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Results: Reflectance of jewel beetles was more strongly predicted by body size than
by climate. NIR reflectance and total reflectance were not associated with climate, but
larger beetles had higher NIR reflectance. For UV-Vis reflectance, small beetles were
darker in warmer and more humid environments, whereas there was no association
with climate for large beetles.

Main conclusions: Our study suggests that variation in reflectance of jewel beetles is
not driven by thermal requirements and highlights the importance of considering NIR

reflectance when evaluating explanations of the effects of colour on thermoregulation.
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1 | INTRODUCTION coloration is a key functional trait, and its evolutionary trajectory in
response to warming climates is a topic of currentinterest and debate
With growing concerns about global warming, how animals adapt (Delhey et al., 2020; Tian & Benton, 2020a, 2020b). The response of

to a warming climate has become a time-critical question. Animal animal coloration to warming climates depends on whether current
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colour-climate relationships are driven by selection for thermal ben-
efits or for other functions of coloration [e.g., camouflage, protection
from ultraviolet (UV) damage]. Variation in animal coloration along
climate gradients has been generalized into several ecogeographical
rules, such as Bogert's rule and Gloger's rule, which are likely to arise
from different ecological and evolutionary drivers. Bogert's rule (or
thermal melanism hypothesis) predicts that ectotherms tend to be
darker in colder regions, possibly to increase heating rate and radia-
tive heat gain (Bogert, 1949; Clusella-Trullas et al., 2007). In contrast,
Gloger's rule, originally described for endotherms but also extending
to ectotherms, describes a trend for darker coloration in more humid
environments (Delhey, 2019; Rensch, 1929). This pattern is likely
to be attributable to the non-thermal functions of melanin, such as
protection from UV damage, abrasion or pathogens (Delhey, 2019;
True, 2003). The patterns described by these ecogeographical rules
are not mutually exclusive and depend on the climatic variation and
life history of particular animal groups. Therefore, to understand
current and projected colour-climate relationships, it is essential to
distinguish selection for thermal control from other drivers, and to
do so for animal groups with a range of climatic distributions and life
histories.

One way to determine whether macroecological patterns of an-
imal coloration are generated by selection for thermal benefits is to
consider solar radiation in wavelengths beyond visible colour. The
full spectrum of sunlight comprises ultraviolet-visible wavelengths
(UV-Vis; 300-700nm) and near-infrared wavelengths (NIR; 700-
2500nm). Approximately half of the energy in direct sunlight falls in
each of these two wavebands, meaning that both contribute to heat
gain, proportional to the reflectance or absorbance of the integu-
ment (i.e., percentage reflectance or absorbance). However, given
that NIR wavelengths cannot be perceived visually by most terres-
trial animals, reflectance in these wavelengths is likely to be selected
primarily for thermal needs (Stuart-Fox et al., 2017), whereas visi-
ble reflectance will be influenced by selection for other functions
of colour, such as communication or camouflage. Consequently, if
selection for thermal benefits drives macroecological colour-climate
relationships, we expect a correlation between temperature-related
climate variables and total solar reflectance (UV-Vis-NIR), and par-
ticularly NIR reflectance. Recent studies that have considered NIR
wavelengths have detected such correlations, supporting selection
for thermal benefits (Kang et al., 2021; Medina et al., 2018; Munro
et al.,, 2019). However, current evidence is restricted to Australian
birds (Medina et al., 2018) and Australian and European butterflies
(Kang et al., 2021; Munro et al., 2019). It is difficult to generalize
these results to other groups, especially for insects that vary greatly
in life history, habitat and behaviour.

Insects are poikilotherms whose body temperatures are greatly
influenced by environmental conditions. Hence, solar energy might
play a more important role for insects than for endotherms, such
as mammals and birds (Gates, 1980a). Beetles are one of the most
successful and colourful groups of animals on Earth, but are poorly
represented in macroevolutionary and macroecological studies,
possibly owing to a lack of phylogenetic information. Jewel beetles
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(Coleoptera: Buprestidae) are a group of insects with diverse visible
colours and are likely also to have variable NIR reflectance (Wang
et al., 2021). The adults are diurnal and active during the warmest
seasons and spend most of their time on host plants, feeding and
finding potential mates (Hawkeswood, 1978, 1981a, 1981b). Our
recent study on jewel beetles shows that the heating rate of iso-
lated elytra decreased by .011°C min™* for every 1% increase in NIR
reflectivity under illumination equivalent to <.5 solar intensity, con-
trolling for effects of convection and conduction (Wang et al., 2021).
In contrast, we found no significant effect of UV-Vis reflectivity,
because variation in UV-Vis reflectivity among the sampled species
was much less than the variation in NIR reflectivity. This suggests
the potential importance of climate in shaping reflectance, espe-
cially for NIR wavelengths. A comprehensive investigation into jewel
beetles is required to understand how much the effect of NIR re-
flectance on heat transfer in a finely controlled setting is linked to
macroevolutionary pattern.

