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Comparison of digital photography and spectrometry for evaluating
colour perception in humans and other trichromatic species

Chen Yang'? . Jie Wang? - Nan Lyu*® - Huw Lloyd*

Abstract

Digital photography and spectrometry are widely used for colour measurement, but both methods have a number of
advantages and disadvantages. Comparative studies can help determine the most appropriate method for quantifying animal
colour percep-tion, but few have attempted to compare them based on colour model conversion. Here we compare colour
measurements from digital photography and spectrometry in a controlled standard experimental environment using the
three-dimensional colour space model CIE L'a"b" which is designed to approximate colour perception in humans and
assess the repeatability and agreement of the two methods. For digital photography, we first extracted RGB values from
each colour patch and transferred these to L a"b " values using colour model conversion. For spectrometry, we measured the
spectral reflectance (SR) value and subsequently transferred SR values to L"a"b " values. Using a consensus of correlation
analysis, intraclass correlation coefficients, concordance correlation coefficients, and Bland-Altman analysis, we found that
although spectrometry showed a slightly higher repeatability than photography, both methods were highly repeatable and
showed a strong agreement. Furthermore, we used Bland-Altman analysis to derive the limits of agreement, which can be
used as criteria for identifying when photography and spectrometry could be as a suitable alternative for measuring colour
perception in humans and other trichromatic species. We suggest that our workflow offers a practical and logical approach
that could improve how we currently study colour perception in trichromats.

Significance statement

Measuring colour efficiently and accurately is necessary for investigating the evolutionary biology of colour perception
in animals. Digital photography and spectrometry are two methods widely used for colour measurement, but there are
benefits and limitations to using either method. Comparative studies based on colour model conversion are therefore critical
for helping researchers determine which method is most appropriate. Here we test the repeatability and agreement of the
two measuring methods using standard colour patches, as a comparative case study of broader interest in measuring colour
perception in humans and similar primates. Our results demonstrate that both methods are highly repeatable, and the two
methods may be used interchangeably to measure colour perception in humans under experimental conditions.
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Abbreviations

SR Spectral reflectance

ICC Intraclass correlation coefficient
CCC Concordance correlation coefficient
LoA  Limits of agreement

CR Coefficient of repeatability

Introduction

Colouration in biology is defined as the appearance of an
organism through reflecting or emitting the light from its
surfaces (Osorio and Vorobyev 2008). Colouration is a
dynamic and complex characteristic influenced by colour
types and distributions of pigments; the shape, position,
posture, and movement of the organism; and both the
quality and quantity of light source (Langkilde and
Boronow 2012; Fairchild 2013). How to measure colour
and assess colour differences are key considerations for
testing evolutionary hypotheses or colour perception in
animals, requiring a method that is fast, simple, and accu-
rate. Consequently, researchers need to compare different
methods of colour measurement, such as the performance
of a newly developed method with a more established
one, to determine whether these methods can be used
interchangeably or whether the new method performs bet-
ter than the established one (Kawchuk and Herzog 1996;
Mani et al. 2008). Most empirical studies of animal colour
perception have been conducted using a single method
(e.g. Akkaynak et al. 2013; Smith et al. 2016; Ligon and
McGraw 2018). Direct comparisons of colour measure-
ments from different methods using the same three-
dimensional colour space models remain difficult without
standardized testing, that could help resolve issues around
measuring error and the acceptable range of the different
methods, through conducting preliminary experiment to
build acceptable conditions in colour measuring.
Accompanied by improvements in measuring accuracy,
reduced costs for purchasing and using cameras and spec-
trometers, and the availability of related colour analysis
software in personal computing, the application of con-
ventional spectrometers and digital photography in colour
quantification has become more widespread (Villafuerte
and Negro 1998; Johnsen 2016; Smith et al. 2016).
Spectrometers measure absorption spectra and radiant flux
as a function of wavelength, providing more precise in-
tensity distributions of the reflected wavelengths (200—
1200 nm), and thus are able to deal with near-ultraviolet,
near infrared, and visible light, although not as a function
of time (Cageao et al. 2001; Bybee et al. 2012). As a
widely used non-invasive and non-contact sampling meth-
od, digital photography enables researchers to rapidly and
objectively quantify colours (and colour patterns) using

