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Abstract 

Understanding the genetic architecture of life history plasticity may inform resilience under environmental 

change, but relatively little is known for the inhabitants of unpredictable wet-dry tropical environments. 

Here I explore the quantitative genetics of juvenile growth and development relative to hostplant 

phenology in the butterfly Eurema hecabe. Wet season generations of this species breed explosively on 

leguminous annuals whereas dry season generations subsist at low density upon an alternative perennial 

host. The wet-to-dry season transition is temporally unpredictable and marked by widespread host 

defoliation, forcing a large cohort of stranded larvae to either pupate prematurely or prolong 

development in the hope of renewed foliage production. A split-brood experiment demonstrated greater 

performance on high quality annual as opposed to perennial host foliage and a marked decline under the 

stressed conditions faced by stranded wet season larvae. Genetic variances for rates of growth and 

development were equivalent among high quality treatments but strikingly elevated under resource stress, 

and the associated cross-environment genetic correlations were indistinguishable from zero. The results 

demonstrate genotype-environment interaction involving both rank order and variance scale, thereby 

revealing genetic variance for norms of reaction that may reflect variable risk aversion given an 

unpredictable tropical host phenology. 

 

KEY WORDS: Bet-hedging, butterfly; Eurema; phenotypic plasticity; Pieridae; reaction norm. 
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Introduction 

Contemporary life histories are shaped by past conditions to respond in optimal ways to environmental 

variability. If environments can be predicted, such as when photoperiod signals the coming season, 

selection may favor the plastic expression of alternative phenotypes (i.e., polyphenism; Shapiro 1976; 

Brakefield 1996). Anticipatory plasticity of this nature is conceptually appealing because it allows 

genotypes to engineer their phenotype to best match the selective circumstance. By contrast, stochastic or 

unpredictable environmental variation is considerably more difficult to cater for. Such variation imposes 

fluctuating selection upon life history phenotypes which may promote temporal changes in population 

gene pools (i.e., adaptive tracking) and/or maintain genetic variation across space and time. Alternatively, 

random environmental variation may engender strategies akin to evolutionary bet-hedging (Seger and 

Brockmann 1987; Simons 2011). This follows largely from mathematical inference for how natural 

selection favors the maximization of geometric rather than arithmetic mean fitness across multiple 

generations (Starrfelt and Kokko 2012). Put simply, bet-hedging should prove more evolutionary stable in 

the face of unpredictability because its exponents are less likely to suffer extinction. Empirical evidence 

supports the existence of this phenomenon (e.g., Halkett et al. 2004; Rádai 2020), although the evidence is 

of mixed strength, and much remains to be learned about this and other potential evolutionary responses 

to environmental stochasticity in real-world populations (Simons 2011). 

 

The potential for organisms to respond adaptively to environmental variation requires at least a heritable 

component to candidate biological characteristics. For plasticity this means genetic variation for the 

„norm of reaction‟; that is, the function that relates phenotype to environment (de Jong 1990; Scheiner 

1993). Although there are several ways of representing such variation (Via et al. 1995), it is generally 

evidenced by differences among genotypes in the slope of this function across discrete environments (or 

curvature across an environmental gradient; Murren et al. 2014). This may involve differences in the rank-

ordering of genotypes across environments, in which case individual reaction norms cross, or consistent 

rank-ordering but significant differences in the magnitude of spread among genotypes [equating to 

differences in genetic variance across environments; see Figure 1 of Kelly (2019) for depictions of each 

and how they may evolve]. Either situation signifies the quantity known in evolutionary genetic terms as a 

genotype-environment interaction (GEI). There has been extensive study of GEI, including its classic 

elucidation in relation to phenotypic plasticity by Via and colleagues (Via 1984a, b; Via and Lande 1985, 

1987). The body of support for significant GEI is correspondingly large, and has for some time been 

considered to satisfy the general question of whether genetic variation in phenotypic plasticity exists 

(Pigliucci 2005). Recent work has emphasized the importance of this point in particular for the resilience 

of populations and species under changing future climate scenarios (Sgro et al. 2016; Oostra et al. 2018; 

Kelly 2019; and references therein).  
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Insects have an extensive legacy in the study of phenotypic plasticity and GEI (Shapiro 1976; Nylin and 

Gotthard 1998; Teder et al. 2014). Empirical work has progressed in traditional model species (as 

reviewed for Drosophila melanogaster by Flatt 2020) as well as specific groups, as in the study of plastic 

sexual phenotypes in Onthophagus beetles (Emlen 1994) and Diopsid flies (David et al. 2000; Howie et al. 

2019) and of plasticity for sex itself in aphids (Halkett et al. 2004). Lepidopterans have also featured 

prominently in this field. Here, plasticity has been examined particularly in two broad and overlapping 

contexts: color polyphenism (e.g., Kingsolver 1995; Brakefield 1996), and life history adaptations to 

seasonality (e.g., Gotthard 2008; Kivela et al. 2016; Lindestad et al. 2019). The latter case, considered 

broadly, encompasses plastic variation in growth and development as well as morphology, physiology, 

and reproductive strategies such as quiescence and diapause (Tauber et al. 1986; Danks 2006). Albeit with 

some exceptions (e.g., Mycalesina groups including Bicyclus; Bauerfeind and Fischer 2005; Brakefield et al. 

2007; Saastamoinen et al. 2013; van Bergen et al. 2017; Halali et al. 2021), the lion‟s share of research into 

such phenomena has dealt with temperate northern hemisphere butterfly species. A large body of work 

has characterized the environmentally cued juvenile growth decisions of Pieris, Pararge and Polygonia 

(reviewed by Gotthard 2008), Colias (Kingsolver and Buckley 2018) and a range of other temperate 

species (Leimar 1996; Tammaru et al. 2015; Meister et al. 2017). Recent modelling (Kivela et al. 2013, 

2016) has also addressed life history plasticity within directly-developing and diapausing generations of 

temperate lepidopteran systems. As with associated empirical work, these models emphasize individual-

level decisions (nested within discrete developmental pathways), in relation to the timing of seasonal 

adversity, and in the latter case deal specifically with uncertainty in the cessation of favorable breeding 

conditions (Kivela et al. 2016). 

 

Whereas the specifics clearly differ, similar if not greater unpredictability is likely to characterize the 

breeding phenology of many tropical species. Tropical environments are neither a-seasonal nor 

necessarily predictable (Bonebrake et al. 2010). Seasonality is driven primarily by rainfall, which is 

considerably more variable through space and time than temperature (Jones 1987; Shine and Brown 2008; 

Feng et al. 2013), and is not signaled via advance cues such as photoperiod (sensu Lindestad et al. 2019). 