Here, we aimed to identify whether climate variables drive vari-
ation in reflectance of jewel beetles. Specifically, we tested the as-
sociation between climate and reflectance in different wavelength
ranges (UV-Vis, NIR and total) within a phylogenetic framework.
Initially, we measured the reflectance of the beetle samples from
calibrated photographs in the three wavebands. Next, we ran three
separate phylogenetic comparative analyses on the reflectance for
each waveband to test what climate components best predict the
reflectance. Additionally, we included body size in the analysis, be-
cause size has been reported to affect thermoregulation in many
animals, including jewel beetles (Peralta-Maraver & Rezende, 2021;
Stevenson, 1985a; Wang et al., 2021). If reflectance is important for
thermoregulation, in hotter climates we expect higher NIR reflec-
tance (independent of UV-Vis reflectance) and total reflectance,
which accounts for the overall heat gain of an organism. Given that
UV-Vis reflectance could be under numerous, sometimes conflict-
ing, selective pressures, we expect it to show a weaker correla-
tion with climate and, possibly, to be associated with humidity, as
predicted by Gloger's rule. It is also unclear how different colour-
producing mechanisms (pigment and/or structures) correspond to
NIR reflectance. For example, Shawkey et al. (2017) showed that
iridescent structurally coloured feathers in sunbirds have lower NIR
reflectance than pigmented feathers. Therefore, we also investi-
gated whether structural beetle colours have lower NIR reflectance
than colours produced by other probable mechanisms.

2 | MATERIALS AND METHODS
2.1 | Specimen sampling

Jewel beetle specimens were sampled from the Australian National
Insect Collection (ANIC). Species were selected based on the
phylogeny provided by Evans et al. (2015). We sampled the same
species from the phylogeny if these species were available in the
ANIC; otherwise, we chose a representative of the same genus,
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tribe or subfamily. If more than one representative of a genus, tribe
or subfamily was available to choose from, we selected the spe-
cies that had different visible coloration from the beetles already
selected, in order to increase colour diversity in our samples. We
ensured that all subfamilies were well represented, except for the
subfamily Galbellinae, which is a small and rare subfamily and not
present in ANIC collections. For each species, we sampled two to
four specimens (mode = 3) depending on the availability in the col-
lection. In addition to ANIC specimens, we included 12 locally col-
lected Castiarina species in our dataset to expand the species and
colour diversity. The local samples were collected on bushes by foli-
age beating from 26-27 November 2018 in Gembrook and Emerald,
VIC, Australia. Before further measurements, we kept the local bee-
tles in the laboratory until they died naturally. In total, we obtained
data for 223 specimens from 81 species and 45 genera (Supporting

Information Table S1).

2.2 | Specimen imaging

We took UV, visible and NIR photographs for each specimen to de-
rive reflectance in these three wavelength ranges (details below).
Capturing reflectance using a camera instead of a spectrometer cou-
pled to an integrating sphere enabled us to measure the reflectance
of small beetles or fine-scale patterns (i.e., <4 mm). The specimens
were pin-mounted on a piece of grey foam and photographed in-
dividually, except for those glued on the same board. In each pho-
tograph, we included a scale bar and a 40% achromatic reflectance
standard (LabSphere, North Sutton, NH, USA) for calibration.

The photographs were taken using a camera (D7200; Nikon,
Tokyo, Japan) with a UV-Vis-NIR transmissive lens (60mm Apo
Macro, CoastalOpt; JenOptik, Jena, Germany). We placed different
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optical filters (Edmund Optics, Barrigton, NJ, USA) to photograph in
UV (filter model numbers: 84715, 84723 and 49095), visible (84754
and 84727) and NIR (84760 and 84735; Figure 1). The combination
of the camera sensor and optical filters enabled us to capture wave-
lengths of 350-400nm (range, 50nm) for UV, 400-700nm (range,
300nm) for visible and 700-1000nm (range, 300nm) for NIR. The
total wavelength range (350-1000nm) covers c. 75.7% of total solar
energy. For the light sources, we used a modified flash unit (Nikon
SB-140 UVIR clone; BeyondVisible, USA) for UV and visible pho-
tographs and a tungsten halogen lamp (150W HT150 tube; Arlec,
Melbourne, VIC, Australia) for NIR photographs (for detailed camera
set-up, see Munro et al., 2019). A cylindrical diffuser was placed over
the sample, scale bar and reflectance standard on the grey foam to
create an even illumination. We divided the specimens into four size
categories, for which we used different camera exposure settings
and camera heights (Supporting Information Table S2) to obtain
the optimal resolution and illumination for specimens in each size
category.

