. eprints@whiterose.ac.uk
Whlte Rose https://eprints.whiterose.ac.uk

N
(@) Rresearch onii
N’ esearc niine Universities of Leeds, Sheffield and York

Deposited via The University of Sheffield.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/245876/

Version: Published Version

Article:

Nguyen, T.T.T., Salazar-Carrion, P.A., Smith, S.H. et al. (2026) Disentangling local
adaptation and phenotypic plasticity in traits associated with altitude and temperature in
widespread tropical butterflies. Journal of Evolutionary Biology. voag093. ISSN: 1010-
061X

https://doi.org/10.1093/jeb/voag093

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

ﬁ 32, | University of P UNIVERSITY

UNIVERSITY OF LEEDS %~ Sheffield NS W



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1093/jeb/voag093
https://eprints.whiterose.ac.uk/id/eprint/245876/
https://eprints.whiterose.ac.uk/

Disentangling local adaptation and phenotypic plasticity in traits
associated with altitude and temperature in widespread tropical

butterflies

TienT. T. Nguyen't, Patricio A. Salazar-Carrion’?t, Sophie H. Smith'3, Kimberly G. Gavilanes?,
Michelle Guachamin-Rosero?, Gabriela Montejo-Kovacevich>®, Luke B. Richardson®”’, Chris D.
Jiggins®, Caroline N. Bacquet?, Nicola J. Nadeau'*

tAuthors with equal contribution

*Corresponding author

Email: n.nadeau@sheffield.ac.uk

1School of Biosciences, University of Sheffield, Alfred Denny Building, Westefnbank, Sheffield
S10 2TN, UK

2Wellcome Sanger Institute, Wellcome Trust Genome Campus, Hinxton, Saffron Walden CB10
1RQ, UK

3Centre for Molecular Biodiversity Research, LeibnizInstitute for the Analysis of Biodiversity
Change, Museum Koenig Bonn, Adenaueralleé 127,53113 Bonn, Germany

4Universidad Regional Amazénica Ikiam,Kildmetro 7 Via Muyuna, Ciudad de Tena, 150102,
Tena, Napo, Ecuador

>Department of Zoology, University of Cambridge, Cambridge, CB2 3EJ, UK

®Department of Ecology and‘Genetics; Animal Ecology, Uppsala Universitet, Norbyvigen 18
D, 752 36 Uppsala, Sweden

’Department of Geography, University of Sheffield, Winter St, Sheffield S3 7ND, UK

© The Author(s) 2026. Published by Oxford University Press on behalf of the European Society of Evolutionary Biology. This is an Open Access article
distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.

920z Jequiaidag g uo Jasn (L1eyoS) Yyosessay pajeay 8 UlH 4O 100Uds Ad 2ZZze88/606B0A/0Rl/E60 10 1/10p/3]0ILE-80UBAPE/GaI/W0D dNO"DILUSPEOE WO} POPEOIUMOQ



Acknowledgements

We thank the many research assistants and interns from Ecuador and the UK whose
dedication was essential to this work, especially Gladis Grefa, Jimmy Velastegui, Pamela
Chamba, Karen Mufioz, Carlos Robalino, Sylvie Tranter, Michelle Campafiia, Imogen Elliott,
Jamal Kabir, Edwin Ochoa, Tamia Salazar, Andrei Flores, Franz Chandi, Jonathan Wood, and
Maria José Sanchez, as well as other students from lkiam who contributed to caterpillar
rearing and data collection. Sihang Lai, Ryan Adams, and Megan Webb provided assistance
with wing photography. We thank Alexandra Duran, Jorge Batres, and Carolina Proaino
(Universidad Regional Amazdnica lkiam) for long-standing support with logistics, and
laboratory access, and the Ikiam technical staff—especially Nina Espinoza de.los_Monteros,
Andrea Carrera, and Andrea Salgado—for broader assistance. We thank Carlos Valle-Pifiuela
(Ministerio del Ambiente y Agua del Ecuador) for his support in\proeessing the framework
contracts for access to genetic resources (MAE-DNB-CM-2018-0088 and MAATE-DBI-CM-
2021-0176), as well as export permits, which enabléd this research. This work was supported
by a NERC grant (NE/R010331/1) to N.J.N. and C.Jand a NERC ACCE studentship to T.T.T.N.

(2302726).

Conflict of interest

We have no conflict of interest to declare.

Author.contributions

T.T.T.N“Conceptualization, Data curation, Formal analysis, Investigation, Methodology,

Validation, Visualisation, Writing — original draft, Writing — review and editing

920z Jequiaidag g uo Jasn (L1eyoS) Yyosessay pajeay 8 UlH 4O 100Uds Ad 2ZZze88/606B0A/0Rl/E60 10 1/10p/3]0ILE-80UBAPE/GaI/W0D dNO"DILUSPEOE WO} POPEOIUMOQ



P.A.S.C. Conceptualization, Data curation, Formal analysis, Investigation, Methodology,
Project Administration, Supervision, Validation, Visualisation, Writing — original draft,
Writing — review and editing

S.H.S. Data curation, Investigation, Methodology, Project Administration, Writing — original
draft

K.G.G. Data curation, Investigation, Methodology, Project Administration, Writing — review
and editing

M. G-R. Data curation, Investigation, Methodology, Writing — review and editing

G. M-K. Conceptualization, Data curation, Formal analysis, Investigation, Methodology,
Validation, Resources, Writing — review and editing

L.B.R. Data curation, Formal analysis, Writing — review and editing

C.D.J. Conceptualization, Funding acquisition, Supervision, Writing —’review and editing
C.N.B. Conceptualization, Funding acquisition, InvestigationyMethodology, Project
Administration, Resources, Supervision, Writing — réeview and editing

N.J.N. Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation,
Methodology, Project Administration, Réseurces, Supervision, Validation, Writing — original

draft, Writing — review and editing

Statement on Inclusion

Our study bringsitogether authors from several different countries, including scientists
based inthe.country where the study was carried out. All authors were engaged early on
with the research and study design to ensure that the diverse sets of perspectives they

represent was considered from the onset.

920z Jequiaidag g uo Jasn (L1eyoS) Yyosessay pajeay 8 UlH 4O 100Uds Ad 2ZZze88/606B0A/0Rl/E60 10 1/10p/3]0ILE-80UBAPE/GaI/W0D dNO"DILUSPEOE WO} POPEOIUMOQ



Data availability
The data and scripts used for analyses are available on Zenodo,

doi:10.5281/zenodo.16754980

Full details of all the statistical models and effect sizes are included in the Supplementary
Tables Excel file (also included as separate .csv files).

All wing photographs are available on Zenodo, under the following DOls: Heliconius erato
dorsal wing images from common garden experiment, doi:10.5281/zenodo.16688551,
doi:10.5281/zenodo.16690029, doi:10.5281/zenodo.16690550,
doi:10.5281/zenodo.16691109, doi: 10.5281/zenodo.16691604,
doi:10.5281/zen0do.16691924, doi:10.5281/zenodo.16692034; Heliconius melpomene
dorsal wing images from common garden experiment, doi:10.5281/zenodo.16781404,
doi:10.5281/zenodo.16781503, doi:10.5281/zenodo.16781637,
doi:10.5281/zenodo.16781731, doi:10.5281/zenodo.16781817,
doi:10.5281/zen0do0.16781920; Heliconius erato dorsal wing images from reciprocal
transplant experiment: doi:10.5281/zenodo.16762443, doi:10.5281/zenodo.16762500;
Heliconius melpomene dorsal wing imagesifrom reciprocal transplant experiment,

doi:10.5281/zenodo.16762538, .d0i:10.5281/zenodo.16762573

Abstract

Climatic stratifications, in particular differences in temperature, occur along altitudinal clines.
Understanding divergence across these regions can give insight into speciation and
diversification, as well as how species may respond to climate change scenarios. Most past
research has focused on temperate regions, yet year-round stable temperatures in the tropics

make altitudinal temperature variation more pronounced and increase the likelihood of local
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adaptation across relatively narrow gradients. Here we investigate how genetics and the
environment influence a wide range of traits in two widespread neotropical butterfly species,
Heliconius erato and Heliconius melpomene, which occur across an altitudinal cline in the
Andes. Using ‘common garden’ rearing of over 1,000 offspring from over 70 wild females
caught along an altitudinal gradient, as well as rearing of populations from either end of the
altitudinal range in their reciprocal temperature environments, we investigate genetic,
environmental and gene-by-environment interaction effects on developmental,
morphological, and thermal tolerance traits. We find parallel divergence in wing colour in
both species, with darker colours at higher altitude, consistent with @ role’ in
thermoregulation. We also find evidence for gene-by-environment interactions: In H. erato
we found local differences in heat acclimation response, with increased heat knock-out times
at higher rearing temperatures found only in low altitude populations, which are exposed to
the hottest temperatures. We find evidence for heritablesgenetic variation in most traits
measured, with positive implications for adaptation,to climate change, although our results

suggest that selection may not act in a straightforward way on these traits.