Available data suggest that tropical butterflies pursue diverse reproductive strategies spanning regularly-

timed diapause, quiescence and continuous breeding, which are often accompanied by large-scale 

migration, range-shifts and/or orientation to favorably moist habitats (Jones and Rienks 1987; Braby 

1995; Bharos 2000; Kemp 2001; Molleman 2018). As in temperate species, discrete breeding strategies are 

often accompanied by marked phenotypic differences encompassing variation in life history traits such as 

developmental rates and size at maturity (Jones et al. 1987; Jones 1992; Kemp and Jones 2001; Brakefield 

et al. 2007). Very little is however known to what extent such variation arises from adaptive decisions as 

opposed to deterministic environmental effects. The goal of this study is to investigate the nature and 
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evolutionary genetic basis of response to late wet season declines in larval resource availability; a problem 

likely faced by many phytophagous insects in seasonally wet/dry tropical environments. 

 

 

 

STUDY SPECIES AND BIOLOGICAL CONTEXT 

Eurema hecabe is a polyphagous pierid butterfly with a widespread distribution throughout the Indo-Pacific. 

This species breeds continuously in tropical North Queensland, Australia (Jones and Rienks 1987), where 

populations are capable of completing 6 – 7 generations each wet season (ca. Jan – May) and a further 3 – 

4 generations over the cooler dry season months. Hostplant ecology and hence resource availability 

however changes drastically over this period. Following the onset of the wet season, E. hecabe breed 

primarily in association with two leguminous hosts: Aeschynomene indica and Sesbania cannabina. These small- 

to medium-sized annuals germinate from a soil seed bank after the first significant rainfall event of the 

wet season (which may vary by at least several months from year to year; see: Jones 1987; Jones and 

Rienks 1987). They grow rapidly for the next 2 – 3 months, typically in dense outcrops in disturbed 

locations such as roadsides, vacant lots, and the periphery of agricultural fields. Each species supports an 

array of phytophagous insects in addition to E. hecabe, including (but not limited to) Chrysomelid and 

Curculionid beetles (Jones and Rienks 1987), Noctuid moths (Tuan et al. 2014) and Lycaenid butterflies 

(Braby 2000). These plants are therefore intensively grazed, particularly at the growing shoots, and 

accumulate considerable leaf loss and scarring as the season progresses. Foliar quality also declines due to 

pathogenic infection (Lokesh et al. 2001) and as individual plants are triggered to switch from growth to 

reproduction (i.e., from investment in mesophyll to flowers/fruiting pods). Towards the end of the wet 

season, larval E. hecabe in all instars are frequently stranded upon completely defoliated hosts (Jones and 

Rienks 1987). As dry season conditions prevail, these annual hostplants die off completely. Surviving 

adult E. hecabe then retreat to moist forest refugia, where low density populations are sustained by a switch 

to the perennial host species Breynia stipitata (Euphorbiaceae). Notably, individuals are rarely found on this 

host during wet season months and/or when palatable foliage of their preferred annual host species is 

available. The precise timing of these stages in the wet/dry seasonality of E. hecabe is driven by spatio-

temporal variation in rainfall, and as such is therefore highly unpredictable from year-to year (Jones 1987). 

 

Given this hostplant phenology, tropical Australian E. hecabe face considerable stochasticity in larval 

resource acquisition. Opportunity ranges from extremely high throughout the first several wet season 

months, when their preferred annual hostplants are growing rapidly, prioritizing foliage production and 

experiencing little herbivory, to extremely restricted towards the onset of the dry season. This in-turn 

suggests a scenario where fluctuating selection may act antagonistically on juvenile life histories, favoring 
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the prioritization of size at maturity early in the wet season versus more rapid development as dry season 

conditions approach. The unpredictable nature of seasonality in the wet-dry tropics (Jones 1987; Shine 

and Brown 2008) means however that individuals – perhaps most pointedly ovipositing females – will 

often be unable to locate precisely where they are in the current host growth cycle. The crux of this issue 

comes to bear most acutely on larvae that find themselves confined to defoliated hosts. Such individuals 

face the conundrum of whether to pupate at suboptimal size versus prolonging their development in the 

hope of encountering future resources (primarily via regenerated growth of their parent plant). Pupating 

at suboptimal size carries some risk of failing to reach adulthood, plus the likelihood of reduced fitness 

should they prove viable (e.g., Jones et al. 1982; Nestel et al. 2016). Conversely, prolonging larval 

development in a quest to encounter future host foliage requires energy to sustain an active metabolism 

(hence reducing the resource budget) and carries the risk of greater exposure to predators (Gotthard 

2000) and parasitoids (Van Driesche et al. 2004; Molleman 2018) which become more prevalent as the 

season progresses. 

AIMS AND EXPERIMENTAL DESIGN 

I present an experiment designed to explore the life history decisions of juvenile E. hecabe under resource 

stress and specifically in relation to their natural hostplant phenology. Contrasts (outlined below) were 

embedded within a common split-brood design wherein full-siblings were distributed across three 

treatments: (a) unrestricted high quality (HQ) foliage of the annual host S. cannabina – as likely used across 

most wet season generations; (b) low quality (LQ) S. cannabina foliage in restricted quantity – designed to 

emulate the circumstances encountered by larvae at the very end of the wet season, and; (c) unrestricted 

high quality foliage of B. stipitata – the sole perennial dry season host. The primary aims were: 

(1) To characterize the decision of “when to pupate” (in relation to body size and development time) 

for individuals confined to low-quality S. cannabina, and to estimate the genetic variance for this 

decision (hence, GEI). A decision to pupate at the first opportunity, albeit possibly at suboptimal 

size, would be consistent with a more risk averse or bet-hedging strategy (Seger and Brockmann 

1987). This points to a related contrast among the sexes because females of “gift-giving” butterfly 

species (i.e., polyandrous species wherein males donate material resources to females in addition 

to sperm; Wiklund et al. 2001) are expected to be more risk averse under these situations; that is, 

to discount potentially costly larval growth against the expectation of recouping resources via 

male mating investment (Leimar et al. 1994; Karlsson et al. 1997); 

(2) To contrast juvenile performance across genotypes on high quality S. cannabina relative to B. 

stipitata as well as high versus low quality S. cannabina. These contrasts address the trade-off 

hypothesis (Via 1984b) that adaptation to either host species or host quality comes at the expense 

of performance under different conditions. Evidence for such trade-offs would be given by a 

negative genetic correlation for performance among treatments.  
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Methods 

SPECIMEN PROVENANCE 

This study used the offspring of 42 outcrossed laboratory bred F1 dams, which were themselves the 

unrelated progeny of 205 adult females originally sampled near Cairns, Australia (16.90° S, 145.75° E) 2 – 

4 March 2017. Dams were outcrossed using adult males sampled from the same sites in late March of that 

year. Procedures for mating individuals in the laboratory (which are incidental to this study) were as 

outlined by Kemp et al. (2017). All generations and life stages were housed in the same controlled 

laboratory environment, which was set to standard conditions for this species of 26 ± 1 °C, 14 hr 

daylength, and relative humidity of 55 – 65 %. 