2.3 | Reflectance and body size

From the photographs, we derived an estimate of reflectance in
UV, visible and NIR wavelength ranges, in addition to body size.
For reflectance, we focused on the elytra, because they are the
major area exposed to direct sunlight. For each individual, we
chose one region that was not shaded and had no glare spot as a
region of interest (ROI) for each colour on the elytra (colour patch).
The same ROI was selected for UV, visible and NIR photographs
for the same specimen. To quantify reflectance of the ROls, we
first obtained the mean pixel intensity values for red (R), green (G)

and blue (B) channels of the ROIs and the achromatic standard for

Visible NIR

FIGURE 1 Ultraviolet (UV; left), visible (middle) and near-infrared (NIR; left) photographs of (a) Castiarina ignota, (b) Selagis caloptera, (c)
Calotemognatha varicollis and (d) Astraeus crassus. Lighter colour indicates higher reflectance. Almost all beetles show little reflectance in
UV wavelengths. In some beetles, the reflectance pattern varies between visible and NIR. The reflectance of different colour patches in the
three wavelength ranges for all species used is in the Supporting Information (Table S5)
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each photograph using the MeasureRGB plugin in IMace) (v.1.52a;
Schneider et al., 2012). We next calibrated the RGB values from
the responses of the camera to the known achromatic standards
(for calibration details, see Supporting Information Supplementary
Information S1; Munro et al., 2019). From these achromatic stand-
ards, we derived an equation to estimate the reflectance for each
colour channel and for camera settings of each size category. For
each waveband, we selected the channels based on sensitivity of
the camera sensors (sensor sensitivity data provided by Nikon
under a non-disclosure agreement). For UV, we used the B chan-
nel; for visible, we used R, G and B channels; and for NIR, we used
the R and B channels. When more than one channel was used,
we averaged the calibrated values to give an estimate of average
reflectance for each colour patch. To obtain the average reflec-
tance of the whole beetle, we weighted the reflectance of each
colour patch by the area it occupied on the elytra measured using
ImaceJ from Vis photographs. Finally, to derive UV-Vis reflectance
(350-700nm) and total reflectance (350-1000nm), we weighted
the reflectance relative to the spectral range of each waveband
using Equation (1) or Equation (2), respectively:
Ryv % 50 + Ry;s x 300

Ruv_vis = 50+ 300 , (1)

R _ Ruy x50 + Ry; x 300 + Ry x 300
total = 50 + 300 + 300 '

(2)

where Ryy, Ryis Rnir Ruv—vis and Ry, are the reflectance in the UV,
visible, NIR, UV-Vis and total (UV-Vis-NIR) range, respectively.

To ensure that we captured real variation in UV-Vis and NIR
wavebands from the photographs, we correlated the reflectance
derived from photographs with reflectance measured using a
spectrometer for a subset of 11 species (Supporting Information
Supplementary Information S2).

For body size, we measured the area of an ovoid (in millimetres
squared) for each specimen from Vis photographs as a proxy of the

incident area using IMAGEJ.

2.4 | Climate data

We compiled climate data for each specimen locality to represent
the climate variance within species. Specifically, we extracted the
climate data at the global positioning system (GPS) coordinates of
the museum labels or our own collection sites. If the GPS locations
were not available on the specimen labels, we extracted the coordi-
nates from naturally vegetated regions of the labelled locations on
Google Maps. For three specimens, no information about the col-
lection sites was available; therefore, we chose locations with the
greatest concentration of records of the focal species from Atlas of
Living Australia (ALA; https://www.ala.org.au) for Australian species
or from iNaturalist (https://www.inaturalist.org) for non-Australian
species.

and Biogeography Macroecoiogy

Ambient temperature is an important factor influencing the
thermoregulation strategy adopted by an animal, and humidity is
the major component of Gloger's rule. Therefore, we selected nine
climate variables related to temperature and humidity, namely mean
temperature of the warmest quarter (in degrees Celsius), represent-
ing the active season of jewel beetles, annual mean maximum tem-
perature (in degrees Celsius), annual mean minimum temperature
(in degrees Celsius), mean diurnal temperature range (in degrees
Celsius), temperature seasonality (in degrees Celsius; SD x100),
precipitation of the warmest quarter (in millimetres), precipitation
seasonality (coefficient of variation), mean annual water vapour pres-
sure (in kilopascals) and solar radiation of the warmest quarter (in
kilojoules per metre squared per day). The climate data were down-
loaded from the WorldClim database (v.2.1; Fick & Hijmans, 2017).
We used average values for the available years (1970-2000) at
the spatial resolution of 2.5’ (c. 4.7 km). Bioclimatic variables (de-
rivatives of monthly values) from the database were used for the
annual temperature, humidity and seasonality data. For variables
not available as annual values from bioclimatic variables, we down-
loaded the values from the monthly historical data and calculated
the annual averages manually in R (i.e., annual mean maximum tem-
perature, annual mean minimum temperature, annual water vapour
pressure and solar radiation of the warmest quarter). To minimize
redundancy, we excluded variables that were highly correlated with
another (r >.8; Supporting Information Table S6). We excluded an-
nual mean maximum temperature, which was highly correlated with
mean temperature of the warmest quarter (r = .949), and annual
mean minimum temperature, which was highly correlated with mean
annual water vapour pressure (r = .880). Mean temperature of the
warmest quarter and mean annual water vapour pressure were also
highly correlated with each other (r = .849). In total, we included
seven climate variables (mean temperature of the warmest quarter,
mean diurnal temperature range, temperature seasonality, precipita-
tion of the warmest quarter, precipitation seasonality, mean annual
water vapour pressure and solar radiation of the warmest quarter) in
the subsequent analysis.

