Received: 9 February 2021

Accepted: 31 May 2021

DOI: 10.1111/jeb.13895

RESEARCH PAPER

Journa o Evolutionary Biology .o ‘:‘*’*’H‘:“ W] LEY

Predictability of temporal variation in climate and the evolution
of seasonal polyphenism in tropical butterfly communities

Sridhar Halalit
Ullasa Kodandaramaiah’

!Department of Zoology, University of
Cambridge, Cambridge, UK

’Department of Biodiversity, Abasaheb
Garware College, Pune, Maharashtra, India

3Genting Tea Estate, Kuala Lumpur, Malaysia

4Department of Systematic Zoology,
Institute of Environmental Biology, Faculty
of Biology, Adam Mickiewicz University,
Poznan, Poland

°IISER-TVM Centre for Research and
Education in Ecology and Evolution (ICREEE),
Indian Institute of Science Education and
Research, Thiruvananthapuram, Kerala, India

SAfrican Butterfly Research Institute (ABRI),
Nairobi, Kenya

’School of Life Sciences, University of
Glasgow, Glasgow, UK

8Institute of Biodiversity, Animal Health
and Comparative Medicine, University of
Glasgow, Glasgow, UK

Correspondence

Sridhar Halali, Research Centre of
Ecological Change, Faculty of Biological
and Environmental Sciences, University of
Helsinki, Helsinki, Finland.

Helsinki Institute of Life Science HiLIFE,
University of Helsinki, Helsinki, Finland.
Email: sridharhalali@gmail.com

Funding information

European Research Council, Grant/Award
Number: EMARES 250325; John Templeton
Foundation, Grant/Award Number: 60501;
Department of Science and Technology,
Govt. of India, Grant/Award Number: DST/
INSPIRE/04/2013/000476

| Dheeraj Halali?
| Paul M. Brakefield!

| HenryS.Barlow® | Freerk Molleman*® |
| Oskar Brattstrom™4”8

Abstract

Phenotypic plasticity in heterogeneous environments can provide tight environment-
phenotype matching. However, the prerequisite is a reliable environmental cue(s) that
enables organisms to use current environmental information to induce the develop-
ment of a phenotype with high fitness in a forthcoming environment. Here, we quan-
tify predictability in the timing of precipitation and temperature change to examine
how this is associated with seasonal polyphenism in tropical Mycalesina butterflies.
Seasonal precipitation in the tropics typically results in distinct selective environ-
ments, the wet and dry seasons, and changes in temperature can be a major environ-
mental cue. We sampled communities of Mycalesina butterflies from two seasonal
locations and one aseasonal location. Quantifying environmental predictability using
wavelet analysis and Colwell's indices confirmed a strong periodicity of precipitation
over a 12-month period at both seasonal locations compared to the aseasonal one.
However, temperature seasonality and periodicity differed between the two sea-
sonal locations. We further show that: (a) most females from both seasonal locations
synchronize their reproduction with the seasons by breeding in the wet season but
arresting reproduction in the dry season. In contrast, all species breed throughout
the year in the aseasonal location and (b) species from the seasonal locations, but not
those from the aseasonal location, exhibited polyphenism in wing pattern traits (eye-
spot size). We conclude that seasonal precipitation and its predictability are primary
factors shaping the evolution of polyphenism in Mycalesina butterflies, and popula-
tions or species secondarily evolve local adaptations for cue use that depend on the
local variation in the environment.
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1 | INTRODUCTION

Phenotypic plasticity is the capacity of a genotype to produce dif-
ferent phenotypes in different environments. In heterogeneous en-
vironments, adaptive phenotypic plasticity can maintain high fitness
by providing a tighter environment-phenotype matching than a can-
alized response can (Nylin & Gotthard, 1998; Reed et al., 2010; Via
et al., 1995). However, phenotypic plasticity is only adaptive when
some environmental cues(s) can reliably signal the forthcoming se-
lective environment, thereby allowing an organism to use current
environmental information to develop a phenotype that will have
high fitness in the future environment (Bonamour et al., 2019;
Moran, 1992; Reed et al., 2010; Tufto, 2015). In highly stochastic
environments, or in stable environments where maintenance of
plasticity is costly, the selection is expected to favour a reduced or
complete loss of plasticity (DeWitt et al., 1998; Leung et al., 2020;
Reed et al., 2010).

The adaptive nature of phenotypic plasticity is evident in sea-
sonal environments, which fluctuate temporally in a cyclical manner
and provide cues (e.g. temperature or photoperiod) that can reliably
signal the forthcoming season (e.g. Bradshaw & Holzapfel, 2007;
Brakefield & Reitsma, 1991). Moreover, animals in seasonal envi-
ronments are typically confronted with strong alternating selection
pressure for reproduction during a favourable period and survival
during an unfavourable period (Kivela et al., 2013; Tauber et al., 1986;
Varpe, 2017). In such discrete environments, seasonal polyphenism,
which is an extreme case of phenotypic plasticity (Nijhout, 1999;
Shapiro, 1976), can provide a tight environment-phenotype match-
ing by expressing distinct developmental pathways, and therefore
distinct alternative forms in different seasons, depending on the
cues experienced during a critical period of juvenile development
(Beldade et al., 2011; Nijhout, 1999, 2003; Smith-Gill, 1983). It has
become increasingly apparent that the phenotype involved in such
polyphenic responses extends from morphology to physiological,
behavioural and life-history traits (Simpson et al., 2011).