BREEDING EXPERIMENT 

A total of 961 individuals were reared in a split-family design wherein larvae from 42 full-sibling families 

were haphazardly distributed across the three host treatments (as described above). Foliage for each of 

the two high quality host treatments (S. cannabina & B. stipitata) was provided in excess, but low quality S. 

cannabina foliage was supplied at a ca. 75 % rate to mimic the decline in both the quality and quantity of 

resources experienced by E. hecabe late in the growing season. Particularly in the final instar, this led to 

individuals having to feed on fibrous low-mesophyll tissue such as the leaf midrib, rachis, petiole and 

terminal stems (as late-season individuals must routinely do in the wild; Jones 1987; Jones and Rienks 

1987). Larvae in each treatment were supplied with cuttings obtained from common host stock grown in 

a nearby glasshouse. The plots used to provide LQ S. cannabina foliage consisted of ca. 5-month-old 

plants that had begun flowering/fruiting several weeks prior to the experiment (a life history switch that 

results in reduced foliar allocation and maintenance). These plots had been placed on a restricted watering 

regime to accelerate the decline in leaf quality and to again emulate the natural late wet season condition 

of this host. High quality S. cannabina consisted of well-tended, rapidly growing 6 – 8-wk-old plants, while 

plots of the dry season species consisted of mature ~1.5 m tall B. stipitata specimens. These were pruned 

regularly leading up to the experiment to ensure high quality regenerative growth. 

 

Eggs were obtained by placing mated F1 dams within 5-litre clear plastic buckets containing multiple 

cuttings of S. cannabina and B. stipitata. The buckets were flooded with light from 400-w metal-halide 

lamps to promote rapid oviposition. Females laid eggs upon the leaves and stems of both species. High 

quality host foliage was used for this purpose in order to manage the risk of mortality in first instar 

hatchlings. Second instar larvae were transferred to a fresh cutting of their designated treatment host and 

thereafter reared individually in 750 ml plastic cups (as detailed and illustrated by Kemp et al. 2017). Each 

cup was labelled with a unique specimen identifier such that genetic lineage was not evident during 
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husbandry activities. Cups were situated haphazardly within the laboratory space (i.e., not grouped 

according to family) and were shuffled around as a result of each day‟s feeding procedure.  

 

Sample sizes of females/males per-treatment were: (a) HQ wet season: 162/125; (b) LQ wet season: 

227/176; and (c) HQ dry season: 157/114. More larvae were initially allocated to the LQ wet season host 

in anticipation of potentially greater losses; however, mortality rates proved consistently less than 5 % 

across the three treatments. Adults were killed by freezing at -25 °C within 2 – 6 hrs of eclosion and 

weighed to the nearest 0.1 mg using a Sartorius GR-202 microbalance. This measure represents the mass 

of newly emerged adults minus their previously-accumulated metabolic waste (i.e., meconium), and prior 

to their ability to acquire adult resources (i.e., water, nectar, isotonic fluids, etc.; Boggs 2009). Compared 

with simply using pupal mass (as is conventional for these type of studies; e.g., Halali et al. 2021), this 

should arguably provide a more relevant phenotypic basis for assessing the functional and evolutionary 

genetic variation in growth and body size. Six individuals from the LQ treatment escaped and therefore 

could not be weighed but their data for development time were included in the analysis. 

LIFE HISTORY PARAMETERS 

The analysis focused on larval development time (measured in days from egg hatching to pupation), adult 

body weight and growth rate. The former two variables summarize the most salient axes of variation in 

insect life history; that is, age and size at maturity (Teder et al. 2014). Growth rate is the quotient of these 

two variables, and potentially either a cause or consequence of variation in both (Abrams et al. 1996; 

Nylin and Gotthard 1998). Body weight was transformed to its natural logarithm to correct a slight 

positively skewed distribution; hence growth rate was calculated as Loge(weight)/development time. 

STATISTICAL ANALYSIS 

The effects of sex and treatment (fixed), genotype (random) and their interactions were investigated 

under a common framework of general linear mixed modelling (GLMM), as implemented using ASReml 

software (Gilmour et al. 2015). This approach enabled the simultaneous bivariate modelling of variation 

in (and covariance between) development time and body weight across the host treatments. As a 

composite of these two variables, growth rate was modelled separately. Models were all based on the 

general expression: 

          

Where β represents the vector of fixed (sex and host treatment) effects, μ is the vector of random 

(pedigree) effects, X and Z are identity matrices associated with these vectors, and ε is the error term. 

Note that the genetic (pedigree) term is treated as a random factor. This accords both with convention 

(Kruuk 2004; Gilmour et al. 2015) and extensive theoretical precedent (e.g., Falconer 1981; Lynch and 
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Walsh 1998) regarding the linear mixed-modelling of pedigree data. Random parameterization of the 

genetic term means that the inferred (co)variance estimates are on principle generalizable to higher 

population or species levels (Wilson et al. 2010 provide an excellent summary of random effects 

modelling for genetic data).  

 

Models were defined with heterogeneous R structures and heterogeneous correlative G structures, which 

meant that ASReml allowed (hence estimated) separate residual and genetic variances for all unique levels 

defined by the fixed factors. Variances were therefore estimated separately for unique combinations of 

trait, sex, and treatment. This model structure also estimated covariances among pairwise group 

combinations, which were used to calculate inter-sexual, cross-treatment and cross-trait genetic 

correlations (see below).  

 

I began by fitting models to investigate the genetic architecture of each trait separately in relation to sex. 

These were fully expanded univariate models that each estimated 6 genetic and 6 residual variances (one 

each for two sexes x three treatments) and 15 genetic covariances spanning all pairwise combinations 

among the groups. The corresponding G-matrix of variances (V, principal diagonal; grey shading) and 

covariances (C, off-diagonal) for these models is represented as: 

 

  

[
 
 
 
 
 
 
 

   
        
             

               
               
               

   
        
             ]

 
 
 
 
 
 
 

 

Where F = females, M = males, and subscripts 1 – 3 refer to the three different host treatments. 

