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Using spectra and visual modeling to study animal coloration
Can-Chao YANG, Wei LIANG

Ministry of Education Key Laboratory for Tropical Plant and Animal Ecology, College of Life Sciences, Hainan Normal University, Haikou 571158, China

Abstract: Animal coloration has many adaptive functions and plays an important role in signal communication both among intra-
and interspecies. For example, it has been widely used in mate choice, intrasexual competition, and as aposematic or cryptic coloration in
predator avoidance. Many colors and pigments also function in microbial resistance, structural support, photoprotection, and
thermoregulation. Differing from human vision, based on RGB system, many other animals have tetrachromatic vision system, which
includes the ultraviolet (UV) range that is undetectable by human eyes. Previous studies showed that ultraviolet is important in some
species’ social signaling and communication. Moreover, cone inner segments of most classes of vertebrate contain an oil droplet, which
acts as a cut-off filter absorbing wavelengths below a critical value, and transmitting longer wavelengths. Animal and human vision is
significantly different in that the classification of color by human standards may be a misleading for measuring animal coloration. Here,
we illuminate how to use fiber spectrophotometer to quantify animal coloration, and analyze it by spectra analysis and visual modeling.
As an example, we obtained plumage reflectance spectra from male and female scarlet minivets (Pericrocotus flammeus). This bird
species is sexually dimorphic that the males have plumage color in black and red, while the females have grey and yellow accordingly.
These plumage colors are typically generated from melanin and carotenoid pigments, which have an effect on antioxidant activity.
Analysis of spectra segments provides hue, chroma, brightness and relative brightness of each wave range. Visual modeling maps color
patches on tetrahedral color space and Robinson projection, meanwhile, calculates color span and color space volume which describe the
color contrast and color diversity, respectively. In visual modeling, ambient light irradiance and spectral sensitivity of animal retinas are
included, which provides an objective evaluation of coloration of animal vision.

Keywords: Fiber spectrophotometer; Pericrocotus flammeus; Tetrahedral color space; Robinson projection; Visual modeling;
Ultraviolet
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Bic, DAY 4 2 I XU (Linnen et al, 2009;
Nachman et al, 2003; Steiner et al, 2009). #i&E¢lH:R}
(Dendrobatidae) [ AP A A4 (8 S (1 15 A BRI
ST PRI E A, AR AT R S Bt A G
(Darst et al, 2006) . AATESK (Aves) HHAE
LGN, VP2 YREA W WM A8, i

B AHBAT R PP, A &R T,
DA & 7893 % (Hill & McGraw, 2006). HIA/R
SCIARLAK, S5 P 10, jli ok A 3 1 s 455 24 1 £ i 2
X% (Darwin, 1871; Andersson, 1994). 5254
PSR BESL N, AR Bk S A
WA VR I e FEE A Ty i B A Y i X (Kilner,
2006; Yang et al, 2010b), 1t (Insecta) tHHEA %
Figate, T BARAE B AE ST AE AL, DAk
WEE T, 2By EEA ARG
SUNHIRDE, AT Tk frh Rt e, M
FECH A % (Lyytinen et al, 2003). It4b, 2410
Wt E HAT Ry Ik (Hill & McGraw, 2006; Protas,
2008). HEsmLE P ) (Hill & McGraw, 2006) Hi%
PN A (Goldstein et al, 2004) LA v &
(Protas, 2008; Rosenblum et al, 2004)%5: 1)) §¢ .
W 5T B4 AR (52 B ) AR 28 2 v (1) — T i
W2 DMERFTER 2 WIS 0L A X Bl 4t
AT RN 732, IXHAE ] g2 T BU0F T 45 AL 1 i
7%, HEGHERISEE (Bennett et al, 1997). 1
56, FENEE bR, e B YAAR O BET M
ik Hk, P2 R a5 NSRRI E
Fto BOREZ HIBF TR WIVE 28 HESh P &R FoAT DY 1l
PRB A, AL HE N ER e VR R 1 5 AR
(Honkavaara et al, 2002, 2008; Ventura et al, 1999),
XAFEL IR 52 (Bennett & Cuthill, 1994).
VFZ 5[ 410 (Garassius auratus )~ fL7E
(Poecilia reticulate) F12 Fht i i £6.25] (Archer &
Lythgoe, 1990; Bowmaker et al, 1991; McFarland &
Loew, 1994 ) F1J€ 45 3 [ /b % wy W 50 ) 4t % it
( Ambystoma tigrinum ) F1 2 Fl i w5 F £ 28 ]
(Bowmaker, 1998; Fleishman et al, 1993; Perry &
McNaughton, 1991; Tovée, 1995). #7400 S50 %
(M54 25) (Jacobs, 1992; Jacobs & Deegan, 1994),
WAk 2 R B — LA HESh ) ()t H AT Y
THARE G M5 (Koshitaka et al, 2008). Ft LIAE AN2K
BRFIFERIEUS, fEHAMSIYIE AR LI, R
TRER o IIEIR ST TF 4, AATT— B S-SR A 2L