The occurrence of polyphenic thresholds is one of the wide-
spread mechanisms in which a continuous environmental input
is translated into a switch-like response (Nijhout, 1999, 2003;
Smith-Gill, 1983). For example, in dung beetles, only males that

exceed the threshold body size develop long horns on their heads,

whereas males below this threshold do not or develop rudimentary
horns (Moczek, 1998; Moczek & Emlen, 1999). Alternatively, the

underlying reaction norm can be more linear but the discrete nature
of the environmental variation results in a switch-like response in
the field with few, if any, intermediate phenotypes (e.g. Brakefield
& Reitsma, 1991). When environmental cues vary across the geo-
graphic distribution of a species, populations may show local ad-
aptations in polyphenism by evolving a new polyphenic threshold
(e.g. Bradshaw & Holzapfel, 2001; Lindestad et al., 2019; Moczek &
Nijhout, 2003). The evolution of polyphenic responses (e.g. diapause
induction) of some insects to regional differences in day length and
temperature in temperate regions provide examples of this phenom-
enon (e.g. Bradshaw & Holzapfel, 2001; Lindestad et al., 2019).

Here, we investigate how marked variation in precipitation and
temperature and their predictability shapes the evolution of sea-
sonal polyphenism in three communities of tropical Mycalesina
(Nymphalidae: Satyrinae) butterflies and populations of a distantly
related satyrine butterfly (Melanitis leda). Seasonal precipitation in
the tropics results in distinct environments (i.e. wet- and dry sea-
sons), which impose contrasting selection pressures across seasons
and is the major driver of morphological and life-history evolution
in Mycalesina butterflies (Brakefield & Reitsma, 1991, Roskam &
Brakefield 1999, Brakefield et al., 2007). As an adaptation to season-
ality, many Mycalesina species exhibit seasonal polyphenism with
distinct Wet and Dry Season Forms (WSF and DSF, respectively)
in the respective seasons (Brakefield & Larsen, 1984; Brakefield &
Reitsma, 1991; Figure 1). WSF adults have conspicuous “eyespots”
on the wing margins, which can function in deflecting predator at-
tacks away from vital parts of the body, whereas DSFs lack eyespots
and have a cryptic wing pattern, which provides better background
matching when perching on the ground amidst the dry leaf litter
(Brakefield & Larsen, 1984; Lyytinen et al., 2004; Prudic et al., 2015;
Figure 1). WSF butterflies reproduce without diapause, whereas
DSFs generally undergo reproductive diapause (Braby, 1995; Halali
etal., 2020). Furthermore, the seasonal forms differ in a suite of traits
such as body size, investment in reproduction, abdominal fat content
(e.g. van Bergen et al., 2017), longevity (e.g. Pijpe et al., 2008) and
behavioural traits (e.g. Prudic et al., 2011).

Studies, mostly confined to Mycalesina species from Malawi
in East Africa, suggest that these butterflies use temperature as a
cue (Brakefield & Reitsma, 1991; Kooi & Brakefield, 1999; Roskam
& Brakefield, 1996; Windig et al., 1994). In Malawi, during wet to
dry season transition, the average temperature drops from ~22 to

~18°C and steadily rises to around 25°C during dry to wet season

FIGURE 1 Photomontage of two
Mycalesina species Bicyclus safitza (left)
and Mycalesis visala (right) with left and
right wings depicting ventral wing pattern
of the Dry Season Form and Wet Season
Form, respectively
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transition (Brakefield & Reitsma, 1991; Windig et al., 1994; Figure 2).
Such marked seasonal fluctuation in temperature could, therefore,
be used as a cue to predict the forthcoming season (Brakefield &
Reitsma, 1991; Windig et al., 1994). This field observation is corrob-
orated by common garden experiments, which show that rearing
larvae at <21°C results in the DSF and >25°C results in the WSF
(e.g. van Bergen et al., 2017; Brakefield & Reitsma, 1991; Kooi &
Brakefield, 1999). However, many regions in the tropics where
Mycalesina butterflies occur show a narrow variation in the mean
monthly temperature over the year, and also a lack of field studies,
except in East Africa, has hindered investigating whether tempera-
ture still acts as a major cue (see Roskam & Brakefield, 1999).

We sampled Mycalesina butterflies in two highly seasonal lo-
cations, Zomba in Malawi and Sanguem in India, and one much
less seasonal location (henceforth aseasonal), Genting in Malaysia.
Mean monthly temperatures at Zomba range between 18 and 25°C
(Brakefield & Reitsma, 1991; Windig et al., 1994; Figure 2) and be-
tween 24 and 29°C at Sanguem (Figure 2). Both these locations
are highly seasonal in terms of precipitation (Figure 2). At the third,
the aseasonal Genting, monthly mean temperatures only vary be-
tween ~25 and 26°C and precipitation is received throughout the
year (Figure 2). Although environmental predictability is the core
prerequisite for maintaining adaptive plasticity, few studies formally
quantify the degree of predictability in relation to the evolution of
phenotypic plasticity (Burgess & Marshall, 2014). Here, we have
quantified the degree of seasonality and predictability of precip-
itation and temperature, and their synchronicity, by using wavelet
analysis and Colwell's indices.