Key words: Altitude, animal colour, . butterfly, elevation, local adaptation, phenotypic

plasticity, thermal biology,{ropical’ ecology

Introduction

Ever since Humboldt drew the attention of the scientific world to the recurrent morphologies
that plants'show along altitudinal gradients (Humboldt & Bonpland, 1807), no matter where
in the World these occur, we have considered altitude as a fundamental factor driving the

diversity of form and function observed in terrestrial organisms. With consistent stratification
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in climatic conditions, altitude can lead to local adaptation and genetic divergence between
populations at different altitudes, which in turn can result in speciation and diversification.
However, despite its importance to our understanding of the origins of biological diversity
across the globe, altitudinal adaptation has mostly been studied in temperate organisms
(Hodkinson, 2005). Seminal work by Janzen (Janzen, 1967) predicted the effect of altitude on
speciation and diversification to be more important in the tropics, but this has rarely been
thoroughly tested (Ghalambor, 2006). In the tropics, climate not only varies rapidly with
altitude but, due to the lack of seasonality, it varies little throughout the year. This creates
relatively narrow and stable climatic strata (Janzen, 1967), which are likely responsible forthe
huge diversity and turnover in species composition along tropical altitudinal gradients.
Despite its importance to our understanding of the evolutionary_processes that lead to
altitudinal adaptation and the origins and maintenance of tropiealdiversity, altitudinal

adaptation in the topics has still attracted relatively little attention (Slade & Ong, 2023).

Altitude, the vertical distance from sea-level to the'top of the highest mountains, causes
major and consistent changes in three “key climatic features: the average ambient
temperature, atmospheric pressute, andthe intensity of solar radiation (Kérner, 2007). These
changes, in turn, cause living organisms to adapt to these changing conditions. For example,
many lepidopteran species.show increased body size with altitude (Sullivan & Miller, 2007)
consistent withy“Bergmann’s rule” (Bergmann, 1848), which states that animals tend to have
larger body. sizes in colder environments, perhaps because larger body sizes increase cold
tolérance (Scharf et al., 2014). Wing morphologies can also show variation with altitude. Wing
loading has been found to increase across tropical moth taxa Geometridae and Arctiinae as

well as in the temperate butterfly species Coenonympha in association with alternative flight
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strategies possibly due to increasing wind speeds at higher altitudes (Brehm et al., 2019; Néve
& Després, 2020). Wing colouration has been shown to darken at higher altitude in Catasticta
butterfly species which was associated with increased heating rates (Dufour et al., 2018). This
is consistent with a more general trend found in a range of ectotherms of darker individuals
being found in colder environments, known as the thermal melanism hypothesis or Bogert’s

Rule (Bogert, 1949; Clusella Trullas et al., 2007).

Depending on the trait of interest and its ecological role, the observed altitudinal variation in
a phenotypic trait can be the outcome of three modes of adaptation. These include: local
(genetic) adaptation through natural selection; plasticity in developmental, physiological,
morphological or behavioural responses to the environmental conditions; or a combination
of both via a genotype-by-environment interaction (GxE), where, the,extent or direction of

genetically controlled plasticity differs between populations:(Fox’et al., 2019).

Evidence of local adaptation that leads to ‘genetic and heritable differences between
populations at different altitudes has'been observed in many temperate butterfly species, for
example Lycaena tityrus, when reared’in ‘common garden’ (standardised) conditions, show
differences in development, time, heat-stress resistance, and flight duration between
populations (Karlé,et al., 2008), while Colias eriphyle exhibits gene-by-environment
interactions<in wing solar absorptivity across an altitudinal gradient (Kingsolver & Buckley,
2017)<Natural variation in trait values can often be an interplay between some degree of
adaptive genetic divergence between populations coupled with some degree of adaptive

phenotypic plasticity. This has been observed in butterflies such as Melitaea cinxia with
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regard to metabolic rates (Niitep&ld, 2010) and in Bicyclus anynana with developmental

growth rates (Brakefield & Kesbeke, 1997).

A full understanding of the nature of the phenotypic variation observed in the wild is
indispensable, not only to understand the evolutionary processes of adaptation, speciation
and diversification, but also in learning how living organisms may cope with long-term climatic
changes (such as global warming) that are substantially altering the climate around the globe
(Gienapp et al., 2008). This is because while phenotypic plasticity allows for rapid adjustment
to new or fluctuating environmental conditions providing immediate benefits to enhance
survival, it is typically non-heritable and can be costly to maintain long term.(Murren et al.,
2015). For example, a common plastic response to temperature stress is‘acclimation, where
previous minor exposure to temperature stress leads to a priming response (Leroi et al., 1994;
Wilson & Franklin, 2002). This typically induces heat shockproteins (HSPs) more rapidly, often
at a higher concentration, during future stress, thus allowing for a greater stress tolerance
threshold (Sejerkilde et al., 2003). However, HSP production is energetically costly, and
constant maintenance can be detrimentalto'survival, as observed in B. anynana, where long-
term exposure to heat has been.shown to impair later heat tolerance (Fischer et al., 2010).
Genetic variation in plasticity.can‘be selected for and can be observed in populations across
altitudinal gradients. For example, L. tityrus shows altitudinal differences in hsp70 regulation
in relation to rearing'temperature, with lowland populations reared at higher temperatures
significantly up-regulating hsp70 levels (Franke et al., 2019). Thus, even though the
production-of HSPs is energetically costly, there is a clear selection to maintain high HSP levels
int'warmer lowland environments rather than solely during acute stress. This highlights the

importance of genetic plasticity in enabling long-term adaptation to changing environments.
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Here we studied the relative roles of genetics and plasticity in determining morphological,
developmental, and thermal tolerance variation across an altitudinal gradient, in two well-
studied species of Heliconius butterflies on the Eastern slopes of the Andes in Ecuador (Figure
1). The co-mimicking species H. erato and H. melpomene have a largely overlapping and wide
distribution across the neotropics spanning an altitudinal range from sea level to just over
1000 meters above sea level (m.a.s.l.) (Rosser et al., 2012) While this altitudinal range is not
particularly great, it is sufficient for populations at either end of the range to experience
largely non-overlapping temperature variation, with the higher altitude sites being on average
4.1°C cooler (Montejo-Kovacevich et al., 2020). This makes it an excellent test for the
prediction that adaptation may occur over narrow altitudinal ranges-in the tropics. In
addition, these two species are distantly related and non-interbreeding, making them a useful
study system for investigating repeated adaptation, wherée'parallel divergence in both species
can more confidently be attributed to adaptation;, rather than random variation or drift
(Montejo-Kovacevich et al., 2022). Initial evidence-of altitudinal adaptations within these
species have thus far revealed differences in wing aspect ratio, which appears to have a
genetic basis (Montejo-Kovacevich et-al.,”2021; Montejo-Kovacevich et al., 2019), as well as
evidence for adaptive genetic differences with altitude, some of which have been acquired
via introgression from other/species (Montejo-Kovacevich et al., 2022). Previous work also
found some evidencefor variation in heat tolerance, although this appeared to be primarily

due to plasticity (Montejo-Kovacevich et al., 2020), warranting further investigation.

