tested whether the host plant quality affects the organismal integration of
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phenotypic traits by examining the correlations between life-history traits across all
temperatures. This allows us to analyse how the thermally induced plastic responses are
integrated across traits, and if this integration is altered due to poor food quality. From earlier
studies we know that the responses of different phenotypic traits to temperature are correlated
(van Bergen et al. 2017), partly due to shared underlying hormone physiology (Mateus et al.
2014; Oostra et al. 2014; Bear et al. 2017). However, under different environmental
conditions, such as poor host plant quality, we might expect different traits to respond

differently and phenotypic integration to decrease.
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Materials and Methods

Study organism

Bicyclus anynana is a Nymphalid butterfly from East Africa and a model organism for
studying seasonal and developmental plasticity (Brakefield et al. 2009). It is found in
savannah grasslands and open woodlands (both seasonal ecosystems) and has probably
evolved developmental plasticity as an adaptation to seasonality in the environment. The two
seasons that B. anynana experiences are the warm wet season and the cool dry season, and the
species expresses alternative morphs in these two alternative seasons (see Introduction).
Along with differing in temperature and precipitation, the seasons also differ drastically in the
availability of resources, with the cool dry season having a reduced host plant quantity and
quality (Roskam and Brakefield 1999; van Bergen et al. 2016). The adults of this butterfly

species feed on rotting and fermenting fruit and the larvae utilize grasses.

Experimental design and rearing

An outbred laboratory stock of the butterfly B. anynana was used for the experiment. The
stock was established in 1988 from numerous gravid females collected in Malawi. Adults are
fed on banana, and the larvae are reared on maize (Zea mays) (Brakefield et al. 2009). The
larvae are oligophagous and are known to utilize a variety of Poaceae (grass) species (Kooi
1992; Koot et al. 1996). Although maize is widely cultivated in Malawi, it is a native plant of
Central America and is not a natural host plant. Maize is a grass species that uses the C4
photosynthetic pathway and the associated high growth rates are beneficial for rearing large
laboratory stock populations. Previous experiments have shown that larval performance is

high when individuals utilize this host plant (Kooi et al. 1996; Brakefield et al. 2009), and
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similar estimates of developmental time and body mass are obtained when larvae are fed more

natural larval host plants, such as Oplismenus compositus (Halali et al. 2020a).

We used a full-factorial design to investigate the effects of larval host plant quality, pre-adult
(i.e. larval and pupal) temperature, sex, and their interactions, on a suite of life-history traits.
Three temperature treatments (19, 23 and 27°C, representing dry, intermediate, and wet
season conditions, respectively) and two plant quality treatments (old maize, young maize)
were used. Eggs were collected from the stock population and one day after hatching, larvae
were randomly allocated to cages (35cm x 44cm x 65¢m) with young maize plants set up in
climate rooms (2.6 x 2 x 2.5 m?) at 19°C and 27°C, and in smaller climate-cabinets
(Sanyo/Panasonic MLR-350H, 0.76 x 0.7 x 1.835 m?) at 23°C (all at 75% relative humidity
and a 12h:12h day:night light cycle), similar to previous experiments (de Jong et al., 2010;
Oostra et al., 2011). Initially, each temperature had 280 larvae in two cages (140 larvae per
cage), except at 19°C that had 390 larvae in 3 cages (110-140 larvae per cage), such that we
had 950 larvae in total. Each cage had multiple (~16) plants (with <9 larvae per plant). One
day after they moulted to the 41 instar, larvae were randomly distributed to new cages
containing either old or fresh young plants (host plant treatment) at that temperature, while
controlling for density (Supplementary Table 1). To keep the density of larvae per plant low
and accommodate the large size of old plants, we used multiple cages for the old host plant
treatment and for 19°C young host plant treatment (which had 250 larvae), while we only
used one cage per experimental treatment for young host plants at 23°C and 27°C. The larvae
were only exposed to the host plant treatment during the final two larval instars, which is the
period when most growth occurs and the effect of food quality should be most prominent.
Importantly, the temperature experienced during the end of the 5 instar (and early pupal

stage) are known to be crucial cues for plasticity in this species and is the period when the
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adult phenotype is differentiated (Kooi and Brakefield 1999; Monteiro et al. 2015). The
resulting pupae were then individually placed in transparent pots, assigned an ID and kept at

their temperature treatment, until they eclosed.

After randomly discarding excess pupae raised at 19°C and excluding 51 adult individuals
due to missing information about one or multiple life-history traits, the final sample size for
examining the life-history traits was 191 individuals (35 females and 40 males on old maize,
58 females and 58 males on young maize) at 19°C; 189 individuals (49 females and 43 males
on old maize, 54 females and 43 males on young maize) at 23°C, and 168 individuals (41

females and 31 males on old maize, 57 females and 39 males on young maize) at 27°C.

Host plant quality treatments

All maize plants were grown from seed and reared in a climate-controlled greenhouse in
Madingley (United Kingdom), with regular watering to keep the soil moist at all times. Young
maize plants were 2-3 weeks old whereas old maize plants were at least 5-7 weeks old,
mimicking the deteriorating conditions in dry season. Earlier studies across a wide range of
plant taxa have shown that plant quality varies with age. Older plants typically have tougher
leaves (Choong 1996; Loney et al. 2006), lower nutritional values (Hikosaka et al. 1994) and
different chemical/physical defences against herbivory (Barton and Koricheva 2010) than
younger plants. For example, there can be differences in the composition and concentration of
defensive chemical compounds depending on the age of maize plants (Cambier et al. 2000;
Makleit et al. 2018). These differences in toughness, nutrition and defences can have
pronounced effects on herbivory (Price et al. 1987; Loney et al. 2006), with the incidence of

herbivorous invertebrates on old host plants typically being lower than on young plants
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(Choong 1996; Fenner et al. 1999; Boege and Marquis 2005). Thus, older host plants are
inferred to be of poor quality relative to younger host plants, and 'herbivore performance’'
(quantified as preference, performance, and density) is reduced on older herbs and grasses
compared to younger plants of the same species (reviewed in Barton and Koricheva 2010
using data from 116 studies). Moreover, host plant quality can also directly regulate

phenotypic plasticity in herbivorous insects (Lin et al. 2018).

In our experiment, we measured the maximum leaf width and height of each maize plant
before feeding it to the larvae. For old maize plants, plant height was 92.2+33.2 (mean+sd)
cm and maximum leaf-width was 4.2+0.6 cm. For young maize plants, plant height was
69.6+4.5 cm and maximum leaf-width was 1.44+0.2 cm. The larvae were reared on whole
plants, and ad libitum feeding was ensured by providing new plants whenever needed. When
the old plants were too large to be completely accommodated inside the cage, only a part of

the (whole) plant was put in, while ensuring that the larvae could not escape from the cage.

Life-history traits

For each individual, larval development time was recorded as the number of days between
hatching of the egg and pupation of the larvae, and pupal development time was recorded as
the number of days between pupation and eclosion of the butterfly. Pupae were weighed
approximately 24 h after pupation. Adults were weighed and resting metabolic rate (RMR)
measurements made one day after eclosion following established procedures (Pijpe et al.
2007; Brakefield et al. 2009; Oostra et al. 2011). For the RMR, individual butterflies were
measured in the dark —at their rearing temperature—in small cylindrical glass containers (4 cm

in diameter x 9 cm in height). The RMR was measured in the dark to avoid butterfly
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movement and keep them immobile, since activity during the measurement can lead to
changes in respiration rate. Each RMR cycle consisted of three runs of 20 minutes during
which RMR was measured as the individual rate of CO2 and O respiration (millilitre per
minute), using stop-flow respirometry (Pijpe et al., 2007). CO; and O» production were
measured using a LI-7000 CO» gas analyser (Li-Cor) and an Oxzilla FC-2 Differential
Oxygen Analyzer (Sable Systems), respectively, and acquired data were handled in Expedata
(Sable Systems). The CO: and O respiration rates were scaled to mass by dividing respiration
rate by adult mass. Measurements were taken around the same time of the day (taken between
0900 hrs and 1500 hrs) for all individuals, and the data from the second and third runs were
averaged. The first run was excluded for each individual as this occurred during the
butterfly’s acclimation phase. The respiratory quotient was calculated as the CO> respiration

rate divided by the O respiration rate (Richardson 1929).