Based on the differences in environmental variation across the
three study localities, we posit two hypotheses. Firstly, in Zomba
and Sanguem, irrespective of variation in the temperature, strong
seasonal precipitation will restrict host plant availability to the wet
season. Thus, species are expected to synchronize their reproduc-
tion according to the seasons, with females breeding in the wet sea-

son, but arresting reproduction in the dry season (see Braby, 1995;
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Halali et al., 2020). In contrast, species from Genting will reproduce
throughout the year as host plants are continuously available due
to frequent rains. Secondly, the range of annual temperatures in
Sanguem and Genting only represents the upper extreme of the
temperature used in the common garden experiments to examine
reaction norms and which always result in WSFs (e.g. van Bergen
etal., 2017; Brakefield & Reitsma, 1991). Thus, the occurrence of dis-
tinct seasonal forms at Sanguem and Genting will indicate either that
species have evolved a new polyphenic threshold for temperature or

that they use cues other than temperature.

2 | MATERIALS AND METHODS
2.1 | Quantifying environmental predictability

We carried out wavelet analysis using the R package WaveletComp
Ver 1.1 (Rosch & Schmidbauer, 2018a) to quantify the predictability
of annual changes in precipitation, temperature and to investigate
their synchronicity and phase differences for all three locations.
Wavelet analysis estimates frequency spectra at each time point
in a time series revealing any abrupt changes in frequency through
time (Burgess & Marshall, 2014; Cazelles et al., 2008, 2014; Résch
& Schmidbauer, 2018b; Tonkin et al., 2017). Thus, a wavelet-based
approach is superior to other widely used methods such as Fourier
transform, which is well-suited for periodic time series data but it
cannot detect abrupt changes in frequency over time (Cazelles
et al., 2008). Furthermore, compared to Fourier transform, wavelet
analysis is scale-independent and thus allows direct comparison of
the predictability of multiple variables in a time series.

Firstly, we used wavelet analysis to characterize whether pre-
cipitation and temperature values recur during a defined period,
for example, every 6- or 12-month period, for all three locations.
Regularity in the events over a time series would suggest that the

event is predictable. We extracted long-term data for monthly mean
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FIGURE 2 Mean monthly precipitation (blue bars) and temperature (red line) for the three sampling locations. Climate data were
extracted for the period from January 1901 to December 2019 as available from the Climatic Research Unit database
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precipitation and temperature of all three locations from January
1901 to December 2019 available from the Climatic Research Unit
database (CRU) at ~55 x 55 sq. km. resolution (CRU TS Ver. 4.04;
Harris et al., 2020). We visualized periodicity for both variables
using the wavelet power spectrum (function wt.image). Regions of
the significant period (p value < 0.05) were determined based on
100 simulations. To allow the comparison of both variables across
all three sites on a similar scale, we first explored which combina-
tion of variable and location had the maximum power and then used
the value, which is slightly higher than the square root of maximum
power and 0.5 as an exponent (see Rosch & Schmidbauer, 2018b).
This approach allows making the colour gradient in spectral plots
more explicit (R6sch & Schmidbauer, 2018b). We further plotted av-
erage wavelet power (function: wt.avg) for all three locations to de-
termine the strength of periodicity in precipitation and temperature
to a particular time period in a time series. Secondly, we carried out
cross-wavelet analysis (function: analyse.coherency), which allows
drawing conclusions about the nature of the synchronicity of two
variables in a time series (e.g. precipitation and temperature), that
is, whether they are in or out of phase. When variables are out of
phase, this method also enables detailed quantification of the timing
and nature of the phase difference by identifying which variable is
leading and which is lagging with regards to the other (see Cazelles
et al. (2008) and Rosch and Schmidbauer (2018b) for theoretical de-
tails and example R codes). We visualized coherency using wavelet
power spectrum with additional information such as arrows on the
plot showing details about the patterns with regards to phase dif-
ference. For example, arrows pointing straight to the right indicate
that both series are perfectly in phase and arrows pointing straight
left indicates that the series as completely out of phase. When the
arrows move (rotate) between these two extremes, they will include
a component pointing either upwards or downwards. This compo-
nent indicates whether the first series (i.e. temperature) is leading
(upwards) or lagging (downwards) on the second series (i.e. precipita-
tion). We calculated the phase difference between precipitation and
temperature using example R codes from Rosch and Schmidbauer
(2018b).

We complemented this analysis by measuring Colwell's in-
dices (Colwell, 1974): constancy, contingency and predictability.
Constancy measures the extent to which the environment remains
similar for all months across years, whereas contingency measures
the repeatability of seasonal patterns or the extent to which dif-
ferences between months are similar across years (Colwell, 1974;
Tonkin et al., 2017). Thus, contingency is a good measure of season-
ality. Predictability is simply the sum of constancy and contingency;
thus, higher predictability can be either due to high constancy and
low contingency or vice versa. We, therefore, calculated the ratio
of contingency and predictability to determine the extent to which
seasonality contributes to predictability. We calculated all three in-
dices using a time series data in the R package hydrostats Ver 0.2.7
(Bond, 2019). We used the default “transform” method with 11
breakpoints for binning data which is a required step for calculating
Colwell's indices (Colwell, 1974).

