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Summary

1. Over the past 20 years, portable and relatively affordable spectrophotometers have greatly advanced the
study of animal coloration. However, the small size of many colour patches poses methodological challenges that
have not, to date, been assessed in the literature. Here, we tackle this issue for a reflectance spectrophotometry
set-up widely used in ecology and evolution (the beam method).

2. We reviewed the literature on animal coloration reporting the use of reflectance spectrophotometry to explore
how the minimum measurable size of a colour patch is determined. We then used coloured plastic sheets to create
artificial colour patches, and quantify the relationship between colour patch size and distortions induced by
resulting chimeric spectra (spectra contaminated by an adjacent colour patch). Finally, we assessed the generality
of our findings using natural colour spots in the lizard Podarcis muralis, as a biologically realistic model.

3. We found a lack of consensus in the literature, frequently resulting in the rejection of valid data or the poten-
tial inclusion of unreliable data. As expected, we show that decreasing colour patch size reduces the reliability of
reflectance measurements, but also that spectral distortions resulting from chimeric spectra depend on patch/
background colour combinations. We found similar results using natural colour spots in P. muralis.

4. We propose a series of steps to avoid the pitfalls described above. First, we provide guidelines on how
to identify chimeric spectra and estimate the minimum size of a measurable colour patch in order to
avoid them. Second, we show that reducing the probe-to-surface distance allows for more accurate mea-
surements and therefore improves the spectrophotometric assessment of small colour patches. Third, we
suggest that, as a general rule of thumb, very small (< 2 mm) colour patches should be avoided when

using traditional spectrophotometry methods.
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Introduction

Since the advent of relatively affordable, portable spectropho-
tometers, reflectance spectrophotometry has been widely used
for the objective measurement of animal coloration in many
taxa (Endler & Thery 1996; Hunt et al. 1998, 1999; Macedonia
2001; Marshall ez al. 2003; Siddiqi et al. 2004; Lim & Li 2006;
Whiting et al. 2006; Rutowski ez al. 2007; Kemp, Reznick &
Grether 2008). Although different research groups currently
active in animal coloration research use various spectropho-
tometers and recording set-ups, most use a modification of the
beam method described by Endler (1990) and adhere to the
recommendations issued by Andersson & Prager (2006; see
also Eaton & Lanyon 2003; Eaton 2005).

Briefly, this entails placing the probe of a reflectance spec-
trophotometer at a fixed distance and angle over the target
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colour patch. There are two options regarding colour patch
illumination. One is to use separate reading and illumination
probes, which offers multiple options regarding colour mea-
surement geometry since the angle of both probes can be chan-
ged relative to each other and to the target patch (azimuth and
elevation; Johnsen 2016). This set up is often used in studies
measuring iridescent or glossy colours (Fleishman, Leal &
Sheehan 2006; Kemp & Rutowski 2007, Cummings et al.
2008; Pérez i de Lanuza & Font 2016). Most modern spec-
trophotometers (e.g. Ocean Optics, Dunedin, FL, USA), how-
ever, offer the possibility of using dual-purpose probes that
contain both reading and illumination optical fibres. A widely
used dual-purpose reading-illumination probe is Ocean Optics
model R200-7-VIS-NIR, a bifurcated (Y-shaped) probe with
six illumination optical fibres (200 pm in diameter) surround-
ing a single reading fibre (200 um in diameter). With dual-
purpose probes, researchers select a constant angle between
the measured surface and the probe — the same angle for the
reading and illumination fibres. The most common measuring
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geometries use angles of 90° (coincident normal: Andersson &
Prager 2006) or 45° (coincident oblique: Andersson & Prager
2006) between the measured surface and the probe. The probe
must be positioned so that readings reflect only the radiance
from the target colour patch, excluding surrounding col-
oration. This implies that the effective size of the reading area
must be as large as or smaller than the colour patch being mea-
sured.