Through controlled temperature rearing experiments, we aimed to disentangle the roles of

genetics and plasticity in these species with regard to a range of morphological,
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developmental and thermal tolerance traits. The presence of genetically-controlled
phenotypic differences between populations would be evidence of local adaptation and
support the hypothesis that species in the tropics can and do adapt to relatively narrow
altitudinal clines. In contrast, tropical species have been suggested to be less likely to show
adaptive plasticity in response to temperature, due to the presence of stable year-round
temperatures, meaning there should be less adaptive benefit of altering the phenotype in

response to temperature (Ghalambor, 2006).
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(A) and Ecuador (B) showing the Universidad Regional Amazonica lkiam, where experiments
were conducted, C) Locations of the rearing site (lkiam, black diamond) and capture sites
(dark and pale blue points, representing sampling sites used for both experiments and the
common garden experiment only, respectively) with altitude of each point given next to it
and altitude of the region shown by background colours. Sampling site altitudes ranged from
375 metres above sea level (m.a.s.l.) to 1523 m.a.s.l. Photographs of the study species, H.
erato lativitta (D) and H. melpomene malleti (E) in the study facility at Ikiam.

ALT TEXT: Map of study location showing sampling points. Images of the two study species.

Methods
Experimental design

Two separate experiments were conducted to investigate the'relative roles of local (genetic)
adaptation and phenotypic plasticity in the two stddied species. The first experiment, a
Common Garden Experiment (CGE), involved individually rearing the offspring of wild-caught
females collected across a continuous altitude gradient ranging from 380m to 1250m above
sea level for H. erato and 380m to“1500m/for H. melpomene (Figure 1C). Rearing took place
under controlled laboratory,conditions at the Amazonian Regional University Ikiam (Figure
1B). Laboratory tempeérature was set to be approximately intermediate between the
temperatures observed’at either end of the altitudinal range (Montejo-Kovacevich et al.,
2020): 21.2'+1.1,°C (mean * sd). Humidity was monitored but not strictly controlled, and the
lightregime)followed the natural day-night cycles at this latitude (~12:12 hours). This allowed

us to-assess the heritable differences associated with altitude, controlling for plasticity.
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The second experiment, a reciprocal transplant experiment (RTE), involved rearing offspring
from wild-caught females from two altitude extremes, approximately 400 + 50m and 1200 +
100m above sea level (Figure 1C). For convenience, we will hereafter refer to butterflies
reared from individuals captured below 450 m.a.s.l. as “low altitude” and those reared from
individuals captured above 1000 m.a.s.l. as “high altitude”, acknowledging that this is not
particularly high in the context of the Andes. Offspring from both altitudes were reared in
growth chambers under two temperature treatments that replicated the high altitude and
low altitude forest understory conditions (Montejo-Kovacevich et al., 2020): 19.1 + 1.7,°C for
~1200m and 23.5 + 2.1 °C for ~400m. A 12:12 hours day-night regime was implemented in
both growth chambers. Chamber temperature conditions closely replicated natural
conditions (Figure S1). This was, therefore, a fully-crossed design\ between rearing
temperature and altitude and allowed us to tease apart the effects, of rearing conditions
(phenotypic plasticity) from heritable population differehices(local genetic adaptation). In
addition, due to its crossed design, the RTE allowed us to assess potential genotype-by-
environment interactions (implying heritablepopulation differences in the extent or direction
of plasticity), when individuals from different,altitudes showed distinct responses in the two

alternative temperature treatments.

In both experiments, collection sites for the mothers were restricted to the geographical
range of the co-mimetic subspecies H. erato lativitta and H. melpomene malleti, to avoid
potential.confounding effects associated with subspecies colour pattern variation. Mothers
were keptin shaded outdoor insectaries at Ikiam (600m above sea level). Eggs were collected
daily in the late afternoon at the same time, moved to the lab, and separated into individual

rearing containers. Caterpillars were provided with a cutting of a suitable food plant for each
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species (Passiflora punctata for H. erato and P. edulis for H. melpomene) and allowed to feed
ad libitum. Traits associated with development, thermal tolerance, and wing morphology

were measured for each reared individual.

All work was conducted with permission of the Ecuadorian Government under the following

permit numbers: MAE-DNB-CM-2018-0088 and MAATE-DBI-CM-2021-0176

Developmental parameters

Eggs, larvae, and pupae were checked daily throughout the experiments to accurately record
mortality, and developmental time from hatching to moulting into 5th instar larvae, pupation
and eclosion into adult butterflies. Pupa weight was measured one«day-after pupation, and

adult weight was measured one day after eclosion, before feeding.

Thermal tolerance

Adult offspring were tested for their tolefance to thermal extremes of hot and cold. All
thermal tolerance tests were conducted in the ‘common garden’ rearing lab at 21°C, and

researchers carrying out the experiment were blind to the butterfly’s altitude of origin.

For CGE adults, cold tolerance tests were conducted on the second day after eclosion and
heat tolerance testsywere conducted the following day. Whereas for the RTE, butterflies were
randomly assigned to either the cold or heat tolerance test (not both) conducted on the
second day after eclosion (as these individuals were used for a subsequent gene expression

study).
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Cold tolerance was tested by exposing the butterfliesto 5 £ 1 °C in a refrigerator with a glass
door, measuring the time taken for the butterfly to exhibit chill coma response (Semper,
1883) (or time to cold knockout (KO)) and then the time taken to recover. All butterflies were
chilled for 10 minutes regardless of when KO occurred to prevent raising the temperature of
the refrigerator by opening the door. Ten minutes was selected based on pilot experiments
and all individuals entered chill coma within this time. The knockout response involved the
butterfly going from a vertical resting position with its wings upright to lying flat with itswings
together on its side, which was generally quite consistent and obvious. Recovery occurred in
the lab at 21°C and was characterised by the ability of the butterfly to support itself on 3 or

more legs.

Heat tolerance was tested as heat knockout (KO) time“at.39°C (+ 1°C) (and recovery, in
common garden only) following the methods of, Montejo-Kovacevich et al. (Montejo-
Kovacevich et al., 2020), with minor modification. Knockout was defined as the point at which
the butterfly could no longer stand up en-at least 3 legs and the thorax was touching the floor
of the chamber. Butterflies were‘temoved from the heat immediately upon KO, and in the
CGE recovery at 21°C wasctimed. After the heat tolerance experiment, all butterflies were
killed and preserved. Butterflies that did not knockout during the experimental duration (120
minutes) were excluded from the analysis. To ensure that this did not bias the results we also
conducted.an analysis where these individuals were included in the analysis with KO time set

to 128 minutes.
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Wing Measurements

Detached wings were photographed dorsally with a Nikon D7000 APS-C DSLR with fixed
settings of: 40 mm /2.8 lens, f/10, 1/60, ISO 100, under standardised conditions with an X-
Rite passport colorchecker and ruler included. Damage to the wings was assessed by eye, with
wings showing more than 10% damage removed from our analyses for the GCE samples, but
all samples were kept in RTE as long as the whole wing segment was present. Custom scripts
were developed in Adobe Photoshop 2021 to automate colour correction and background
removal. Wing size, and shape were measured from preserved wings analysed as/n the
methods in Montejo-Kovacevich et al. (Montejo-Kovacevich et al., 2019). ‘Wing load” was
measured by dividing total adult weight (mg) by wing area (mm?) to give mg.of.weight per

mm? wing (mg/mm?).

Black wing proportion as well as red brightness were obtained using the ‘ColourDistance’ R
package through a k-means clustering approach.(Figure S2). We specified that the images
contained three distinct colours, as both speciesjhave distinct patches of black, red and
yellow. ColourDistance clusters all pixels most'similar to one another into the defined number
of groups and calculates the propertion and mean R.G.B. values for each group (Weller &
Westneat, 2019). Brightness of the red region (hereafter red brightness) was calculated by
combining mean red, green“and blue values in the red region and dividing by three to get an
estimate of percentage reflectance (within the range of the camera’s sensitivity). Red

reflectance'was not measured in the RTE due to mechanical damage in the red patch.
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Data analyses

Variation in each measured trait was modelled using Linear Mixed-Effect or Generalised
Linear Mixed-Effect Modelling depending on the statistical nature of the trait (e.g., Gaussian
distribution for morphological measures like body mass and Gamma distribution for 'waiting-

time' variables such as development times).