2.2 | Long-term field sampling

Mycalesina butterflies were collected using traps baited with fer-
mented banana. In Genting, we used collected samples (~8 samplings
per month) from January 2012 to January 2013 in the previous study
(van Bergen et al., 2016) with additional sampling from May 2018
to June 2019. The latter period generally involved weekly (only one
sampling event in May 2018 and June 2019) collecting using ten
traps at similar locations to those used in van Bergen et al.’s study.
The habitat is an advanced secondary forest with high canopy cover
and frequent forest gaps where undergrowth vegetation is domi-
nated by grasses. Similarly, we carried out two to four samplings
per week (sometimes five to six) in Sanguem by placing around 11
traps from August 2017 to August 2018 amidst human habitation
and vegetation was mainly comprised of shrubs and few large trees.
Since the number of females collected in traps was low during the
first dry season, we conducted additional sampling in the second dry
season over four months (September 2018 to November 2018). For
Zomba, we used samples collected from June 1995 to June 1998
(see van Bergen et al., 2016 and Halali et al., 2020 for use of these
samples elsewhere). Briefly, daily sampling was carried out by plac-
ing four banana-baited traps on the edge of the evergreen forest on
the lower slopes of the Zomba Mountain where this habitat tran-
sitions into open grasslands (Brakefield & Reitsma, 1991; Windig
etal., 1994).

In Genting, three Mycalesina species (Culapa mnasicles, Mycalesis
intermedia and Mycalesis orseis) were abundant in the 2012-2013
sampling, and two (My. intermedia and Telinga janardana) in the
2018-2019 sampling. My. intermedia and T. janardana are frequently
found in slightly open habitats such as forest clearings, whereas C.
mnasicles and My. orseis are associated with forested habitats (Eliot
et al., 1992). In Sanguem, three species (Mycalesis mineus, Mycalesis
visala, M. leda) were abundant. Both My. visala and My. mineus occupy
a range of habitats such as forests, scrubs, urban gardens and simi-
lar habitats (Kunte, 2000). In Zomba, four species were collected in
high numbers (Bicyclus campina, Bicyclus ena, Bicyclus safitza and Me.
leda). B. campina prefers forest margins, whereas B. ena and B. safitza
occur in more open savannah habitats (van Bergen et al., 2016;
Windig et al., 1994). Me. leda is the only species which occurred at
both seasonal locations and is a widely distributed generalist species
occupying a range of habitats from rainforests to human-dominated

landscapes such as urban gardens (Kunte, 2000; Larsen, 2005).

2.3 | Quantifying reproductive strategies

Using the protocol of Halali et al. (2020), we investigated whether
females are reproductively active or not in both the wet and dry
season based on the proportions of mated females (assessed by the
presence of spermatophores) and the presence of mature (yolk-filled)
eggs. For Zomba, we used samples only from the middle of the dry
season (July-October) as there was a trend for an increase in mated

females towards the end of the dry season (see figure 1 in Halali
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et al., 2020). However, no similar trend was observed in Sanguem,
probably due to lower sample size during the transition period, and
hence all samples from the dry season were used in the analysis. We
used samples from all wet season months in Zomba and Sanguem
to calculate the proportion of reproductively active females in this
season. Finally, as there is no distinct dry season in Genting, we visu-
ally (scatter plots) investigated whether there was any pattern of fe-
males undergoing diapause during any part of the year using samples

from both sampling periods (see Figure 4).

2.4 | Measuring phenotypic traits

We carefully separated the wings from the thorax with micro-scissors
and photographed using a Leica DFC495 camera coupled with a Leica
M125 stereomicroscope (for Zomba and Genting samples) with an
inbuilt scale or using a Nikon D5600 with Tamron 90 mm macro lens
(for Sanguem samples) and graph paper as a scale. From these images,
we measured the area of the CuA1 eyespot (using the yellow ring as
the outer element of the eyespot) from the left or right least damaged
ventral hindwing, and a proxy hindwing area using three landmarks
defined by wing veins and then calculating the area of the enclosed
triangle (see van Bergen et al., 2017, Figure S1). Relative eyespot size
area was then calculated as the ratio of absolute eyespot area and
proxy hindwing area. All images were analysed in ImageJ) software
(Schneider et al., 2012) using a custom-written macro. Re-measuring
a subset of 50 specimens on different dates indicated high repeat-

ability (R? = 0.99) for both eyespot and wing area.

2.5 | Statistical analyses

Apart from Me. leda, no species were sampled in more than one com-
munity. We, therefore, restricted our statistical analyses to within
communities. We did not correct for phylogeny due to low sample
size (total species = 10) and because phylogenetic comparative anal-
yses focus on species means, whereas we are interested mainly in
variation within species.

Many species of Mycalesina butterflies show a characteris-
tic bimodal distribution in the eyespot size, with large spots in the
WSF and small spots in the DSF (Brakefield & Larsen, 1984; Windig
et al., 1994; Figure 1). We first explored the distribution of relative
eyespot area (eyespot area/hind wing area) by plotting histograms
for each species. We then classified our samples into WSF or DSF
by setting a threshold value when eyespot area showed a strong bi-
modal distribution to separate the two peaks, with WSF and DSF
above and below, respectively (Figure 5). However, this procedure
proved possible only for species from Sanguem and Zomba and not
for those from Genting where distinct WSF and DSF forms were ab-
sent (Figure 5, see below). Also, specimens from seasonal locations
which were missing eyespots due to wing damage, we classified
them into seasonal forms based on overall differences in the wing

pattern (e.g. van Bergen et al., 2017).

