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To understand the diversity of ways in which natural materials interact with light, it is important to consider how 
their reflectance changes with the angle of illumination or viewing and to consider wavelengths beyond the visible. 
Efforts to characterize these optical properties, however, have been hampered by heterogeneity in measurement 
techniques, parameters and terminology. Here, we propose a standardized set of measurements, parameters and 
terminology to describe the optical properties of natural objects based on spectrometry, including angle-dependent 
effects, such as iridescence and specularity. We select a set of existing measurements and parameters that are 
generalizable to any wavelength range and spectral shape, and we highlight which subsets of measures are relevant 
to different biological questions. As a case study, we have applied these measures to 30 species of Christmas beetles, 
in which we observed previously unrealized diversity in visible and near-infrared reflectance. As expected, reflection 
of short wavelengths was associated with high spectral purity and angle dependence. In contrast to simple, artificial 
structures, iridescence and specularity were not strongly correlated, highlighting the complexity and modularity 
of natural materials. Species did not cluster according to spectral parameters or genus, suggesting high lability of 
optical properties. The proposed standardization of measures and parameters will improve our understanding of 
biological adaptations for manipulating light by facilitating the systematic comparison of complex optical properties, 
such as glossy or metallic appearances and visible or near-infrared iridescence.

ADDITIONAL KEYWORDS:   beetles – iridescence – near infrared – spectrometry – specularity – structural 
colour.

INTRODUCTION

The way in which living organisms interact with 
light is fundamental to survival. This interaction 
gives rise to a wide range of optical effects (a term 
derived from the field of optics and unrelated to 
visual perception), such as iridescence and gloss 
(Shawkey & D’Alba, 2017). Optical properties are 
often evolutionarily labile and can be influenced 
s imultaneously  by  di f ferent  rece ivers  (e.g. 
conspecifics, predators, prey), context and selection 
for different biological functions (Endler, 1990; 
Stuart-Fox & Moussalli, 2009; Kemp et al., 2015; 
Cuthill et al., 2017). Thus, it is useful to describe 

the diversity of optical properties independent of 
specific receivers, because animals differ greatly in 
their visual sensitivity (Osorio & Vorobyev, 2008; 
Kemp et al., 2015). In addition, optical properties 
include wavelengths spanning the spectral range of 
sunlight [~280–2600 nm; not only in the 300–700 nm 
ultraviolet (UV)–visible (VIS) region], reflecting light 
at specific angles or in various regions of the spectrum 
at the same time (multipeaked or sigmoidal spectra), 
and these complex traits do not necessarily have a 
visual function. Being able to describe the variability 
in optical properties without prior knowledge of the 
underlying mechanism is important for exploring 
both their visual and non-visual functions and to 
understand the evolution of these traits.

Any attempt to characterize optical properties entails 
simplification, which depends on the measurement 
approach, the nature of the material and the biological 
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question. For example, many techniques available to 
characterize light reflection of natural objects, such as 
scatterometry and microspectrophotometry (reviewed 
by Vukusic & Stavenga, 2009), are designed to 
characterize optical properties of a small region of the 
surface (< 1 mm) and are used in studies describing 
the underlying mechanism (e.g. the extensive 
biophotonics literature; Kinoshita et al., 2002; Wilts 
et al., 2009; Stavenga et al., 2011; Vignolini et al., 
2013; Fu et al., 2017). In contrast, studies focusing on 
function and evolution most commonly use spatially 
unresolved spectrometry to characterize macroscopic 
optical properties (Johnsen, 2016). This technique 
involves illuminating and collecting the reflected 
light at specific combinations of angles (Gruson et al., 
2019a). However, most studies measure reflection at 
only one geometry (e.g. both light source and collection 
optical fibres within a single probe are oriented at 
45° relative to the sample surface), which makes it 
impossible to distinguish between diffuse and specular 
reflection (see glossary in Table 1). Diffuse reflection is 
produced when a surface scatters the incoming light 
in a similar manner across a wide range of angles, 
whereas specular reflection is produced when the 
surface reflects most of the light only at the specular or 
mirror angle (equal but opposite angle of illumination 
and reflection; Table 1). Measurement at one angle 
implicitly assumes that the sample is mainly diffuse 
(i.e. that reflectance is not angle dependent); however, 
biological surfaces vary continuously in the relative 
contribution of diffuse and specular reflection. For 
example, surfaces with a glossy or metallic appearance 
have a high proportion of specularly reflected light 
compared with matte or diffuse surfaces (Franklin & 
Ospina-Rozo, 2021; Stuart-Fox et al., 2021) (Table 1). 
Many structural colours are also iridescent, changing 
hue with the viewing or illumination angle (Meadows 
et al., 2009; Seago et al., 2009; Shawkey et al., 2009; 
Stuart-Fox et al., 2021). Angle-dependent effects, such 
as gloss (Table 1) and iridescence, can be characterized 
only with angle-resolved spectral measurements 
(Cuthill et al., 1999; Osorio & Ham, 2002; Meadows 
et al., 2011). Currently, however, most studies that 
measure reflection at more than one angle use angles 
that are not comparable or do not attempt to quantify 
angle dependence (Gruson et al., 2019a).

Gruson et al. (2019a) proposed an effective and 
straightforward method to characterize the angle-
dependent effects of structural colours using 
spectrometry with an optimized set of geometries 
and five parameters: hue, angle dependence of hue, 
maximum brightness, tilting and angle dependence of 
brightness. Their method was derived from the optical 
theory of multilayers and was used to quantify diversity 
in iridescent hummingbird feathers and butterfly 
wings (Gruson et al., 2019a). Gruson et al. (2019a) 

suggested that their parameters could be generalizable 
to characterize angle dependence produced by other 
mechanisms. However, the spectral profiles produced 
by ideal or almost ideal (in birds and butterflies) 
multilayers are characterized by isolated distinct peaks. 
Some modifications or additions to the parameters are 
needed, therefore, in order to describe angle dependence 
in natural materials that produce other spectral shapes, 
including sigmoidal shapes without peaks, broadband 
spectra and spectra with multiple peaks.