Owing to the relatively large number of climate variables (seven),
we took a conventional variable reduction approach (e.g., Hurtado
et al., 2020; Medina et al., 2018; Miller et al., 2019). Specifically,
we performed a principal components analysis (PCA) on the seven
climate variables to reduce dimensionality. The climate data were
scaled before the PCAs. We selected the principal components (PCs)
that had eigenvalues greater than one (here, PC1 and PC2), reducing
the seven original climate variables to two variables for use in subse-

quent phylogenetic comparative analyses.

2.5 | Phylogenetic comparative analysis

We tested whether the reflectance of the jewel beetles could be
predicted by climate and body size using a phylogenetic mixed model
approach. To obtain an estimate of the phylogenetic relationships
between the 81 species in our dataset, we built a supermatrix tree
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of Buprestidae based on two mitochondrial and three nuclear genes
(6330 sites). We used genetic information available on GenBank
(Benson et al., 2017), especially the data of Evans et al. (2015), with
additional phylogenetic information from McKenna et al. (2019) for
calibrating key outgroup and basal nodes. Taxonomy and nomencla-
ture were based on Catelogue of Life (https://www.catalogueoflife.
org), iNaturalist and Insecta.pro (http://insecta.pro); in particular,
the accepted species and higher ranks of genus, tribe and subfamily.

For phylogenetic analysis, we used a supermatrix of 125 taxa
comprising the desired 81 focal species plus 44 additional non-focal
taxa that were included to improve model specification and phyloge-
netic inference (e.g., Zwickl & Hillis, 2002). Owing to patchy data, for
18 species we substituted gene sequences to create a single genus
representative. Of our 81 focal taxa, 48 had no molecular data, hence
they were incorporated a priori based on taxonomic affiliation, using
a combination of two subfamily-, seven tribe- and 13 genus-level to-
pological constraints (Supporting Information Table S9; Figure S3).
This method is very similar to many others (e.g., Eme et al., 2019;
Thomas et al., 2013) where taxa are grafted onto backbone trees
within predefined lineages via a birth-death model, and is essen-
tially the same as done by Eme et al. (2019), where this is done si-
multaneously with whole tree inference (i.e., by using hard topology
constraints in BEAST). Further details of phylogenetic supermatrix
assembly and inference are provided in the Supporting Information
(Supplementary Information S3).

We sampled 1300 post-burn-in trees generated in Bayesian phy-
logenetic analyses (BEAST; Bouckaert et al., 2014) to account for
uncertainty in node ages and topology. Non-focal species were then
pruned out for the subsequent phylogenetic comparative analyses.
We note the limitations of using “synthetic” phylogenies constructed
using a combination of sequence data and taxonomic rank substitu-
tion (Li et al., 2019; Rabosky, 2015); however, given that the focus
of this study was on trait-climate correlations, it was important to
maximize the taxonomic and geographical spread of samples to en-
able robust conclusion. To account for additional phylogenetic un-
certainty, we ran analyses on a large set of post-burn-in trees (1300
trees), providing conservative error bounds on estimates of trait-
climate correlations.

We ran three separate phylogenetically controlled mixed models,
one for each reflectance wavelength range (UV-Vis, NIR and total).
In each model, we included the reflectance as the response variable,
and the two climatic principal components (PC1 and PC2), body size,
and the interactions between body size and climatic PCs as predic-
tor variables (Figure 2). Body size was In-transformed before being
included in the models to facilitate convergence. Additionally, we set
species as a random factor to account for the multiple (one to four)
specimens included for each species. The UV-Vis reflectance and
NIR reflectance are parts of the same continuous spectrum and are
often highly correlated. Some previous studies have accounted for
this correlation by taking the residuals of NIR reflectance regressed
against UV-Vis (Kang et al., 2021; Munro et al., 2019). In our data-
set, UV-Vis and NIR reflectance exhibited only a weak correlation

(Pearson's correlation, r = .160, P <.05), meaning that residuals
are not appropriate. Instead, we included UV-Vis reflectance as a
covariate in the NIR model to account for the variation in UV-Vis
reflectance. The models were performed at the individual level, and
the intraspecific variation was much smaller than interspecific varia-
tion (Supporting Information Table S8).

Allthe models wereruninR (v.3.6.3; R Core Team, 2018) using the
MCMCacLmm package (Hadfield, 2010). Following Ross et al. (2013)
and Stuart-Fox et al. (2021), we ran the Markov chain Monte Carlo
(MCMC) comparative analyses for 2000 iterations on the 1300 post-
burn-in trees. In each iteration, the last MCMC sample was saved,
and its latent variables and variance components were passed to the
next iteration as starting values. We repeated this process for each
of the 1300 trees and discarded the first 300 runs as burn-in. We
used a weakly informative inverse Wishart prior for the covariance
and parameter-expanded priors for the random effects in all models.
To examine convergence, we checked the trace plots of each vari-
able visually using the “plot” command in R and checked whether
the effective sample size of each parameter was >1000 to ensure
low autocorrelation. We report the significance of predictor vari-
ables in pMCMC, which is two times the posterior probability that
the estimate is either negative or positive and can be interpreted
as the Bayesian equivalent to the traditional p-value (e.g., Hadfield
et al., 2013; Ross et al., 2013). We also presented the 95% credibility
intervals (Cls) of the estimates from the posterior distribution for the
predictor variables, which we considered biologically significant if

the intervals did not include zero.