sournat or Evolutionary Biology 0\ =S

We further explored seasonal variation in eyespot size using gen-
eralized additive models (GAMs) with Gaussian distribution separately
for each location. GAM allows fitting a smoothing function to detect
nonlinearity in the response variable (Pederson et al., 2019). The degree
of nonlinearity is described by the effective degrees of freedom (EDF)
with higher values of EDF indicating a greater nonlinearity, whereas
the value of 1 suggests a linear trend (e.g. Hunsicker et al., 2016).
We included date (by first converting to number using a function in
Microsoft Excel and then standardized to the mean of zero and unit
standard deviation) and species as predictors, and relative eyespot size
as a response variable. We fitted a smoothing term to the date and in-
cluded species as an interaction term. We did not include sex as a pre-
dictor because the sample size for females was generally low and was
entirely missing for some months in Sanguem and Genting. For Zomba,
where we had a comparatively good representation of both sexes, a
model including sex as a predictor had a marginally significant effect
(p = 0.0271) and EDF values were similar to males (Table S1). GAM
models were fitted using mgcv R package Ver 1.8.31 (Wood, 2019). All
statistical analyses were performed in R Ver. 3.6.1 (R Core Team, 2019).

3 | RESULTS

3.1 | Predictability of temperature and
precipitation, and their synchronicity

Wavelet power spectra and average power plots for precipitation
and temperature in Zomba showed strong periodicity indicating the
presence of a single dominant frequency recurring every 12 months
(Figures 2 and 3; Figure S2 and S3). In Sanguem, similar to Zomba,
precipitation showed a strong periodicity over a 12-month pe-
riod, whilst for temperature, two significant regions at 6- and 12-
month periods suggest that there are two prominent peaks which
recur in every 12 months throughout the time series (Figures 2 and
3; Figure S2, S3). In Genting, both precipitation and temperature
showed lower periodicity and had a lower average wavelet power
compared to seasonal locations (Figure 3). Similarly, Colwell's in-
dices suggested that precipitation and temperature in Zomba and
Sanguem showed lower constancy and higher contingency or sea-
sonality, but vice versa in Genting (Table 1).

Wavelet power spectra and average power plots for cross-
wavelet analysis indicated that both climatic variables were in syn-
chrony and showed higher average power at the 12-month period
(Figure 3). Calculating the phase difference further showed that a
rise in temperature always precedes the onset of rainfall, on average
by 1.02 (range: 0.6-1.36) months in Zomba and 2.35 (range: 1.57-
3.21) months in Sanguem. In addition, in Sanguem, the second peak
(6-month period) was almost completely out of phase with precipi-
tation (Figure 3). Moreover, there was a trend of an increasing phase
difference between temperature and precipitation at a 12-month
period in Sanguem, suggesting that temperature has been rising sub-
stantially earlier in relation to the onset of rainfall in recent years;

such an increase is not shown in Zomba (Figure S5). In Genting, both
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Time (month)

Period (month)

0 03 06 09 12 15
Average power

FIGURE 3 Wavelet power spectra (three left panels) and average wavelet power plots (right panel) depicting periodicity of precipitation,
temperature and synchronicity of both climate variables at each location. In wavelet power spectra plots, the strength of periodicity is
indicated by the extent to which warmer colours are distributed over a particular time period. The black solid lines and white contour lines
in spectral plots show regions of power significant at the 5% level based on 100 simulations. In average wavelet power plots, the strength of
periodicity over a particular period is indicated by a higher power and the colour of each curve corresponds to the location. In the bottom
panel, arrows in spectral plots indicate the phase difference between precipitation and temperature (see Methods)

variables were highly out of phase, with precipitation typically lead-
ing temperature by more than 3 months and they also showed a

lower average power (Figure 3).

3.2 | Reproductive strategies in the dry season

In Zomba, combining data from three annual cycles, three previously

studied species each exhibited a different reproductive strategy (see

Halali et al., 2020). Briefly, B. campina reproduced throughout the
year with 61% females in the mid-dry season having spermatophores
and yolk-filled eggs, whereas less than 22% females at this time had
spermatophores and eggs in B. safitza. Interestingly, in B. ena, 88% of
females had spermatophores, but only 28% had eggs. An additional
species from Zomba (Me. leda), which was not surveyed in the previ-
ous study and three species from Sanguem showed a similar trend
with only <17% females having spermatophores and eggs in the dry

season (Figure 4). The only exception was My. mineus, where 41% of
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TABLE 1 Colwell'sindices for precipitation and temperature for all three locations. Higher constancy indicates higher environmental
stability; higher contingency indicates higher repeatability of seasonal patterns; predictability is the sum of constancy and contingency and

contingency/predictability indicates the extent to which seasonality contributes to predictability

Contingency

Variable Location Constancy

Precipitation Zomba 0.03 0.38
Sanguem 0.09 0.45
Genting 0.28 0.14

Temperature Zomba 0.09 0.46
Sanguem 0.1 0.35
Genting 0.21 0.09

Predictability

Contingency/predictability

0.41 0.93
0.53 0.85
0.42 0.33
0.55 0.84
0.45 0.78
0.3 0.30

females had spermatophores but only 14% having eggs (Figure 4).
Moreover, in all species (except one) from Sanguem and Zomba,
>87% females had spermatophores and eggs in the wet season; the
exception was Me. leda in Sanguem where 78% of females had sper-
matophores and eggs. In all Genting species and under both sampling
period (2012-13 & 2018-19), >76% of females had spermatophores
and eggs (Figure 4). In all species, the presence of mature eggs was

correlated with that of spermatophores in >90% cases.