A variety of parameters exist to describe the shape 
of reflectance spectra. These have been described 
in various important sources (Montgomerie, 2006; 
Kemp et al., 2015; Gruson et al., 2019a) and can be 
implemented in the widely used R package pavo 
(Maia et al., 2019). However, inconsistency still exists 
in both the parameters used to characterize spectral 
variation, including angle dependence, and the 
terminology used to describe the parameters (Seago 
et al., 2009; Galván & Sanz, 2010). This inconsistency 
arises because multiple parameters can be extracted 
from each spectral curve, and parameters that can be 
calculated easily for some spectra [e.g. the wavelength 
at maximal reflectance (Table 1) for spectra with single 
distinct peaks] are not meaningful for others (e.g. 
sigmoidal spectra). Additionally, describing optical 
properties integrates concepts from biology, physics 
and applied optics but, unfortunately, these disciplines 
have developed different conventions and terminology 
(Seago et al., 2009). The present heterogeneity in 
measurement techniques, parameters and terminology 
highlights the need for a common set of measurements 
and parameters to enable accurate and comparable 
measurements between studies and species.

Here, we propose the use of a standardized set of 
established measurements from spectrometry to 
capture diffuse and specular reflection, in addition 
to angle-dependent properties based on the approach 
of Gruson et al. (2019a). Given that these measures 
capture macroscopic optical properties, they do not 
necessarily relate to the underlying mechanism, which 
is often complex and seldom known for most species 
(Srinivasarao, 1999; Seago et al., 2009; White, 2018; 
Eliason et al., 2020). Instead, we demonstrate that the 
correspondening spectral parameters can be adapted 
to describe any shape of spectral profile in different 
regions of the electromagnetic spectrum. We describe 
which subsets of measurements and parameters are 
relevant to different research questions and material 
properties. In addition, we propose the use of a 
consistent set of simple terms to enable comparison 
between studies, facilitate conceptual unification 
among disparate fields (biology and optics) and allow 
a clear distinction from terms used to describe colour 
perception (psychophysics terms). We emphasize that 
description of spectral properties cannot tell us about 
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Table 1.  Glossary of selected terms related to the description and measurement of reflectance that can be found in the 
literature

Term Definition Alternative terms 

Specular Used to describe surfaces that reflect most of the light at the specular or 
mirror angle (same magnitude as the incident angle, but opposite dir-
ection)

–

Diffuse Used to describe surfaces that reflect light over a wide range of angles –
Reflectance The proportion of light reflected by the surface at each wavelength 

interval. It is typically plotted on the vertical axis as a function of 
wavelength on the horizontal axis to represent a spectral profile and is 
usually reported as a percentage relative to a reflectance standard

Spectral intensity 
(Andersson et al., 2002)  

Spectral reflectance (Kemp 
et al., 2015)

Hemispherical 
reflectance

Light reflected from a sample over a hemisphere (2π steradians solid 
angle) is scattered in all directions within an integrating sphere  
(Fig. 1). A proportion of the scattered light is collected by a fibre-optic 
cable connected to a spectrometer

Overall reflectance =  
2
√
2πBmaxγB (Gruson 

et al., 2019b)  
Hemispherical/plane albedo 

(Hapke, 2017)  
Directional-hemispherical 

reflectance (Schaepman-
Strub et al., 2004)

Hemispherical 
directional 
reflectance

Light is collected from a single angle from a sample illuminated over a 
hemisphere (wide source). This technique was not used in our study, 
but we mention it here to contrast with hemispherical reflectance

Hemispherical directional 
(Schaepman-Strub 
et al., 2004) Forward re-
flectance (Imafuku & 
Ogihara,2016)

Directional 
reflectance

Light reflected at a specific combination of incident light and collector 
angles (at a specific geometry)

Bidirectional reflectance 
(Schaepman-Strub et al., 
2004; Hapke, 2017)

Specular reflectance Directional reflectance at the specular/mirror angle: the collector and 
incident light are placed at equal angles but the opposite direction 
relative to the normal

Ordinary reflectance

Non-specular 
reflectance

Directional reflectance at any combination of angles other than the 
specular angle

–

Total reflectance Sum of reflectance over a specified wavelength range. This term should 
be used instead of brightness to avoid confusion with the definition of 
brightness in psychophysics as the perceived intensity of light reflected 
by a surface (Kemp et al., 2015). Note that the total reflectance can be 
obtained from any spectra, regardless of the geometry or technique 
used to capture it

Total brightness = B1 in 
pavo  

Spectral intensity 
(Andersson et al., 2002)

Reflectivity The ratio of total reflected to total incident radiation, integrated over the 
wavelength range of interest (proportion zero to one or percentage) 
(Smith et al., 2016b). Although, in the field of optics, reflectivity is 
used interchangeably with the total reflectance integrated across an-
gles, the distinction between these two terms is particularly relevant 
in the field of thermal biology (Johnsen, 2012). Consequently, reflect-
ance is wavelength resolved, whereas reflectivity as defined here is not 
wavelength resolved

–

Wavelength 
at maximal 
reflectance

The wavelength at which reflectance is maximal. This term, or spectral 
location (Table 2), should be used instead of hue to avoid confusion with 
the definition in psychophysics as the perceptual dimension describing 
the category of colour, which is not only determined by the spectral 
shape, but also by visual and processing features of the observer

Hue = H1 in pavo

Gloss Specularity that gives rise to multiple visual effects depending on the 
spread of reflected light around the specular angle (Franklin & Ospina-
Rozo, 2021)

–
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how colour is perceived by an animal, which depends 
on many factors, including photoreceptor sensitivities, 
colour opponent mechanisms and neural processing 
(Kemp et  al., 2015). However, there are many 
situations in which it is appropriate to characterize 
spectral properties independent of receiver perception. 
As a case study, we apply the measurements and 
parameters to 30 species of beetles in the scarab 
subfamily Rutelinae, also known as Christmas beetles, 
which are diverse in their optical effects. These effects 
can have a role in communication, camouflage and/
or thermoregulation in scarabs (Thomas et al., 2007; 
Seago et al., 2009; Agez et al., 2017), but their biological 
role for Christmas beetles has not been explored. We 
measure reflectance at both visible and near-infrared 
wavelengths, comprehensively characterize spectral 
properties, including angle dependence, and briefly 
discuss the ecological and evolutionary implications.

MATERIAL AND METHODS

Generalizable measurements, parameters and 
terminology

This section describes the measurements needed 
to capture angle-independent and angle-dependent 
reflectance, in addition to the recommended 
terminology.