2.6 | Relationship between NIR reflectance and
colour mechanism

Jewel beetles can use pigments and/or structures to produce colour,
resulting in diverse optical effects in visible wavelengths. However,
itis unclear how these different mechanisms are correlated with NIR
reflectance. To investigate this, we examined the association be-
tween the likely mechanism of individual colour patches and the cor-
responding NIR reflectance of those patches. Initially, we used the
visible light photographs to classify each colour patch of the jewel
beetles into three coarse categories based on their likely colour pro-
duction: structural, melanin pigmented and non-melanin pigmented.
We defined human-visible green, blue, violet or other patches with
metallic sheens as structural, human-visible black and dark brown
patches as melanin pigmented, and human-visible red, yellow, or-
ange, light brown and white patches as non-melanin pigmented. We
based this classification on known mechanisms of beetle coloration
(Noh et al., 2016; Seago et al., 2009). For this analysis, we included
only beetle species in which the colour patches could be classified
easily into the above three categories. In total, we classified 254 col-
our patches from 166 beetles belonging to 59 species. Among them,
53 melanin patches were from 53 beetles belonging to 18 species,

95 structural patches were from 91 beetles belonging 33 species,
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Castiarina octomaculata
Stigmodera gratiosa
Stigmodera cancellata
Stigmodera macularia
Temognatha oleata .
Temognatha obscuripennis
Temognatha chalcodera
Temognatha bruckii
Temognatha bonvouloirii
Metaxymorpha gloriosa
Calotemognatha varicollis
Calodema regalis
Cyrioides imperialis
Selagis viridicyanea
Selagis olivacea

Selagis caloptera

Anilara sp
Anilara_lozgicollis i
Neocuris _duboulayi
Melobasis cyaneipennis
Melobasis cuprifera
Melobasis regalis carnabyorum
Phaenops gentilis
Merimna atrata
Actenodes calcaratus
Chrysobothris australasiae
Polybothris auriventris
Hippomelas sphenicus
ﬁl/c_)aﬂeum luczotii

lippomelas sp
Buﬁaosbes hasenpuschi
Bubastes aenea
Poecilonota salixi
Nascio vetusta
Pseudotaenia gigas
Pseudotaenia ajax
Chrysodema simplex
Chrysodema_ sibuyanica .
Chalcophorotaenia australasiae
Catoxantha opulenta
Metataenia aurofoveata
C%phogasba farinosa .
Chrysochroa fulgidissima
Chalcophora angulicollis
Austrophorella quadrisignata
Euchroma ﬁ/ganteum -
Julodimorpha bakewelli
Buprestis aurulenta
Diphucrania marmorata
Diphucrania albos
Pachycisseis bicolor
Neospades lateralis
Neospades cruciata
Hypocisseis latipennis
Meliboeithon intermedium
Aaaba fossicollis
Agrilus occipitalis
Agrilus hypoleucus
Astraeus crassus
Astraeus bakeri
Polycesta mastersii
Acmaeodera pubiventris yumae
Acmaeodera_ tuta
Sternocera iris
Sternocera chrysis.
Sternocera aequisignata
Julodis variolaris
Julodis sp

FIGURE 2 Trait and climatic variation and the phylogenetic distribution of this variation among the 81 jewel beetle species. The heatmaps
show the variation in body size, reflectivity [total, near-infrared (NIR) and ultraviolet-visible (UV-Vis)] and climatic proxies (principal
components PC1 and PC2; correlated with warm, humid climates and warm climates without significant wet/dry season, respectively)
among species. The reflectance data were In-transformed for visualization. The depicted phylogeny is a majority rule consensus of the 1300
tree samples used in the comparative analyses, with nodes constrained for interpolating taxa marked by black dots (see also Supporting

Information Figure S3)

and 106 pigmented patches were from 97 beetles belonging to 33
species.

We ran an MCMCacLmm model within a phylogenetic framework,
with NIR reflectance of a given colour patch as the response vari-
able and the UV-Vis reflectance of the same patch, mechanism
and their interaction as predictor variables. To account for multiple
individuals per species and multiple colour patches per individual,
we set species and individual as random factors. We used the same

methodology and model parameters as for the climate models de-
scribed above. We did not correlate colour mechanism with climate,
because individual colour patches, which vary among species in both
their presence and relative size, do not correspond to the total re-
flectance of a beetle. Additionally, given that only 18 species had
melanic colour patches, the sample size was too small to identify
meaningful correlations between the presence of melanic patches
and climate at this broad scale of analysis.
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3 | RESULTS
3.1 | Climate principal components

Climate PC1 and climate PC2 explained 51.4% and 29.6% of total
climate variation, respectively. Climate PC1 loaded most strongly
and positively against precipitation of the warmest quarter and
mean annual water vapour pressure, and negatively against mean
diurnal temperature range, temperature seasonality and solar ra-
diation of the warmest quarter (Supporting Information Table S7).
High climate PC1 values represented warm, humid environments
with moderate daily and seasonal temperature fluctuations, char-
acteristic of tropical forested environments, whereas low climate
PC1 values represented climates with hot, dry summers and cool
winters, characteristic of mediterranean climates (Figure 3). Climate
PC2 loaded most strongly and positively against mean temperature
of the warmest quarter and precipitation seasonality (Supporting
Information Table S7). Higher climate PC2 values represented warm
climates without significant wet/dry season, characteristic of tropi-
cal rain forested environments and/or hot desert climates, whereas
lower climate PC2 values represented cold climates with seasonal
rainfall, characteristic of temperate oceanic climates (Supporting
Information Figure S2).