Statistical analyses

For larval survivorship, we counted the number of larvae that survived the larval stage and
pupated, which did not allow testing sex-specificity as we did not sex pupae. For pupal
survivorship, we counted the number of pupae that survived the pupal stage and eclosed
(Supplementary Table 1). We assessed the effects of temperature, host plant quality and their
interaction on larval or pupal survivorship using a Generalized Linear Model with binomial
response, followed by post hoc pairwise comparisons (Tukey's HSD; a = 0.05) using the

emmeans package (Lenth et al. 2020).

In addition, for each dependent variable (larval development time, pupal development time,

pupal mass, adult mass, CO> and O; respiration rates (scaled by mass), and the respiratory
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quotient), we constructed a linear model with temperature, host plant quality, sex, and all their
interactions, as independent fixed effects. For all models, step-wise model selection based on
AIC values was performed using the step() function in R. Post hoc pairwise comparisons
(Tukey's HSD; a. = 0.05) were performed using the emmeans package (Lenth et al. 2020).
Prior to statistical analyses, the data was graphically checked for the assumptions of
parametric tests, and all traits (except pupal mass) were log-transformed as this improved the

normality.

To assess whether host plant quality had an effect on phenotypic integration, we calculated
Pearson’s correlation coefficients among the log-transformed life-history traits for individuals
reared on both young and old host plants for both sexes across all temperatures. Thus, we
obtained two correlation matrices per sex. We tested whether poor host plant quality disrupted
the seasonal morphs by comparing the correlation matrices for each sex using matrix
correlation, which measures the strength of association, with values ranging from —1 to +1,
such that zero indicates no similarity between the matrix on old maize and young maize. We
evaluated the statistical significance of the association between the matrices using the Mantel
test (Mantel 1967) at each temperature, using the Mantel/Cor() in evolgg function in R (Melo
et al. 2015). After getting the overall association between the correlation matrices on old and
young maize, we examined the specific changes by comparing the correlation coefficients
between old and young host plants for each trait combination for both sexes. For this, we
converted the correlation coefficient into a z-score using Fisher's 7-to-z transformation (Fisher
1915, 1921) and compared these z-scores using the sample size for each coefficient, using the

following formula (Cohen et al. 2003):

_ (Zyoung - Zold)
Zobserved — 1 1

V-

Nyoung — 3 Nota — 3

15
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where Zyoung and zo14 are correlation coefficients and nyoung and noig are the sample sizes for
individuals on young and old host plants, respectively. We performed 21 comparisons for
each sex. We checked if the absolute value of Zobserved Was greater than 3.03, which is the
critical value for the two-tailed a = 0.0024 significance criterion for normal distribution (a for
each comparison corrected to account for multiple testing), which would imply that the
difference between the correlation coefficients was statistically significant. We also
performed a Chi-Square test for Independence to assess if host plant quality had a sex-specific
effect on phenotypic disintegration, by examining the number of trait combinations that were

disrupted for males and females.

All the analyses were done in R version 3.6.1 (R Core Team 2019).
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Results

Limited effect of host plant quality on pre-adult survivorship

Development on old maize had a temperature specific effect on larval survivorship (Figure 1,
Table 1, Supplementary Table 1),with fewer larvae surviving on old host plants at 23°C
(P=0.0001), while there was no significant effect at 19°C (P=0.96) and only a marginal effect
at 27°C (P=0.06). For pupal survivorship, there was a significant interaction effect of
temperature and host plant quality (Figure 1, Table 1, Supplementary Table 1), which
signifies that the response to temperature is dependent on the host plant used by the larvae
(and vice versa), although the difference in pupal survival on old and young maize was not
significant at any of the temperatures (pairwise comparisons at 19°C: P=0.36, 23°C: P=0.33,

and 27°C: P=0.83).

Prolonged development at 23°C due to poor host plant quality

Host plant quality interacted with temperature (Table 2) such that, in contrast to the
treatments at both ends of the thermal gradient (19°C and 27°C), host plant quality had a
significant effect on larval (pairwise comparisons at 23°C, P<0.0001, Figure 2A,B) and pupal
development time (pairwise comparisons at 23°C, P=0.0004, Figure 2C,D), the intermediate
temperature. At this thermal environment, the larvae took nearly 13% more time to complete
development on old plants, while pupal development time was about 6% longer. Consistent
with earlier studies (Pijpe et al. 2007; de Jong et al. 2010; Oostra et al. 2011; Mateus et al.
2014), development time decreased with increasing temperature, and males had a shorter

larval but longer pupal development time than females (Figure 2, Table 2).
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Temperature-dependent effects of host plant quality on body mass

Similar to development time, host plant quality had a temperature-specific effect on body
mass (Table 2), with the effect of temperature on body mass being less pronounced in
individuals utilizing old host plants, i.e. thermal reaction norms are flatter (Figure 3).
Utilizing old maize during the final instars of development led to a greater than 5% reduction
in pupal mass (in both sexes) compared to being reared on young maize at the two lower
temperatures (pairwise comparisons at 19°C: P<0.0001, and 23°C: P=0.03, see Figure 3A,B).
In contrast, at the higher temperature (27°C) the pupal mass of both sexes was enlarged when
reared on old host plants, though the differences at this temperature were not statistically
significant (pairwise comparisons at 27°C: P = 0.1641). For adult mass, host plant quality had
a temperature and sex-specific effect (Figure 3C,D). Adult mass of females was about 17%
higher at 27°C (pairwise comparison: P=0.0001) and 11% lower at 23°C (pairwise
comparisons, P=0.005), when they fed on old plants instead of younger ones. For males the
effect of poor host quality led to a 10% reduction in adult mass at 19°C (pairwise comparison
at 19°C: P=0.04). In general, both pupal and adult mass decreased with increasing
temperature, and both size estimates were higher in females across all experimental treatments

(Table 2, Figure 3).

No effect of host plant quality on mass-scaled respiration rates and respiratory quotient

Similar to earlier studies on CO; respiration rates in this species (Brakefield et al. 2007; Pijpe
et al. 2007), both the CO; and O respiration rate increased with temperature (temperature; P
< 0.0001 for both variables, with 27°C > 23°C > 19°C for COz, see Table 3 and Figure 4) and
males having higher mass-scaled respiration rates than females (sex; P < 0.0001 for both

variables). Host plant quality did not significantly affect the CO; and O» respiration rates (but
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note that the 3-way interaction term was significant for CO; respiration rate, Table 3). The
respiratory quotient was not affected by the sex of the individual, the thermal environment nor

the food quality (P > 0.05 for all factors, see Table 3 and Supplementary Figure 1).