minimal equipment (Stevens et al. 2007; Pike 2011).
Spatial information of the sample such as size, shape,
area, and test conditions such as focal length, lens, and
illumination can be easily controlled (Yam and Papadakis
2004; McKay 2013). Image processing algorithms can be
applied to digital images to analyse complex colour pat-
terns such as barring, spotting, or streaking. Furthermore,
if the test objects are large, mobile, and heterogeneous,
the results from quantitative digital image colour pattern
analysis may be more stable and accurate than colour
measuring by spectrometer (van den Berg et al. 2020).

Despite this, there are several limitations to using either
method, which may have implications for the types of
animal colouration perception research they could be uti-
lized for. For example, conventional spectrometers pro-
vide only point samples and have relatively low detecting
efficiency on small areas (which depends on the size of
the probe, which are typically <1 mm?) (Li et al. 2008)
and the complex spatial structure of the object surface
(Akkaynak et al. 2013). Thus measuring colour percep-
tion using spectrometers requires much more information
about the spatial relationships between colours recon-
structed from the geometry of the sampling array, and
the spatial resolution is generally crude (Endler and
Mielke Jr 2005; Li et al. 2008). Spectrometers are also
considerably more expensive than digital photography
equipment, which is more readily available (Bergeron
and Fuller 2018). Digital cameras may over-represent cer-
tain colours and do not respond linearly to the spectral
properties of light (Stevens and Cuthill 2005; Simons
et al. 2012). The results of photography also depend on
light source, distance to light source, camera settings (res-
olution, focal length, shutter speed, aperture size), and
ambient interference (Montgomerie 2006; Eeva et al.
2008). Furthermore, image processing algorithms may
differ among cameras, and numerous assumptions about
data acquisition require strict compliance (Troscianko and
Stevens 2015; van den Berg et al. 2020). Given the range
of advantages and limitations of each method, how to
select the most appropriate technique for colour measure-
ment is a timely question in need of more empirical data.
Moreover, comparative tests of digital photography and
spectrometry for measuring colour perception in trichro-
matic species may provide some guidelines on standard-
izing colour measurements of colour perception in other
animals.

Comparative colour measurement tests require not only
an analysis of accuracy, but also the degree of reliability
within and between both methods under repeat trials.
Another key experimental parameter consideration is the
selection of an appropriate colour space model, which
would, for example, allow researchers to assess the suit-
ability of using camera-derived pixel values as a proxy for



spectrometer-derived values, provided they are mediated
by a suitable program. Several three-dimensional colour
space models have been applied to quantify the relation-
ships between the spectral profiles of colours to colour
perception, including RGB, CMYK, HSL, HSV, and CIE
L"a"b"(Schanda 2007; Fairchild 2013). Of these, CIE
L"a"b" is designed to approximate human vision (wave-
lengths ranging from about 380 to 700 nm), where L*
refers to the lightness of the colour, with 0 producing
black and 100 producing a diffused white; a” refers to
the change from greenness to redness (a smaller ¢” value
corresponds to more greenness, whereas a larger ¢ value
corresponds to more redness); and b" refers to the change
from blueness to yellowness (a smaller 5" value corre-
sponds to more blueness, and a larger b~ value corre-
sponds to more yellowness). The CIE L"a’b" colour mod-
el is device independent, with the potential to provide
consistent colour data for most types of input or output
devices such as digital camera, scanner, and monitor
(Tkalcic and Tasic 2003). Furthermore, the CIE L*a*b*
colour model divides the colour into two functions
(brightness and chromaticity), enabling researchers to
change colour easily by adjusting L*a*b* value in colour
control experiments (Wulf and Wise 1999). To our
knowledge, few studies have used digital photography
and spectrometry data to calculate CIE L*a*b values
and to compare the outcomes (Ohta and Robertson
2006; Wee et al. 2007).