Explanatory variables incorporated in the models varied depending on the experiment and
trait analysed. In both experiments, the set of explanatory variables of interest was
implemented explicitly in the experimental design. In the CGE, ‘altitude’ (modelled/as a
continuous variable) was the key effect of interest, while in the RTE ‘rearing.temperature’
(19°C and 24°C treatments), ‘altitude’ (categorical: 400m and 1200mj).and the statistical
interaction between them were the effects of interest. Additional potentially explanatory
variables were considered for each trait; for instance, 'sex' fortraits measured in adults (which
can be sexed), and 'observer identity' for traits affected by subjective observer bias (e.g., cold-
and heat-knockdown times). In addition, because in"both experiments a variable number of
offspring of the same mother were reared, we'modelled the effect of relatedness by including
mother as a random effect. Thiscrandom effect not only allowed us to account for the lack of
statistical independence between offspring of the same mother (full sibs), but also allowed

us to estimate heritability for the measured traits (see below).

For each'trait;»we followed the same modelling protocol. We first generated a list of nested
candidate’'models combining all explanatory variables plus any pairwise statistical interaction
considered relevant for each trait (for the RTE, the interaction between ‘rearing temperature’

and ‘altitude’ was always incorporated, since it was a key parameter of interest). We then fit
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the candidate models to the data, ranked them according to their AICc scores (Burnham &
Anderson, 2004), and selected the model with the lowest AlCc value that would also contain
the set of explanatory variables of interest in each experiment. We used this selected model
to estimate the effect sizes of interest in each experiment. The model selection process was
also used to assess which potentially explanatory variables showed evidence of an effect, and
which did not. Explanatory variables with a likely effect on a trait were taken as those
contained in the model with the lowest AlCc (which we term the “top ranked model”, but not
necessarily the one we selected to estimate effect sizes), or in the set of models ranked within
two AlCc units from the top ranked (Burnham & Anderson, 2004). Model fitting was carried
out using the R package Ime4 (v.1.1-31)(Bates et al., 2015), and model selection facilitated

with AlCcmodavg (v.2.3-2,)(Mazerolle, 2023).

With the CGE data only (due to the larger sample sizé);«the random effect of ‘mother’
estimated with the selected model was used to caletlate the intraclass correlation coefficient
(ICC) between offspring of the same mother,following Nakagawa and Schielzeth (Nakagawa
& Schielzeth, 2010), using package rptR(v:0.9.22)(Stoffel et al., 2017). The ICC is a measure of
how much of the variation in the‘model'is explained by the sibling relationships within each
brood, due to genetic relatedness ahd maternal effects. An upper estimate of heritability is 2
* |CC for full siblings (Faleconer & Mackay, 1996), assuming negligible maternal effects. Re-
mating is rare in.the wild in the two species studied (Walters et al., 2012), so it is most likely
that individuals from the same mother are full siblings. ICC values were also calculated using
the” null ‘models without any additional explanatory variables, to determine whether

controlling for these influenced the heritability estimates.
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Finally, to compare the effects of altitude on the various traits measured in the CGE, we
recalculated the slopes of each trait in relation to altitude, after standardising the original
trait values (mean = 0, sd = 1) and re-fitting the selected models. For visual comparisons, we
plotted these standardised slopes (effect sizes in sd units) next to each other. For the RTE, in
contrast, to compare the effects of rearing individuals from the same altitude in different
temperatures (phenotypic plasticity), or to compare individuals from different altitudes
reared in the same temperature (local genetic adaptation), we calculated the relevant effect
sizes as the ratio between the estimated marginal means (as predicted by the selected
models) for individuals in the corresponding temperature-by-altitude combinations. These

effect sizes were estimated using the package emmeans (Searle et al., 2023).

All statistical analyses were conducted in R version 4.+ (R core Team). All graphs were
produced with ‘ggplot2’ (Wickham, 2016), and maps=required additional packages
“rnaturalearth” (Massicotte & South, 2023), “raster” (Hijmans, 2023), “sf” (Pebesma, 2018;

Pebesma & Bivand, 2023) and “ggrepel” (Slowikowski, 2023).

Results

Differences betweentaltitudinal populations

In the common garden experiment (CGE) for H. erato, there were between 29 and 45 families
included in ‘the' analyses, depending on the trait examined (Table 1). Specifically, we

analysed,>400 individuals for development time and body size, 1549 individuals for larval

survival, 802 for pupal survival, and >300 for wing morphology, colour, and thermal tolerance.
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For H. melpomene, we analysed between 20 and 25 families across traits, with >400

individuals for development time and body size, >800 for survival, and >300 for other traits.

Table 1: The effect of altitude in the GCE, per species, per trait. Delta AlCc and AlCc weights

are given for the best supported model that included altitude as fixed effect, relative to the

best supported model (Table S1). Point estimates of the effect of altitude on each trait are

given in standard deviation units with their 95% confidence intervals (plotted in Figure S4).

The effect of altitude is considered significant (shown in bold) if it is retained in the best

supported model (the model with the lowest AlCc, or that with the fewest explanatory

variables within 2 AlCc units of the model with the lowest AlCc) and the confidence.interval

estimates do not cross zero.

Species Trait No. No. AAICc wt Effect size Cls

mothers ind. AlCc

(broods)
H. erato Laval dev. time 38 775 1.35 0.34~,_-0.027 -0.093, 0.038
H. melpomene Laval dev. time 25 450 1.54 0.32 “-0.005 -0.055, 0.043
H. erato pupal dev. time 38 558 1.74 0.3 0.016 -0.054, 0.087
H. melpomene pupal dev. time 22 405 1.71 0:3 0.017 -0.045, 0.078
H. erato pupa weight 40 753 _.1.58 0.21 -0.021 -0.084, 0.042
H. melpomene pupa weight 23 444/ 2.02 0.24 -0.003 -0.046, 0.040
H. erato adult weight 45 327 . 1.97 0.21 -0.013 -0.106, 0.080
H. melpomene adult weight 29,4293 . 1.79 0.12 -0.017 -0.083, 0.049
H. erato Larval survival 42 1549 2 0.27 -0.004 -0.170, 0.157
H. melpomene Larval survival 26 .855 1.74 0.3 -0.026 -0.129, 0.079
H. erato Pupal survival 40 802 2.01 0.27 -7.97E-4 -0.064, 0.051
H. melpomene Pupal survival 24" 495 0.77 0.4 -0.041 -0.124, 0.035
H. erato wing load 44 319 1.77 0.19 -0.026 -0.126, 0.074
H. melpomene wing load 29 290 148 0.19 -0.031 -0.115, 0.052
H. erato black % 36 315 0.5 0.14 0.001 4.70E-4, 0.002
H. melpomene  black % 23 333 1.63 0.1 6.09E-4 6.62E-5, 0.001
H. erato red reflectance 33 416 O 0.44 -3.22E-4 -9.04E-4, 2.53E-4
H. melpomene red reflectance 22 431 0 0.75 4.27E-4 -3.07E-7, 8.45E-4
H. erato Cold KO 37 436 O 0.14 0.009 -0.032, 0.049
H. melpomene Cold KO 23 374 0 0.07 -0.017 -0.055, 0.021
H. erato Cold Recovery 37 436 O 0.6 0.031 -0.026, 0.088
H. melpomene Cold Recovery 23 374 O 0.6 -0.014 -0.047,0.018
H. erato Heat KO 31 297 O 0.15 2.033 0.303, 3.665
H. melpomene Heat KO 20 239 0.37 0.07 0.014 -0.084, 0.112
H. erato Heat Recovery 31 297 O 0.09 -0.357 -0.667, -0.046
H. melpomene Heat Recovery 20 239 0.81 0.04 -0.007 -0.044, 0.031
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The traits that showed statistically supported differences between populations across
altitudes were wing colouration and heat tolerance (Table 1). In both H. erato and H.
melpomene the percentage of the forewing that is black increased with altitude (Figure 2),
with the best supported models for both species including altitude as an explanatory variable
(H. erato AICcWt = 0.14; H. melpomene AICcWt = 0.1, Table S1). In H. erato the percentage of
the wing that was black was on average 2% more in the offspring of mothers collected at or
above 1000 m.a.s.l. relative to those collected at 400 m.a.s.l., while for H. melpomene 1.6%
more of the wing surface was black (Figure 2). This was due to a reduction in the relativeisize
of both the red and yellow wing patches (Figure S3). The increase in black percentage is
consistent with the thermal melanism hypothesis and findings in other ‘species (Clusella
Trullas et al., 2007; Dufour et al., 2018) that higher altitude populations.are often darker,

possibly to improve heating ability in cooler environments.
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Figure2: The relationship between black percentage of the wing and altitude of the source

population in H. erato females (A) and males (B) and H. melpomene females (C) and males
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(D). Points are individuals coloured by mother ID (points of the same colour are siblings).
Model fit lines and 95% confidence intervals are shown. For H. melpomene, sex was not
included in the best-supported model, so the lines plotted in C and D are the same.