Poor host plant quality affects phenotypic integration

The mantel test showed that the host plant quality caused little overall change in the
correlation matrix for life-history traits for both sexes (correlation between matrix for young
maize vs old maize, females: r=0.94, P=0.0009, and for males: r=0.90, P=0.0009), indicating
similar matrix structures. Examining pairwise combinations, we found that males were more
severely affected (¥*=6.85, df=1, P=0.008), with 11 out of 21 correlation coefficients being
significantly different between young and old host plants, while for females only 3 out of 21
correlation coefficients were significantly affected (Figure 5, for details see Supplementary
Table 4). In general, except for 3 cases each for males and females, the sign of the correlation
remained the same, but the absolute correlation became weaker (closer to 0) or stronger
(closer to 1). Amongst the significant changes, for males, all 11 correlation coefficients
decreased (mean decrease ~56%) on old host plants while for females 2 correlation
coefficients decreased (mean decrease ~72%) and 1 correlation coefficients increased (~44%

increase) on old host plants.
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Discussion

In order to optimally time life cycle events with the seasons, organisms in seasonal
environments exploit environmental cues that predict seasonal transitions. As environments
are complex, there is often more than one cue that is relevant, and relevance of these cues may
depend on other cues. Temperature and food quality are known to be some of the most
important environmental factors affecting the growth and development of insects. Here, we
tested whether food quality acts as a cue in an Afrotropical butterfly, which is known to rely
on temperature as predictor of transitions between wet and dry seasons. We found that the
cues interact: reduced food quality can act as a predictive cue at temperatures normally
associated with the food-rich wet season, inducing a more dry season-like phenotype. At low
temperatures, normally associated with the food-poor dry season, rather than inducing a more
extreme dry season phenotype, reduced food quality had an adverse effect on life history.
Thus, reduced food quality may only be a relevant cue under some conditions, as we discuss

in detail below.

Food quality or nutrition is known to play a vital role in shaping animal behaviour and
physiology, with studies showing that alteration in nutrient availability can influence diapause
propensity, foraging behaviour, fecundity, life-history strategy, oviposition behaviour, and
sexual selection dynamics in butterflies (Wedell et al. 1997; McKay et al. 2016; Espeset et al.
2019; Jaumann and Snell-Rood 2019; Mitchell et al. 2019). Specifically, food limitation
experienced during development can have enduring effects on adult physiology and life-
history, particularly in holometabolous insects where the resources assimilated during larval
stage are reallocated during metamorphosis to form the adult (Monaghan 2008; Boggs 2009).
While food limitation usually has a negative effect on an organisms physiology and

survivorship, it sometimes leads to compensatory growth during periods of increased food
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availability, which in turn can shape adult life history, for instance via altered metabolic rate
(Wilson and Osbourn 1960; Metcalfe and Monaghan 2001). Earlier studies testing the effect
of developmental food deprivation in B. anynana , showed that food-stressed individuals have
a reduced body mass and prolonged developmental time, but can under some conditions

reallocate resources adaptively (Bauerfeind and Fischer 2005; Saastamoinen et al. 2010,

2013).dn-ourstudy—thectfectot-hostphantquattbv-on-dtterentHe-historytrattswas-

When exposed to the thermal conditions of the wet-season (27°C), poor host plant quality
induced an increase in body mass, which was significant for female adult mass. This partial
dry-season-like phenotype could indicate an adaptive response to within-season fluctuations
in food quality, allowing them to better compensate as adults for reduced food (Monaghan
2008). In insects, body size is a key determinant of female fecundity (egg
provisioning)(Hon€k 1993; Boggs and Freeman 2005), whereas for males fecundity is more
related to flight capability (as they need to find and court females). Therefore, the increased
adult mass we observed in females may be suggestive of a terminal reproductive investment
(Clutton-Brock 1984; cf. Oostra et al. 2018). Moreover, food quality can vary independently
of temperature (van den Heuvel et al. 2013), making it a potentially important cue under
conditions when the thermal information is inconclusive, and in such situations the use of

multiple cues might be favoured (Hoffman 1978; Shapiro 1978; Kingsolver and Huey 1998).

In contrast to the pattern observed at high, wet season-like temperatures, at temperatures that

mimic the dry season (19°C) and the transition temperature (23°C), poor host plant quality did
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not act as a seasonal cue inducing a more dry-season like form. Instead, the treatment resulted
in lower body mass and longer development times (significant only at 23°C), indicating a
stress response. However, there was no change in RMR, suggesting that in some aspects they
could compensate for the adverse earlier conditions. A possible explanation for the lack of a
role of host plant quality as a cue for seasonal progression, at least at 19°C, is that they cannot
become more dry season-like, as they are already maximally in dry season mode.
Alternatively, in thermal conditions of the dry season (19°C), temperature may suffice as a

cue.

Interestingly, for larval survivorship and development time, we observed a significant effect
of host plant quality only at 23°C, which is the average temperature during the transition from
the wet (27°C) to the dry (19°C) season (Windig et al. 1994; van Bergen et al. 2016). This
may suggest that there is increased sensitivity at this temperature, potentially because
distinguishing the transition between the seasons may require additional environmental
information in order to induce the expression of the appropriate phenotype. The prolonged
development time at this transitional temperature is likely due to the old maize being of a
poorer quality, prolonging the period necessary to reach the critical mass needed for
undergoing hormonal changes and pupation (Coley et al. 2006). In addition, the effect of host
plant quality on body mass was more evident than on survivorship and development time.
This may be related to the fact that the larvae were only exposed to the poor host plant quality
during the final two larval instars. The latter represents the period when most growth occurs,

but it is only a short period of the total development time.
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Our results are consistent with findings in other organisms, where it has been shown that
temperature and food quality generally have interactive effects on the phenotype of an
organism, leading to complex reaction norms (Stamp and Bowers 1990; Gresens 1997; Sultan
et al. 1998; Petersen et al. 2000; Sultan 2001; Ris et al. 2004; Relyea and Auld 2005; Stillwell
et al. 2007). For example, temperature can influence an organisms foraging and performance
(Lindroth et al. 1997; Petersen et al. 2000; Kingsolver et al. 2006; Stillwell et al. 2007; Lee
and Roh 2010; Jang et al. 2015), alter nutritional requirements of an organism and its
sensitivity to plant secondary compounds and hence, host plant usage patterns (Stamp 1993;
Stamp and Yang 1996; Lemoine et al. 2013). Similarly, while decrease in body size with
increase in temperature is a widely observed phenomenon in ectotherms, this effect can be
modulated or even reversed by host plant quality (Diamond and Kingsolver 2010). The
temperature-specific effect of food quality is similar to what is observed for diapause, where
there are thermal limits within which insects respond to photoperiod, such that the
temperature influences whether photoperiod acts to induce diapause or to prevent diapause

(Tauber et al. 1986).