Elements of the off-diagonal shaded in yellow are cross-treatment genetic covariances, those shaded 

orange are intrasexual genetic covariances, and second-order correlations are unshaded. 

 

Owing to the singular absence of sexual differentiation in trait genetics (refer to the results) the sexes 

were subsequently collapsed for the bivariate modelling of random (co)variances. The G structure for this 

model therefore also comprised 6 variance groups (two traits x three treatments) and 15 covariances, 

which included those corresponding to cross-trait and cross-treatment genetic correlations. This is 

represented by a G-matrix identical to the above (with trait substituted for sex). The univariate model for 

growth rate estimated a G-matrix of 3 variances and 3 covariances, equivalent to the upper left quadrant 
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of the above matrix. The fixed effect of sex was retained in these models alongside the effect of treatment 

and associated interaction terms. Models designed to estimate only the corresponding R-structures were 

used to estimate cross-trait phenotypic correlations (which proved identical to Pearson‟s r values). 

 

I used a stepwise model fitting procedure to sequentially test whether cross-sex and cross-treatment 

genetic correlation(s) varied from each other and from the bounds of 0.0 and ± 1.0, and whether genetic 

variances differed across sexes within each treatment and across treatments per-se. Formal tests in each 

case were performed by assessing the change in overall fit between a model in which parameters of 

interest were fixed (to each other, or in the case of correlations to discrete values) versus a model in 

which they were free to vary. The change in model fit, calculated as twice the difference in log-likelihood 

(2ΔLL), was assessed against the chi-squared distribution with degrees of freedom equal to the change in 

estimated parameters (Kruuk 2004; Wilson et al. 2010; Gilmour et al. 2015). Additional planned (a priori) 

contrasts were assessed in this manner to test for groupwise differences in VG and rG when omnibus tests 

proved significant. I also report Akaike‟s Information Criterion (AICc) – an information-theoretic 

derivative of 2ΔLL – for candidate models, whereby the model which minimizes this parameter is 

considered most parsimonious (Burnham and Anderson 2002). Fixed effects were assessed using 

conditional Wald F statistics with denominator degrees of freedom adjusted to respect marginality 

relationships among factors (Kenward and Roger 1997). All quoted F statistics are therefore conditional 

Wald F statistics. 

 

Model-derived estimates of genetic variance (VG) and residual variance (VR) were summed for 

phenotypic variance (VP), with heritability (H2 ± 1 s.e.) subsequently derived as the ratio VG: VP 

(Falconer 1981; Lynch and Walsh 1998). Heritability was therefore estimated in the broad sense (H2) 

rather than in the narrow sense (h2; a measure determined exclusively by additive genetic variance). The 

present approach to rearing larvae individually excluded common environment effects, but H2 may also 

be inflated by nonadditive genetic variance (dominance and epistasis) and parental effects. This caveat 

therefore stands for the present data, as it does for many related studies (e.g., de Jong et al. 2010; 

Saastamoinen et al. 2013). Meta-analyses have however revealed little difference between 

contemporaneous estimates of H2 and h2 for life history traits across animals, including a breadth of insect 

groups (Mousseau and Roff 1987; Roff 1997). The same has also been reported for a resource stress 

experiment of near identical design to the present protocol conducted using the Coliadine relative Colias 

eurytheme (Kemp and Rutowski 2007). 

 

Genetic correlations were derived from genetic variances and covariances (Cx,y) according to the 

expression: 
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√        
 

 

Standard errors for all parameters were estimated directly by ASreml. Estimates of heritability were 

adjudged as significant if their 95 % confidence interval did not envelope zero; this proved to always 

agree with informal log-likelihood tests in which such parameters fixed to zero. Modelling was conducted 

using data standardized to z-values to assist convergence (Wilson et al. 2010). Reported effect sizes for 

mean trait differences between sexes and treatments were calculated according to Cohen (1988).   
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Results 

THE PHENOTYPIC CONSEQUENCE OF HOST TREATMENT 

On average, individuals developed faster (F2,47.4 = 71.2, P < 0.001), grew faster (F2,38.5 = 441.1, P < 0.001), 

and achieved greater body weight (F2,36.5 = 1660, P < 0.001) across hosts in the order of HQ wet season 

> HQ dry season > LQ wet season (Figure 1a). All pairwise treatment contrasts proved significant in 

each trait (Tukey‟s honest significant difference; P < 0.005). Larvae therefore performed better on S. 

cannabina compared to B. stipitata when foliage quality was high, and both furnished greater performance 

than low quality S. cannabina. Adult females were heavier than males (F1,61.1 = 74.1, P < 0.001; Cohen‟s d = 

0.575), but the sexes developed at equivalent rates (F1,51.4 = 1.00, P = 0.322; d = 0.111), which means that 

females grew more quickly (F1,55.8 = 11.2, P < 0.005; d = 0.222).  

 

Sex-by-treatment interaction was present for body weight (F2,52.4 = 5.04, P < 0.05) but not development 

time (F2,37.4 = 2.72, P = 0.079) or growth rate (F2,46.4 = 3.07, P = 0.056), albeit with the latter two effects 

marginal. Sexual dimorphism in body weight was relatively greatest on the HQ wet season host (d = 

0.838) compared to the HQ dry season and LQ wet season hosts (d = 0.617 and 0.269, respectively). 

Although consistent with the hypothesis that females discount costly larval growth more aggressively than 

males (Leimar et al. 1994), the effect is very slight – equating in percentage terms to females that were 

2.52 % heavier than males in the HQ treatment compared to 1.57 % in the LQ treatment. 

  

Body weight was phenotypically correlated with development time in both sexes under HQ wet season 

conditions (females: rP = 0.350 ± 0.069, n = 162, P < 0.05; males: rP = 0.301 ± 0.082, n = 125, P < 0.05), 

and among females in the LQ wet season treatment (rP = 0.168 ± 0.065, n = 222, P < 0.05). Slower 

development in all cases led to heavier adults. All other phenotypic correlations were negative in sign but 

not statistically different from zero (-0.134 < rP < -0.069). 

GENETIC (CO)VARIANCES ACROSS SEXES 

Univariate modelling in each trait (Table 1) revealed that the magnitude of genetic variance was equivalent 

among males and females within each treatment. The same held for residual variance, and intersexual 

genetic correlations were best described by a single value across treatments that was indistinguishable 

from 1.0 (this value was in fact bound to 1.0 for development time and body weight, and was estimably 

0.981 ± 0.082 for growth rate). Collectively, these findings point to negligible genetic differentiation 

between males and females. Sex was therefore excluded as a source of random (genetic) variance in 

subsequent modelling, but retained as a fixed main and interactive effect (as supported by the phenotypic 

analyses above). 
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GENETIC (CO)VARIANCES ACROSS TREATMENTS AND GENOTYPE-ENVIRONMENT INTERACTION 

Unconstrained GLMMs yielded estimates of genetic (co)variances (Table 2; Figure 1) that were formally 

analyzed for variation across treatments via the model-fitting procedures summarized by Table 3. I refer 

to specific steps of these procedures in the following summary of results. 