ALT TEXT: Graphs showing a positive relationship between altitude and black % of the

forewing in both sexes of H. erato and H. melpomene.

Reflectance of the red wing patch showed no substantial difference with altitude in H. erato,
(Table 1), with the highest ranked model containing only sex as a relevant explanatory factor
(AICcWt = 0.34). However, in H. melpomene, the highest ranked model included altitude, but
only when interacting with sex (AICcWt = 0.75, Table 1, Figure 3). Females.from mothers
collected at or above 1000 m.a.s.l. on average reflected 0.6% more visible.Jight compared to
those from mothers collected at 400 m.a.s.l., while males remained relatively unchanged
across altitudes (Figure 3).

H. melpomene
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Figure3» The relationship between reflectance of the forewing red wing patch (summed

RGB values from colour photographs as a proportion of white values, where white = 1) with
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altitude in H. melpomene, separated by sex. Points are individuals coloured by mother ID
(points of the same colour are siblings). Model fit lines and 95% confidence intervals are
shown.

ALT TEXT: Graphs showing a positive relationship between altitude and red reflectance in H.

melpomene females, but no trend in males.

For heat tolerance, H. erato showed differences between populations across altitudes, where
individuals from higher altitude took longer to enter heat coma (hereafter referred to as-heat
knock-out or KO), and less time to recover from KO when removed from the heat. Both
patterns suggest an increased heat tolerance at higher altitudes, contrary to’our expectations
(Figure 4, Figure S4). Individuals from mothers sampled above 1000 m.a.s.l. took on average
1.4 more minutes to knock out and 4.4 fewer minutes to recover,’eempared to individuals
from mothers sampled at 400 m.a.s.l. (Figure 4). While this'difference does appear to be quite
small given the range of the data, it was statistically supported once accounting for black
percentage and body weight. The highest ranked models for both traits included altitude as
an explanatory factor (heat KO: AICcCWT=,0.14; heat recovery AICCWT = 0.09, Table S1). For
heat KO, the best supported model also contained black percentage, body weight, and their
interactions with altitude. A higher black percentage increased the time to KO (effect size =
229.58x + 204.81) whilendecreasing recovery time (effect size = -11.41x + 7.41), both
suggesting increasedjheat tolerance, again contrary to expectations under the thermal
melanism.hypothesis. Increased body size reduced heat recovery time (effect size = -7.70x
5.28), suggesting larger individuals may be more heat tolerant. However, body size also had

a negative, but non-significant effect on KO time (effect size = -2.02x + 2.08).
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Figure 4: The relationships between heat knock-out time (A) and recoveéry time'from knock-
out (B) with altitude in H. erato. Longer knock-out times and shorter recovery times are
both indicative of greater heat tolerance. Points are individuals coloured by mother ID
(points of the same colour are siblings). Model fit lin€s and confidence intervals are shown.
ALT TEXT: Graphs showing a positive relationshipibetween altitude and heat knock-out time
(in panel A) and a negative relationship betweenaltitude and recovery time from knock-out

(in panel B) in H. erato.

In H. melpomene, the best supported models included an effect of altitude on heat KO and
recovery (Table S1), butithe effect sizes were small, and the confidence intervals crossed zero
(Figure 2D), suggesting the effect is not statistically significant. The models also supported an
effect of\body size: larger individuals exhibited a shorter time to KO (effect size = —6.73x
4.11);suggesting reduced heat tolerance. However, body size had no detectable effect on

recovery time (effect size = 0.69x + 2.40).
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To ensure that excluding individuals that did not knock out did not bias our results, we
repeated our analysis including these individuals with KO time set to 128 minutes, which
added 70 individuals for H. erato and 36 for H. melpomene. The best supported models were
largely the same (still contained altitude as an explanatory factor, Table S2) and the effect of
altitude in H. erato was similar (effect size = 2.41x + 1.55) and was still negligible in H.

melpomene (effect size = 0.01x = 0.05).

For cold tolerance, the models for both species also supported an effect of altitude on time
to enter chill-coma (cold KO), and for H. melpomene on the time to recover from chill-coma
(Table S1). However, the effect size estimates were small and crossed zero.in all cases (Table
1). The models also supported an effect of body size on cold KO in beth species, with larger
individuals taking longer to KO, suggesting they are more-Cold-tolerant (H. erato: effect size =
3.11x = 1.54; H. melpomene: effect size = 2.25x“t 1.82). This was also supported in H.
melpomene cold recovery time, where largerdndividuals recovered faster (effect size = -4.72x
+ 1.83). The effects of all modelled fixed“effects on each trait are given the Supplementary

Tables.

All altitudinally-associateditraits had high and significant intraclass correlation coefficients
(ICC) in the CGE_ broods (Table 2). All individuals were reared individually under identical
conditions,.so similarity within broods can only be attributed to shared genetic variation and
maternal effects. If this is primarily due to genetic effects, heritability can be approximated
as'two times the ICC (Falconer & Mackay, 1996), bearing in mind that this will likely be inflated

by any maternal effects, which we could not distinguish in our experimental design. Based on
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these estimates, black wing percentage has a very high heritability (0.99 in H. erato and 0.71
in H. melpomene ) and heat tolerance in H. erato has fairly high heritability (0.61 and 0.51 for
heat knock-out and recovery respectively) (Table 2). This suggests that our CGE was detecting
genetic differences between populations, consistent with local adaptation to altitude.
Although maternal effects likely mean that these heritability estimates are inflated (Moore et
al., 2019), any half-sibs present (which based on knowledge of Heliconius mating systems is
unlikely but possible (Walters et al., 2012)) would cause an underestimation of heritability,
ICC values from null models without any fixed effects were very similar (Table S3), and infmost
cases were higher, suggesting that controlling for correlated factors in the model generally

produced more conservative heritability estimates.

Even for traits that did not differ between populations at different” altitudes, most had
significant ICC values (Table 2). Of the traits we measured;sthe only ones that did not show
significant ICC were cold KO time in H. erato, heat‘and cold recovery in H. melpomene, and
pupal survival in either species (Table 2). There were differences in larval survival of offspring
coming from different mothers (H. erate1€C=0.345, p =3.15E-72, H. melpomene: 1ICC=0.202
p = 2.23E-13, Table 2), but theré, was not a significant difference with altitude (Table 1),
demonstrating that any phenotypic differences we observed with altitude were not due to

selective filtering of genotypes during the experiment.
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Table 2: Intraclass correlation coefficients (ICC, R) and their 95% confidence intervals (Cls),
and p-values, for each trait in each species (those in bold also differed with altitude). These

were used to give an upper estimate of heritability as 2*ICC

h2 (upper
Species Trait ICC (R) Cls p value estimate)
H. erato Laval dev. time  0.365 0.245,0.475 1.10E-44 0.73
H. melpomene Laval dev. time  0.217 0.085,0.337 9.01E-12 0.43
H. erato pupal dev. time  0.348 0.211,0.467 1.13E-31 0.70
H. melpomene pupal dev. time  0.379 0.212,0.537 2.84E-23 0.76
H. erato pupa weight 0.329 0.213,0.438 1.24E-40 0.66
H. melpomene pupa weight 0.182 0.067,0.303 5.54E-10 0.36
H. erato adult weight 0.431 0.249,0.577 6.60E-22 0.86
H. melpomene adult weight 0.183 0.046,0.333 3.25E-06 0.37
H. erato Larval survival 0.369 0.369, 0.369 2.43E-73 0.74
H. melpomene Larval survival 0.207 0.207, 0.207 8.28E-14 0.41
H. erato Pupal survival 0.003 0.003, 0.003 0.395 0.01
H. melpomene Pupal survival 0.010 0.01, 0.01 0.292 0:02
H. erato wing load 0.437 0.253,0.592 5.68E-25 0.87
H. melpomene wing load 0.392 0.16,0.567 5.28E-11 0.78
H. erato black % 0.495 0.342,0.624 1.26E-32 0:99
H. melpomene  black % 0.355 0.185,0.506 3.57E-22 0.71
H. erato red reflectance 0.254 0.127,0.372 1.67E-14 0.51
H. melpomene red reflectance 0.132 0.038,0.244 6.58E-08 0.26
H. erato Cold KO 0.033 0,0.114 0.195 0.07
H. melpomene Cold KO 0.105 0.01,0.219 0.002 0.21
H. erato Cold Recovery 0.118 0.014,0.225 5.35E-05 0.24
H. melpomene Cold Recovery 0.054 0,0.14 0.091 0.11
H. erato Heat KO 0.307 0.112,0.472 3.90E-05 0.61
H. melpomene Heat KO 0.250 0.066,0.417 1.40E-05 0.50
H. erato Heat Recovery 0.256 0.082,0.422 1.67E-03 0.51
H. melpomene Heat Recovery  0.043 0,0:162 0.196 0.09