3.3 | Seasonal changes in eyespot size

All species in Zomba and Sanguem showed a strong bimodal distri-
bution for eyespot size with eyespots being large in the wet season
and small or absent in the dry season (Figure 5). Furthermore, EDF
values from GAM analysis indicated strong nonlinearity in the eye-
spot size across sampling period (Table 2). In Genting, eyespot size
exhibited unimodal distribution (Figure 5), although EDF values sug-
gested that the eyespot size of one of the species, My. intermedia,
exhibited slight nonlinearity (Figure Sé).

4 | DISCUSSION

Seasonal rainfall, which causes a strong temporal skew in the re-
source distribution, is one of the major drivers of the evolution
of life-history strategies in animals (Halali et al., 2020; Tauber
et al., 1986; Tonkin et al., 2017; Varpe, 2017). To cope with alter-
nating selection pressures favouring reproduction or survival in the
wet and dry seasons, respectively, animals time their life-history
events or express season-specific morphological and life-history
traits (e.g. Brakefield & Reitsma, 1991; McQueen et al., 2019; Tauber
et al., 1986). However, to achieve a tight environment-phenotype
matching, annual precipitation should exhibit high predictability and
some environmental cue(s) should reliably signal the forthcoming
season (Tonkin et al., 2017; Varpe, 2017).

Irrespective of local variation in mean monthly temperature, sea-
sonal precipitation in both Zomba and Sanguem is expected to cause
similar changesin the environment. Annual precipitation showed high

predictability in both Zomba and Sanguem. It was synchronized with

temperature, which was leading precipitation by at least a month. In
contrast, such a seasonal trend was absent in Genting and here both
variables were also highly out of phase. Such a characteristic pattern
of temperature rising before the rainfall and dropping towards the
end of the wet season, at least in East Africa (e.g. Zomba), is sug-
gested to signal the forthcoming wet- and dry season, respectively,
and hence acts as a reliable cue (Brakefield & Reitsma, 1991; Kooi &
Brakefield, 1999; Windig et al., 1994). Whether temperature acts as
a reliable cue in other parts of the tropics remains to be tested (see
below). Thus, high predictability of precipitation and temperature
acting as a cue (at least in Zomba, see below) in seasonal locations
likely maintains seasonal polyphenism in the wild. Although, it should
be noted that the sampling period differed between locations, from
1995 to 1998 in Zomba but more recently in Sanguem and Genting.
However, it is unlikely that this affects our results. Moreover, instead
of using coarse climate data, microhabitat level data, especially for
temperature, would be an invaluable addition in capturing more sub-
tle consequences due to climate change. It is also interesting to note
that we found an increasing phase difference between the lead time
of temperature and on the rising precipitation in Sanguem in recent
years (Figure Sé). Such a trend raises important questions about
temperature being a reliable cue in signalling the forthcoming wet
season given that the lag between the cue and future selective en-
vironment is becoming longer and exceeding the typical generation
time of the organisms.

Quantifying the reproductive status of females based on the pres-
ence of spermatophores and mature eggs in both seasonal locations
suggested that, except for a single species, females synchronized
their reproduction according to the seasons. Thus, females actively
reproduced in the wet season but arrested their reproduction in the
dry season. The species breaking the pattern is B. campina, which
belongs to a group of species, which are commonly found in drier
forests but not in completely open habitats (Larsen, 2005; Windig
et al., 1994). A nondiapausing strategy in this species, and also those
in Genting, is likely due to more continuous availability of host plants
in forests (e.g. Braby, 1995; Halali et al., 2020).

All species from Zomba and Sanguem exhibited a strongly bi-
modal distribution for eyespot size, a characteristic of seasonal
polyphenism in Mycalesina butterflies, with eyespots being large in

the wet system, and small or absent in the dry season (Brakefield
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FIGURE 4 Mating strategies of females of species at the three locations (trends for Bicyclus species from Zomba are described in the
Results section and see Halali et al. (2020) for details). Circles in scatter plots represent individual females. Sampling periods for all locations
are as follows: Zomba (June 1995-May 1998); Sanguem (August 2017-November 2018); Genting (January 2012-2013 & May 2018-June
2019). For seasonal locations (Zomba and Sanguem), the colour of each circle indicates the seasonal form (brown = dry season form &

green = wet season form). The species are colour-coded for Genting. For all locations, filled and open circles indicate the presence and
absence of eggs, respectively. The presence of distinct seasons at Zomba and Sanguem are indicated with a brown (dry season) or green (wet
season) overlay. Proportion plots beside each species for Zomba and Sanguem depict the percentage of females carrying spermatophores
and mature eggs in the wet and dry season. In Genting, >76% females of all species had spermatophores and eggs (see Results). Note that

the data points in scatter plots are jittered for clarity

TABLE 2 Effective degrees of freedom

. Locati

(EDF) from GAM models for all species ocation
across three locations. The higher value Sanguem
of EDF indicates a greater degree of Sanguem
nonlinearity, whereas the value of 1
- . . . Sanguem
indicates a linear relationship