PR ST 38, B AT RO
BEATHEE, THEAUR AL AAT AT LU oy I8
AP AR AL B B B AT J AL (Villafuerte &
Negro, 1998). #RMX AL T AR A brE, b
LT 6 IR I S B 0S AN [ 98 B ) B D 1% kAT
Fan A, IR AN TCVEGN 4416 (Cuthill et al,
20000 T AN RIS A 7] 98 B 1R 06 1 R R
AN, AEEERIE TGS 7 B R R AL R AR A I 5e 4
N 1k g B 27 A2 O S 73 At U575 (Endler &
Mielke, 20050 H Hil G20 A AL BEAR A 3= 22w
THEMESY), Hp ) 207 ST . FENIRE K,
A7 1 WY Sl A W S AR, T A ) Dy A ] Y
SR, A D65 20 M 2 WA 22 76 N IR 2K Oy A [+)
BRI, HSMERERAY, i AR VF 2
Tl A8 FR) B 4 ) FH] 256 A0 D' s S 5 2 A D A A 1 ) i
## (Hunt et al, 1998; Mahler & Kempenaers, 2002;
Mays et al, 2004; Macias-Sanchez et al, 2013); Yang
etal (2013) FFOGHE >TSS SR G SR
R FNES S (Prinia flaviventris Rl P. inornata) ¥
A RGO A SR, SR MR (Xiph-
ophorus) [FAAZER I ERAME 5 BATACUHL, LLIEETT 4l
BERVGEFWAREE (Astyanax mexicanus), Jhid %}
LAME S AU, Spottiswoode & Stevens (2010)
A A e A B 45 o T A AR (Anomalospiza
imberbis) 115 F LS (P subflava) FIHZH
AT 5 TR 27 AR O
ARICLLARLMS, (Pericrocotus flammeus)
SEA], e SR AR AR DG ET DGR ASON S 0 4 33k AT
AT, DR A Ry it e A B e B s AL
B, SRR O EAT i BTG JRAL LS S
5 94 4 % H ( Passeriformes ) I #l & F}
( Campephagidae ), 4 M B PR — &4 5 2%
(MacKinnon & Phillipps, 1999). /i &3 E DL,
AL T, SN LKMo T (K 1D,
LRSS P 10 3% 2 AR R SR NS DR,
WRVFZ Y EIE N AR AHESIY) T
WL e kAT R A (Hill & McGraw,
2006), FIt LAZUES (U F5 2 REAR B Sh P i 4l € 6 s
MOREMENE PR IEEEWEDPENHA, 2
P s MR S B R S8 R K B g O K B R gy
(Alonso-Alvarez et al, 2004; Burton, 1989; Hoekstra,
20060, P A B DA A B4 R 7 5 1 A4 £ L5 41K
PUPIE A AT BT, PR R 2 i 0 38 14K
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PUBEN, BEH T R R () (O R D s A,
BNBZ R ZH TR ARG, W2 5 51 5
$£HEJ) (Jawor & Breitwisch, 2003; Peters, 2007 ).
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Figure 1 Plumage reflectance of male and female scarlet
minivets (Pericrocotus flammeus)

ARERIE SNl A AN ER I S CR R CR PN i Pl
W 5 GRG0 o % FIVE S 23531 el IR 2 R PR 3 i

Red and black curves refer to red and black plumages of males, respectively.
Yellow and grey curves refer to yellow and grey plumages of females,
respectively. Male and female photos were taken by Xiao-Dong LIAO and
Sui-Xing TIAN, respectively.

1 RENESHEEL

PLA % Avantes 2w 2E 77 [f] Avaspec-2048
USB2 AL BN, LA AT A i
T, BE— kTG (Avalight-Hal-S) Ff
3 (FCR-7UV200-2-ME), LLFR L[ 5 #% (RPH-1)
FFER S [ 7 DUAH I 5 26 17 45°8% 90° AT S I ik
HIMl & (Yang et al, 2010a). P9F[E & f B A ] X6}
BNYAR AT I, FHAH [R] A P AT 00 2 1 24 ]
AT HOI . RSk B 5047 1, AR R —BIF9T
G . ROREIER 5 mm, sLOGZ
PSR R T TR A 1 mm?® 2247 BT AR b e
I RGN TE] (integration time) 4 — 58, MR
IS TA] PR R R E AR SR IR 1 6, Il G,
NP/ S EZP