Temperature effects on traits'andydifferences between populations

In the reciprocal transplant experiment (RTE) there were >14 families analysed in H. erato
with >200 individuals analysed for survival and >100 for all other traits between both
altitudes. In Hismelpomene, there were >6 families analysed with >100 individuals for
survivaly>30s-individuals for thermal tolerance and >50 individuals for all other traits (Table
3)/The4amuch smaller sample size in H. melpomene, especially in lowland broods (Table S4),

meant we had less power to discern population differences or their interaction with
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temperature compared to H. erato. See Table S4 for full details of models, and the sample

sizes included for each trait.

Table 3: The effect of rearing temperature in the RTE, per population, per species, per trait.
Delta AlCc and AICc weights are given for the best supported model that included both
temperature and altitude as fixed effects, relative to the best supported model (Table S4).
The effect of temperature (as a ratio of the trait value at 24°C/19°C) is given with the 95%
confidence intervals (plotted in Figure S5). Significant effects of temperature are shown in
bold, and significant interactions between temperature and altitude are indicated with a star.
Significance was determined as effects retained in the best supported model (the model with
the lowest AlCc, or that with the fewest explanatory variables within 2 AlCc.units of the model

with the lowest AlCc) and with confidence interval estimates that\didwnot cross one.
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No. Temp
mothers  No. wt Pop Effect

Species Trait (broods) ind. AAICc AlCc alt. Size Cls
H. erato Larval dev. 16 199 1.92 0.2 400m 0.600 0.571, 0.63
time 1200m  0.610  0.58, 0.641
H. melp. Larval dev. 8 79 0 0.78 400m 0.588 0.545, 0.631
time* 1200m  0.679 0.631, 0.726
H. erato Pupal dev. 15 143 0 0.35 400m 0.505 0.485, 0.525
time 1200m  0.535 0.515, 0.556
H. melp.  Pupal dev. 8 68 3.99 0.06 400m 0.510 0.484, 0.536
time 1200m  0.523 0.498, 0.547
H. erato Pupa 16 196 1.82 0.18 400m 0.904 0.767, 1.04
weight 1200m 0.835 0.709, 0.96
H. melp. Pupa 8 75 1.34 0.29 400m 0.796 0.67,0.922
weight 1200m  0.887 0.785, 0.989
H. erato Adult 15 131 3.41 0.05 400m 0.823 0.733,0.913
weight 1200m 0.874 0.767, 0.981
H. melp. Adult 8 58 0 0.27 400m  0.675 ,0.449, 0.901
weight 1200m  0.905 +0.697, 1.113
H. erato Larval 16 297 4.25 0.06 400m 0919 0738, 1.101
Survival 1200m ~1.024-" 0.892, 1.156
H. melp. Larval 9 155 3.2 0.08 400m 1305 0.476, 2.133
Survival 1200m_ »1.099 0.848, 1.349
H. erato Pupal 16 200 5.66 0.03 ¢, 400m ~ 1.114  0.78, 1.448
Survival 1200m  1.008 0.716, 1.301
H. melp. Pupal 9 116 3.72 0.06. 400m 0.890 0.659, 1.121
Survival 1200m  0.921 0.737, 1.106
H.erato  Wing Load 14 127 4,68 0.02 400m 1.084 0.948, 1.221
1200m  1.053 0.928, 1.177
H. melp.  Wing Load 8 87 1.58 0.06 400m 1.182 0.958, 1.406
1200m  1.188 0.956, 1.421
H. erato Aspect ratio 14 127 6.06 0.01 400m 1.005 0.987, 1.022
1200m  1.005 0.989, 1.022
H. melp. Aspect ratio 8 87 9.61 0 400m 0.989 0.975,1.002
1200m  0.988 0.975, 1.002
H. erato Black % 13 92 0 0.19 400m 0.986 0.965, 1.007
1200m  1.016 0.998, 1.035
H. melp. Black % 8 75 0 0.14  400m  1.009 0.995, 1.023
1200m  1.009 0.995, 1.023
H. erato Cold-KO 12 35 6.23 0.02 400m 0.816 0.605, 1.027
1200m  0.703 0.482, 0.923
H. melp. Cold KO 6 23 419 0.03 400m 0.796 0.427,1.165
1200m  1.378 0.838, 1.918
H. erato Cold 12 35 3.95 0.07 400m 1.065 0.502, 1.629
recovery 1200m  0.758 0.338, 1.179
H.'melp. Cold 6 23 6.12 0.02 400m 2377 0.41,4.345
recovery 1200m  1.082 0.376, 1.789
H. erato Heat KO* 12 45 0 0.67 400m 2127 1.332,2.922
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1200m  1.116  0.742,1.49
H. melp. Heat KO 6 35 0 0.35 400m  1.123 0.499, 1.748
1200m  1.578 0.854, 2.303

As expected, rearing temperature had a significant effect on development time and body size
in both species (Table 3). In H. erato and H. melpomene larval and pupal development time
both roughly halved at the higher rearing temperature of 24°C compared to at 19°C (effect
sizes between 0.51 and 0.69, Table 3). Some marginal population differences were observed
in H. erato, but these were within 2 AlCc units of the models with temperature alone (Table
S4), and also went in opposite directions in larvae and pupae, with low altitude larvae
developing slightly faster under both temperatures (something that was not observed-in the
CGE), and high altitude pupae developing faster, but only at 19°C (Figure S6). In H. melpomene
there was no effect of altitude on pupal development time and the model with temperature
alone was the highest ranked (AICcWt = 0.46) (Table 3, Table\S4). However, for larval
development time, the highest ranked model supported.an interaction between altitude and
temperature (AICcWt =0.78), with lowland populations/showing greater differences in their
developmental time with temperature (24°C:19:C, effect size = 0.59x + 0.04) as compared to
highland populations (24°C:19°C, effect size = 0.69x * 0.05) (Table 3, Figure 5). This is
consistent with an adaptive difference in H. melpomene, whereby high-altitude populations

are able to develop faster at'colder temperatures.
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Figure 5: The effect of rearing temperature (top bar) and source populationaltitude on larval
development time in H. melpomene. Boxes show the median and interquartile ranges for each
population under each treatment, with overlain points for each individual. Boxes are coloured
by population (light grey 400 m.a.s.l., dark grey 1300/m.a:s.l.); points are coloured by mother
ID (i.e. points of the same colour are siblings).

ALT TEXT: Graphs showing the effect of rearing teémperature and altitude on larval
development time in H. melpomené; illustrated with box plots and individual data points.
Temperature has the largest.effect.but it is greater in the 400m population than the 1300m

population.