3.2 | Evolutionary association between
reflectance, body size and climate

UV-Vis reflectance was predicted by an interaction between body
size and climate PC1. Smaller beetles tended to be darker (lower UV-
Vis reflectance) in warmer and more humid environments (Figure 4a;
Table 1; Supporting Information Figures S4 and S5), whereas there
was no relationship between climate and UV-Vis reflectance for
larger beetles (Table 1). PC2 and its interaction with size had no
correlation with UV-Vis reflectance either (Table 1). For NIR and

total reflectance, we found no evidence of correlation with climate

PCs, nor with the interaction between climate PCs and body size
(Table 1). NIR reflectance was positively associated with body size
(Figure 4b; Table 1) and increased by 6.3% as the beetle increased
one In(body size). Total reflectance was not associated with climate
PCs, body size or any of their interactions (Table 1).

3.3 | Effect of colour mechanism on reflectance

Non-melanin pigmented colour patches (e.g., red, yellow) had much
higher NIR reflectance than structural and melanin pigmented colour
patches when UV-Vis reflectance was controlled (Figure 5; Table 2).
On average, non-melanin pigmented patches had 37.5% and 38.2%
significantly higher NIR reflectance than structural and melanic
patches, respectively (Table 2). In contrast, structural and melanin
pigmented colour patches had similar NIR reflectance (Supporting
Information Table S3). There was no evidence for a correlation
between UV-Vis and NIR reflectance overall or for any colour mech-

anism (main effect of UV-Vis, interaction terms; Table 2).

4 | DISCUSSION

In the present study, we used a global-scale dataset to identify cli-
mate drivers of UV-Vis, NIR and total reflectance in jewel beetles.
We found that the reflectance of jewel beetles was more strongly
predicted by body size than by climate gradients. Larger beetles had
higher NIR reflectance than smaller beetles, but no climate com-
ponents predicted either NIR or total reflectance. Smaller beetles
in warmer and more humid climates tended to have lower UV-Vis
reflectance (darker), as predicted by Gloger's rule, but there was
no relationship between climate and UV-Vis reflectance for larger
beetles. Combined, our results show that both NIR reflectance and
UV-Vis reflectance of jewel beetles are likely to be driven by factors
other than selection for thermoregulation, which differs from the
results of previous studies on birds and butterflies (Kang et al., 2021,
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FIGURE 3 Geographical distribution of climate principal component1 (PC1) values for each specimen at the collection coordinates
(N = 223). Dot colours show the PC1 values (positively correlated with warm, humid climates), and map colours show the average
temperature of the warmest quarter at the spatial resolution of 2.5’ from 1970 to 2000 [obtained from WorldClim (v.2.1); Fick &

Hijmans, 2017]
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TABLE 1 Summary of the phylogenetic
mixed models for total, near-infrared and

Range
ultraviolet-visible wavelengths =

Total

NIR

UV-Vis

Posterior 95% Credibility
Predictor mean interval
Intercept 164 (.116,.207)
PC1 -.004 (-.011,.002)
PC2 0 (-.01,.011)
Ln(body size) .012 (-.006, .028)
PC1xIn(body size) .002 (-.003, .007)
PC2xIn(body size) -.004 (-.011,.003)
Intercept .238 (.134, .353)
PC1 -.006 (-.02,.008)
PC2 -.002 (-.024,.018)
Ln(body size) .062 (.028,.099)
UV-Vis reflectance 1.009 (.534, 1.452)
PC1xIn(body size) -.004 (-.015, .006)
PC2xIn(body size) -.014 (-.028, .003)
intercept 077 (.053,.098)
PC1 -.002 (-.006, .002)
PC2 .003 (-.003,.009)
Ln(body size) -.015 (-.023, -.007)
PC1 x In(body size) .004 (.001,.007)
PC2xIn(body size) .002 (-.0083, .006)

Effective
sample size

972.667
858.287
1153.611
1036.944
1000
1000
1000
1000
814.775
1000
810.598
1000
1000
1000
1000
1000
1000
1000
1000

pMCMC

.001
.242
.952
.138
48

.304
.001
432
.88

.001
.001
48

.086
.001
.278
.29

.001
.004
454

Note: The predictor is highlighted in bold when pMCMC < .05. A plot of the distribution of
estimates across the 1000 trees is given in the Supporting Information (Figure S5). pMCMC is two
times the posterior probability that the estimate is either negative or positive (whichever is the
smallest) and the value can be interpreted as a Bayesian equivalent to the traditional p-value.