Hemispherical reflectance
We use the term hemispherical reflectance to refer 
to spectral measurements where reflected light is 
integrated across angles in a complete hemisphere. 
This includes both diffuse and specular reflectance 
(Table 1; Fig. 1); therefore, it does not provide any 
information regarding angle-dependent effects. It is 
often called total or overall reflectance (Gruson et al., 
2019b), but we recommend the term hemispherical 
reflectance to differentiate this parameter from 
the area under a given spectral curve, which is also 
generally termed total reflectance (see reflectance and 
total reflectance in Table 1).

Directional reflectance
We use the term directional reflectance to refer to 
angle-specific spectral measurements used to describe 
angle-dependent properties (Table 1). We distinguish 
two types of angle-dependent change in the spectral 
profile of a surface: (1) iridescence, which is an angle-
dependent change in wavelength (here, we use spectral 
location to describe the change in wavelength; Table 
2); and (2) specularity, which is an angle-dependent 
change in mean reflectance (Table 2). Specularity 
ranges from a perfect mirror, where all light is reflected 

at the specular angle and none at other angles, to a 
perfectly diffuse surface (zero specularity), where light 
is reflected equally at every angle.

To analyse angle-dependent properties, it is 
necessary to use a spectrometer coupled to a 
goniometer (see schematic diagram in Supporting 
Information, Fig. S1) to consider multiple measurement 
geometries. Measurement geometry describes the 
specific configuration of the angle of incident light 
and the angle of the collector, relative to the normal 
(perpendicular to the sample surface). We followed 
the procedure proposed by Gruson et al. to extract 
the maximum information from a minimum set of 
measurement geometries (see detailed explanation 
by Gruson et al., 2019a). They used two variables to 
describe each geometry: (1) the span, which is the 
angle between the direction of illumination and the 
direction of the collector; and (2) the bisector, which is 
the line that divides the span into two congruent angles  
(Fig. 1). Here, we use these two terms to identify the 
two sets of measurements (schematic diagrams in Fig. 
1) to capture directional reflectance:

1.	 The fixed bisector set configuration captures the 
light reflected at the specular or mirror angle 
(see specular reflectance in Table 1) by keeping 
the bisector constant at 0° (normal to the sample) 
and adjusting the span to 20, 30, 40, 50 and 60°. 
These geometries keep the reflectance constant at 
the maximum to test specifically for iridescence, 
whereby the wavelength or spectral location shifts 
with the span. This assumes that the surface of the 
sample is parallel to the light-reflecting structure 
(e.g. multilayers), which might not always be the 
case. If the structure is heavily tilted relative to the 
surface of the sample, the sample tilt would need 
to be adjusted until reflectance is at the maximum. 
However, this can be time-consuming, and in many 
cases, it is sufficient to place the sample as flat as 
possible.

2.	 The fixed span set configuration enables comparison 
between specular and non-specular reflectance 
(Table 1), because it captures the light reflected 
at the specular angle and at a representative 
range of angles away from it. This is achieved by 
keeping the span constant at 20° while altering the 
elevation (angle with respect to the normal/zenith) 
of the bisector from −30 to −20, −10, 0, 10, 20 and 
30° around the normal. These geometries keep the 
spectral location fixed while isolating the effect of 
specularity.

This combination of measurement geometries, 
originally proposed by (Gruson et al., 2019a), is 
sufficient to describe iridescence and specularity, 
although it does not permit discrimination between 
different types of gloss (Franklin & Ospina-Rozo, 2021),  
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for which measurements at angles in very close 
proximity to the mirror angle are needed. Two 
additional parameters should be reported: the azimuth 
and the yaw angle (Supporting Information, Fig. S1). 
In our set-up, the anteroposterior longitudinal axis 
of the sample and the plane of the two fibres (light 
and collector) are aligned (azimuth = 0 and yaw = 0; 
Fig. 1). Rotating the sample such that its longitudinal 
axis is at a different angle from the plane of the 
spectrometer and light source would change the yaw 
angle. Keeping the azimuth at 0° (zenith) ensures 
that the equipment remains properly aligned in 

this plane (see details in Supporting Information, 
Fig. S1). In both the fixed bisector and fixed span 
sets, the elevation of the light and collector probes 
changes. In the fixed bisector set, both probes change 
symmetrically, whereas in the fixed span set their 
position is better described by the elevation of the 
bisector itself (Fig. 1).

Parameters
We implemented a set of parameters based on simple 
statistical descriptions of spectral profiles (Fig. 1). 

Figure 1.  Methods and parameters to characterize reflectance. Top panels illustrate the measurement techniques. For 
hemispherical reflectance, the reflected light is integrated across angles. For directional reflectance, the span is the angle 
between the light and collector fibres; the bisector is the line that divides the span in half, and it can be aligned or away 
from the normal (zenith). The azimuth and yaw describe the alignment between the longitudinal axis of the sample and 
the plane of the spectrometer (for more details, see Supporting Information, Fig. S1). Left column illustrates parameters 
from hemispherical reflectance. The number of peaks and peak width are also represented here because they are angle 
independent. In the right column, the fixed bisector was used to calculate iridescence and the fixed span to calculate 
specularity and maximum directional reflectance (mean reflectance at the specular angle).
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In order to capture the chromatic characteristics 
of the sample, we used the number of peaks, the 
spectral location (defined as the wavelength at half-
maximum reflectance) and the iridescence. We used 
two measurements to describe saturation, namely 
peak width and spectral purity (a measure of curve 
steepness), because they vary in different ways for 
peaked and sigmoidal spectra (details in Table 2; 
examples of variability in supporting information S2 
and S3). We used three different measurements to 
capture the achromatic properties of reflectance: the 
total reflectance for hemispherical reflectance, the 
maximum directional reflectance and the specularity 
(angle-dependent change in mean reflectance). All 
these parameters were also applied to near-infrared 
(NIR) reflectance. We examined the relationship 
between NIR and visible (VIS) wavelengths by 
calculating the ratio of NIR:VIS reflectance from 
the hemispherical reflectance measurements. The 
description of and rationale for each parameter, in 
addition to equivalent terms, are detailed in Table 
2. Advantages and limitations of the parameters we 
have chosen in comparison to others are discussed in 
more detail in the Results and Discussion section. The 
parameters used here can be obtained directly from 
the widely used R package pavo (Maia et al., 2019) or 
calculated with simple functions (details in Table 2 
and the R functions https://lospinarozo.github.io/Opti
calPropertiesNaturalMaterials_RCode2021/).