We measured the effect of temperature on body size by weighing pupae one day after
pupation,and by weighing adults one day after eclosion, before feeding. Across both species,
higherrearing temperatures tended to result in smaller pupae and adults (Table 3). There

were some apparent differences in the effect sizes between populations, but the best
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supported model for H. erato pupal weight contained only temperature interacting with
development time as explanatory factors (AICcWt = 0.46) and for adult weight contained
temperature alone (AICcWt =0.11, AAICc = 1.61). For H. melpomene pupa weight, the highest
ranked model contained both temperature and altitude as explanatory variables (without an
interaction, AICcWt = 0.56, Table S4). However, when examining effect sizes and confidence
intervals there only appeared to be a temperature effect, where in both populations, pupae
were smaller when reared at higher temperatures, (24°C:19°C: lowland effect size = 0.80x *
0.13, highland effect size = 0.887x + 0.102) with no clear altitudinal effects (Figure S6)uFor
adult weight in H. melpomene, our highest ranked model again contained an interaction
between temperature and altitude (AICcWt = 0.27) but this interaction effect was marginal
as this model was not stronger than the model without the interaction term (Delta_AlICc =
0.48, AICcWt = 0.21). Therefore, the results for H. melpomene are similar to H. erato, with a
lack of strong evidence for population differences in the‘effects of rearing temperature on

body size.

We found evidence of cold acclimation™H:, erato, but not H. melpomene (Table 3), whereby
individuals reared at cooler temperatures took longer to enter chill coma than those reared
at warmer temperatures(Figure S5C). This acclimation was only observed in highland
populations (24°C:19°C: 0.70x +0.22), and not the lowland populations (24°C:19°C: 0.81x
+0.21) (Table 3). However, the interaction was not statistically supported as the highest
ranked model*had temperature as the sole explanatory factor in time to chill coma (AICCWT
= 0.51). We also found evidence of heat acclimation in H. erato, but again not in H.
melpomene, whereby individuals reared at warmer temperatures took longer to enter heat

coma than those reared at lower temperatures (Table 3). This effect was only seen in the low
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altitude populations (24°C:19°C: 2.13x + 0.79) not those from higher altitude (24°C:19°C:
1.12x + 0.37) (Figure 6), and this population difference was statistically supported, with the
highest ranked model including the interaction between temperature and altitude (AICCWT =
0.67, Table S4). This is consistent with adaptive differences in plasticity between populations,

with lower altitude populations being better adapted to respond to higher temperatures.

H. erato
19C | | 24C
125-
-

100+
I
=
E 75,
[1b]
=
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¥ 50
i_
8 |

25 |

400m 1300m 400m 1300m

Altitude (m.a.s.l.)

Figure 6: The effect of rearing temperature (top bar) and source population altitude on time
to heat knock-out at 39°C'in H. erato. Boxes show the median and interquartile ranges for
each population“under each treatment, with overlain points for each individual. Boxes are
coloured-by“population (light grey 400 m.a.s.l., dark grey 1300 m.a.s.l.); points are coloured
by mother ID (i.e. points of the same colour are siblings).

ALTTEXT: Graphs showing the effect of rearing temperature and altitude on heat knock-out

(HT KO) time in H. erato, illustrated with box plots and individual data points. HT KO time is
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greater when reared at 24C in the 400m population but there is no difference in 1300m

population.

In H. erato there was some evidence for an effect of rearing temperature on the percentage
of the wing that was black, although the effect was small and confidence intervals for both
populations crossed one (Table 3) . However, the population difference that was found in the
CGE was only found when individuals were reared at 24°C, being darker in the higher altitude
population (400m:1300m = 0.95x * 0.03) (Figure S6), with no difference in black-wing
percentage between populations when reared at 19°C (400m:1300m = 0.98x + 0.03) (Figure
S6). This was due to greater plasticity in the higher altitude population, with’butterflies being
darker when reared at higher temperatures, which was not found ih, the low altitude
population (Figure S5). Our highest ranked model supported this\interaction (AICcWt =0.19)
and also suggested an interaction effect between tempefature and sex, where females had
greater black percentage at higher rearing temperatures in comparison to males. Therefore,
the population difference observed in the CGE is possibly complicated by differences in the
extent of plasticity in wing colour in response.to rearing temperature. In H. melpomene we

did not detect any effect of rearing tempeérature on black percentage of the wing.

We again did not find any:difference between populations in larval or pupal survival (Figure
S6), demonstrating that selection operating during our experiment was not a factor in
explaining.between-population differences (or lack thereof). We also did not find any
differencerin survival between populations at the different rearing temperatures (Table 3),
suggesting that the mean temperatures at the different altitudes are not causing differential

selection between populations during the larval or pupal stages.
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Discussion

Wing colour in Heliconius has been extensively studied, primarily in the context of Mllerian
mimicry, and several genes that underlie pattern variation have been identified
(Dasmahapatra et al., 2012; Nadeau, 2016). Here we have found evidence in both species of
guantitative, highly heritable variation in the proportion of black pigmentation on the wing
associated with altitude. While it is possible that this colour variation could be driven by
differences in recognition and avoidance by predators across the altitudinal cline, as in other
clines in Heliconius colour pattern variation (Mallet & Barton, 1989), the variation s, quite
subtle (1-2% overall difference) and well within the range of general inter-individualvariation,
making it quite unlikely that predators would perceive or discriminate baséd on'this variation.
On the other hand, in other butterfly species, fairly slight differences in“melanisation have
been shown to influence thermoregulation and fitness under different temperatures (Dufour
etal., 2018; Rosa & Saastamoinen, 2020). It is also interesting.that the increase in black comes
from a decrease in both the red and yellow regions of thewing, which may also contraindicate
a signalling function, where a change in thé size or shape of a single colour patch might be
more likely. The proximal location of the red patch is a region of the wing that in other species
is important for thermoregulation (Ellers & Boggs, 2004); while the yellow wing patch on H.
erato lativitta wings was found'to be cooler under direct insolation, compared to the red and
black wing regions, which were not significantly different (Ladwa et al., 2026). Therefore,
reducing the relative sizes of both paler pigmented regions may increase heat gain when

basking.
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Similar trends of darker colours with increasing altitude or latitude have been found both
within and between species in many insects, including butterflies (Ginter et al., 2019) and
are generally thought to be explained by thermal melanism, whereby darker individuals warm
up faster when exposed to radiative heat (Clusella Trullas et al., 2007). In some species the
differences are more pronounced than we find here (Glinter et al., 2019; Roland, 1982), while
in others the differences do appear to more be more subtle and not dissimilar to what we
observe (Ellers & Boggs, 2002; Gonzalez-Tokman et al., 2020; Guppy, 1986). Most of this data
has come from temperate systems, where cold temperatures are likely to be more extreme
and limiting, so it is interesting that we also observe this trend in tropical insects./A previous
study of tropical butterflies in Ecuador found conflicting results, with one genus (Catasticta)
having darker species at higher altitudes, while another (Leptophobia) showed the opposite
trend (Dufour et al., 2018). We are not aware of any previous studies'that have found a similar

within-species trend in tropical butterflies.

While the colour variation we observe is conSistent with thermal melanism, in H. erato this
pigmentation had the opposite effect to'expectations in the thermal tolerance experiments,
where it appeared to increase heat tolerance. One explanation for this could be the artificial
conditions of our experiment, where heating was purely via conduction and convection, while
in nature, solar radiation‘is.a major heat source (Barton & Porter, 2014), particularly in the
context of thenmal melanism, where basking behaviour is thought to be the main mode of
action (Clusella. Trullas et al., 2007). Nevertheless, in temperate systems, cold temperature is
likely to bea strong selective agent at higher altitudes, but in tropical systems increasing solar

radiation may be more important. Increasing solar radiation has been suggested to explain
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why some species may show reversed trends of lighter colour with higher altitude, to prevent

overheating under high solar radiation (Kuyucu et al., 2018).

In both species we find interesting sex differences in the reflectance of the red wing patch,
consistent with previous work on these species showing subtle sexual dimorphism (Klein &
de Araujo, 2013), which may function in mate choice. In H. melpomene we also find an
interaction between sex and altitude, with H. melpomene females from higher altitude being
more reflective. This could be consistent with females adapting to increased solar radiation
at higher altitude, by reducing absorbance of heat or damaging wavelengths. Males may be
more constrained by sexual selection, or less adapted to local conditions due.to their higher

dispersal (Jiggins, 2017).