Abbreviations: NIR, near-infrared; PC, principal component; UV-Vis, ultraviolet-visible.
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FIGURE 5 The association between ultraviolet-visible (UV-Vis)
and near-infrared (NIR) reflectance for melanic (black), non-melanic
pigment (red) and structural (blue) colour patches. The box and
whisker plots at the top and right sides show the reflectance
distribution of colour patches in UV-Vis and NIR ranges,
respectively. The figure shows 254 colour patches from a subset of
166 beetles of 59 species, with each dot representing one colour
patch. Dot size represents the relative body size of the beetle, not
the size of the colour patch

Medina et al., 2018; Munro et al., 2019). This difference stresses the
need to examine a broader range of taxonomic groups and climates
to gain a comprehensive understanding of the reflectance-climate
relationship.

Our results highlight the value of taking NIR reflectance into
account when linking thermoregulation to the patterns described
by ecogeographical rules. By considering NIR reflectance, we could
decipher whether variation in reflectance is driven by thermal re-
quirements, because it is unlikely that the selection for thermal
benefits acts only on the UV-Vis range. Without considering NIR
wavelengths, we could not exclude selection for thermal benefits as
a possible explanation for why small beetles were darker (lower UV-
Vis reflectance) in warmer and more humid climates. However, total
reflectance, which is most relevant for heat gain, was not correlated
with climate. NIR reflectance (controlling for UV-Vis reflectance),
which is primarily relevant for thermal functions, was also uncor-
related with climate PCs. Together, these results strongly suggest
that selection for thermal benefits does not explain the correlation
between UV-Vis reflectance and climate for smaller beetles. Here,
we tested only the effect reflectance, accounting for body size; how-
ever, it is possible that other morphological variables, such as hair,
cuticle thickness or wax coatings, contribute to thermoregulation.

Melanin is the main source of dark coloration (i.e., black and dark
brown) in insects (Noh et al., 2016) and contributes to both visual
and non-visual functions that might be associated with climate.

Visual functions of melanin, such as signalling or camouflage,
might relate to the habitat of the animal. For example, darker but-
terflies are better camouflaged and experience lower predation in
shady tropical forests (Cheng et al., 2018). Likewise, it is possible
that darker coloration improves camouflage for small jewel beetles
in tropical habitats. Melanin also has several non-visual functions,
including thermoregulation, UV protection, desiccation tolerance,
pathogen resistance and abrasion resistance (Dubovskiy et al., 2013;
True, 2003). Pathogen infection by parasites, fungi or viruses might
pose a higher risk in the tropics owing to the ideal temperature
and humidity conditions for pathogen growth and reproduction.
Melanic alleles are associated with pathogen resistance (Mikkola
& Rantala, 2010; True, 2003), whereby darker morphs have higher
resistance (e.g., Wilson et al., 2001). Jewel beetles might be darker
in the tropics owing to a higher melanin concentration that helps
to protect against pathogen intrusion. According to our mechanism
dataset, ~63% of the dark colour patches of small beetles (smaller
than the median) were likely to be produced by melanin. In contrast,
only 30% of dark colour patches of large beetles were likely to be pro-
duced by melanin. In summary, the darker coloration of small jewel
beetles in the tropics might be selected for pathogen resistance or
visual protection rather than the efficiency of heat absorption.

We found no association between NIR reflectance and climate,
but larger beetles had higher NIR reflectance. Despite the lack of
association between NIR reflectance and climate among the sam-
pled species, we cannot completely rule out a role of NIR in thermo-
regulation. Larger beetles have higher NIR reflectance, which could
be because higher NIR reflectance compensates for the thermal
consequences of larger body size. A larger body size affects ther-
moregulation through greater thermal inertia, increased surface
area, lower surface area-to-volume ratio and greater body height
(relative to thickness of the boundary layer of the substrate surface)
(Gates, 1980b; Pincebourde et al., 2021; Stevenson, 1985a, 1985b;
Wang et al., 2021). It takes longer for larger insects to reach ther-
mal equilibrium, but they can reach higher steady-state body tem-
peratures and retain those temperatures for longer periods owing
to greater thermal inertia (Stevenson, 1985a). For example, among
naturally occurring insects on leaves, large insects are warmer
than smaller ones (compared with leaf surface, 4-12°C higher for
larger insects and<5°C higher for smaller insects; Pincebourde
etal., 2021). In the same study, a manipulative field experiment using
15- versus 2-mm-diameter clay spheres of the same colour showed
a similar pattern. In contrast, smaller insects both warm up and cool
down faster (Stevenson, 1985a). Adult jewel beetles spend most
of time foraging and finding potential mates on host plants. When
sunny, they are often exposed to sunlight whilst perching on the
flowers/leaves on which they feed. Their larger surface area might
result in greater radiative heat absorptance than for smaller bee-
tles (Gates, 1965; Walsberg, 1992). Having higher NIR reflectance
reduces the solar radiative heat load and potentially mitigates the
thermal consequences of larger body size. This could extend activity
time on host plants by delaying overheating (Wang et al., 2021), with
consequences for fitness. For example, Colias butterflies with longer
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TABLE 2 Summary of the phylogenetic
. Y . p viog Posterior 95% Credibility Effective
mixed models for the association between . . .
. X L. Predictor mean interval sample size pMCMC
near-infrared and ultraviolet-visible
reflectance Intercept (non-melanin .607 (.49, .705) 1000 .001
pigmented)
UV-Vis reflectance -.18 (-.625,.271) 1000 442
Mechanism
Non-melanin pigmented -.385 (-.484, -.279) 1165.473 .001
- melanin
Non-melanin pigmented -.375 (-.454, -.313) 1000 .001
- structural
Interaction
UV-Vis reflectance x 966 (-.97, 3.105) 1000 374
melanin
UV-Vis reflectance x .218 (-.573, .939) 1000 .588