Zomba

Zomba

Zomba

Zomba

Genting (2012-13)
Genting (2012-13)
Genting (2012-13)
Genting (2018-19)
Genting (2018-19)

& Reitsma, 1991). Eyespots can function as anti-predatory devices
which deflect predator attacks in the wet season when butterflies
are active amongst green herbage, whilst an inconspicuous wing
pattern in the dry season aids in crypsis of inactive butterflies
amongst dry leaf litter (Lyytinen et al., 2004; Prudic et al., 2015;
Stevens, 2005). Thus, strong selection for environment-phenotype
matching in a seasonal environment likely maintains polyphenism in
eyespot size (Brakefield & Reitsma, 1991; Lyytinen et al., 2004). In
Genting, the distribution for eyespot size was more unimodal sug-
gesting only minor variation across the years. However, investigating
whether species from Genting have indeed reduced or lost plasticity
in eyespot size will be more robustly answered by carrying out com-
mon garden experiments in the future. Interestingly, one species
from Genting (My. intermedia) tended to show slightly smaller eye-
spots during January-March.

Overall, our data support the theoretical prediction that adaptive
plasticity will be favoured in a more seasonal environment, but will
be reduced or lost in a more stable environment, perhaps because
there is a cost for maintaining plasticity (DeWitt et al., 1998; Reed
et al., 2010; Tufto, 2015). Whether such costs exist in Mycalesina
butterflies is not clear, but theory suggests that maintaining the
sensory system required to process environmental information can
incur some costs (Auld et al., 2010; DeWitt et al., 1998). Furthermore,
large eyespots may function more effectively on the green back-
ground (Lyytinen et al., 2004; Prudic et al., 2015), and since it rains
continuously in Genting with the habitat remaining green through-
out the year, species are expected to maintain larger eyespot size.

However, it is interesting to note that two species (T. janardana and

Species EDF F value p Value
My. Mineus 7.814 102.4 <0.001
My. Visala 8.028 100.7 <0.001
Me. Leda 7.438 142.9 <0.001
B. campina 8.868 167.29 <0.001
B.ena 8.848 73.24 <0.001
B. safitza 8.961 350.02 <0.001
Me. Leda 8.823 61.64 <0.001
My. Intermedia 4.556 10.504 <0.001
C. mnasicles 1.002 0.274 0.603
My. Orsies 1.413 0.365 0.556
My. Intermedia 2.921 5.916 <0.001
T. janardana 1.001 0.033 0.856

C. mnascicles) at Genting showed relative eyespot size similar to
those of the DSF in species from the seasonal locations (Figure 5). It
is possible that these species may rely on alternative anti-predatory
strategies.

Although seasonality is likely to be the major driver of the evolu-
tion of polyphenism in these butterflies (Brakefield & Larsen, 1984),
having multiple communities from different aseasonal locations
and showing that they are consistently nonpolyphenic would have
strengthened our findings. Thus, at present, the effect of other fac-
tors such as shared ancestry in influencing the evolution of polyphen-
ism cannot be rejected. Phylogenetic relationships of Mycalesina
species (Figure 6), however, show that polyphenic and nonpolyphenic
species are spread across the phylogeny indicating that shared an-
cestry probably only has a limited effect. Future macroevolutionary
studies involving a large number of species would provide deeper in-
sights into the evolution of polyphenism in these butterflies.

Marked differences in the magnitude of temperature sea-
sonality between the two seasonal locations in our study enable
some examination of the evolution of cue use in Mycalesina but-
terflies. According to reaction norm studies in Mycalesina butter-
flies from localities in East Africa (Malawi & Uganda), South Africa
and Madagascar, which show similar temperature profiles, cooler
(<21°C) and warmer (>25°C) rearing temperatures consistently re-
sult in the DSF and WSF, respectively (e.g. van Bergen et al., 2017;
Brakefield & Reitsma, 1991; de Jong et al.,, 2010; Nokelainen
et al., 2018; Roskam & Brakefield, 1996). Such strong seasonal
variation in temperature and the presence of distinct seasons likely

explains the presence of seasonal polyphenism in species from
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FIGURE 5 Histograms (bins = 40) showing distributions of relative eyespot size for all species including both sexes across the three
locations (orange = Zomba; blue = Sanguem; green = Genting). The black vertical line on each plot indicates the threshold used for
classifying seasonal forms such that individuals with an eyespot size below and above the threshold were classified as dry and wet season
forms, respectively. Species from Genting were not classified into seasonal forms as distinct bimodal peaks were absent

Zomba (also see Windig et al., 1994). However, in Sanguem where
the mean monthly temperature roughly varies between 24 and
29°C, which reflects only the upper extreme temperatures used
in reaction norm studies, the DSF would not be expected to occur
but they clearly do.