It is often erroncously assumed that the reading area
matches the area illuminated by the reflection probe. However,
since illumination fibres in dual-purpose probes surround the
reading fibre and project a cone of light with a solid angle of
25°, the illuminated area will necessarily be larger than the
reading area. The effective size of the reading area hence
depends on the acceptance angle of the reading fibre (i.e. sensor
field angle; Endler 1990), often supplied by the manufacturer
(e.g. 12-7° acceptance angle or 25-4° full acceptance angle for
Ocean Optics fibres), the distance between the tip of the probe
and the target surface, and the diameter of the reading fibre.
While some manufacturers provide guidelines for estimating
the approximate size of the reading area (e.g. half the distance
between the tip of the probe and the measured surface — Ocean
Optics Inc.), the exact diameter D of the reading area can be
calculated via the following formula:

D=2xdxtan0+/

with d being the distance between the probe and the measured
surface, 0 being the acceptance angle (i.e. half the full accep-
tance angle) of the reading fibre, and / being the diameter of
the reading fibre. For example, using an Ocean Optics dual-
purpose 200-pm-reading/illumination probe with a distance of
5 mm between the probe and the measured surface, the effec-
tive size of the reading area is 2-45 mm in diameter, which
corresponds to the minimum size of a colour patch that can be
reliably measured. Alternatively, to estimate the size of the
reading area, in some cases it may be possible to connect the
reading fibre to the light source and measure the diameter of
the projected light spot, which will, due to the symmetry of
optics, correspond to the reading area.

When the target colour patch is smaller than the size of the
probe’s reading area, the outcome is a chimeric spectrum
whose spectral properties are a combination of the reflectance
of both the target patch and its surroundings. The spectrum is
therefore contaminated. Researchers often eschew measuring
very small colour patches because they may yield unreliable
data (e.g. Eaton & Lanyon 2003; Prum, Andersson & Torres
2003; Mullen 2006; Burns & Shultz 2012). However, many rel-
atively small colour patches may be biologically relevant. This
includes some of the most interesting colour patches displayed
by insects, arachnids, fish, amphibians or lizards, such as the
conspicuous ultraviolet (UV)-blue patches found on some of
the outer-ventral scales (OVS) of many lacertid lizards, which
probably function as social signals (Pérez i de Lanuza, Carazo
& Font 2014; Martin et al. 2015). In these circumstances,
researchers using standard equipment must estimate based on
intuition the minimum size of a colour patch that can be reli-
ably measured (Sp,n), with two major shortcomings. If Sy, is

overestimated (i.e. too large), potentially reliable data will be
lost and final sample size can be affected. Alternatively, if Sy,
is underestimated (i.e. too small), chimeric, potentially unreli-
able data will be incorporated into the results.

Several recent reviews have provided practical guidelines for
obtaining reflectance spectra from biological samples (Ander-
sson & Prager 2006; Fleishman, Leal & Sheehan 2006; Kemp
et al. 2015; White et al. 2015), but none have addressed the
issue of colour patch size (but see Galvan & Sanz 2010). The
overarching aim of this study is to fill this gap by addressing
the most common problems arising from the spectrophotomet-
ric assessment of small colour patches. First, we review esti-
mates of Sp,;, in the literature in order to explore whether there
is a consensus regarding the minimum size of a measurable col-
our patch (and its relationship with the effective measurement
size used) across available studies. Second, we empirically
quantify the relationship between colour patch size and the dis-
tortions introduced by chimeric spectra on the ‘true’ hue, lumi-
nance (‘brightness’) and chroma of a measured colour patch.
Chimeric spectra could affect different colour variables in dif-
ferent ways. Luminance and chroma should be particularly
sensitive to spectral contamination because they depend on the
shape of the entire spectral curve, whereas the most common
estimation of hue depends on primary or secondary peak loca-
tion (i.e. maximum slopes, Endler 1990). Third, we study how
different combinations of patch and background colour may
affect spectral distortions caused by chimeric spectra (i.c., are
particular combinations of patch vs. background more prone
to spectral distortion?). Fourth, we estimate whether reducing
the distance between the probe and the measured surface, by
decreasing the effective size of the measuring area, allows the
measurement of smaller patches without spectral distortion.
Fifth, we explore the effect of chimeric spectra using the UV-
blue patches of P. muralis as a realistic biological model to test
our conclusions regarding minimum patch size. Finally, we
outline a series of guidelines to avoid the potential caveats
identified in this study.