The terminology we advocate for the parameters 
avoids using psychophysics terms related to perception, 
such as hue, chroma and brightness (Kemp et al., 2015; 
Table 1). We recognize that the terms saturation and 
spectral purity overlap with psychophysics concepts 
but retain them as statistical descriptors here 
because they are also widely used to describe spectral 
characteristics independently of perception.

Christmas beetles as a case study

Species
We studied 35 scarab beetle specimens belonging to 30 
species from the subfamily Rutelinae (Scarabeidae), 
also known as Christmas beetles (Supporting 
Information, Table S1). The specimens included green, 
red and purple morphs of Anoplognathus smaragdinus, 
bronze and green sheen morphs of Anoplognathus 
porosus and black and green subspecies of Repsimus 
manicatus. All specimens were sourced from the 
Australian National Insect Collection ANIC/CSIRO 
(Supporting Information, Table S1).

Spectral measurements
In order to measure hemispherical reflectance, we used 
an integrating sphere with an inbuilt tungsten–halogen 

light source (400–2100 nm; ISP-REF; Ocean Optics, 
Dunedin, FL, USA) and 4-mm-diameter sampling 
port. The integrating sphere was connected to two 
spectrophotometers, the USB 2000+ (400–1000 nm) 
and NIRQuest (1000–2100 nm), via a bifurcated 
optic fibre. Measurements for visible and NIR were 
recorded simultaneously and stitched together using 
the software OceanView v.1.6.7, Ocean Insight, USA 
before calibration. We measured one elytron on each 
specimen without detaching it from the body. We 
repeated the measurement of each sample four times 
on different days and averaged the results.

For directional reflectance measurements, we used 
the same two spectrometers as for the hemispherical 
reflectance measurements and two light sources: a 
PX-2 pulsed xenon light for the UV–visible range and 
HL-2000 tungsten–halogen light for the visible–NIR 
range (both from Ocean Optics). The spectrometers 
and light sources were coupled to a goniometer, 
allowing precise control of the angle of incident light 
and collector (Supporting Information, Fig. S1). The 
goniometer was part of a custom-designed set-up that 
allowed simultaneous measurement of visible and NIR 
reflectance over the same 1-mm-diameter spot size. 
The spectra from the UV–VIS and NIR spectrometers 
were stitched together using the software OceanView 
v.1.6.7. We measured one spot in a 3 mm × 3 mm piece 
of elytron fixed on a microscope slide. We repeated the 
measurement of each sample three times on different 
days to reduce the noise from random measurement 
error and averaged the results. Modifying the angles 
of the collector and light source inevitably alters the 
size of the spot (the spread of the beam changes, in 
addition to the area illuminated) and the optimal 
location of the sample. In order to account for this, 
every time the geometry was modified, we checked 
and adjusted the position of the standard and sample 
and recalibrated.

Choice of standards
In both cases, for hemispherical and directional 
reflectance we calibrated against a Lambertian 99% 
reflectance spectralon standard (Labsphere, North 
Sutton, NH, USA). Given that some of the beetles in our 
sample were highly specular, we frequently obtained 
measurements > 100% for directional reflectance 
measurements, particularly at the specular angle. This 
is because the sample reflects more light at the specular 
angle than the diffuse standard, which scatters the 
directional illumination equally across all angles. 
Hence, reflectance values > 100% are not problematic if 
all samples are compared with the same standard. For 
highly specular samples, a specular standard might 
be required to ensure a sufficient signal-to-noise ratio 
for accurate measurements in the fixed bisector set 
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(in which all measurement geometries are specular); 
however, for most biological samples and non-specular 
measurement geometries (i.e. fixed span set), a diffuse 
standard is appropriate. If different standards are used 
for different measurements, post hoc mathematical 
conversions between standards can be applied.

Wavelength range and generalization
For both hemispherical and directional reflectance 
measurements, we excluded UV wavelengths because 
of the limitations of the inbuilt light source of the 
integrating sphere and because Christmas beetles 
have very low reflectance below 400 nm. However, 
the methods we propose here can be extended easily 
to UV wavelengths if required. In addition, some 
Christmas beetle species only reflect left-handed 
circularly polarized light. The equipment we used can 
characterize the spectral properties of this light, but not 
its polarization. Polarization was beyond the scope of 
the present study, but these methods could be extended 
to incorporate polarization effects by including linear 
or circular polarization filters placed in front of the 
collector and/or light source probe. We measured the 
optical effects at only 0° azimuth, but for experiments 
with samples with certain directionality (for example, 
hairs or scales) it might be important to take the same 
measurements at more than one azimuth angle.

Repeatability
We evaluated repeatability as the agreement of 
successive repetitions of the same measurement 
(details are in Supporting Information, Table S2) 
for the following parameters: spectral location and 
total hemispherical reflectance (VIS and NIR), and 
spectral location and mean reflectance in directional 
reflectance measurements. Repeatability was high for 
all the parameters, ranging between 0.82 and 0.99. We 
also calculated the standard deviation (Supporting 
Information, Table S2) to estimate the median and 
range of the variability for each parameter. Estimates 
for the standard deviation of the spectral location 
are between 1 and 4 nm in hemispherical reflectance 
(Supporting Information, Table S3) and between 1 and 
8 nm in directional reflectance (Supporting Information, 
Table S4). The total reflectance varied with a median of 
1.7–2.8% (SD standardized by the mean, i.e. coefficient 
of variation) in hemispherical reflectance (Supporting 
Information, Table S3), and the mean reflectance 
varied between 1.6 and 62% (coefficient of variation) 
in directional reflectance (Supporting Information, 
Table S5). In the latter configuration, variation can be 
very high for some species. These results are not owing 
to lack of reliability of the set-up, but attributable 
to the properties of the samples. Specular samples P
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tend to have more variation because the positioning 
of the sample has a considerable effect on the light 
collected by the collector. Our approach accounts for 
this variation by using a fitted value as the maximum 
directional reflectance, which is the amplitude of the 
Gaussian equation that describes the change in mean 
reflectance according to the measurement geometry 
(details and equation are in Table 2).