Here we compare the performance and reliability of spec-
trometry and digital photography for quantifying the
colourations of a standardized colour reference chart.
Colour reference patches (e.g. PANTONE colour chart) are
widely used for colour measurements and comparisons be-
cause they are simple, fast, and widely assumed to be accu-
rate and are universally applied in textile and printing indus-
tries (Vik 2017). Although there may be a close match be-
tween the targeted colour and a specific reference colour
based on the colour matching system, assessment without a
quantitative variable for colour measuring should be difficult
for rigorously testing hypotheses on the perception of colour
in trichromatic species. Our objectives for this study were
three-fold: (1) to produce colour measurements using photog-
raphy and spectrometry and provide details on the transfer-
ring process among colour models, (2) to test and compare
the repeatability and agreement of colour measurements ob-
tained using both methods, and (3) to give criteria for identi-
fying when the use of photography and spectrometry would
be interchangeable. In order to achieve these objectives, we
assess the suitability of using camera-derived CIE L *a*b pix-
el values as a proxy for spectrophotometer derived CIE
L*a*b values, together with the performance of the function
of a specific program to translate spectral reflectance (SR) of
different colour and grey scales into XYZ values.

Material and methods
Materials

We selected the MENNON” Test Chart with 24-colour test
targets, which comprises 6 greyscale tones and 18 coloured
patches. The MENNON’ Test Chart is a colour test and cali-
bration tool widely used by photographers for colour recogni-
tion and evaluation of colour deviations. Among the 18 colour
patches, six of them represent natural objects of special inter-
est, such as skin tones, leaf green, and blue sky, six patches
represent additive (red-green-blue) and subtractive (cyan-ma-
genta-yellow) primary colours, and six represent a combina-
tion of two primary colours (Fig. 1). To minimize observer
bias, blinded methods were use when all data were measured
and/or analysed.

Experimental methods
Method 1: Photography

Colour of the sample depends on the part of spectrum
reflected from it, so the spectral power distribution of
the illumination must be standardized before capturing
colour images (Mollon 1999). We selected the D50
(5400 K) for the standard illuminant, which is most
similar to the natural daylight. Since the diffuse reflec-
tion responsible for the colour occurs at 45° from the
incident light, we also placed the angle between the
lighting source camera lens at approximately 45°
(Stevens et al. 2007). To achieve a uniform light inten-
sity over the whole sample, we set the distance of
30 cm between the light source and the sample in a
dark room. We used a Canon D70 camera using a tri-
pod with a 100-mm prime lens by autofocus control and
placed vertically at a distance of 22.5 cm from the sam-
ples to lens. Flash was off to reduce light interference.
To calibrate the digital colour system, 24-colour patches
were twice captured together in one picture (see Fig. 1).
After capturing the image, we divided the picture into
24 different patches by using the rectangle tool in
Software ImageJ 1.53e (64-bit Java 1.8.0 172).
Additionally, a 500 x 500 pixel size was randomly
selected for each colour chart setting in ROl manager
and subsequently saved as the testing picture for
extracting RGB values in tiff format. We then extracted
all RGB values from the 500 x 500 pixel for each
colour patches and calculated mean values of RGB
using Software MATLAB version 2016a (The
Mathworks Inc.) (see Code 1 in supplementary
materials). Formulas for calculating the mean RGB
values (i.e. r, g, and b) for testing picture are shown
by the following:



Fig. 1 The 24-colour patches
used for colour measuring and
spectral reflectance of each colour
patches using the Ava Spec-2048
spectrometer. Wavelength ranged
from 199 to 1099 nm
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Since RGB space could not be transferred to the L'a’b”
model directly, we applied the direct model in order to trans-
form RGB to L"a’h" with reference white point, D50 (Ledn
et al. 2006; Hunt and Pointer 2011; Westland et al. 2012). The
same MENNON’ Test Chart was photographed twice, and
each digital photo was measured following the previous



procedure. All conversions and extraction data from digital
image were carried out in the Software Excel version 2010
(Microsoft Corporation).