Materials and methods

LITERATURE REVIEW

We reviewed 152 papers published between 1999 and 2016 in peer-
reviewed journals, in which the beam method was used to assess the col-
oration of macroscopic living organisms. We searched for papers with
the Google Scholar (Google Inc.) search engine, using the key words
‘spectrophotometry’, ‘colour signals’ and ‘coloration’, and supple-
mented the results with those of a search through our own private
libraries. This searching method allowed us to achieve a sufficiently
large sample size for our purposes, but it must be noted that our aim
was not to conduct an exhaustive search. We only considered articles in
which at least one of the following procedural details was provided: the
angle between the reading fibre and the measured surface, the distance
between the reading fibre and the measured surface, or the minimum
size of colour patches measured. We excluded methodological studies.
We also excluded studies using collimating and microscopic lenses (e.g.
Fleishman, Leal & Sheehan 2006). The reviewed articles encompass a
wide variety of taxa, including mammals, birds, squamates, chelonians,
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amphibians, arachnids, insects, crustaceans, ray-finned fishes, and
plants. Different types of surfaces were measured in these studies,
including scales, eggshells, exoskeletons, feathers, skins, wings, and ton-
gues. We calculated the percentage of studies that provided informa-
tion about both the Sy, used and the distance between the tip of the
probe and the measured surface (d). Within this subset, we calculated
the percentage of studies that over-estimated, under-estimated, or esti-
mated the Sp,;, correctly according to the manufacturer’s specifications
(i.e. diameter of the effective reading area equal to half the distance
between the probe and the measured surface).

REFLECTANCE MEASUREMENTS

We performed two experiments — with artificial materials and with
natural samples — using spectral reflectance measurements. Reflec-
tance spectra were obtained indoors, in a darkened room, using a
standard USB 2000 portable diode-array spectrometer with a R200-
7-VIS-NIR reading-illumination probe (Ocean Optics Inc.) and a
notebook computer running Ocean Optics SpectraSuite software
(Ocean Optics Inc.). Full spectrum illumination was provided by a
PX-2 xenon strobe light source (Ocean Optics Inc.). Spectra were
recorded in 0-37-nm intervals and expressed as the percentage of
light reflected relative to a certified Spectralon white diffuse reflec-
tance standard (Labsphere, North Sutton, NH, USA). A dark cur-
rent reading was also taken and subtracted from the signal just
prior to gathering the spectral data. Reflectance measurements were
averaged over 5 nm, using a kernel smoothing function. We set
integration time according to the distance used (i.e. 50 ms at 3 mm,
34 ms at 5 mm), scans to average to 20, and boxcar width to 10.

For data acquisition, the probe was hand-held over the centre of the
colour patch, and approximately perpendicular to the patch surface
(hence illumination and recording angles were both 90°) . An entomo-
logical pin attached to the side of the probe (nylon head down) allowed
us to maintain a constant distance between the tip of the probe and the
surface of the target colour patch.

EXPERIMENT 1: RELIABILITY OF MEASUREMENT OF
SMALL COLOURPATCHES

To determine the smallest colour patch that can be reliably measured
with a dual-purpose beam spectrophotometer, we took reflectance
measurements from artificial patches varying in colour (i.e. spectral dis-
tribution independent of intensity) and size. To create artificial colour
patches, we used six Lambertian matte-coloured sheets (black, white,
blue, green, yellow and red) made of rigid opaque plastic (thick-
ness = 0-8 mm). In each sheet, we used a laser-cutting machine
(Chanke, CO, laser tube, 100 W, beam intensity set at 10%) to create
five circular holes of different diameters (1, 1-5, 2, 2-5, 3 mm). We
obtained artificial patches by overlaying a sheet with a hole (i.e. back-
ground ‘surround’ colour) over an unperforated sheet (i.e. focal patch
‘centre’ colour — Appendix S1, Supporting Information). We recorded
reflectance spectra of all the artificial patches resulting from the facto-
rial combination of the 30 different artificial surround-centre combina-
tions (excluding same colour combinations) and five different patch
sizes, and repeated the measurements with a 5 and 3 mm distance
between the probe and the focal patch (i.e. centre). We repeated each
measurement five times (i.e. lifting then repositioning the probe) for a
total of 1800 measurements.