Application of the method and statistical analysis
In order to examine the pairwise correlations in 
parameters for this group of scarabs, we used Pearson’s 
correlations between parameters for visible and NIR 
wavelengths separately. We visualized the differences 
in optical appearance between the 30 species of 
Christmas beetles using a principal components 
analysis (PCA). We conducted two independent PCAs, 
one for visible and one for NIR wavelengths, because 
we hypothesized that light manipulation in these 
two wavelength ranges might be subject to different 
selective pressures (Smith et al., 2016a), and thus vary 
in different ways between species. The PCA enabled 
us to determine whether there was clustering in 
relationship to optical properties or taxonomy (genus).

RESULTS AND DISCUSSION

We propose a combination of measurements and 
parameters to enable reliable and repeatable 
estimates of both diffuse and specular reflection for 
natural materials that can be comparable across study 
questions and systems. The selected parameters can 
be applied to any spectral profile, including broadband, 
sigmoidal and multi-peaked spectra in different 
regions of the electromagnetic spectrum, which 
is useful for addressing non-visual functions and 
underlying mechanisms and for quantifying diversity 
(Supporting Information, Figs S2–S5). The approach 
advocated here combines and extends established 
techniques; specifically, measuring hemispherical 
reflectance (Johnsen, 2016), measuring directional 
reflectance with a goniometer (Meadows et al., 2011) 
and implementing an optimized set of geometries to 
characterize angle dependence as proposed by Gruson 
et al. (2019a). The parameters are commonly used to 
describe spectral profiles (Montgomerie, 2006) and can 
be calculated using the widely used R package pavo 
(Maia et al., 2019). Although these parameters are 
statistical descriptors, they are consistent with optical 
principles and definitions from physics (Johnsen, 2012). 
We provide a standard nomenclature, consistent with 
recent attempts to improve uniformity of terminology 
in the biological literature (Kemp et al., 2015; Stuart-
Fox et al., 2021) and with terminology used in physics 

(Schaepman-Strub et al., 2004; Vukusic & Stavenga, 
2009; Hapke, 2017). The nomenclature is largely 
concordant with the names of the parameters in pavo 
(Maia et al., 2019); however, we propose some changes 
to avoid overlapping with psychophysics (Table 2).

Parameters: advantages and limitations

We applied the methods to describe angle dependence 
proposed by Gruson et  al. (2019a), with some 
adaptations in order that they can be used to describe 
the full range of spectral profiles. First, we used spectral 
location rather than the wavelength of maximal 
reflectance and we calculated iridescence as the shift 
in spectral location as a function of angle, because 
these two measures can be applied to sigmoidal and 
broadband spectra. However, when using spectral 
location, it is important to verify that the saturation 
is not changing with the change in angle, otherwise 
desaturation could be interpreted mistakenly as 
iridescence. Saturation is constant in the angles of the 
fixed bisector set for multilayers (Gruson et al., 2019a), 
but in other combinations of angles, or in organisms 
with complex, composite mechanisms, saturation 
should be measured.

Second, we used a linear rather than sinusoidal 
regression model to estimate iridescence (i.e. the shift 
in spectral location as a function of angle). Iridescence 
produced by multilayers results in a spectral shift 
towards shorter wavelengths with increasing angle 
following a cosine function (Gruson et al., 2019a), 
although other mechanisms might produce a 
different pattern. For the relatively narrow range of 
angles considered here, the shift is approximately 
linear (Supporting Information, Fig. S6; Table S6). 
The advantage of using a linear model for non-ideal 
structures is that the slope is interpreted easily as the 
shift (in nanometres per degree). The slope also indicates 
the direction of the spectral shift (negative = blue shift, 
positive = red shift and 0 = no iridescence, whereas a 
sinusoidal model is not applicable to the latter two 
cases; Supporting Information, Fig. S6.; Table S6). 
However, a linear regression is not appropriate to 
predict spectral location beyond the interval of span 
angles recommended here: between 20 and 60°. Doing 
so would overestimate iridescence. We highlight 
that a cosine function (Gruson et al., 2019a) is more 
appropriate to characterize iridescence in multilayers 
accurately, and a linear fit is a simplification that 
should be used carefully.

Third, we included two different measures of 
saturation, namely spectral purity and peak width. 
Strongly peaked spectra are highly saturated based on 
both measures (high spectral purity and narrow peak 
width), whereas high saturation for sigmoidal spectra 
or very broad band peaks can be characterized based 
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only on spectral purity. Additionally, some spectra 
include both sigmoidal and peaked components. One 
might therefore choose to use one or both of these 
measures depending on the spectral properties of the 
study system.

Lastly, we note that characterization of multi-
peaked spectra is an enduring problem (McGraw, 2004; 
Noh et al., 2010). The number of peaks was calculated 
manually in our study. Unfortunately, obtaining this 
parameter from spectra cannot be automated easily, 
and it is inevitably subjective because peaks (maxima) 
are not always clearly defined. However, we applied 
consistent criteria and considered a peak only if it was 
present in all 13 spectra for each beetle. Automation 
of peak identification using a machine learning or 
improved optimization algorithm warrants further 
investigation. This parameter can be excluded if the 
samples studied do not produce multi-peaked spectra.

Measurements and parameters for different 
research questions

For any given study, the appropriate choice of 
measurements and parameters will depend on the 
object properties and research question. Hemispherical 
reflectance is relevant for studies of thermoregulation 
because it represents the proportion of light (visible 
or near infrared) not absorbed or transmitted by the 
sample. This measurement can be used in studies of 
visual functions only if the surface is diffuse or if the 
goal is to contrast the main wavelengths reflected 
against the background. Hemispherical reflectance can 
be used alone if angle-dependent effects do not need 
to be considered in the study. Conversely, directional 
reflectance is useful in studies that need to consider 
angle-dependent visual effects, such as iridescence, 
gloss and intensity flashes, which have been associated 
with both communication and camouflage (Franklin & 
Ospina-Rozo, 2021; Stuart-Fox et al., 2021). Directional 
reflectance measures comprise the fixed bisector 
and fixed span sets. The fixed bisector set isolates 
the effects of iridescence and is ideal for studies on 
the biological relevance of iridescence. The resulting 
spectral measurements can be used in visual models 
for studies on visual functions of iridescence (Girard 
& Endler, 2014; Hogan & Stoddard, 2018; Kjernsmo 
et al., 2020). The fixed span set isolates the effect of 
specularity and can be used to study the biological 
relevance of intensity flashes, high specularity or gloss 
(White et al., 2015; Franklin et al., 2021). Lastly, NIR 
reflectance is relevant for thermoregulation rather than 
visual functions; therefore, the relevant parameters 
are total reflectance and the NIR:VIS ratio obtained 
from hemispherical reflectance (Bakken et al., 1978; 
Medina et al., 2018). Directional reflectance in NIR is 
relevant primarily for studies focusing on mechanisms 

to reflect NIR light; for example, iridescence is a 
hallmark of multilayers (Starkey & Vukusic, 2013), 
whereas broadband, non-iridescent, non-specular 
NIR reflectance can be produced by disordered arrays 
(Johansen et al., 2017).