Step 1: Standardized RGB value based on Gamma func-
tion:

r

R = gomma )
gamma S

3 (x + 0.055)2-4 ( |
G — cammal £ _ 1055 x > 0.0405
Step1 8 (225) gamma(x) () (if x<0.0405)
B= —
gamma (255) 12.92

Step 2: Transferred RGB value of each image to xyz col-
our space using the following matrix:

X
Step2 |y
z

0.436052025 + 0.385081593 + 0.143087414 R
*1 G
B

0.222491598 4 0.71688606 + 0.06062148
0.013929122 + 0.097097002 + 0.71418547

Step 3: Standardized XYZ value using three coefficients
(xn = 96.4211; yn = 100; zn = 82.5211):

X X
X = — =
Step3 X = = S am1

_r_r
yn 100

Z Z

Z = — =
m 82.5211

Step 4: Converted XYZ value by function £ ():

B 173 (¢ > 0.008856)
Step4 f(t) = {7.787*t—|— 0.13791  (if t<0.008856)

Step 5: Converted XYZ to L"a"b" by following formulas:

I { 116%y'/3

903.3%Y
P34 = 50047 ()1 (1)]
b = 2004/ ()£ ()

(Y > 0.008856)
(if Y<0.008856)

Method 2: Spectrometry

We also measured the colour patches using a CIELAB
colourimeter, equipped with Ava Spec-2048 spectrometer
and Software AvaSpec 7.6 (The Avantes Inc.). The spectrom-
eter was standardized with an Argon-Mercury lamp (200-
1200 nm). Quantification of colour was achieved by measur-
ing the optical density across the range of sampled wave-
lengths. We first used a standard diffused whiteboard to mea-
sure and save the present spectrum in a light and dark envi-
ronment as a reference. The integration time for contact

sample measurement was 24.5 ms, and the integrated area
amounted to 3 mm?. To reduce error in each test, measuring
geometry (45°), angle of view (2°), and Illuminant (D50) was
set to standardize the test condition. We first captured the
reflectance (%) for each colour chart ranging from 199 to
1099 nm (Fig. 1) and then converted the reflectance value to
XYZ colour space (Steps 1 and 2) based on the method written
by Zheng and Zhou (2013). We finally transferred XYZ to
L'ab" (Steps 3, 4, and 5). The same MENNON’ Test Chart
was scanned twice in the spectrometer, and the same proce-
dure was used for calculating L"a"b" values. Demographics,
detail observation value, and conversion functions using the
two methods are shown in Tables S1 and S2.

Step 1: Calculated K value for D50 Illuminant when Y
value is 100 based on XYZ CIE1931, where S(A) is D50
relative spectral distribution, R(A) spectral reflectance for
D50, and "y standard spectral tristimulus values for D50.

100

Stepl K=————
ZS(A)*F(A)*AN

Step 2: Transferred spectral reflectance (SR) of each im-
age to XYZ colour space, where S(A): D50 relative spec-
tral distribution R(A) is spectral reflectance for samples,
and X, y, 7 are standard spectral tristimulus values for
D50.

X = KLSNRAx(NdA [ X =KYS(A)R(A)x(A)AX
Step 2 v = K[LS(NRMAy(N)dA=>< Y = KYS(ARA)y(A)AX
Z =KLS(MRN)z(NdA | Z=KIS(VR(N)z(N)AN

Steps 3, 4, and 5: Repeated same steps in photography to
finish the conversion from XYZto L'a'b".

Statistical analysis

In this study, all L a"b" values represented continuous vari-
ables, so we selected a consensus of four statistical methods to
estimate repeatability and agreement of the colour measure-
ment results: correlation analysis, intraclass correlation coef-
ficient (/CC), concordance correlation coefficients (CCC),
and Bland-Altman scatter plots. Here, we first conducted lin-
ear regressions to assess the relationships between the two
trials of either photography or spectrometry and between the
two methods. Furthermore, to examine the repeatability be-
tween the two trials for either photography or spectrometry,
we then implemented the /CC using a two-way random linear
regression model with 95% confidence intervals (95% CI). To
examine the agreement between the two methods, we firstly
calculated the mean values of the two trials for each method
and then derived the /CC using a two-way linear model. For
both models, ICC can vary between 0 and 1.0 theoretically,