For statistical analyses, spectral data were treated in R v.2.3.2
(R Core Team, 2014) using the software package pavo (Maia et al.
2013). First, each spectrum was further smoothed using a span of 0-2.
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Then, five colorimetric variables were extracted, namely luminance (i.e.
brightness or spectral intensity, defined as the sum of individual wave-
length amplitudes between 400 nm and 700 nm, Ryg0_700), blue chroma
(CLUE> R400-510/Ra00-700), green chroma (Cgreens Rs10-605/Ra00-700),
red chroma (Crgp, Reos_700/Ra00-700) and hue (defined as the wave-
length at the maximum reflectance peak; H). The three chroma vari-
ables were defined arbitrarily, as implemented as a default option in
pavo. As none of the colour sheets had any relevant reflection in the
UV range, we did not include any UV metric.

Statistical modelling was done using the R v.2.3.2 packages LME4
(Bates et al. 2015) and Multcomp (Hothorn, Bretz & Westfall 2008).
First, in order to run linear models, we grouped our data by focal patch
colour. We included as response variables the five colorimetric vari-
ables, namely B, Cgrug, Coreen, Crep, and H. Chroma variables
were not considered for black and white focal patch colours. For other
colour combinations we used the chroma variables appropriate to each
centre patch colour (i.e. Cgregn and Crep for yellow, Cgy yE for blue,
Coreen for green, and Crgp for red). As predictors, we set the interac-
tion (including main effects) between focal patch diameter and sur-
round colour. We then performed an ANOVA and post hoc Tukey
tests on the models. In total, we ran 34 models (17 at a S-mm probe-
to-surface distance and 17 at a 3-mm distance).

In order to explore the differences within each patch diameter (i.e. 1,
1-5, 2, 25, 3), we created a subset of measurements for each diameter.
Each subset also included a reference, which is a measurement obtained
for a centre patch of 3 mm. According to the spectrophotometer manu-
facturer (Ocean Optics Inc.), at a 5-mm distance, the reading spot
diameter should be 2:5 mm, which allows for a non-contaminated
measurement for the 3-mm wide reference. We included the colorimet-
ric variables as response variables, and the surround colour as predic-
tor. We then performed ANOVA and post-hoc Tukey tests on the
fitted models.

EXPERIMENT 2: EFFECT OF CHIMERIC SPECTRAONA
LIZARD'S COLOURPATCHES

In order to quantify the impact of chimeric spectra on spectral analyses
of small natural patches, we used the common wall lizard, Podarcis
muralis as a model. P. muralis is a small lacertid with a widespread dis-
tribution across Europe, and shows a cryptic dorsal coloration and
conspicuous ventral and lateral coloration (Pérez i de Lanuza & Font
2015). Ventral coloration is polymorphic, with three pure morphs (i.e.
orange, yellow, and white) and two intermediate morphs (i.e. orange-
white and orange-yellow), and seems to play a role in mating patterns
(Pérez i de Lanuza, Font & Carazo 2013; Pérez i de Lanuza, Font &
Carretero 2016). Laterally, these lizards display small UV-blue spots
on some of the OVS, interspersed with black spots and the long-wave-
length-biased ventral background. The UV-blue spots are believed to
act as social signals and are sexually dimorphic (i.e. they differ in colour
between males and females and are smaller and less numerous in
females — Pérez i de Lanuza, Carazo & Font 2014; Martin et al. 2015).
The size of these UV-blue spots can vary from a few mm to less than
0-5 mm in diameter (personal observation), and are therefore a chal-
lenge for the acquisition of reliable spectrophotometric measurements.
We measured the reflectance of the UV-blue spots in the OVS of 47
adult males of P. muralis from the Pyrenees (France) ensuring that the
reading area included a single UV-blue spot. Additionally, we forced
chimeric spectral measurements by intentionally displacing the illumi-
nated area so that it overlaid the UV-blue spot and part of the adjacent
background coloration (black for 34 lizards and white, yellow or
orange background for 46 lizards). From the recorded spectra, we
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extracted hue (i.e. wavelength of maximum reflectance, H), UV chroma
(Cuv, R300-400/R300-700) and luminance (B). We used correlation
(Spearman or Pearson) and paired comparison tests (Wilcoxon or
paired r-test) to evaluate the impact of using variables obtained from
chimeric spectra.