 

Genetic variances and heritability among treatments 

Genetic variance for body weight did not differ across host environments (Table 3c), but this parameter 

did vary across treatments for development time and growth rate (Table 3b, j). Both traits expressed 

elevated genetic variance in the LQ wet season treatment compared to the HQ wet season treatment 

(development time: G1 = 24.1, P < 0.001; growth rate: G1 = 12.5, P < 0.001) as well as the HQ dry season 

treatment (development time: G1 = 23.0, P < 0.001; growth rate: G1 = 7.32, P < 0.01). Genetic variance 

for development time on LQ S. cannabina was in fact estimably one order of magnitude greater than on 

the two high quality hosts, which did not themselves differ (G1 = 0.018, P = 0.893). For growth rate, 

genetic variance in the LQ wet season treatment was more than three times higher than in the two others 

(which were likewise homoscedastic; G1 = 0.572, P = 0.449). Both traits indicate a spreading of family 

means in the LQ treatment indicative of scale-variance GEI (Figure 1). Owing to similar cross-treatment 

patterns of residual variance, the estimates of heritability for all traits were broadly equivalent across 

treatments (Table 2; growth rate estimates [not otherwise shown] – LQ wet: H2 = 0.614 ± 0.127; dry: H2 

= 0.435 ± 0.129; HQ wet: H2 = 0.516 ± 0.130). 

 

Genetic covariances across treatments 

The experimental design yielded three cross-treatment genetic correlations for each trait: one between the 

LQ and HQ wet season host treatments, and one between each of these and the HQ dry season host 

treatment. Initial estimates (Table 2) provided little evidence for negative values that may signify 

performance trade-offs across hosts (sensu Via 1984b). All cross-treatment correlations were in fact 

positive in sign (Table 4), but GLMM-based testing indicated that all except two of these were 

significantly less than 1.0 and not distinguishable from zero. Such cases indicate limited correspondence 

in genotypic values across treatments and therefore signify rank-order GEI (Via 1984a, b). The two 

exceptions involved the HQ wet season x HQ dry season correlation for development time and growth 

rate, which were both near 1.0 (Table 4) and indistinguishable from this value. 

 

Genetic covariances across traits 
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The magnitude of genetic correlation between body weight and development time differed among 

treatments (Table 3f). Contrasts indicated that this correlation in the HQ wet season treatment (estimably 

rG = 0.571 ± 0.206) varied from both zero (G1 = 4.73, P < 0.05) and 1.0 (G1 = 6.34, P < 0.05), which is 

consistent with the positive phenotypic correlation between traits as noted earlier for this treatment. The 

cross-trait genetic correlation was equivalent for both other treatments (G1 = 0.096, P = 0.757) and 

described by a single estimate (rG = -0.241 ± 0.213) that did not vary significantly from zero (G1 = 1.18, P 

= 0.277), was less than 1.0 (G1 = 22.4, P < 0.001) and greater than -1.0 (G1 = 13.6, P < 0.001). 

 

Discussion 

The unpredictable timing of tropical seasonality is expected to engender diverse and flexible life history 

adaptations. Tropical insects exhibit phenological strategies in common with their temperate counterparts 

(e.g., diapause and migration), plus a few novel ones (e.g., continuous breeding in refugia; Jones 1987; 

Jones and Rienks 1987; Braby 1995), but relatively little is known about the decision rules shaping these 

strategies. Resource availability near to the end of the wet season is especially likely to prove problematic, 

as outlined for larval E. hecabe imperiled by diminishing Sesbania foliage. This study sought to examine the 

nature of plastic response under such conditions and in relation to the obligate wet-dry season host 

switch in this species. Emulating the late wet season restriction in both quality and quantity of S. cannabina 

resulted in reduced rates of development and growth and hence smaller adult size. This outcome is 

consistent with the negatively sloping bivariate reaction norm between age and size at maturity that is 

characteristic of diet-based plasticity in herbivorous insects (Teder et al. 2014). Such a relationship typifies 

situations where growth rates are determined environmentally (as opposed to adaptively; Abrams et al. 

1996). It was also notable that larvae performed better on S. cannabina than on the dry season host when 

provided ad libitum access to high quality foliage of each species. The quantitative genetic architecture of 

juvenile life history was basically uniform across the sexes, and unlike other gift-giving pierid butterflies 

(Karlsson et al. 1997; Tigreros et al. 2013; Davies and Saccheri 2017), females and males responded in a 

largely equivalent fashion to food stress. The nature of larval response however varied across families in 

ways consistent with GEI, thereby revealing genetic variance for phenotypic plasticity (Via and Lande 

1985). This discussion draws inferences based upon quantitative genetic theory (Falconer 1981; Lynch 

and Walsh 1998) and focusses largely on interpreting the nature of observed GEI, which has novelty for 

butterflies and allied herbivorous insect groups. 

 

The analysis partitioned two discrete sources of GEI in E. hecabe. Both were widespread, and together 

they identified a pervasive role for interaction in the genetic architecture of growth and development. The 

first concerned the rank ordering of families across environments, as defined by the cross-treatment 

genetic correlation (Table 4). For polygenic traits, theory expects the magnitude of such correlation to 
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indicate the extent of genetic regulation that is common among environments (Falconer 1981; Lynch and 

Walsh 1998). Values nearing +1.0, as seen for development time and growth rate across the two high 

quality treatments (i.e., HQ wet season x HQ dry season), are consistent with the action of common 

genes or linkage complexes. For E. hecabe this leads to the interesting conclusion that essentially the same 

set of genes controls juvenile performance across both host species (given high quality foliage). By 

contrast, values for the cross-treatment genetic correlation nearing zero imply regulation by exclusive 

genes in each environment and that genotypes are to some extent specialized (Via 1984b). Such was the 

case for all genetic correlations involving low quality S. cannabina. These results could be interpreted as 

supporting greater genetic differentiation for dealing with resource limitation as opposed to performance 

on different hosts. Caution is however warranted because the present selection of treatments was 

motivated primarily to emulate naturally-occurring host scenarios (thereby heeding calls for such 

approaches; e.g., Boggs 2009), and not necessarily to contrast the roles of putatively causal factors. 