where an /CC of 0 indicates no reliability and an /CC value of
1.0 indicates perfect reliability (Weir 2005). In practice, an
ICC > 0.75 would suggest that both photography and spec-
trometry are reliable methods for colour measurement, but an
ICC < 0.4 would suggest poor reliability (Koo and Li 2016).
Since regression and paired #-tests may conflate between-
sample variability, we also calculated CCC to estimate the
reproducibility between two colour measuring methods
(Altman and Bland 1983; Lawrence 1989). The CCC is a
widely accepted criterion of score consistency in biology
and medicine (Barchard 2012). When the value of CCC is
closer to 1, the two measurements show a better agreement.
The Bland-Altman analysis (Bland and Altman 1986;
Bland and Altman 2007) is a popular and widespread method
used in medical sciences for analysing the level of agreement
between different methods or medical instruments
(Brazdzionyté and Macas 2007; Carkeet 2015; Giavarina
2015; Gerke 2020). This analysis is a graphical method based
on visualization of differences in the measurements from the
different methods, using a scatter plot to represent the differ-
ence against the mean of the measurements. Specifically, the
limits of agreement (LoA) would be drawn as the mean differ-
ence plus and minus 1.96 times the standard deviation (SD) of
the differences (Bland and Altman 1986; Bland and Altman
1999; Labiris et al. 2009; Donekal et al. 2013). According to a
priori biologically and analytically relevant criteria, people
can see if these limits (i.e. LoA) are exceeded or not, which
determines whether the two methods can be used interchange-
ably (Bland and Altman 1986). In this study, we applied the
Bland-Altman analysis to plot the differences of the L'a"b"
values of each standard colour patch between the two methods
(i.e. spectrometry and digital photography). As 95% of the
differences are expected to fall within the LoA, we therefore
suggested that people can use these limits (i.e. LoA) as pre-
specified criteria for identifying whether the photography and
spectrometry can be used interchangeably in other studies
under different environments. Moreover, we used the Bland-
Altman analysis to assess the repeatability between the two
trials for spectrometry and digital photography. The coeffi-
cient of repeatability (CR) was calculated as 1.96 times the
standard deviation (SD) of the differences between the two
measurements (d, and d,) (Bland and Altman 1986):

Y(dy=dy)’
n

CR =1.96 x

Finally, we calculate the colour difference (AE™) between
the two measuring methods for each colour patch using the
following formula:

AE* = [(AL* + (Ad®) + (Ab™)*]"?, where AL*, Aa*, and
Ab™ represent the differences in colour coordinates between
the two methods.

All results are shown as mean + SE, and all tests were two-
tailed. All statistical analyses, including linear regressions (or-
dinary least squares (OLS)), ICC, CCC, and Bland-Altman
analysis, were performed in MedCalc v.18.2.1 (MedCalc
Software Ltd.).

Results

Repeatability analysis between repeated trials of
photography and spectrometry

Regression analysis revealed significant relationships be-
tween the first and the second replicated trials using pho-
tography (L™: » = 0.997, P < 0.01; a™: r = 0.995, P <
0.01; 5" r = 0.997, P < 0.01, n = 24). Values of L", a’,
b" also indicated significant relationships between the two
spectrometry tests (L*: ro= 0999, P < 0.001;a": r =
0.995, P < 0.001; b™: » = 0.999, P < 0.001, n = 24).
Intraclass correlation coefficients also revealed quite high
repeatability between the two photography (L*, a*, b
ICC = 0.999) and spectrometry trials (L*, a’, b ICcC
= 0.999). Results of Bland-Altman analysis for L' a",
b" values between the two trials for photography and
spectrometry are shown in Table 1. The mean differences
of L'a"b" values of photography (=0.769, 0.208, —0.065)
were higher than those from spectrometry (—0.012, 0.025,
0.029) (Fig. 2; Table 1). Coefficients of repeatability (CR)
for L"a"b" values were also lower in spectrometry images
than those from photographic images (Table 1).
Nonetheless, the absolute values of the mean difference
for all variables were < 1 (much smaller than the mean
values of L", a”, b*), and the coefficients of repeatability
were < 2 (Table 1). Collectively, these data suggest the
L"a"b" values generated by photography and spectrometry
were both highly repeatable.