Results

LITERATURE REVIEW

Of the 152 articles reviewed, 59 (39%) provided information
on the Sy, used, with reported values varying between 0-8
and 6 mm in diameter depending on the probe to target dis-
tance. One hundred and forty-seven (97%) studies provided
information about the angle between the probe and the mea-
sured surface (30-90°). However, the great majority of studies
used 45° (33%) and 90° (57%) angles. Information about the
distance between the probe and the measured surface was
provided by 61 (40%) studies, and it varied between 1 and
17 mm with the most commonly used distance being 5 mm
(29 studies). Only 32 (21%) studies provided information
about both the S,;, and the distance between the probe and
the measured surface. From these 32, 4 (12:5%) studies cor-
rectly estimated the effective size of the reading probe accord-
ing to the manufacturer’s specifications, while 6 (19%)
overestimated it (i.e. set a Sy, larger than necessary), and 22
(69%) underestimated it (i.e. set a Sy, smaller than required,
thus potentially leading to some chimeric spectra). Among
the 22 studies underestimating Sy, 13 (59%) did so by 20%
or less, while 9 (41%) did so by more than 20%.

EXPERIMENT 1

Our results show that decreasing colour patch size reduces
the reliability of reflectance measurements (Figs 1 and 2).
At a 5-mm distance, luminance measurements begin to be
unreliable at a patch size of 2:5 mm (e.g. for a red patch
against a blue surrounding; Fig. 2). At a 5-mm distance,
consistent spectrum distortions (i.e. deformations of the
spectral curve compared to the reference spectral curve)
occur for colour patches with a diameter of 1-5 mm or
less. For a colour patch 1-5 mm in diameter, luminance
and chroma are unreliable whereas hue remains relatively
unaffected because the general spectral shape is conserved
(Fig. S2). However, for a colour patch smaller than
1-5 mm, spectral distortions are generalized and none of
the colorimetric variables can be considered reliable. The
resulting chimeric spectra are the result of spectral con-
tamination by the background colour. Interestingly, the
magnitude of this effect depends on the colorimetric prop-
erties of the background colour, as discussed below.

The most striking spectral distortions are obtained at a
5-mm distance for a 1-mm diameter colour patch. Figure 1
illustrates different types of distortions. First, a second
reflectance peak appears in the blue range of the spectrum
(400-500 nm), as a consequence of contamination by the
blue background. This is probably the most critical distor-
tion because it affects directly the hue at shorter wave-
lengths, causing an increase in luminance and a decrease in
chroma (Fig. 2). Second, in the red part of the spectrum
(600-700 nm), the reflectance peak 1is reduced by

Centre Red- Surround Blue - Distance = 5 mm

Fig. 1. Spectra obtained for a red colour
patch with a surrounding blue colour at all five
patch’s diameters (i.e. 1, 1-5, 2, 2:5, 3 mm), at
a distance of 5 (a) and 3 mm (b). A secondary
reflectance peak appears at a distance of
S mm for a 1-mm patch diameter correspond-
ing to the reflectance peak location of the sur-
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Fig. 2. Plots presenting luminance (a), hue (b), and chroma-red (c) for a red centre patch (focal patch) and a blue surround colour at distances of 3
and 5 mm, and for different colour patch’s diameters (i.e. 1, 1.5, 2, 2-5 mm) and a reference obtained at colour patch diameter of 3 mm. Significant
differences with the reference are indicated (i.e. * < 0-05; ** < 0-01; *** < 0-001).

approximately half of its non-contaminated values, which
inevitably affects luminance and chroma. Nevertheless, if
peak shape is conserved and if no secondary peak is pre-
sent, hue may remain unaffected and can therefore be
trusted, at least with these colour combinations. This is
illustrated in Fig. 1 with the spectrum obtained at a 5-mm
distance and a 1-5-mm diameter. Peak shape remains very
similar, only with lower luminance values. The consequence
is an increase in chroma, but hue is conserved.

Unsurprisingly, our results also suggest that a smaller dis-
tance between the reflection probe and the colour patch
(3 mm vs. 5 mm) provides more accurate measurements
(Figs 1 and S2). For a colour patch of 1-5 mm in diameter,
the distortions obtained at 5 mm disappear at a 3-mm dis-
tance. Only minor alterations affect the spectrum and col-
orimetric variables can be accurately estimated. For a
colour patch 1 mm in diameter, luminance and chroma
often become unreliable while hue can still be accurately
measured.