 

The second source of GEI concerned the relative spread of mean phenotype across environments, as 

evidenced by the magnitude of genetic variance. The greater spread seen for development time and 

growth rate on low quality S. cannabina (Figure 1) signifies GEI because it necessarily generates variation 

in reaction norm slope (Via et al. 1995). Consideration of the reproductive ecology of E. hecabe suggests 

two interpretations for this result. First, resource limitation could activate a greater breadth of the genome 

for determining larval performance, thereby exposing differences in genetic quality among families. This 

is analogous to high genetic variance for intrinsic resource acquisition (sensu van Noordwijk and de Jong 

1986) or for handling resource stress (Hoffmann and Merilä 1999) that becomes most evident when 

individuals are resource challenged (e.g., Messina and Fry 2003). Rutherford (2000) considered variance of 

this nature „cryptic‟. If this applies in E. hecabe then one might expect negative genetic covariance between 

development time and body size in the low quality treatment (i.e., whereby inferior genotypes take longer 

to attain equivalent or even smaller size than superior genotypes). Our findings do not however strongly 

support this notion. Although the trait-trait correlation was negative in sign (rG = -0.241), it proved to be 

indistinguishable from zero and statistically equivalent to the dry season host estimate.  

 

An alternative interpretation is that conditions mimicking the late wet-season scenario revealed genetic 

variance for strategic development under resource stress. As outlined, final instar larvae stranded on 

defoliated hosts face a choice between “giving in” to their circumstance and pupating versus holding out 

for additional resources. The unpredictable nature of tropical seasonality means that either strategy (or 

any intermediate) could prove superior in certain instances. Delaying pupation can reap rewards because 

mature S. cannabina plants are capable of extremely rapid foliage production if there is late wet season 

rainfall. This is however a gamble because searching for foliage will require metabolic resources and 

expose individuals to increased predation risk (Gotthard 2000; Van Driesche et al. 2004). Further, even if 
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additional resources become available, larvae may not be able to fully compensate for the pause in growth 

and/or experience negative carry-over effects as adults (Nestel et al. 2016). Given that individuals possess 

limited information about their situation, a tendency towards earlier pupation might be cautiously viewed 

as somewhat akin to conservative bet hedging (Seger and Brockmann 1987). More speculatively, if one 

considers that oviposition preferences in adult females ultimately determine the fate of larvae, 

conservative bet hedging could be expressed via a greater tendency among egg-laying mothers to target B. 

stipitata. Both propositions stand for proper evaluation, ideally in the manner prescribed by Simons 

(2011). 

 

Both sources of GEI have empirical precedent in insects (e.g., Blanckenhorn 1998; Messina and Fry 2003; 

Gompert et al. 2015), although the latter is not often partitioned explicitly outside of investigations 

relating to sexual selection (e.g., David et al. 2000; Howie et al. 2019). One robust exception concerns the 

study of juvenile performance under resource competition in Drosophila, as reported in classic works by 

Miller (1964) and more recently by others including Horvath and Kalinka (2016). These studies establish a 

greater spreading of genetic values for development time under stress; indeed, Horvath and Kalinka 

(2016) provide a Figure (2c) illustrating reaction norm variation categorically identical to the present result 

(Figure 1b). At least broadly similar patterns have been found for development time in the neotropical 

species D. buzzatii and to a lesser extent D. koepferae reared on different quality hosts (Fanara et al. 2006), 

as well as D. melanogaster across varied temperature treatments (Mensch et al. 2008). By examining co-

isogenic insertions, the latter study also verified inference from quantitative genetics regarding the highly 

polygenic, pleiotropic, and plastic basis of this trait. Interestingly, similar patterns of elevated genetic 

variance under stress are rarely evidenced in other contemporaneously studied features of Drosophila life 

history (most often body size and survivorship). Given the present findings, this could indicate – at least 

for some insects – that larval duration is more greatly predisposed for interactions of this nature. It has 

certainly been argued that resource shortages should influence development time more greatly overall 

than body size (Corbet 1999), particularly in the case of tropical species (Jiménez-Cortés et al. 2012). Data 

regarding genetic or even phenotypic variance across a greater number and range of such species would 

help inform the generality of scale variance GEI in groups like butterflies. 

 

Theory considers significant GEI equivalent to genetic variance for phenotypic plasticity and therefore as 

a key determinant of the potential for plasticity to evolve (Via and Lande 1985; Scheiner and Lyman 1989; 

de Jong 1990; Scheiner 1993). The pervasiveness of GEI for growth and development in E. hecabe implies 

such potential, but this can be dissected further according to the two discrete sources of GEI outlined 

above. First, the presence of rank-order GEI in which cross-environment genetic correlations 

approximate zero means that traits should be free to evolve independently in each environment. The data 

therefore suggest that growth and development on poor quality S. cannabina could potentially evolve with 
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little to no correlated change in trait values on high quality S. cannabina or B. stipitata. Body size could 

likewise evolve independently among the studied host environments. Any environment-specific changes 

of this nature would modify the average norm of reaction and therefore constitute evolution in 

developmental plasticity. The second source of GEI is specifically relevant to the potential rate of 

evolution in each host environment. This follows because adaptive potential is a direct function of the 

magnitude of genetic variance. The realized rate of adaptation – that is, the per-generational response to 

selection – is however predicted first and foremost by heritability, and therefore also influenced by 

residual variance (Falconer 1981). As it happens, the elevated genetic variances seen in the low quality S. 

cannabina treatment were accompanied by elevated residual variances (Figure 1) such that heritability 

remained at consistent levels across treatments. It is curious to note that elevated residual variance may 

result from “cohort-splitting”, a potential source of inter-individual variation linked to bet-hedging in 

highly stochastic environments (Rádai 2020). Elevated residual as well as genetic variance appears to be a 

routine consequence of increased developmental stress (Hoffmann and Merilä 1999; references as cited 

above). 