We also examined, for the first time in this species, the respiratory quotient (RQ) in resting
metabolic rate. This is the ratio between CO; and O respiration rate at rest, which reflects
which macronutrients are metabolized for energy, with values of 0.7, 0.8 or 1.0 indicating fat,
protein or carbohydrate metabolism, respectively (Nunes et al. 1997). We found that the RQ
was not influenced by either temperature, sex, host plant quality, or their interactions. Across
all experimental treatments, RQ stayed constant around 0.9, intermediate between protein and
carbohydrate metabolism, indicating that adult macronutrient metabolism was unaffected by
thermal environment or larval food quality. This is surprising, as earlier studies in both field

and laboratory showed that dry season form butterflies have a higher fat content (Brakefield
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and Reitsma 1991; de Jong et al. 2010; Oostra et al. 2011). However, we measured the
metabolic rates of newly eclosed adults under benign conditions in the laboratory where fat
reserves are likely under-used compared to the wild, where adults often face prolonged
periods of desiccation and/or starvation. Restricted food intake is often associated with
reduced metabolic rates (DeLany et al. 1999; Ramsey et al. 2000; Even et al. 2001; Blanc et

al. 2003; Roark and Bjorndal 2009), and studies have shown that under starvation, animals

usually have a lower respiratory rate (Porter et al. 1982). Eer-example; Daphnia-masna

Overall, phenotypic integration of traits was structurally similar between individuals reared on
control and old maize. However, pairwise comparisons showed a change in multiple
correlations between life history traits, with most correlation coefficients decreasing on poor
quality host plants, suggesting reduced phenotypic integration, especially in males. This is
consistent with several studies in other organisms, which have reported that stressful
conditions can modify phenotypic variance (usually increase) and phenotypic integration
(usually decrease) (Pigliucci 2002; Pigliucci and Kolodynska 2002, 2006; Badyaev 2005). We
observed the reduction in phenotypic integration mainly in males, not females, likely as a
result of sex-specific regulation and selective pressures. The hormone signalling pathway
responsible for phenotypic integration (Oostra et al. 2011), often plays a sex-specific-
regulatory role (Stillwell et al. 2010; Bhardwaj et al. 2018), thus permitting sex-specific
differences in plastic responses. These are common in insects, for instance, responses to larval
food stress in the Glanville fritillary butterfly, Melitaea cinxia (Rosa and Saastamoinen 2017)

are the result of sex-specific selection on different life-history traits (Tarka et al. 2018).
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Our lab population of B. anynana originates from a location in Malawi where temperature is a
highly reliable predictor of seasonal transitions (Oostra et al. 2018), which in this population
may override the necessity for additional cues under most conditions. An open question then
is whether food quality may be a more important cue in other parts of the species’ range,

where the relevance and reliability of temperature as a cue is lower (Roskam and Brakefield

1996; van Bergen et al. 2017);-as-seen-for-different-populations-of Colias butterflies-which-

Kooietal1996:Janget-al-2015). Taken together, our study shows that plant quality affects

life history traits in a temperature- and sex-specific manner, indicating that under certain
environmental condition a single cue (e.g. temperature) might suffice to shape an organisms’
phenotype, while under other conditions additional cues (like plant quality) might be needed
in shaping the organism’s phenotype to optimally match seasonal conditions. Lastly, being
able to exploit multiple cues and knowing when to use which cue is likely an important

adaptation for organisms living in complex, seasonal environments.

Acknowledgements: We would like to thank Andrew Balmer for help with the plant
measurements, and the Radiating Butterflies Group (Zoology, Cambridge) for helpful
discussions. This study was supported by funding for summer studentship from Trinity
College, Cambridge, an INSPIRE scholarship travel fund to PS, and an Advanced Grant from

the European Research Council (EMARES - 250325) to PMB. The authors declare no

25




549 conflicts of interest. A preprint of this manuscript is available on bioRxiv (doi:

550 10.1101/772749).

551
552 References

553  Alto, B. W., and S. A. Juliano. 2001. Precipitation and temperature effects on populations of
554 Aedes albopictus (Diptera: Culicidae): implications for range expansion. J. Med.

555 Entomol. 38:646—-656.

556 Antonovics, J. 1976. The nature of limits to natural selection. Ann. Missouri Bot. Gard.

557 63:224.

558 Atkinson, D., and R. M. Sibly. 1997. Why are organisms usually bigger in colder

559 environments? Making sense of a life history puzzle. Trends Ecol. Evol. 12:235-239.
560 Awmack, C. S., and S. R. Leather. 2002. Host plant quality and fecundity in herbivorous
561 insects. Annu. Rev. Entomol. 47:817-844.

562 Badyaev, A. V. 2005. Stress-induced variation in evolution: from behavioural plasticity to
563 genetic assimilation. Proc. R. Soc. B Biol. Sci. 272:877-886.

564 Balmer, A. J., P. M. Brakefield, O. Brattstrom, and E. van Bergen. 2018. Developmental
565 plasticity for male secondary sexual traits in a group of polyphenic tropical butterflies.
566 Oikos 127:1812-1821.

567 Barton, K. E., and J. Koricheva. 2010. The ontogeny of plant defense and herbivory:

568 characterizing general patterns using meta-analysis. Am. Nat. 175:481-493.

569 Bauerfeind, S. S., and K. Fischer. 2005. Effects of food stress and density in different life
570 stages on reproduction in a butterfly. Oikos 111:514-524.

571 Bear, A., and A. Monteiro. 2013. Male courtship rate plasticity in the butterfly bicyclus

572 anynana is controlled by temperature experienced during the pupal and adult stages.
573 PLoS One 8:€64061.

574 Bear, A., K. L. Prudic, and A. Monteiro. 2017. Steroid hormone signaling during

575 development has a latent effect on adult male sexual behavior in the butterfly Bicyclus
576 anynana. PLoS One 12:¢0174403.

577 Beldade, P., A. R. A. Mateus, and R. A. Keller. 2011. Evolution and molecular mechanisms
578 of adaptive developmental plasticity.

579 Berrigan, D., and E. L. Charnov. 1994. Reaction norms for age and size at maturity in

580 response to temperature: a puzzle for life historians. Oikos, doi: 10.2307/3545787.
581 Bhardwaj, S., K. L. Prudic, A. Bear, M. Dasgupta, B. R. Wasik, X. Tong, W. F. Cheong, M.
582 R. Wenk, and A. Monteiro. 2018. Sex differences in 20-hydroxyecdysone hormone
583 levels control sexual dimorphism in Bicyclus anynana wing patterns. Mol. Biol. Evol.
584 35:465—-472.

585 Blanc, S., D. Schoeller, J. Kemnitz, R. Weindruch, R. Colman, W. Newton, K. Wink, S.
586 Baum, and J. Ramsey. 2003. Energy expenditure of rhesus monkeys subjected to 11
587 years of dietary restriction. J. Clin. Endocrinol. Metab. 88:16-23.

588 Boege, K., and R. J. Marquis. 2005. Facing herbivory as you grow up: the ontogeny of

589 resistance in plants. Trends Ecol. Evol. 20:441-448.

590 Boggs, C. L. 2009. Understanding insect life histories and senescence through a resource
591 allocation lens. Funct. Ecol. 23:27-37.

592  Boggs, C. L., and K. D. Freeman. 2005. Larval food limitation in butterflies: Effects on adult
593 resource allocation and fitness. Oecologia 144:353-361.

26



594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643

Braby, M., and R. Jones. 1994. Effect of temperature and hostplants on survival, development
and body-size in 3 tropical satyrine butterflies from north-eastern Australia. Aust. J.
Zool. 42:195.

Brakefield, P. M. 1987. Tropical dry and wet season polyphenism in the butterfly Melanitis
leda (Satyrinae): Phenotypic plasticity and climatic correlates. Biol. J. Linn. Soc.
31:175-191.

Brakefield, P. M., P. Beldade, and B. J. Zwaan. 2009. The African butterfly Bicyclus
anynana: a model for evolutionary genetics and evolutionary developmental biology.
Cold Spring Harb. Protoc. 2009:pdb.emo122-pdb.emo122.

Brakefield, P. M., and W. A. Frankino. 2009. Polyphenisms in Lepidoptera: multidisciplinary
approaches to studies of evolution and development. Phenotypic Plast. insects Mech.
consequences 337-368.

Brakefield, P. M., J. Pijpe, and B. J. Zwaan. 2007. Developmental plasticity and acclimation
both contribute to adaptive responses to alternating seasons of plenty and of stress in
Bicyclus butterflies. J. Biosci. 32:465-475.