EXPERIMENT 2

With our natural sample (UV-blue ventrolateral spots of
P. muralis), chimeric spectra result in distorted measurements
of hue, chroma and luminance. The impact of using chimeric
spectra differs depending on the variables and the colours
involved in the chimeric measurement (Fig. 3). When a UV-
blue and a black patch are involved in a chimeric spectrum, the
shape of the spectrum (e.g. peak location) is generally con-
served but luminance values drop dramatically (—40 + 3%).
Remarkably, when UV-blue and orange patches are involved
in a chimeric spectrum, a secondary reflectance peak appears,
which corresponds to the peak location of the orange belly.
Reflectance values obtained from correctly measured (i.e. non-
chimeric) UV-blue patches and chimeric spectra are always
positively correlated, but strong correlations are restricted to
hue for chimeric spectra from black patches and chimeric spec-
tra from belly, and UV chroma for belly chimeric spectra
(Table 1). However, values of UV chroma from non-chimeric
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Fig. 3. On the left: a photograph of the outer-ventral scales of Podarcis muralis indicating (white empty circles) the colour patches targeted by the
reflectance probe, namely a UV-blue patch (a), a black patch (b), a UV-blue and black patch (c), an orange patch (d), and a UV-blue and orange
patch (e). On the right: graphs present the spectrum of each colour patch (a, b, c, d, and e), as well as correlation tests between chimeric and nonchi-
meric spectra for hue, chroma-UV, and luminance. Graph (c) illustrates the typical case of a chimeric spectrum, involving two colours contrasting in
brightness, resulting in a drop of reflectance values while conserving the spectral shape. Graph (e) exemplifies the case of a chimeric spectrum of two
colours contrasting in terms of peak location (short- vs. long-wavelength reflectance peak), resulting in a secondary peak.

spectra and values from chimeric spectra involving the belly
are significantly different, indicating that chroma is strongly
affected by chimeric measurements (Table 1).

Discussion

To the best of our knowledge, no study to date has addressed
the difficulties arising from the spectrophotometric assessment
of small colour patches. Our review of the literature reveals a
lack of consensus about the minimum size of a colour patch
that can be reliably measured (Sy,,), even among researchers

© 2017 The Authors. Methods in Ecology and Evolution

using the same equipment. Our empirical tests also provide a
quantification of the relationship between a colour patch size
and the probability of obtaining a chimeric spectrum, showing
how spectral distortions affect colour patches of decreasing
size. Besides, we present evidence that these spectral distortions
vary for different colour combinations (i.e. patch centre vs.
background colour) and can be reduced by decreasing the dis-
tance between the probe and the measured surface. Finally, we
show that these experimental results apply to live samples
through spectral reflectance measurements of UV-blue spots in
the lizard P. muralis.
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Table 1. Correlation analyses and paired comparisons between non-
chimeric and chimeric spectra obtained combining UV-blue and black
patches (N = 46) and combining UV-blue and belly background col-
our (N =34). The variable ‘Difference’ indicates the magnitude
(mean + 1 SEM) of the distortion resulting from using chimeric spec-
tra, obtained subtracting chimeric spectra values from values of non-
chimeric spectra (range in parenthesis). ‘Correlation’ indicates results
from correlation analyses for considering values from non-chimeric
and chimeric spectra (rg corresponding to Spearman’s test and r to
Pearson’s test). ‘Comparison’ indicates results from paired compar-
isons between values from non-chimeric and chimeric spectra (Z corre-
sponding to Wilcoxon test and ¢ to paired -test). In bold, results
remaining significant after applying the Holm-Bonferroni correction
for multiple comparisons

Difference Correlation Comparison
UV-blue + black patch
Hue (nm) 0-7 £ 07 rs = 074 Z = -261
(=9:7to 14-4) P < 000001 P = 0-009
UVchroma —0-03 £ 0-01 r=034 t = 1776
(—0-11 to 0-04) P = 0-046 P < 0-00001
Luminance  —9802 + 799 rs =0-39 = —0-06
(=24 417t02108) P =0-022 P =095
UV-blue + belly
Hue (nm) 29 £+ 1.0 rg = 0-82 Z=-118
(—9:0to 15-0) P < 000001 P=024
UVchroma —0-11 £ 0-01 r = 067 t = 1227
(—0-01t0 0-19) P < 000001 P < 0-00001
Luminance  —19 + 1296 rs =035 t = 741
(—12203 to 12958) P = 0-016 P < 0-00001