Agreement analysis between photography and
spectrometry

The regressions of L a"b" values measured by photogra-
phy and spectrometry showed significant relationships
(L r = 0960, P < 0.0l;a:r = 0992, P < 0.0l; 0"
r = 0974, P < 0.01, n = 24; see Table 2). The ICC
analysis for L", a”, b" values also showed good agreement
in quantifying colour between the two methods (L": ICC
= 0.979; a": ICC = 0.995; b™: ICC = 0.987). Moreover,
the concordance correlation coefficients showed a high
degree of concordance between the two methods (L":
CCC = 0.860; a": CCC = 0.987; b: CCC = 0.972)
(Table 2). Therefore, L a"b" values generated by photog-
raphy and spectrometry should be in high agreement un-
der the standard conditions set in this study. The results of



Table 1 Bland-Altman analysis

for measuring colour between two Methods Variables Mean 95% CI of mean LoA (mean difference+  Coefficient of
repeated trials for quantifying difference difference 1.96 SD) repeatability
colour for both photography and N
spectrometry Photography L —0.769 —0.925 t0o —0.613 (-1.492, -0.046) 1.665

a 0.208 —0.053 to 0.468 (-1.002, 1.417) 1.252

b —0.065 —0.325 10 0.195 (-1.271, 1.140) 1.187

Spectrometry " —-0.012 —0.045 to 0.020 (-0.163, 0.138) 0.150
a 0.025 —0.028 to 0.078 (-0.221, 0.272) 0.246
b 0.029 —0.001 to 0.059 (-0.110, 0.168) 0.147

Notes: CI confidence interval, LoA limits of agreement, defined as the mean difference + 1.96 SD of the

differences

the Bland-Altman analysis for L a"b" values between the
two methods (see Table 2) revealed that the mean differ-
ences (i.e. 8.785, 1.980, and — 2.173, respectively) and
the coefficients of repeatability for L'a"b" values (i.e.
20.060, 8.113, and 16.277, respectively) between the
two methods were obviously higher than those between
the two trials (see Table 1). The LoA for L*a"b" values
between the two methods ranged from —1.727 to 19.297
(L"), from —9.258 to 5.299 (a”), and from —18.221
t013.874 (b"), respectively (Fig. 3; Table 2). The colour
differences between the two methods (i.e.2E™) ranged
from 2.973 to 38.086 for different patches (see Table S3).

Discussion

Here we developed frameworks for quantifying the colour
perception in humans and other trichromatic species with dig-
ital photography and spectrometry data. We note that the col-
our differences (AE™) between the two measuring methods
(i.e. photography and spectrometry) may be relatively high
under the human’s perceptibility (e.g. Douglas et al. 2007;
Buchelt and Wagenfiihr 2012). However, using a consensus
of three statistical methods (i.e. correlation analysis, /CC, and
CCC), we demonstrated high reliability on L a"b” values both
within and between the two measuring methods. We therefore
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Fig. 2 Bland-Altman plot showing the difference between two trials for
photography and spectrometry mean values of L a"b" in the 24-colour
patches. Photography trial 1: L"), a,, b"| and photography trial 2: L,
a5 by Spectrometry trial 1: L, a5, b5 and spectrometry trial 2: L',
a4, b"4. Orange-dotted line represents the line of equality (difference =

Mean of a3 and a4

Mean of b3 and b4

0) for detecting a systematic difference. Blue solid line represents the
mean difference between two trials. Error bars for mean difference are
+ SE. Purple dotted line represents the limits of agreement (LoA: mean
difference + 1.96 SD)
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Fig. 3 Bland-Altman plot showing the difference between digital photography and spectrometry mean values of L a"b" in the 24-colour patches.
Method 1 (photography): L', a’s, b"s and method 2 (spectrometry): L', a6 b Orange-dotted line represents the line of equality (difference = 0) for
detecting a systematic difference. Blue solid line represents the mean difference between two methods. Green bar represents 95% CI of mean difference.
Purple-dotted lines represent the limits of agreement (LoA: mean difference + 1.96 SD)