Overall, we find heritable differences between populations\in” wing colour, building on
previous working demonstrating heritable differences in wing shape between the same
populations (Montejo-Kovacevich et al., 2021). High/heritability of the wing colour variation
we observed raises the interesting possibility:that it may be controlled by some of the major
colour pattern controlling genes that’are’known in these species (Nadeau, 2016), as has been
found for other quantitative\colour pattern variation (Bainbridge et al., 2020). While the
differences in wing colour'were clear in our common garden experiment, when reared under
different temperatures in our reciprocal transplant experiment, we found that H. erato
showed some evidence for thermally plastic differences in wing colour that differed with
population‘and sex, which could make it harder to detect the colour difference in the wild,
highlighting the benefits of disentangling genetic and environmental effects under controlled

conditions.
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A key assumption of Janzen’s hypothesis (Janzen, 1967) that altitude has a greater impact in
the topics, is that tropical species will show narrow, altitudinally stratified thermal tolerance
ranges (Ghalambor, 2006). We found limited support for this, with no difference in thermal
tolerance between populations in H. melpomene. We did find significant differences between
populations in heat tolerance in H. erato. However, in our common garden experiment these
differences were in the opposite to expected direction (increased thermal tolerance in the
high-altitude populations) and the opposite direction to that found previously by Montejo=
Kovacevich et al. (Montejo-Kovacevich et al., 2020) in wild-caught individuals. This is likely
due to the plasticity in this trait that we detected in our reciprocal transplant experiment,
which also revealed differences in the extent of plasticity between populations. The low-
altitude populations show an acclimation response, whereby rearing-at higher temperatures
causes them to be more heat tolerant as adults, but thistresponse is not seen in the high-
altitude populations. Therefore, when reared at-<24°C,|we find the expected population
difference, with low-altitude populations being more heat tolerant. The opposite trend that
we find in the common garden experiment isitherefore likely due to low altitude populations
becoming less heat tolerant when reared at the comparatively cool temperature of 21°C,
while the high-altitude population remains relatively heat tolerant. This may also explain why
Montejo-Kovacevich et ali(Montejo-Kovacevich et al., 2020) found no difference between
populations inytheir ‘e¢ommon-garden experiment, as these were conducted outdoors at

warmer and more variable temperatures.

Lack of a heat acclimation response in the high-altitude populations could be due to greater

daily variation in temperatures seen in the high-altitude tropics, due to higher solar radiation
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(Ghalambor, 2006), making it less beneficial for high-altitude populations to respond
plastically to developmental temperature, while at lower altitudes, wet and dry season
temperature variation may be sufficient to make long-term acclimation beneficial. This goes
against expectations that tropical species should not show acclimation responses due to the
relatively stable temperature environments they inhabit (Ghalambor, 2006), although this
was supported in H. melpomene where we did not detect any differences in heat knock-down

with rearing temperature.

Interestingly we also found evidence of cold acclimation H. erato, where individuals reared at
cooler temperatures took longer to enter chill coma than those reared at warmer
temperatures. This effect has been commonly observed across insect species including some
tropical species like Drosophila melanogaster (Kristensen et al,, ’22008) and the butterfly
Bicyclus anynana (Karl et al., 2014). It is particularly interesting here, given that the cold
temperatures used in our knock-out experiments are below anything these butterflies would
experience at their capture locations (Montejo-Kovacevich et al., 2020). The distribution of H.
erato extends beyond the tropics into"tegions where they could experience extreme cold
(Rosser et al., 2012). Thus, it is possible that there is some gene flow from these populations
that maintains this plastic response. This could be somewhat similar to the situation in
stickleback fish, where genetic variation shared across their broad geographical range has
facilitated repeated adaptation to new environments (Reid et al., 2021). We did not observe

any cold.acclimation effect in H. melpomene, consistent with their differing latitudinal ranges.

Intemperate butterflies, developmental rates often increase with altitude (Leingértner et al.,

2014) to compensate for shorter seasons and cooler temperatures (Hodkinson, 2005),
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although due to differences in voltinism, some species show the opposite trend, with slowed
development and one generation per year at higher altitude, and faster development to allow
for more generations at lower altitude (Karl et al., 2008). We did not observe any difference
in developmental rate between populations in our common garden experiment, suggesting
that in tropical systems the lack of seasonality may relax selection on development time, as
life-cycles do not need to be completed within a fixed time-window. Nevertheless, H.
melpomene did show faster larval development in high compared to low altitude populations
when reared at 19°C, suggesting that selection has favoured the ability to develop faster at
cooler high-altitude temperatures in this species. Faster developmental times may’ be
selected to reduce vulnerability during juvenile stages to predation as well\as allowing for
earlier dispersal as adults, which could be beneficial when competing for mates and
hostplants (Sinclair et al., 2012). A possible explanation for the difference between species is
that H. melpomene is a host-plant specialist, which may-mean that they experience greater

resource competition than H. erato, which is more-generalist.

Many studies report differences in bodysize with altitude in insects (Hodkinson, 2005; Horne
et al., 2018; Montejo-Kovacevich et, al., 2019), sometimes following Bergmann’s rule
(Bergmann, 1848) where warmer environments contain individuals or species with smaller
body size. This has been suggested to be adaptive based on larger individuals being more
thermally buffered byygreater surface-area to volume ratios (Ashton, 2002; Svensson et al.,
2023). While_ this’is logical for endotherms, the predictions in ectotherms are less clear and
trends found in the wild are likely to be highly biased by differences in growth-rates (Horne
et'al., 2018; Mousseau, 1997; Svensson et al., 2023). We did not detect any difference in body

size between populations when reared under common-garden conditions, suggesting that
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previously reported differences in size with altitude in these species are due to plasticity
(Montejo-Kovacevich et al., 2019). Indeed, we found a strong effect of rearing temperature
on body size that followed the temperature size rule, a common reaction norm where
increases in rearing temperature decrease body size (Atkinson, 1994), although a recent
meta-analysis suggested that this trend does not hold up across butterfly species (Coradini
Schirmer & Malheiros Gawryszewski, 2026). We found this was tightly coupled with
development time, where shorter development times (caused by warmer temperatures) also
led to smaller pupae. Whether this plasticity provides an adaptive advantage or is just a
general biological consequence (Kingsolver & Huey, 2008) has been contested (Teplitsky &
Millien, 2014). The effect of body size on thermoregulation in insects appears to/be highly
variable (Kemp & Krockenberger, 2004; Klockmann et al., 2017). Our results were generally
consistent with larger-body sizes being beneficial in cooler temperatures, and so with the
observed plasticity being adaptive, as in both species larger\ individuals were more cold-
tolerant and in H. melpomene larger individuals were mare susceptible to heat, although in

H. erato there was some evidence that largerindividuals were more heat tolerant.

Conclusion

Consistent with Janzen’s hypothesis (Janzen, 1967) we do find evidence for adaptive
differences between populations of two species of tropical butterflies across a relatively
narrow altitude range (~400 m.a.s.l. to ~1200 m.a.s.l.). However, these differences are
primarily in morphological traits, principally wing colour and shape. Further work is needed

tolunderstand exactly how these traits confer adaptive benefits between populations, but
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their high heritability and parallel divergence between these two species, suggests they are

likely to be adaptive.

In contrast we find little evidence for fixed differences in physiological and developmental
traits between populations, although we do find high heritability for these traits. Lack of
divergence in traits with high heritability would suggest that selection is absent or too weak
to overcome gene flow across the altitudinal cline (Mallet et al., 1990). Alternatively, selection
may be acting in a more complex way on the levels of plasticity in these traits. In support of.
the latter, we find intriguing genotype-by-environment interactions in thermal tolérance and
developmental rate in H. erato and H. melpomene respectively, highlighting\the benefits of
reciprocal-rearing experimental designs for teasing apart genetic and environmental effects
on traits. The very different responses we find between species in these traits could reflect
differences in ecological or evolutionary constraints between the two species and may
influence how each is able to respond to changing environments. The variation in heat
acclimation that we observe in H. erato may.be particularly beneficial in helping this species
to respond to climate change, while the“lack,of any acclimation response in H. melpomene
may make it more vulnerable. Nevertheless, the presence of genetic variation for thermal
tolerance in both species; suggests that they have the potential to adapt to changing

environments and climateichange.

The presence of altitude-associated phenotypic differences is consistent with previous work
in these same populations, identifying signatures of adaptive genomic differences (Montejo-
Kovacevich et al., 2022). The next step will be to understand how the genetic variation

controls the phenotypic variation we have found. This will allow for a deeper understanding
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of the adaptive potential of these traits and how they may be influenced by current and future

climates.
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