 

As with the cross-treatment findings for each trait singly, the data imply widespread potential for larval 

development time and body weight to vary and evolve independently. Evidence for the common genetic 

control of these traits was restricted to individuals reared on high quality S. cannabina (rG = 0.571), where 

it was accompanied by phenotypic correlations of equivalent sign in each sex. Positive trait covariance 

could arise as a pleiotropic consequence of individuals developing and growing at a positive rate until they 

reach a prescribed time limit and/or threshold size for pupation (ca. “critical weight”; Nylin 1988; 

Davidowitz et al. 2003). This simple deterministic scenario would not be expected to apply if there were 

adaptive plasticity for growth rate (sensu Abrams et al. 1996; Nylin and Gotthard 1998), yet plasticity of 

this nature should not influence within-treatment variances in the present analysis. Given a pleiotropic 

explanation, cross-trait genetic correlation in the low quality treatment would be weakened simply by 

larvae failing to sustain positive or optimal growth rates in later instars (and perhaps earlier ones as well; 

Tammaru and Esperk 2007). The alternative explanation is that cross-trait correlations vary due to 

differential linkage relationships among the genes expressed in each environment. Genetic covariance 

between development time and body size has otherwise been found to be high in some butterflies (e.g., 

Pieris rapae, rG = 0.85; Tanaka 1989) yet apparently non-existent in others (Fischer et al. 2007; van Bergen 

et al. 2017), and estimates may depend critically upon the assay environment (Blanckenhorn 1998; 

Messina and Fry 2003). 

 

Among lepidopterans, a particularly relevant comparison for this study comes from work conducted in 

the tropical genus Bicyclus and related taxa (e.g., Halali et al. 2021).  Like E. hecabe, these butterflies breed 

across wet and dry seasons defined by spatio-temporally unpredictable patterns of rainfall (Brakefield et 
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al. 2007). They however differ from E. hecabe (or at least Australian populations; Jones 1992) in possessing 

discrete polyphenisms (Shapiro 1976); that is, seasonal morphs representing categorically distinct values 

across integrated suites of morphological, physiological and life history characters (van Bergen et al. 

2017). Larval hostplant manipulations within each Bicyclus morph have nevertheless been shown to 

influence development time and body size in a manner commensurate to E. hecabe (Bauerfeind and 

Fischer 2005). Heritability estimates for these traits are also comparable (i.e., 0.3 ≲ H2 ≳ 0.5; de Jong et 

al. 2010; Saastamoinen et al. 2013). Such similarities are at least noteworthy because the mainstream 

empirical B. anynana population has been bred for several decades in captivity, which might otherwise be 

expected to erode genetic variance (Falconer 1981). One interesting difference is that Bicyclus exhibit 

negligible GEI in these quantitative traits. In the most relevant study, Saastamoinen et al. (2013) found 

equivalent genetic variance (and H2) for performance across full-sibling B. anynana split among 

manipulated larval host environments. This was accompanied by cross-environment correlations 

averaging ~0.68 for development time and ~0.94 for body size. Similar estimates apply for each seasonal 

morph across a range of rearing temperatures (de Jong et al. 2010). This apparent invariance of plastic 

response is supplemented by recent transcriptomic evidence for a striking lack of genetic variation for 

seasonal morph determination (Oostra et al. 2018). Developmental plasticity therefore appears to be 

regulated very differently between Eurema and Bicyclus, which is in fact not terribly surprising given the 

diversity of seasonal adaptation that exists even among Australian Eurema species (Jones and Rienks 

1987). 

 

An important caveat is that observed performance under emulated late wet season conditions (the LQ 

wet treatment) characterizes only what might be expected if larvae fail to encounter further resources by 

delaying pupation. Based upon stochastic rewards in the wild (sensu Jones 1987; Shine and Brown 2008), 

many individuals would likely be afforded the ability to pupate at heavier weight and potentially in faster 

time. This implies at least that residual variances for the studied life history traits should exceed current 

estimates under natural conditions. The consequence of stochastic rewards for genetic (co)variance will 

however depend upon complex factors such as the spatio-temporal grain of rainfall in relation to larval 

genetic provenance. Female E. hecabe lay eggs singly, yet often oviposit repeatedly on the same plant or 

host patch and may thereby dispose offspring cohorts for similar late wet season host experiences. 

 

In summary, this study has identified a widespread role for GEI, including a rarely-observed pattern of 

variance scale GEI, in controlling juvenile life history traits in E. hecabe. Although the adaptive causes and 

consequences of these effects cannot currently be informed, their presence implies a complexity to how 

individuals of this species respond to their environment. Decisions such as “when to pupate” are akin to 

the adaptive growth decisions made by the larvae of temperate species (Gotthard 2008). Demonstration 

of significant GEI for this decision opens several possible avenues for the expression of evolutionary bet 
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hedging. Future work in this system can exploit the fact that stranded larvae are highly visible and 

sedentary and easy to track in the wild. Supplementing this approach with a manipulation of genetic 

lineage could extend the present findings to the natural selective environment, which has promise for 

illuminating phenomena such as bet hedging (Simons 2011) and compensatory growth (Nestel et al. 2016) 

which have proven challenging to examine outside of traditional laboratory settings. 
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Table 1: Results from the univariate GLMM-based testing of sex effects. Each test refers to a single 

constraint applied to the (co)variance structure. Non-significant G statistics indicate no loss of model fit 

and hence that the constraint tested in that step is consistent with the observed data. Note that intersexual 

genetic correlations (rmf) were equivalent across the treatments in each trait and therefore collapsed to 

single value for the tests in steps d and e.   

 

  Trait modelled 

 

Step Test Development time Body weight Growth rate 

     

a. 
 ♂VG = ♀VG within each 

treatment 

G3 = 0.202, P = 

0.977 

G3 = 2.37, P = 

0.499 

G3 = 0.220, P = 

0.974 

b. 
 ♂VP = ♀VP within each 

treatment 

G3 = 7.27, P = 

0.0637 

G3 = 1.07, P = 

0.783 

G3 = 1.69, P = 

0.639 

c. 
Equality of rmf across 

treatments 

G2 = 0.026, P = 

0.987 

G2 = 0.328, P = 

0.849 

G2 = 0.646, P = 

0.724 

d. rmf = 1.0 
G1 = 0.002, P = 

0.964 

G1 = 0.002, P = 

0.964 

G1 = 0.656, P = 

0.418 

e. rmf = 0.0 
G1 = 29.8, P < 

0.001 

G1 = 13.2, P < 

0.001 

G1 = 33.5, P < 

0.001 
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Table 2: Estimates of broad-sense heritability (principal diagonal, shown with light grey shading and bold 

type) and genetic correlations (off-diagonal) for life history traits across hostplant treatments. These were 

derived from an unconstrained bivariate model with data pooled across sexes as supported by the 

univariate results (Table 1). Elements of the off-diagonal in yellow are cross-treatment genetic 

correlations, those shaded orange are cross-trait genetic correlations, and second-order correlations are 

unshaded. Estimates are quoted ± 1 s.e. All H2 estimates are significantly greater than zero (P < 0.05). 

Genetic correlations of interest (in colour shading) are marked as †less than 1.0; ‡different from zero. 