highlight that photography can be used as a suitable alterna-
tive to spectrometry for quantifying colour measurements in
trichromatic species. Other authors have also concluded that
colour measurement data collected from digital photographs
correlates with results obtained from spectrometry through
correlation analysis (Simons et al. 2012; Fairhurst et al. 2014).
Generally, the mean L a"b" differences between spec-
trometer trials were lower than those from digital photog-
raphy (Fig. 2, Table 1), demonstrating smaller random
errors from the spectrometer trials than those from digital
photography trials. This may be related to the capacity to
create more stable experimental testing conditions for the
spectrometer (e.g. stable wavelength of light source, light
intensity, fixed angle and distance from the specimen, test
duration, background). Even though, our results show that
colour measurements from digital photography can also
be highly repetitive (Fig. 2, Table 1)—a key requirement
for any robust colour quantification method (Bergeron
and Fuller 2018). Furthermore, as digital images could
be divided into numerous independent pixels equally
(with the number of pixels based on the resolution of
the imaging device) and L a"h" values tested and evalu-
ated for each pixel, this would help resolve issues around
irregular spatial structures, surfaces, and colour heteroge-
neity. However, the results of colour measurement from
photography also strongly depend on the camera set up
and other interference light sources (Montgomerie 2006;
Eeva et al. 2008). Therefore, L"a"b” values obtained from
digital images may vary with experimental conditions,
and greater efforts to standardize parameters are necessary
to control for these factors (Giraudeau et al. 2015;
Troscianko and Stevens 2015; Peneaux et al. 2021).
Colourful visual displays of animals are ubiquitous and
remarkably diverse in nature, serving as vital communica-
tion signals (Osorio and Vorobyev 2008; Caro et al.
2017). Unsurprisingly, measuring colour perception has

therefore become a model system for understanding evo-
lutionary processes and testing predictions in behavioural
ecology studies (Endler and Mappes 2017). The ability to
obtain accurate and comparable colour measurements for
assessing the functions of different colours is therefore
critical, particularly in light of the rapid development of
new technologies now available for colour measurement.
Here, we have compared two commonly used but yet-to-
be-compared techniques and measure a wide range of col-
ours from a textile colour chart, since these are ideal for
calibration and for standardizing light conditions on vari-
able surfaces when comparing methods (e.g. Potash et al.
2020). We acknowledge that the actual textures and col-
ours of these charts are far more homogeneous than those
found in nature, and such natural variations could affect
differences in measurements using spectrometers and
cameras. Our study offers a logical and whole sequential
workflow to better inform such studies of trichromatic
vision, since dealing with the biological variation that
would otherwise affect how both devices would perform
(as well as controlling for ambient conditions) requires
that both methods be repeatable and interchangeable with-
in any given range of colours. Our workflow shows that
calibrating digital imagery is essential, since this has the
potential to provide thousands of colour measurements
and could capture the entire range of chromatic gradients
(van den Berg et al. 2020). Concurrently, our workflow
demonstrates the importance of conducting a series of
preliminary experiments under different conditions to es-
timate the corresponding differences with the relatively
stable spectrometry results. Quantifying the limits of
agreement between the two methods, e.g. using Bland-
Altman analysis, under standardized conditions, can be
used as a threshold for future trichromatic studies, such
that if the differences of L*a*b* values between the two
methods calculated in pre-experiments are located within



these limits, they can be considered in good agreement
and may be used interchangeably in subsequent experi-
ments under the same conditions prescribed in the prelim-
inary experiments.

Conclusions

Spectrometry and digital photography are both widely used
for colour measurement, but spectrometry is generally more
portable, precise, has less risk from disturbance, and has a
greater spectrum range than photography. Based on our reli-
ability analysis (correlate, /CC, and CCC), we confirm that
photography is also highly repetitive under the standardized
measurement and conversion procedure. We therefore suggest
that digital photography can be used as a suitable alternative
method for non-contact and continuous colour measurement
technique over a long-time scale, due to its simplicity, versa-
tility, and lower cost. In this study, we also provide a standard
procedure for comparing colours between different measuring
methods. We recommend researchers conduct pre-
experiments to find appropriate conditions that can ensure an
acceptable error range (e.g. using the Bland-Altman method)
in colour measuring before conducting their primary
experiments.
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