Case study: diversity of light manipulation in 
Christmas beetles

We have shown that the combination of techniques 
we used was appropriate to describe and detect 
different combinations of pigment-based and 
structural coloration in Christmas beetles, which are 
organisms more likely to have optical effects arising 
from modular complex structures rather than from 
ideal multilayers (Supporting Information, Figs S2–
S5). For example, the hemispheric reflections of the 
two beetles in Figure 2 are very similar, showing a 
pattern associated with a pigment-based brown colour. 
However, they are very different in their directional 
reflectance profile, which shows two irregular peaks 
in Anoplognathus pindarus likely to be produced by 
an overlying multilayer structure. This example also 
highlights the utility of spectral location rather than 
the wavelength of maximum reflectance. The latter can 
easily differentiate spectra with well-defined peaks 
but fails to show differences for sigmoidal spectra. 
Spectral location is more effective in capturing these 
differences (Fig. 2).

We found that angle-dependent properties varied 
substantially among species for both visible (Fig. 3) 
and NIR (Fig. 4) wavelengths, altering the overall 
optical effect in different ways. For example, both 
Anoplognathus aureus and Calloodes frenchi have 
strong iridescence of ~20 nm blue shift with the change 
from 20 to 60° span, comparable to the iridescence of the 
hummingbird Heliomaster furcifer (~25 nm blue shift for 
the same change; Gruson et al., 2019a). However, to the 
human eye, C. frenchi clearly changes from red to deep 
green with an increase in the viewing angle, whereas 
A. aureus does not appear to change. This effect occurs 
because the iridescence in C. frenchi is intensified by the 
presence of two peaks (both blue shifting), whereas the 
iridescence of A. aureus might be masked to the human 
eye by its broadband spectrum (Mitov, 2017). The gold-
like metallic appearance of A. aureus is explained by 
the high degree of specularity (Fig. 3).

Another interesting example is Anoplognathus 
laetus, which appears pearlescent to the human eye: 
pink at the periphery and pale blue in the centre (Fig. 
3). We discovered that this is the result of ‘inverse 
iridescence’, because the spectral location of A. laetus 
appears red shifted with increasing span. Inverse 
iridescence can be produced by a modular combination 
of structures (Vukusic et al., 2002), but this is not 
the case for A. laetus. Instead, this beetle has a clear 
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peak in reflectance in the NIR with a high degree of 
iridescence (Fig. 4), which gradually enters the visible 
spectral range as it blue shifts with increasing span, 
leading to a peripheral pink shade (in the areas with 
bigger angles in relationship to the light source). In 
turn, the high degree of specularity in the NIR peak 
of A. laetus explains its metallic appearance in NIR 
images (Fig. 4).

We used PCA to visualize the diversity of spectral 
properties among the 35 specimens of Christmas beetles 
(30 species; Fig. 5; expanded results are presented in 
Supporting Information, Figs S7, S8; Tables S7 and 
S8). The spectral properties of Christmas beetles do 
not cluster according to genus (Fig. 5). Species of the 
genus Anoplognathus, in particular, can achieve a 
great variety of combinations of the parameters we 

measured. In fact, even beetles from the same species, 
specifically colour morphs of Repsimus manicatus, 
A. smaragdinus and A. porosus, are distant from 
each other in the PCA. This great variability can be 
explained by the fact that multiple selective pressures 
can determine the overall optical effects arising from 
the beetle elytra. Optical effects are a combination 
of modular pigment and structural components 
(Shawkey & D’Alba, 2017; Stuart-Fox et al., 2021). 
Each of these components can be influenced directly 
by selection for thermoregulation, communication or 
camouflage, as hypothesized for the scarab Chrysina 
gloriosa (Agez et al., 2017), or indirectly by selection 
for mechanical resistance, anti-adhesive properties or 
friction reduction, as shown in other beetle families 
(Seago et al., 2009).

Figure 2.  Example of the diversity detected by the combination of hemispherical and directional reflectance. The 
hemispherical reflectance profiles are similar, with reflectance increasing towards longer wavelengths. The calculated red–
green–blue (RGB) colour is brown based on human vision models (circles). The directional reflectance profiles are different: 
Anoplognathus brunnipennis has a redder spectral location, and Anoplognathus pindarus has two clearly defined peaks 
with very high reflectance only at the mirror angle (bisector angle = 0, in orange). Both beetles have spectral profiles > 100% 
at the mirror angle. In A. brunnipennis this is produced by the gloss of the outer layers of wax or the epicuticle, whereas 
in A. pindarus it is produced by the specularity of the structural colour. The spectral location (blue) is more effective for 
capturing the difference in specular reflectance than the wavelength of maximum reflectance.
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Correlation between spectral properties in 
Christmas beetles

Our method enables exploration of the correlations 
between parameters  for  a  given taxonomic 
group (Table 3). These correlations can reveal 
important information about potential structural or 
developmental constraints. For visible and NIR light, 
the presence of distinct peaks was associated with a 
shorter-wavelength spectral location, high spectral 

purity, iridescence and specularity (the last of these 
only in VIS). This is because short-wavelength or 
UV–blue colours are generally produced by highly 
ordered nanostructures that generate peaked spectra 
with the characteristics mentioned above (Shawkey 
& D’Alba, 2017). Maximum direct reflectance is 
expected to be proportional to specularity, because 
maximum reflectance is highest when all light is 
reflected at the specular angle (Osorio & Ham, 2002;  

Figure 3.  Diversity of angle-dependent properties. Four representative beetles are shown. The circles within the 
hemispherical reflectance panels show the calculated red–green–blue (RGB) colours based on human vision. The examples 
show different magnitudes of iridescence, reverse iridescence (red shift in Anoplognathus laetus) and no iridescence 
(Anoplognathus prasinus). Arrows show the direction and change (in nanometres) in spectral location (circle in the profile) 
in response to a change in geometry from 20° (black line) to 60° (grey line) span. The examples also show different values 
of specularity (note the y-axis). High specularity is a considerable reduction in reflectance for bisector angles other than 0° 
(bisector = 0° light grey, 10° dark grey and 20° black).
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Gruson et al., 2019a), and our results for both NIR and 
VIS support this expected correlation.