Brakefield, P. M., and N. Reitsma. 1991. Phenotypic plasticity, seasonal climate and the
population biology of Bicyclus butterflies (Satyridae) in Malawi. Ecol. Entomol. 16:291—
303.

Brodeur, J., and J. N. McNeil. 1989. Biotic and abiotic factors involved in diapause induction
of the parasitoid, Aphidius nigripes (Hymenoptera: Aphidiidae). J. Insect Physiol.
35:969-974.

Cambier, V., T. Hance, and E. de Hoffmann. 2000. Variation of DIMBOA and related
compounds content in relation to the age and plant organ in maize. Phytochemistry
53:223-229.

Chevin, L.-M., and A. A. Hoffmann. 2017. Evolution of phenotypic plasticity in extreme
environments. Philos. Trans. R. Soc. B Biol. Sci. 372:20160138.

Chevin, L. M., and R. Lande. 2015. Evolution of environmental cues for phenotypic
plasticity. Evolution (N. Y). 69:2767-2775.

Choong, M. F. 1996. What makes a leaf tough and how this affects the pattern of castanopsis
fissa leaf consumption by caterpillars. Funct. Ecol. 10:668.

Clutton-Brock, T. H. 1984. Reproductive effort and terminal investment in iteroparous
animals. Am. Nat., doi: 10.1086/284198.

Cohen, J., P. Cohen, S. West, and L. Aiken. 2003. Applied multiple regression/correlation for
the behavioral sciences. 3rd ed. Mahwah, NJ: Lawrence Erlbaum Associate.

Coley, P. D., M. L. Bateman, and T. A. Kursar. 2006. The effects of plant quality on
caterpillar growth and defense against natural enemies. Oikos 115:219-228.

de Jong, M., F. Kesbeke, P. Brakefield, and B. Zwaan. 2010. Geographic variation in thermal
plasticity of life history and wing pattern in Bicyclus anynana. Clim. Res. 43:91-102.

de Wilde, J. 1962. Photoperiodism in Insects and Mites. Annu. Rev. Entomol. 7:1-26.

DeLany, J. P., B. C. Hansen, N. L. Bodkin, J. Hannah, and G. A. Bray. 1999. Long-Term
Calorie Restriction Reduces Energy Expenditure in Aging Monkeys. Journals Gerontol.
Ser. A Biol. Sci. Med. Sci. 54:B5-B11.

Diamond, S. E., and J. G. Kingsolver. 2010. Environmental Dependence of Thermal Reaction
Norms: Host Plant Quality Can Reverse the Temperature-Size Rule. Am. Nat. 175:1-10.

Espeset, A., M. E. Kobiela, K. L. Sikkink, T. Pan, C. Roy, and E. C. Snell-Rood. 2019.
Anthropogenic increases in nutrients alter sexual selection dynamics: A case study in
butterflies. Behav. Ecol., doi: 10.1093/beheco/arz004.

Even, P. C., V. Rolland, S. Roseau, J. C. Bouthegourd, and D. Tomé¢. 2001. Prediction of
basal metabolism from organ size in the rat: Relationship to strain, feeding, age, and
obesity. Am. J. Physiol. - Regul. Integr. Comp. Physiol., doi:

27



644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693

10.1152/ajpregu.2001.280.6.r1887.

Fenner, M., M. E. Hanley, and R. Lawrence. 1999. Comparison of seedling and adult
palatability in annual and perennial plants. Funct. Ecol. 13:546-551.

Fisher, R. A. 1915. Frequency Distribution of the Values of the Correlation Coefficient in
Samples from an Indefinitely Large Population. Biometrika 10:507.

Fisher, R. A. 1921. On the “probable error” of a coefficient of correlation deduced from a
small sample. Metron 1:1-32.

Flatt, T., and A. Heyland. 2011. Mechanisms of Life History Evolution: The Genetics and
Physiology of Life History Traits and Trade-Offs. Genetics 540.

Geister, T. L., M. W. Lorenz, M. Meyering-Vos, K. H. Hoffmann, and K. Fischer. 2008.
Effects of temperature on reproductive output, egg provisioning, juvenile hormone and
vitellogenin titres in the butterfly Bicyclus anynana. J. Insect Physiol., doi:
10.1016/j.jinsphys.2008.06.002.

Gotthard, K., and S. Nylin. 1995. Adaptive plasticity and plasticity as an adaptation: a
selective review of plasticity in animal morphology and life history. Oikos 74:3.

Gresens, S. 1997. Interactive effects of diet and thermal regime on growth of the midge
Pseudochironomus richardsoni Malloch. Freshw. Biol. 38:365-373.

Halali, S., E. van Bergen, C. J. Breuker, P. M. Brakefield, and O. Brattstrém. 2020a. Seasonal
environments drive convergent evolution of a faster pace-of-life in tropical butterflies.

Halali, S., P. M. Brakefield, S. C. Collins, and O. Brattstrom. 2020b. To mate, or not to mate:
The evolution of reproductive diapause facilitates insect radiation into African savannahs
in the Late Miocene. J. Anim. Ecol. 89:1230-1241.

Hikosaka, K., I. Terashima, and S. Katoh. 1994. Effects of leaf age, nitrogen nutrition and
photon flux density on the distribution of nitrogen among leaves of a vine (Ipomoea
tricolor Cav.) grown horizontally to avoid mutual shading of leaves. Oecologia 97:451—
457.

Hoffman, R. J. 1978. Environmental Uncertainty and Evolution of Physiological Adaptation
in Colias Butterflies. Am. Nat., doi: 10.1086/283343.

Honék, A. 1993. Intraspecific Variation in Body Size and Fecundity in Insects: A General
Relationship. Oikos, doi: 10.2307/3544943.

Hunter, M. D., and J. N. Mcneil. 1997. Host-plant quality influences diapause and voltinism
in a polyphagous insect herbivore. Ecology 78:977-986.

Hug, M., S. Bhardwaj, and A. Monteiro. 2019. Male bicyclus anynana butterflies choose
females on the basis of their ventral UV-reflective eyespot centers. J. Insect Sci., doi:
10.1093/jisesa/iez014.

Jackson, S. T., J. L. Betancourt, R. K. Booth, and S. T. Gray. 2009. Ecology and the ratchet of
events: climate variability, niche dimensions, and species distributions. Proc. Natl. Acad.
Sci. U. S. A. 106 Suppl:19685-92.

Jang, T., M. S. Rho, S.-H. Koh, and K. P. Lee. 2015. Host-plant quality alters herbivore
responses to temperature: a case study using the generalist Hyphantria cunea. Entomol.
Exp. Appl. 154:120-130.

Jaumann, S., and E. C. Snell-Rood. 2019. Adult nutritional stress decreases oviposition
choosiness and fecundity in female butterflies. Behav. Ecol. 30:852—-863.

Kingsolver, J. G., and R. B. Huey. 1998. Evolutionary Analyses of Morphological and
Physiological Plasticity in Thermally Variable Environments. Am. Zool. 38:545-560.

Kingsolver, J. G., J. G. Shlichta, G. J. Ragland, and K. R. Massie. 2006. Thermal reaction
norms for caterpillar growth depend on diet. Evol. Ecol. Res.

Kooi, R. E. 1992. Host-plant selection by the tropical butterfly Bicyclus anynana. Pp. 65-66
in Proceedings of the 8th International Symposium on Insect-Plant Relationships.
Springer Netherlands, Dordrecht.