Based on this observation, we propose two hypotheses: (a) ei-
ther species from Sanguem have evolved a new polyphenic thresh-
old for temperature or (b) they use some other cue or an interaction
of several cues. According to the first hypothesis and if temperature
alone maintains polyphenism, species from Sanguem or locations
exhibiting similar temperature range reared in the laboratory are
predicted to show distinct DSF and WSF within the temperature
range of 24-29°C. Reaction norm data for species from Sanguem
are not available but studies on species from equatorial Cameroon
(Roskam & Brakefield, 1996), Nigeria (Oostra et al., 2014) and

Thailand (van Bergen et al., 2017), with temperature profiles similar
to Sanguem, do exhibit a WSF at 27°C but intermediates or more
WSF-looking phenotypes at 24-25°C. However, candidate species
from relatively open habitats in Cameroon and Nigeria both show
distinct seasonal forms in the wild (Larsen, 2005, Oskar Brattstrom,
Personal Observation). Field data on these species from Thailand
are not available. Based on these observations, we posit that local
adaptation in the polyphenic threshold for temperature is unlikely,
and species from Sanguem and similar locations may be using other
cues. Moreover, it is noteworthy that the conserved response shown
to rearing temperature in laboratories, namely DSFs at low and
WSFs at high temperature, despite wide geographic distributions of
species, is probably due to the conserved physiological regulatory
mechanism (e.g. hormonal dynamics) regulating polyphenism in in-
sects (e.g. Bhardwaj et al., 2020).
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FIGURE 6 Phylogenetic relationships of Mycalesina species
represented in the study. Note that currently there is no phylogeny
that includes Me. leda together with all genera of Mycalesina
butterflies but the species is likely to be ancestral to Mycalesina
(see Chazot et al., 2019). The location of species is indicated by
species colour codes and corresponding circles indicate whether
species are polyphenic or non-polyphenic based on the presence/
absence of strong bimodal distribution for the eyespot area (see
Figure 5)

A recent study on a population of M. mineus from
Thiruvananthapuram, India, which has a similar climate to Sanguem,
demonstrated that humidity also affects pupal colour, a trait known
to be phenotypically plastic (Mayekar & Kodandaramaiah, 2017).
When larvae were reared at 27°C with either high (85%) or low
(60%) relative humidity resembling humidity during wet and dry
seasons, respectively, the former condition resulted in more green
pupae, whereas the latter resulted in more brown pupae. Plasticity
in pupal colouration is likely to be adaptive as green pupae provide
better background matching in the wet season and brown colour in
the dry season (Mayekar & Kodandaramaiah, 2017). Another study
revealed that seasonal fluctuation in relative humidity rather than
the temperature was a better predictor of the temporal distribution
of seasonal forms in the polyphenic butterfly Luthrodes pandava

from India (Tiple et al., 2009). These studies indicate the possibility

sournat o Evolutionary Biology

that humidity might be a better cue in regions where the tempera-
ture fluctuates within a narrow range. Furthermore, rather than a
single cue, but possibly an interaction between multiple cues may
provide a better prediction of the seasonal change (e.g. Goehring
& Oberhauser, 2002; Morehouse et al., 2013; Singh et al., 2020).
For example, high temperature and low humidity can result in de-
teriorating plant quality, and larvae of Mycalesina butterflies grow-
ing on low host plant quality tend to have smaller eyespots (Kooi
et al., 1996; Singh et al., 2020). In nature, host plant quality gener-
ally declines towards the end of the wet season, which may result in
the expression of DSF (Brakefield & Reitsma, 1991).

Finally, polyphenism in Mpycalesina butterflies is an inte-
grated response of a suite of phenotypic traits (e.g. van Bergen
et al., 2017). For example, WSFs allocate more to reproduction and
have smaller body size and shorter lifespan, whereas DSFs allo-
cate more to soma and have larger body size and longer lifespan
(van Bergen et al., 2017; Oostra, Mateus, et al., 2014). Laboratory
studies show that several life-history traits can become decoupled
from such an integrated suite of traits (e.g. van Bergen et al., 2017;
Qostra, Brakefield, et al., 2014). However, whether this is an adap-
tive or nonadaptive response remains to be investigated. Although
our study only focussed on single morphological and life-history
traits, it is interesting to note that in a forest species from Zomba,
B. campina, DSFs reproduce actively although they are generally ex-
pected to undergo diapause (Brakefield & Zwaan, 2011), suggesting
that these two traits have become decoupled. Future studies are
required to understand how readily such phenotypic integration can
be broken and if it is then adaptive.

Our study demonstrates the advantage of quantifying the extent
of predictability, as well as the nature of correlations between potential
cues, in temporal variation in climatic variables when making compar-
ative analyses of phenotypic plasticity across different communities
and locations. We conclude that for Mycalesina butterflies, seasonal
precipitation, which results in distinct selective environments, and
the predictability of precipitation are the primary factors influenc-
ing the evolution of polyphenism (e.g. Roskam & Brakefield, 1999).
Populations or species may secondarily evolve local adaptations for
cue(s) use that depend on the local variation in the environment (e.g.
Lindestad et al., 2019; Roskam & Brakefield, 1999). In addition, strong
temperature-dependent expression of seasonal forms in Mycalesina
butterflies as revealed by laboratory experiments may provide biased
results since the temperature is often the only variable tested (but
see Mayekar & Kodandaramaiah, 2017; Singh et al., 2020). Future
reaction norm studies using multiple factors such as temperature,
humidity or host plant quality in a full factorial design will be import-
ant in helping to understand the regulation of seasonal polyphenism
in the wild. Cue use has special relevance in estimating the conse-
quences of climate change as it is likely to affect their reliability in
predicting the forthcoming environment under changing patterns of
seasonality (Bonamour et al., 2019). Thus, understanding local varia-
tion in cue use will help in predicting future responses of communi-
ties of Mycalesina butterflies and other tropical polyphenic taxa to

climate change.
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