structural

pMCMC is two times the posterior probability that the estimate is either negative or positive
(whichever is the smallest) and the value can be interpreted as a Bayesian equivalent to the

frequentist p-value.

Abbreviations: NIR, near-infrared; UV-Vis, ultraviolet-visible.

flight time have higher reproductive success (Ellers & Boggs, 2004;
Kingsolver, 1983).

Alternatively, the observed increase in NIR reflectance with
body size could be a secondary consequence of cuticle structure
rather than having an adaptive function. Integument structures
(e.g., spacing, size, geometry and the arrangement of the structural
elements) affect optical properties in both UV-Vis and NIR wave-
lengths (Krishna et al., 2020; Shi et al., 2015; Teyssier et al., 2015).
However, we know very little about the relationship between cuticle
microstructure and NIR reflectance and whether size might influence
this. The association between NIR reflectance and body size might
be simply a side effect of cuticle structures correlated with body
size, such as cuticle thickness, without specific selection. It is cru-
cial to understand the interaction between cuticle microstructures
and NIR light, because mechanisms might enhance or constrain NIR
reflectance. Jewel beetle colours can be produced by structures
alone (Durrer & Villiger, 1972; Kinoshita & Yoshioka, 2005) or in com-
bination with pigments. Our results showed that structural colours
had lower NIR reflectance compared with non-melanin pigmented
colours, accounting for UV-Vis reflectance. A similar pattern has
been found in sunbirds, in which the iridescent feathers (structural
colour) have lower NIR reflectance than melanin and non-melanin
pigmented colours (Shawkey et al., 2017). The high NIR reflectance
of what we have termed “non-melanin pigmented colours” might
result from the absorption spectrum of pigments or even the struc-
tural arrangement of pigment granules (Wilts et al., 2017). The dif-
ference in NIR reflectance associated with different mechanisms
suggested by our analysis (albeit coarse) indicates that further inves-
tigation into mechanisms is warranted.

Relationships between reflectance, climate gradients and
body size have been examined in limited taxa, namely Australian
birds and butterflies and European butterflies (Kang et al., 2021;

Medina et al., 2018; Munro et al., 2019). The associations between
reflectance, climate and size are inconsistent between the above-
mentioned studies on butterflies and also between these studies
and our results. For example, the NIR reflectance of both Australian
butterflies and European butterflies are correlated with warm cli-
mates but have opposite correlations between wing size and NIR
reflectance, possibly owing to different thermal functions. Larger
Australian butterflies have higher NIR reflectance probably to mit-
igate overheating, whereas larger European butterflies have lower
NIR reflectance, probably to facilitate warming (Kang et al., 2021;
Munro et al., 2019). In contrast, for jewel beetles, though NIR re-
flectance is negatively associated with size, it is not associated with
climate and therefore less likely to be driven by thermal functions.
Overall, correlations between climate and reflectance identified in
the present and previous studies on butterflies suggest that a ther-
mal function of reflectance might be less prominent in jewel bee-
tles than in butterflies. This might be explained by the ecology and
behaviour of these taxa. For example, jewel beetles seek shade to
reduce radiative heat load and prevent overheating when it is hot
and sunny. In contrast, butterflies can open or close their wings or
change their orientation relative to the sun to minimize or maximize
heat gain (Clench, 1966).

Taken together, our results show different evolutionary drivers
for NIR and UV-Vis reflectance of the sampled jewel beetle spe-
cies. Although NIR reflectance influences heat transfer in jewel
beetles (Wang et al., 2021), by considering both NIR and UV-Vis
reflectance our study shows that thermoregulation is not a strong
driver for reflectance variation among jewel beetle species at the
macroecological scale. The sampled species represent a small
proportion of the c. 15,500 buprestid species but capture rep-
resentative variation in reflectance and climatic niche among the

four main subfamilies. Therefore, our data suggest that for jewel
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beetles, the answer to the question whether animals will be lighter
or darker in a warming climate is likely to be neither. Here, we
stress the importance of considering NIR reflectance when evalu-
ating explanations related to thermoregulation for ecogeographi-
cal rules. Additionally, we highlight the importance of broadening
taxonomic groups for the study of NIR reflectance, because the
evolutionary drivers are likely to differ between animals with dif-

ferent ecology and environments.
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