Some of our results differ from the expected patterns. 
For instance, broadband reflection has been associated 
with disorder in the structure (including irregularities 
in the surface and chirped or chaotic multilayers) 
(Shawkey et al., 2009; Campos-Fernández et al., 2011; 
Cook & Amir, 2016; Johansen et al., 2017; Stuart-
Fox et al., 2018). Therefore, it should be negatively 

correlated with specularity and iridescence (Moyroud 
et al., 2017). However, metallic appearances (mirror-
like, with high distinctiveness of image; Franklin & 
Ospina-Rozo, 2021) combine a very broad band peak 
with high specularity and high maximum reflectance, 
as in Anoplognathus parvulus and A. aureus (Fig. 
3), consistent with the phenomenon described for 
other gold beetles (Thomas et al., 2007). In addition, 
beetles with an underlying broadband colour (low total 

Figure 4.  Diversity of near-infrared (NIR) reflectance. Near-infrared spectra of the same species as in Figure 3, with 
calibrated NIR photographs on the left. The examples show different magnitudes of NIR iridescence. Arrows show the 
direction and change (in naonometres) in spectral location (circle in the profile) in response to a change in geometry from 
20° (black line) to 60° (grey line) span. The examples also show different values of specularity [considerable reduction in 
reflectance for bisector angles other than 0° (bisector = 0° light grey, 10° dark grey and 20° black)]. The high iridescence and 
specularity observed in Anoplognathus aureus and Anoplognathus laetus explain the metallic appearance of these beetles 
in NIR-calibrated photographs, and the broad band profile of Anoplognathus prasinus explains its white appearance in NIR.
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reflectance influenced by absorption) combined with a 
smooth and clear overlying layer (Fig. 2) can have a 
sheen, white gloss or contrast gloss effect (Franklin & 
Ospina-Rozo, 2021) and, therefore, also high values of 
specularity and maximum directional reflectance. This 
explains the lack of negative correlation between peak 
width and specularity or iridescence and why higher 
values of maximum directional reflectance (mirror 
angle) can be correlated with wider peaks and high 
spectral purity. Overall, we did not find evidence for a 
strong correlation between iridescence and specularity 
(36% only). These properties are always strongly 
linked in simple, highly ordered or ideal structures 
(e.g. highly ordered thin films), but the correlation 
breaks down in biological materials owing to their 
modularity, complexity and the presence of different 
types of disorder in the structure. The causality 
relationships between the nanostructures and optical 
effects in natural materials provide an exciting and 
growing field, and these relationships would be worth 
examining in Christmas beetles, given the diversity of 
observed optical properties.

Total hemispherical reflectance seems to be 
independent of all other properties. However, we 
found an inverse correlation with the number of 
peaks for visible light, possibly because a broadband 
flat spectrum (light brown or white) has higher 
total reflected light than highly saturated peaks. 
Conversely, for NIR reflectance, we found a strong 

correlation between total hemispherical reflectance 
and shorter-wavelength spectral location, higher 
spectral purity and low specularity. This might be 
attributable to the presence of multiple cases of 
sigmoidal NIR reflectance at wavelengths < 1400 nm. 
This corresponds to the spectral power distribution 
of sunlight and would ensure reflection of a high 
proportion of the energy in sunlight if NIR reflection 
was used for thermoregulation. The NIR:VIS 
ratio exhibits a negative correlation with the total 
hemispherical reflectance in the NIR, suggesting that 
highly reflective beetles tend to have broad reflectance 
across both spectral ranges.

Ecological and evolutionary implications

Visualizing the multidimensional diversity of optical 
effects along with the correlations between different 
parameters can provide insights into whether 
certain optical properties tend to evolve together 
because of phylogenetic relationships, structural or 
developmental constraints or because they serve 
similar purposes. Some of the correlations we observed 
were weaker than expected from optical theory of 
ideal structures, highlighting the complexity and 
modularity of natural structures and suggesting that 
different parameters might be influenced by different 
selective pressures. For example, the iridescence and 
specularity in the visible range could be important 

Figure 5.  Multidimensional diversity of reflectance properties in Christmas beetles. Principal components analysis of the 
parameters used to describe visible (left and middle panels) and near-infrared (right panel) reflectance properties. Species 
do not group according to their genus or combinations of specific reflectance properties. Abbreviations: Blue shift, iridescence 
(shift towards shorter wavelengths); SpecLoc, spectral location; TotLight, total hemispherical reflectance; PeakWidth, Peak 
Width; MaxDirecRefl, Maximum directional reflectance; Ratio, NIR/VIS ratio.
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for communication or camouflage (Vukusic et al., 
2002; Kemp & Rutowski, 2007; Schultz & Fincke, 
2009; Kjernsmo et al., 2018, 2020), whereas the total 
hemispherical reflectance and NIR reflectance could be 
associated with thermoregulation (Bakken et al., 1978; 
Smith et al., 2016a; Stuart-Fox et al., 2017; Medina 
et al., 2018). To elucidate biological function, the 
diversity of optical properties observed in Christmas 
beetles needs to be investigated in the context of the 
habitat and behaviour of the beetles. Additionally, 
the great diversity of optical properties we observed 
in closely related species raises fascinating questions 
regarding the development and evolution of underlying 
mechanisms, such as whether they are evolutionarily 
labile or constrained by trade-offs (e.g. Maia et al., 
2016; Babarovic et al., 2019; Nordén et al., 2021; Lloyd 
& Nadeau, 2021).