28



694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743

Kooi, R. E., and P. M. Brakefield. 1999. The critical period for wing pattern induction in the
polyphenic tropical butterfly Bicyclus anynana (Satyrinae). J. Insect Physiol., doi:
10.1016/S0022-1910(98)00093-6.

Kooi, R. E., P. M. Brakefield, and W. E. M.-T. Rossie. 1996. Effects of food plant on
phenotypic plasticity in the tropical butterfly Bicyclus anynana. Entomol. Exp. Appl.
80:149-151.

Kroon, A., R. L. Veenendaal, J. Bruin, M. Egas, and M. W. Sabelis. 2004. Predation risk
affects diapause induction in the spider mite Tetranychus urticae. Exp. Appl. Acarol.
34:307-314.

Lafuente, E., and P. Beldade. 2019. Genomics of Developmental Plasticity in Animals. Front.
Genet. 10.

Lampert, W., and R. Bohrer. 1984. Effect of food availability on the respiratory quotient of
Daphnia magna. Comp. Biochem. Physiol. Part A Physiol. 78:221-223.

Lee, K. P., and C. Roh. 2010. Temperature-by-nutrient interactions affecting growth rate in an
insect ectotherm. Entomol. Exp. Appl. 136:151-163.

Leimar, O., P. Hammerstein, and T. J. M. Van Dooren. 2006. A new perspective on
developmental plasticity and the principles of adaptive morph determination. Am. Nat.
167:367-376.

Lemoine, N. P., W. A. Drews, D. E. Burkepile, and J. D. Parker. 2013. Increased temperature
alters feeding behavior of a generalist herbivore. Oikos, doi: 10.1111/5.1600-
0706.2013.00457 x.

Lenth, R., H. Singmann, J. Love, P. Buerkner, and M. Herve. 2020. emmeans: Estimated
Marginal Means, aka Least-Squares Means.

Lin, X., Y. Xu, J. Jiang, M. Lavine, and L. C. Lavine. 2018. Host quality induces phenotypic
plasticity in a wing polyphenic insect. Proc. Natl. Acad. Sci. 115:7563-7568.

Lindroth, R. L., K. A. Klein, J. D. C. Hemming, and A. M. Feuker. 1997. Variation in
temperature and dietary nitrogen affect performance of the gypsy moth (Lymantria
dispar L.). Physiol. Entomol. 22:55-64.

Liu, Z., P. Gong, D. Li, and W. Wei. 2010. Pupal diapause of Helicoverpa armigera (Hiibner)
(Lepidoptera: Noctuidae) mediated by larval host plants: Pupal weight is important. J.
Insect Physiol., doi: 10.1016/j.jinsphys.2010.08.007.

Loney, P. E., C. Mcarthur, B. M. Potts, and G. J. Jordan. 2006. How does ontogeny in a
Eucalyptus species affect patterns of herbivory by Brushtail Possums? Funct. Ecol.
20:982-988.

Makleit, P., A. Nagy, S. Veres, and A. Fonagy. 2018. Cyclic hydroxamic acid content and its
temporal changes in five commercial maize ( Zea mays ) hybrids. Cereal Res. Commun.
46:686—696.

Mantel, N. 1967. The Detection of Disease Clustering and a Generalized Regression
Approach. Cancer Res. 27:209-220.

Mateus, A. R. A., M. Marques-Pita, V. Oostra, E. Lafuente, P. M. Brakefield, B. J. Zwaan,
and P. Beldade. 2014. Adaptive developmental plasticity: Compartmentalized responses
to environmental cues and to corresponding internal signals provide phenotypic
flexibility. BMC Biol. 12:97.

McKay, A. F., V. O. Ezenwa, and S. Altizer. 2016. Consequences of Food Restriction for
Immune Defense, Parasite Infection, and Fitness in Monarch Butterflies. Physiol.
Biochem. Zool. 89:389—401.

Melo, D., G. Garcia, A. Hubbe, A. P. Assis, and G. Marroig. 2015. EvolQG - An R package
for evolutionary quantitative genetics. F1000Research, doi:
10.12688/f1000research.7082.1.

Metcalfe, N. B., and P. Monaghan. 2001. Compensation for a bad start: grow now, pay later?

29



744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793

Trends Ecol. Evol. 16:254-260.

Mitchell, T. S., A. M. Shephard, C. R. Kalinowski, M. E. Kobiela, and E. C. Snell-Rood.
2019. Butterflies do not alter oviposition or larval foraging in response to anthropogenic
increases in sodium. Anim. Behav., doi: 10.1016/j.anbehav.2019.06.015.

Monaghan, P. 2008. Early growth conditions, phenotypic development and environmental
change. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 363:1635-45.

Monteiro, A., X. Tong, A. Bear, S. F. Liew, S. Bhardwaj, B. R. Wasik, A. Dinwiddie, C.
Bastianelli, W. F. Cheong, M. R. Wenk, H. Cao, and K. L. Prudic. 2015. Differential
Expression of Ecdysone Receptor Leads to Variation in Phenotypic Plasticity across
Serial Homologs. PLOS Genet. 11:¢1005529.

Murren, C. J. 2012. The Integrated Phenotype. Integr. Comp. Biol. 52:64-76.

Nokelainen, O., E. van Bergen, B. S. Ripley, and P. M. Brakefield. 2018. Adaptation of a
tropical butterfly to a temperate climate. Biol. J. Linn. Soc. 123:279-289.

Nunes, L., D. E. Bignell, N. Lo, and P. Eggleton. 1997. On the respiratory quotient (RQ) of
termites (Insecta: Isoptera). J. Insect Physiol. 43:749-758.

Nylin, S. 1992. Seasonal plasticity in life history traits: growth and development in Polygonia
c-album (Lepidoptera: Nymphalidae). Biol. J. Linn. Soc. 47:301-323.

Nylin, S., and K. Gotthard. 1998. Plasticity in Life-History Traits. Annu. Rev. Entomol., doi:
10.1146/annurev.ento.43.1.63.

Oostra, V., M. A. de Jong, B. M. Invergo, F. Kesbeke, F. Wende, P. M. Brakefield, and B. J.
Zwaan. 2011. Translating environmental gradients into discontinuous reaction norms via
hormone signalling in a polyphenic butterfly. Proc. R. Soc. B Biol. Sci. 278:789-797.

Oostra, V., A. R. A. Mateus, K. R. L. van der Burg, T. Piessens, M. van Eijk, P. M.
Brakefield, P. Beldade, and B. J. Zwaan. 2014. Ecdysteroid Hormones Link the Juvenile
Environment to Alternative Adult Life Histories in a Seasonal Insect. Am. Nat.
184:E79-E92.

Oostra, V., M. Saastamoinen, B. J. Zwaan, and C. W. Wheat. 2018. Strong phenotypic
plasticity limits potential for evolutionary responses to climate change. Nat. Commun.
9:1005.

Petersen, C., H. A. Woods, and J. G. Kingsolver. 2000. Stage-specific effects of temperature
and dietary protein on growth and survival of Manduca sexta caterpillars. Physiol.
Entomol. 25:35-40.

Pigliucci, M. 2002. Phenotypic Plasticity and Integration in Response to Flooded Conditions
in Natural Accessions of Arabidopsis thaliana (L.) Heynh (Brassicaceae). Ann. Bot.
90:199-207.

Pigliucci, M., and A. Kolodynska. 2006. Phenotypic integration and response to stress in
Arabidopsis thaliana: A path analytical approach. Evol. Ecol. Res. 8:415-433.

Pigliucci, M., and A. Kolodynska. 2002. Phenotypic plasticity to light intensity in Arabidopsis
thaliana: invariance of reaction norms and phenotypic integration. Evol. Ecol. 16:27-47.