The methods reported in published studies using reflectance
spectrophotometry are not consistent (White e al. 2015). Rel-
atively few studies provide the necessary information to assess
the way the authors tackled the problem of S, estimation.
Also, very few studies follow guidelines given by the manufac-
turer to estimate the effective size of the reading area, which in
turn can be used to estimate S,,;,. Most studies, in fact, under-
estimate Sy,;,, therefore including in the sample potentially chi-
meric spectra. Interestingly, our experimental results show that
the actual S,;, is approximately 20% smaller than the effective
size of the reading area calculated according to the manufac-
turer’s specifications (i.e. no distortions for a 2-mm patch at a
5-mm distance while the effective reading area is, according to
the manufacturer, 2-5 mm in diameter — see Figs 1 and S2).
We found that 13 (59%) studies (from a total of 22) underesti-
mating the S,,;, do so by less than 20%, which means that their
spectral data should not be subject to the spectral distortions
described here. However, the remaining 9 (41%) may have
inadvertently included some chimeric spectra, unless an
unspecified method was used to improve measurement accu-
racy. As to the studies overestimating Sp,;,, it is possible that
the authors overestimated the S,;, to avoid these issues, but
there is no information on how this affected their sample size
(i.e. how many candidate measurements were discarded). This
lack of consensus in the literature underlines the need to stan-
dardize the use of reflectance spectrophotometry.

We found that the combination of patch centre and back-
ground colours determines the direction of the spectral distor-
tions. Distortions are more likely to occur in the case of
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contrasting patch centre and background colours. If the two
colours strongly differ in hue (short- vs. long-wavelengths col-
ours; e.g. blue vs. red), a second reflectance peak is likely to
arise in the location corresponding to the background colour
spectral location (e.g. Fig. 1, see spectrum at a 5-mm distance).
If they differ widely in terms of luminance (e.g. black and
white), two situations typically occur. First, when the back-
ground colour is brighter than the centre colour, the spectrum
is prone to severe spectral distortion. Conversely, if the patch
centre colour is brighter than the background colour, all reflec-
tance values drop equally, which makes luminance and
chroma unreliable, but the spectrum shape — and peak location
— is conserved, so hue measurements are reliable (Fig. S2). In
the latter case, it may be challenging to identify whether the
reflectance spectrum corresponds to a chimeric spectrum or to
a colour patch with low brightness. Other cases may pose diffi-
culties in the identification of chimeric spectra such as, for
example, when a colour patch naturally shows a secondary
reflectance peak.

Our findings indicate that reflectance measurements are gen-
erally more accurate when the distance between the reflection
probe and the colour patch is reduced because the reading area
under the reflection probe is reduced, and thus less prone to
contamination. Furthermore, each of the six illumination
fibres in a standard 7 x 200 dual-purpose probe projects a
25-4° solid angle cone of light. As the reading fibre is located in
the centre of the probe, the distance between the probe and the
reading surface must be large enough to allow for the six illu-
mination cones to overlap in the centre of the reading area.
Otherwise, the reading spot will not be evenly illuminated and
the measurement will not be optimal. Therefore, the minimum
distance between the probe and the measured surface will
depend on the acceptance angle of the illumination and read-
ing fibres, and the distance separating the illumination and
reading fibres. For a dual-purpose reading-illumination probe
such as Ocean Optics’ model R200-7-VIS-NIR, the six illumi-
nation cones will not overlap in the centre of the reading area if
the probe-to-surface distance is less than 0-9 mm. Moreover, if
the probe-to-surface distance is too low, the reduced measured
area will be less representative of the overall colour patch (e.g.
less homogeneous due to surface irregularities, dead skin or
scales) as perceived by receiver animals.