S t a n d a r d i z e d  m e t h o d s ,  p a r a m e t e r s  a n d 
terminology will facilitate comparison between 
studies and species, and the incorporation of 
angle dependence and NIR measurements will 
be likely to reveal new adaptations. Specular and 
diffuse reflectance and angle dependence could be 
incorporated into models of animal colour vision 
(Endler & Mielke, 2005; Simpson & McGraw, 2018; 
White, 2020) to ask questions about appearance to 
different receivers, including conspecifics, predators 
and prey, and how appearance changes depending on 
the geometry of illumination and viewing (Simpson 
& McGraw, 2018; Echeverri et al., 2021). Currently, 
we have limited understanding of how iridescence 
and specularity are perceived and processed by 
different animals and whether they might have 
different biological functions, largely because of the 
previous lack of methods to study them separately 
(Doucet & Meadows, 2009; Morehouse & Rutowski, 
2009; Stuart-Fox et  al., 2021). Our hope is that 
the approach discussed here to quantify the angle 
dependence of chromatic and achromatic components 
independently will stimulate research into their 
biological function. Finally, our results also revealed 
diversity in NIR directional reflectance, which raises 
questions regarding similarities and differences 
in the underlying mechanism among species and 
whether this diversity represents adaptive variation. 
Further studies are required to understand the 
biological relevance of directional reflectance and 
NIR light manipulation.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher's web-site.

Table S1. Specimens used in this research and their accession number or label information for unregistered 
specimens. All specimens were obtained from the Australian National Insect Collection (ANIC).
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Table S2. Repeatability for basic parameters used in describing spectral curves.
Table S3. Variability in the parameters describing the hemispherical reflectance spectra. We calculated the 
variability as the standard deviation (in nanometres) for the spectral location parameter, and the coefficient of 
variation (standard deviation normalized by the mean of the parameter; CV; as a percentage). The variability is 
relatively low, as shown by the median of the variation for each parameter.
Table S4. Standard deviation in spectral location of the directional reflectance spectra in different span angles (in 
nanometres). The variation is generally low (median = 1.15 nm, minimum = 0 nm, maximum = 8.54 nm), meaning 
that the parameter is reliable.
Table S5. Coefficient of variation (as a percentage) of the mean reflectance of the directional reflectance spectra 
in different bisector angles (in nanometres). 
Table S6. Comparison between the parameters in cosine (Gruson et al., 2019a) and linear models, where Y is the 
spectral location at a given angle (in nanometres), and x is the span angle (in degrees). 
Table S7. Results of the principal components analysis for visible (VIS) light, showing the percentage of variance 
explained by the first three components. The cumulative proportion of variance explained is 74.8% (highlighted 
in blue).
Table S8. Results of the principal components analysis for near-infrared (NIR) light, showing the percentage of 
variance explained by the first three components. The cumulative proportion of variance explained by principal 
components PC1 and PC2 is 68.2% (highlighted in red).
Figure S1. Three-dimensional planes describing our goniometer set-up to measure directional reflectance. 
A goniometer allows different combinations of angles for the incident light and the collector. We use the axes of 
a beetle to illustrate the three dimensions (circle). In our set-up, the light and the collector are always aligned in 
the plane of the anteroposterior longitudinal axis of the sample, which means they are always at 0° azimuth. The 
position of the sample must be adjusted to the optimal distance for the light and collector to be in focus, which 
is signalled by the focal plane of a customized camera attached to the collector. The changes in the bisector and 
span angle cause changes in the elevation of both light and collector. We adjust the rotation in pitch and roll to 
ensure that the sample is as flat as possible. Changing the azimuth angle (front view) is not desirable because 
it might result in an angled surface or alignment issues. Changing the yaw rotation might be informative and 
should always be reported, because the optical properties might differ with different yaw angles in non-symmetric 
structures. In our experiment, we measured all our samples at 0° yaw.
Figure S2. Green diversity. These four green beetles have very different spectral profiles in the visible directional 
reflectance. In all cases, the geometries compared are span at 20° and span at 60° in the fixed bisector set. The 
four beetles show a shift towards shorter wavelengths with the increase in span angle, which corresponds to 
iridescence.
Figure S3. Sheen. These four green beetles have a brown background with a topcoat shiny sheen, which is visible 
at only certain angles. Thus, in order to compared them, we used the fixed span set, with the bisector at 0° (centred 
in the normal) and bisector at 20°. The optical properties of the sheen are detectable only when measuring at the 
specular angle, and they vary considerably between species. The measurements away from the normal describe 
the properties of the brown background.
Figure S4. Iridescent near infrared (NIR). These four beetles have defined peaks in the NIR, and all of them show 
a shift towards shorter wavelengths with the increase in span angle, which corresponds to iridescence. In all cases, 
the geometries compared are span at 20° and span at 60° in the fixed bisector set.
Figure S5. Diffuse near infrared (NIR). These four beetles have a high NIR reflectance with a plateau. In these 
cases, the geometry is the span at 20° in the fixed bisector set.
Figure S6. Examples of the application of linear vs. sinusoidal models. For Anoplognathus smaragdinus (red, 
green and blue morph), the two models behave in a similar manner in the range of angles that we studied. For 
span angles < 20°, the linear model overestimates the spectral location, hence overestimating the iridescence. 
However, for species with a red shift (top right) or without any angle dependence in the spectra (bottom right), 
a sinusoidal model is not able to describe the pattern. The red shift in Anoplognathus laetus and Anoplognathus 
brunnipennis is produced by the presence of an iridescent peak in the near infrared (NIR; see Figs 3, 4). Although 
the pattern in the NIR could be explained by a sinusoid, not all studies are able to measure NIR or interested in 
doing so. Instead, linear models allow the simplest and most easily interpretable comparison between beetles with 
different degrees of angle-dependent shifting of the spectra.
Figure S7. Results of principal components analysis. A, scree plot. Only the first three principal components 
(PCs) have eigenvalues greater than one, hence we consider only these three. B, loadings matrix. Correlations 
between spectral parameters and the first three PCs. Scale bar: significant correlations (beyond −0.3 to +0.3 
range) are shaded in colours. Principal component 1 is negatively correlated with spectral purity, number of peaks 
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and iridescence (as blue shift). Principal component 2 is strongly correlated with the total light reflected and the 
maximum directional reflectance. Principal component 3 is positively correlated with specularity and spectral 
location but negatively with peak width.
Figure S8. Results of principal components analysis. A, scree plot. Only the first two principal components 
(PCs) have eigenvalues greater than one, hence we consider only these two. B, loadings matrix. Correlations 
between spectral parameters and the first three PCs (owing to the eigenvalue of PC3 being close to one). Scale 
bar: significant correlations (beyond −0.3 to +0.3 range) are shaded in colours. Principal component 1 is positively 
correlated with the number of peaks, spectral purity and iridescence (as blue shift) and negatively with spectral 
location and ratio of near-infrared to visible (NIR:VIS). Principal component 2 is positively correlated with the 
total light reflected and negatively with specularity and the maximum directional reflectance.
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