Pigliucci, M., and K. Preston. 2004. Phenotypic integration: studying the ecology and
evolution of complex phenotypes. Oxford University Press.

Pijpe, J., P. M. Brakefield, and B. J. Zwaan. 2007. Phenotypic plasticity of starvation
resistance in the butterfly Bicyclus anynana. Evol. Ecol. 21:589-600.

Plaistow, S. J., and H. Collin. 2014. Phenotypic integration plasticity in Daphnia magna : an
integral facet of G X E interactions. J. Evol. Biol. 27:1913-1920.

Porter, K. G., J. Gerritsen, and J. D. Orcutt. 1982. The effect of food concentration on
swimming patterns, feeding behavior, ingestion, assimilation, and respiration by
Daphnia. Limnol. Oceanogr. 27:935-949.

Price, P. W., H. Roininen, and J. Tahvanainen. 1987. Plant age and attack by the bud galler,
Euura mucronata. Oecologia 73:334-337.

30



794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843

Prudic, K. L., A. M. Stoehr, B. R. Wasik, and A. Monteiro. 2015. Eyespots deflect predator
attack increasing fitness and promoting the evolution of phenotypic plasticity. Proc. R.
Soc. B Biol. Sci. 282:20141531.

R Core Team. 2019. R: A language and environment for statistical computing. http://www.R-
project.org/.

Ramsey, J. J., M.-E. Harper, and R. Weindruch. 2000. Restriction of energy intake, energy
expenditure, and aging. Free Radic. Biol. Med. 29:946-968.

Reed, T. E., S. W. Robin, D. E. Schindler, J. J. Hard, and M. T. Kinnison. 2010. Phenotypic
plasticity and population viability: The importance of environmental predictability. Proc.
R. Soc. B Biol. Sci. 277:3391-3400.

Relyea, R. A., and J. R. Auld. 2005. Predator- and competitor-induced plasticity: How
changes in foraging morphology affect phenotypic trade-offs. Ecology, doi: 10.1890/04-
1920.

Richardson, H. B. 1929. The respiratory quotient. Physiol. Rev. 9:61-125.

Rickard, I. J., and V. Lummaa. 2007. The predictive adaptive response and metabolic
syndrome: challenges for the hypothesis. Trends Endocrinol. Metab. 18:94-99.

Ris, N., R. Allemand, P. Fouillet, and F. Fleury. 2004. The joint effect of temperature and
host species induce complex genotype-by-environment interactions in the larval
parasitoid of Drosophila , Leptopilina heterotoma (Hymenoptera: Figitidae). Oikos
106:451-456.

Roark, A. M., and K. A. Bjorndal. 2009. Metabolic rate depression is induced by caloric
restriction and correlates with rate of development and lifespan in a parthenogenetic
insect. Exp. Gerontol., doi: 10.1016/j.exger.2009.03.004.

Robinson, M. R., and A. P. Beckerman. 2013. Quantifying multivariate plasticity: genetic
variation in resource acquisition drives plasticity in resource allocation to components of
life history. Ecol. Lett. 16:281-290.

Rosa, E., and M. Saastamoinen. 2017. Sex-dependent effects of larval food stress on adult
performance under semi-natural conditions: only a matter of size? Oecologia 184:633—
642.

Roskam, J. C., and P. M. Brakefield. 1996. A comparison of temperature-induced
polyphenism in african bicylus butterflies from a seasonal savannah-rainforest ecotone.
Evolution (N. Y). 50:2360.

Roskam, J. C., and P. M. Brakefield. 1999. Seasonal polyphenism in Bicyclus (Lepidoptera:
Satyridae) butterflies: Different climates need different cues. Biol. J. Linn. Soc. 66:345—
356.

Saastamoinen, M., N. Hirai, and S. van Nouhuys. 2013. Direct and trans-generational
responses to food deprivation during development in the Glanville fritillary butterfly.
Oecologia 171:93-104.

Saastamoinen, M., D. van der Sterren, N. Vastenhout, B. J. Zwaan, and P. M. Brakefield.
2010. Predictive Adaptive Responses: Condition-Dependent Impact of Adult Nutrition
and Flight in the Tropical Butterfly Bicyclus anynana. Am. Nat. 176:686—698.

Schlichting, C. D. 1989. Phenotypic Integration and Environmental Change. Bioscience
39:460—464.

Sentis, A., J.-L. Hemptinne, and J. Brodeur. 2017. Non-additive effects of simulated heat
waves and predators on prey phenotype and transgenerational phenotypic plasticity.
Glob. Chang. Biol. 23:4598-4608.

Shapiro, A. M. 1978. The Evolutionary Significance of Redundancy and Variability in
Phenotypic-Induction Mechanisms of Pierid Butterflies (Lepidoptera). Psyche (New
York), doi: 10.1155/1978/65490.

Stamp, N. 1993. Temperate region view of the interaction of temperature, food quality, and

31



844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893

predators on caterpillar foraging. Pp. 478508 in Caterpillars: Ecological and
Evolutionary Constraints on Foraging. Chapman & Hall, New York, NY, USA.

Stamp, N. E., and M. D. Bowers. 1990. Variation in food quality and temperature constrain
foraging of gregarious caterpillars. Ecology, doi: 10.2307/1937371.

Stamp, N. E., and Y. Yang. 1996. Response of Insect Herbivores to Multiple Allelochemicals
Under Different Thermal Regimes. Ecology 77:1088—1102.

Stillwell, R. C., W. U. Blanckenhorn, T. Teder, G. Davidowitz, and C. W. Fox. 2010. Sex
Differences in Phenotypic Plasticity Affect Variation in Sexual Size Dimorphism in
Insects: From Physiology to Evolution. Annu. Rev. Entomol. 55:227-245.

Stillwell, R. C., W. G. Wallin, L. J. Hitchcock, and C. W. Fox. 2007. Phenotypic plasticity in
a complex world: interactive effects of food and temperature on fitness components of a
seed beetle. Oecologia 153:309-321.

Stoehr, A. M., and E. M. Wojan. 2016. Multiple cues influence multiple traits in the
phenotypically plastic melanization of the cabbage white butterfly. Oecologia 182:691—
701.

Sultan, S. E. 2001. Phenotypic plasticity for fitness components in Polygonum species of
contrasting ecological breadth. Ecology, doi: 10.2307/2679863.

Sultan, S. E., A. M. Wilczek, D. L. Bell, and G. Hand. 1998. Physiological response to
complex environments in annual Polygonum species of contrasting ecological breadth.
Oecologia 115:564-578.

Tarka, M., A. Guenther, P. T. Niemeld, S. Nakagawa, and D. W. A. Noble. 2018. Sex
differences in life history, behavior, and physiology along a slow-fast continuum: a
meta-analysis. Behav. Ecol. Sociobiol. 72:132.

Tauber, M. J., C. A. Tauber, and S. Masaki. 1986. Seasonal adaptations of insects. Oxford
University Press on Demand.

Torres-Dowdall, J., C. A. Handelsman, D. N. Reznick, and C. K. Ghalambor. 2012. Local
adaptation and the evolution of phenotypic plasticity in trinidadian guppies ( Poecilia
reticulata ). Evolution (N. Y). 66:3432-3443.