 

Trait  Development time  Body weight 

 

 Treatment 
LQ wet 

season 
Dry season 

HQ wet 

season 
 

LQ wet 

season 
Dry season 

HQ wet 

season 
 

Development 

time 

LQ wet 

season 

0.378 ± 

0.076 
0.295† ± 0.225 

0.084† 

± 0.215 
 

-0.213† 

± 0.270 
0.079 ± 0.255 

-0.041 

± 0.254 

 

HQ 

Dry 

season 

 0.314 ± 0.088 
0.817‡ 

± 0.151 
 

-0.197 

± 0.294 
-0.195† ± 0.283 

0.302 ± 

0.268 

 
HQ wet 

season 
  

0.465 ± 

0.080 
 

-0.320 

± 0.254 
-0.219 ± 0.249 

0.456†‡ 

± 0.207 

         

Body weight 
LQ wet 

season 
    

0.168 ± 

0.073 
0.125† ± 0.322 

0.224† 

± 0.302 

 

HQ 

Dry 

season 

     0.244 ± 0.086 
0.481 ± 

0.275 

 
HQ wet 

season 
      

0.253 ± 

0.085 
 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

This article is protected by copyright. All rights reserved. 

28 

 

 

Table 3: Summary of the bivariate model-fitting procedure for development time and body weight (steps 

a-h) and the univariate model for growth rate (steps i-l). Each procedure started with an unconstrained 

(co)variance structure and a single constraint was applied in each step. Significant log-likelihood (2ΔLL) 

values indicate that the constraint resulted in a loss of model fit, whereas non-significant values signify 

increased parsimony, and such changes were progressively incorporated. AICc is given for each model 

along with its deviation from the best preceding model value (ΔAICc) and minimum overall value 

(ΔAICcmin). The most parsimonious bivariate model was arrived at in step e and incorporated the 

constraint applied in step c; for growth rate the unconstrained model was most parsimonious (step i). 

Both are shown in bold.  

 

Ste

p 
Constraint applied LL k 

2Δ

LL 

d.

f. 
P AICc 

ΔAI

Cc 

ΔAIC

cmin 

          

a. N/A (unconstrained model) 

-

3825.8

62 

2

7 
- - - 

7707.3

55 
- 7.05 

b. 
VG for development time equal among 

treatments 

-

3838.6

72 

2

5 

25.6

2 
2 

< 

0.0

01 

7728.7

43 
21.4 28.4 

c. 
VG for body weight equal among 

treatments 

-

3826.4

03 

2

5 

1.08

2 
2 

0.5

82 

7704.2

05 
-3.15 3.90 

d. 
Cross-treatment values of rG equal for 

development time 

-

3830.7

31 

2

3 

8.65

6 
2 

< 

0.0

5 

7708.6

48 
4.44 8.34 

e. 
Cross-treatment values of rG equal for 

body weight 

-

3826.5

61 

2

3 

0.31

6 
2 

0.8

54 

7700.

308 
-3.90 0.00 

f. Cross-trait rG equal among treatments 

-

3829.6

24 

2

1 

6.12

6 
2 

< 

0.0

5 

7702.2

38 
1.93 1.93 

g. 
VR for development time equal among 

treatments 

-

4118.7

31 

1

9 

584.

3 
2 

< 

0.0

01 

8276.2

75 
576.0 576.0 

h. 
VR for body weight equal among 

treatments 

-

3852.5

63 

1

9 

52.0

0 
2 

< 

0.0

01 

7743.9

39 
43.6 43.6 

          

i. N/A (unconstrained model) 

-

1863.9

60 

9 - - - 
3746.1

10 
- 0.00 
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j. 
VG for growth rate equal among 

treatments 

-

1870.2

98 

7 
12.6

8 
2 

< 

0.0

05 

3754.7

14 
8.60 8.60 

k. 
Cross-treatment values of rG equal for 

growth rate 

-

1867.7

15 

7 
7.51

0 
2 

< 

0.0

5 

3749.5

48 

-

5.17 
3.44 

l. 
VR for growth rate equal among 

treatments 

-

1920.7

79 

7 
113.

6 
2 

< 

0.0

01 

3855.6

76 

109.

6 
109.6 
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Table 4: GLMM-based testing for cross-treatment genetic correlations. Estimates quoted here derive 

from the most parsimonious model for each trait and therefore vary slightly from the initial estimates 

shown in Table 2. Significant G-tests indicate deviation from the tested bound. Note that for body weight 

all correlations were found to be equivalent (Table 3e) and the common estimate is therefore tested. 

 

Trait Correlation Estimate Tests of bounds 

 

   rG = 0.0 rG = 1.0 rG = -1.0 

      

Body weight All 0.349 ± 0.225 
G1 = 2.53, P = 

0.112 

G1 = 6.45, P < 

0.05 

G1 = 20.1, P < 

0.001 

      

Development 

time 
LQ x dry 0.291 ± 0.228 

G1 = 1.44, P = 

0.230 

G1 = 14.0, P < 

0.001 

G1 = 26.2, P < 

0.001 

 
LQ x HQ 

wet 
0.092 ± 0.213 

G1 = 0.164, P = 

0.686 

G1 = 30.0, P < 

0.001 

G1 = 23.5, P < 

0.001 

 
HQ wet x 

dry 
0.834 ± 0.145 

G1 = 13.9, P < 

0.001 

G1 = 1.53, P = 

0.215 
NA 

      

Growth rate LQ x dry 0.263 ± 0.210 
G1 = 1.44, P = 

0.230 

G1 = 20.6, P < 

0.001 

G1 = 28.5, P < 

0.001 

 
LQ x HQ 

wet 
0.223 ± 0.205 

G1 = 1.10, P = 

0.295 

G1 = 31.1, P < 

0.001 

G1 = 25.7, P < 

0.001 

 
HQ wet x 

dry 
0.847 ± 0.143 

G1 = 14.9, P < 

0.001 

G1 = 1.34, P = 

0.248 
NA 
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Figure Legend 

 

Figure 1. Variation in E. hecabe life history traits across host treatments. (a) Phenotypic (VP) and genetic 

variances (VG) illustrated as columns centered upon each mean (+). (b – c) Reaction norms for males 

and females, respectively, shown for each overall group (bold trace) and for individual families within 

each group (halftone traces). Values above each plot indicate relative effect sizes for the difference 

between treatment means (Cohen 1988).  „LQ wet‟ & „HQ wet‟ = low & high quality foliage of the wet 

season host S. cannabina, HQ dry = high quality foliage of the dry season host B. stipitata. Treatments are 

ordered along the x-axis according to the chronological sequence experienced by E. hecabe in the wild 

(starting late in the wet season). 
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