Choosing the appropriate angle between the probe and the
measured surface is not straightforward. In theory, in studies
of visual communication, the measurement angle must corre-
spond to the angle at which a receiver most often sees a colour
patch (Endler 1990). In practice, this angle is difficult to deter-
mine and subject to speculative assumptions. Consequently,
different angles are used in coloration studies (mostly 45° and
90° — Whiting et al. 2006; Font, Pérez i de Lanuza & Sampedro
2009; Martin et al. 2013; Pérez i de Lanuza & Font 2014).
Here, we used a 90° angle (coincident normal measuring
geometry according to Andersson & Prager 2006) for various
reasons. First, as suggested by Pohland (2006), an angle of 90°
provides both the brightest reflections and the least variability
in the resulting spectra, thus improving the data vs. back-
ground noise ratio. Second, as the reading area of the reflection
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probe is circular, not elliptic, a 90° angle avoids the potential
distorting effects of illumination-reading asymmetries and
improves precision (Appendix S3). Third, it is generally easier
to maintain a constant angle of 90° than any other angle. Some
probe holders allow fixed probe to reading surface angles, but
they are not suitable for measuring small colour patches
because the patch is hidden when the holder is placed flush
with the measured surface. A further complication is the angle-
dependence of the spectral reflectance of many colour patches,
especially for structural colours (Osorio & Ham 2002). A case
in point is iridescent coloration. Iridescence (i.e. a change in
hue or intensity with viewing angle) has been reported in many
taxa (Doucet & Meadows 2009; Meadows et al. 2009), includ-
ing lacertid lizards (Pérez i de Lanuza & Font 2014, 2016). A
single measurement is insufficient to characterize the full angle-
dependence of these colours (Kemp, Reznick & Grether 2008).
For non-iridescent colours, changes in measuring geometry
mostly affect luminance (Pohland 2006). Unless the measured
surface is particularly glossy and susceptible to specular reflec-
tion (e.g. scales of fish and some squamates), we recommend
using a 90° probe to reading surface angle.

The small UV-blue reflecting spots in the OVS of P. muralis
provide a good illustration of the issues arising from chimeric
spectra. Indeed, chimeric spectra resulting from the combina-
tion of contrasting colours (i.e. short- vs. long-wavelength peak
for UV-blue and orange belly, and high vs. low luminance for
UV-blue and black spots) match what we would predict based
on results of Experiment 1 — namely, the appearance of a sec-
ondary peak for the short wavelength-based UV-blue and the
long wavelength-based orange belly, and a decrease in reflec-
tance values in the case of UV-blue and low-luminance black
spot. As spectral variables of these UV-blue spots are related
to quality indicators of males P. muralis (Pérez i de Lanuza,
Carazo & Font 2014), chimeric spectra will have harmful con-
sequences on the results and biological interpretations. Fur-
thermore, the use of spectrophotometry to assess small colour
patches of live specimens must take into account other aspects.
If a study organism presents colour patches varying only in
size, we encourage researchers to rely preferably on the larger
ones if they are using a standard setup as described here or to
use alternative methods that allow measuring small patches
(e.g. Marshall ez al. 2003). If researchers have to measure very
small colour patches (< 1 mm), we encourage the use of alter-
native techniques, for example, techniques involving micro-
scopic or collimating lenses (Fleishman, Leal & Sheehan 2006).
In this case, a more complex experimental protocol is often
required (e.g. animals may need to be anesthetized) because
animals must stand still to obtain reliable measurements. It
must also be noted, however, that such methods frequently
make it impossible to acquire spectral data in the field. Besides,
these methods can raise issues regarding animal ethics, thus the
use of less invasive techniques should be preferred when
possible.

In summary, to measure small colour patches using stan-
dard reflectance spectrophotometry techniques, we recom-
mend that researchers estimate Sy,;, in order to avoid potential
chimeric spectra, and, when possible, avoid measuring colour

patches less than 2 mm in diameter when the probe distance is
set at 5 mm. It is also worth stressing that the S,;, is smaller
than the illuminated area under the probe. Finally, we agree
with White ez al. (2015) that researchers need to be more trans-
parent about the settings and methods they use in studies of
animal coloration, using spectrophotometry. These simple
steps will help ensure reproducibility in biological coloration
research.
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Appendix S1. Assessment of the maximum potential effect of the sheets
thickness (0-8 mm) on the resulting colorimetric variables (i.e. hue,
chroma, and luminance).

Appendix S2. Graphs showing the spectra of the artificial coloured
sheets (red, yellow, green, blue, black, and white) for each centre vs. sur-
round colour combination, at a probe-to-surface distance of 5 and
3 mm, and for five colour patch diameters (i.e. 1, 1-5, 2, 2-5, and
3 mm).

Appendix S3. Assessment of the asymmetry in spectral contaminations
of chimeric spectra due to an elliptical sampling area when a 45° angle
between the probe and the measured surface is used.
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