Tufto, J. 2000. The Evolution of Plasticity and Nonplastic Spatial and Temporal Adaptations
in the Presence of Imperfect Environmental Cues. Am. Nat. 156:121-130.

van Baalen, M. 2014. Adaptation, Conflicting Information, and Stress. Biol. Theory 9:431—
439.

van Bergen, E., H. S. Barlow, O. Brattstrom, H. Griffiths, U. Kodandaramaiah, C. P. Osborne,
and P. M. Brakefield. 2016. The stable isotope ecology of mycalesine butterflies:
implications for plant-insect co-evolution. Funct. Ecol. 30:1936—1946.

van Bergen, E., and P. Beldade. 2019. Seasonal plasticity in anti-predatory strategies:
Matching of color and color preference for effective crypsis. Evol. Lett. 3:313-320.

van Bergen, E., D. Osbaldeston, U. Kodandaramaiah, O. Brattstrom, K. Aduse-Poku, and P.
M. Brakefield. 2017. Conserved patterns of integrated developmental plasticity in a
group of polyphenic tropical butterflies. BMC Evol. Biol. 17:59.

van den Heuvel, J., M. Saastamoinen, P. M. Brakefield, T. B. L. Kirkwood, B. J. Zwaan, and
D. P. Shanley. 2013. The predictive adaptive response: modeling the life-history
evolution of the butterfly Bicyclus anynana in seasonal environments. Am. Nat.
181:E28-42.

Wedell, N., S. Nylin, N. Janz, and S. Nylin. 1997. Effects of Larval Host Plant and Sex on the
Propensity to Enter Diapause in the Comma Butterfly. Oikos, doi: 10.2307/3545619.

Wilson, P. N., and D. F. Osbourn. 1960. Compensatory growth after undernutrition in
mammals and birds. Biol. Rev. 35:324-361.

Windig, J. J., P. M. Brakefield, N. Reitsma, and J. G. M. Wilson. 1994. Seasonal polyphenism
in the wild: survey of wing patterns in five species of Bicyclus butterflies in Malawi.

32



894 Ecol. Entomol. 19:285-298.

895 Zelditch, M. L. 1988. Ontogenetic Variation in Patterns of Phenotypic Integration in the
896 Laboratory Rat. Evolution (N. Y)., doi: 10.2307/2409113.

897

33



898 Tables

899 Table 1. Generalized Linear Model with binomial response for the effect of developmental temperature, sex (used only for pupal survivorship),

900 host plant quality and all interaction terms on larval and pupal survivorship.

Dependent variable Fixed effects df 1 P

Larval survivorship Temperature 2 15.85 0.0003
Host plant quality 1 21.95 <0.0001
Temperature x Host plant quality 2 17.04 0.0002

Pupal survivorship Temperature 2 18.01 0.0002
Host plant quality 1 0.09 0.77
Temperature x Host plant quality 2 10.63 0.005
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903 Table 2. Minimum adequate models for the effect of developmental temperature, sex and host plant quality on developmental time and body
904 mass, related to Figures 1-2. See Supplementary Table 1 for minimum adequate model derivation and Supplementary Table 2 for full models of
905 all traits. The standardised effect size of the fixed effects is measured by the partial eta-squared (partial n?). All dependent variables (except pupal

906 mass) were log-transformed (natural logarithms).

Dependent variable Fixed effects df partialn®> F P

Larval development time Temperature 2 0.95 5458.1  <0.0001
Sex 1 0.14 86.9 < 0.0001
Host plant quality 1 0.12 75.7 <0.0001
Temperature x Host plant quality 2 0.09 26.5 < 0.0001
Residuals 541

Pupal development time Temperature 2 0.96 6030 <0.0001
Sex 1 0.19 127.8 < 0.0001
Host plant quality 1 0.02 14.2 0.0002
Temperature x Sex 2 0.01 2.5 0.08
Temperature x Host plant quality 2 0.02 4.3 0.01
Residuals 539

Pupal mass Temperature 2 0.22 77.3 <0.0001
Sex 1 0.47 473.6 < 0.0001
Host plant quality 1 0.02 121 0.0006
Temperature x Sex 2 0.02 6.8 0.001
Temperature x Host plant quality 2 0.06 17.1 < 0.0001
Residuals 539

Adult mass Temperature 2 0.18 60 <0.0001
Sex 1 0.67 11029 <0.0001
Host plant quality 1 0.003 15 0.23
Temperature x Sex 2 0.003 0.8 0.43
Temperature x Host plant quality 2 0.08 24.4 <0.0001
Sex x Host plant quality 1 0.0002 0.1 0.69
Temperature X Sex x Host plant quality 2 0.02 51 0.006
Residuals 536
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907 Table 3. Minimum adequate models of the effect of developmental temperature and sex on mass-scaled metabolic rates, related to Figures 3-4.
908 See Supplementary Table 1 for minimum adequate model derivation and Supplementary Table 2 for full models of all traits. The standardised

909 effect size of the fixed effects is measured by the partial eta-squared (partial n?). All dependent variables were log-transformed.

Dependent variable Fixed effects df  partialn? F P

CO2 respiration rate (scaled for mass) Temperature 2 0.59 378.1 <0.0001
Sex 1 0.38 3225 <0.0001
Host plant quality 1 0.0004 0.23 0.63
Temperature X Sex 2 0.0003 0.07 0.93
Temperature x Host plant quality 2 0.003 0.8 0.45
Sex x Host plant quality 1 0.00001 0.007  0.93
Temperature x Sex x Host plant quality 2 0.01 3.2 0.04
Residuals 536

O- respiration rate (scaled for mass) Temperature 2 0.36 151.6  <0.0001
Sex 1 0.19 128.9 < 0.0001
Host plant quality 1 0.0007 0.4 0.53
Temperature X Sex 2 0.001 0.3 0.75
Temperature x Host plant quality 2 0.006 1.5 0.22
Sex x Host plant quality 1 0.002 1.2 0.28
Temperature X Sex x Host plant quality 2 0.01 2.8 0.06
Residuals 536

Respiratory Quotient Temperature 2 0.002 0.5 0.61
Sex 1 0.00001 0.003 0.95
Host plant quality 1 0.003 1.8 0.18
Residuals 543
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Figure legends

Figure 1. Effect of host plant quality on proportion of larval and sex-specific pupal
survivorship at all temperatures. Statistically significant effects of host plant quality (Tukey's

HSD, a = 0.05) are indicated for each temperature with an asterisk.

Figure 2. Slower development due to poor host plant quality at 23°C: Effect of host plant
quality and temperature on larval development time (top row) and pupal development time
(bottom row) is shown for females (left) and males (right), with data for young and old maize
indicated by black and red, respectively. Typical wet season morphs develop faster compared
to dry season morphs. Plots show estimated marginal means and upper and lower confidence
limits of data. Statistically significant effects of host plant quality (Tukey's HSD, a = 0.05) are

indicated for each temperature with an asterisk.

Figure 3. Temperature and sex-dependent effects of host plant quality on body mass: Effect of
host plant quality and temperature on pupal mass (top row) and adult mass (bottom row).
Typical wet season morphs have lower body mass compared to dry season morphs. See

legend to Figure 1.

Figure 4. No effect of host plant quality on mass-scaled CO> (top row) and O> (bottom row)
respiration rates (ml hr'! mg™). Typical wet season morphs have higher respiration rates

compared to dry season morphs. See legend to Figure 1.

Figure 5. Poor host plant quality has an effect on some trait correlations, particularly in males:
Pearson correlation coefficients (r) between trait values for a) females and, b) males on young
(high quality) or old (poor quality) host plants. Each line represents the correlation coefficient
between one pair of traits. Correlation coefficients that changed significantly (21 tests for
each sex) due to poor host plant quality are highlighted in red. Sample sizes for calculating
each correlation coefficient are given at the bottom.
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