AW LLR LB 2P B AR T 45N 5 mm fi7

BT O OGTERIE, BOGITEY 100 ms. #43k
P U0 T8 ' 21 S 34 0t WA B WLAT G YR, MBI
R IR 6 B3 3 I AR T TR R SN, O IR
TR S5 e Ze b AT 4l IR A4 B, AR 5 A% a3
W T b BB A o DN I L AN 325 D 1 8 4 ) 2 5
S AR Sk, E R IR BTG (R RE R o A4 (T
FH 28 VU S 0 A4 OREI Rk 1) 1 €908 50 B (WS-1)
X SR 6 e R AT AR HEAL AR I, e BRSO T
AP AT 98% LA E 1164k (Yang et al, 2010a),
M Ava-Soft 7.0 A4l &8 H 45 2E AT $& BUR 4%
1, Frd B G G 2 300~700 nm, ALHE 5
Ah (300~400 nm). # A (400~475 nm).
gt (475~550nm). A% (550~625 nm)
L6 (625~700 nm) . ASHFSFTI & T i
ME SR S AR A 10 2, WA
PSS S TUERER « 50y 250 0 3 s Bk Bl () 2P 1 (]
1o BEASEBALBEHLICI 5 2 A7 a5, 2 B i R
AN A4 [R] — B R 0 e O A, R R
I 5 B AT BTNt P AL B, 5 UM S BT K
8 S €5 P A5

2 RIEHS RS

T SR AR RS EE 1. AREDI S
Tof 5 P 2P g M S A EA RIS R i AR ABL, B
PR, (HAR S (BRUEZS) 8K, ME SR (0P 2k
7E 500 nm LU i i T E S PR AAR] . B S AT (AR RI
ME % 3 (P 1) SO v R A T, HME S 4
S (R LD LU AT BERI I o Jiak, HE 55
10 PIAE SR AN AL BAG E I 1 20 €0 PV A5 v PR I U

X RO e, S RO AR SR R, AR
Endler (1990) nJ T 2G5

Ot=Y R(A) (1

Horp R WK 4 RS, O AR AT 27T
300~700 nm YL [ (1) 5 5 L2 Al
A BRI BEARN 72 82, nT AR A3 B
RAFEEER DL b, A
U=Quv/Qt
B=0b/ Ot
G=Qg/0t (2)
Y=0Qy/ 0Ot
R=0r/0t
Hp, U By G, Y. RAPHMIMREREIDE. #k.
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ZROOE DL, ORISR, Quvs Ob.
Qg+ Oy~ Or iREESDE. . sxtiot.
CREP AN ARGP A INE g

S R PR e v AR T %, B RIS AT
B, HAF A

C=\(R—G)* +(Y—B)* = LM*+MS” (3)

Horp LM AR M0 06 AR Bt L 22 57, MS
AR OOCR SR A AR R 2 5

R BRI IR E, ER it A
[F RIBIEACEA R i, Hat A8

H=arc Sin (MS / C)y=arc COS (LM / C) (4)
Forb H R, JEREIA 0~2r, WArfetl
HNFRE, B0 ~360° , ECIHI—=HE (RGB)

ARG, XMMEE O, s, Zxt B
RO Fr LB R A
BEAZLE (0° ) JTUnTede it .

Prit MBS B 1. M5 20000 L
S ORI ST ORI B AR AR G
St o Horh RS AN L S () i TR S AT
o, M B R A B b, i
(RIARGS S S CUAEME L ME IS 0] 0 2 3% 22 5%, A
SEPEME S TS, X0 d T SRR AN A AT
B (I 1D e 1S J 0 PLURTHE & K (5 P HE (1
JEM e e R FeE B RE E R, kSt
SHONAAAEN & 25 (R Do RIS
JERXPIA SR A M e 5 2 1) ) A A 3 22 S it ik
1 PR S S i 2 e v EOML TR

F1 FLALHEE. #5EPESBRER LR

Table 1 Color parameters of spectra segments between male and female scarlet minivets (Pericrocotus flammeus)
S Male  (n=10) MES Female (n=10) Statistics P
] vs. 38 F] Red vs. Yellow
R o 15557.71£1913.86 18933.33£1864.59 =3.00 0.001%*
iR H 27.18+1.96 52.31+1.39 =33.10 <0.001%*
g C 0.55+0.04 0.36+0.02 =-13.36 <0.001%*
BHMEE U 0.09+0.01 0.11£0.02 =2.39 0.03*
WS B 0.04+0.01 0.05+0.01 =1.22 0.24
SN G 0.05+0.01 0.15+0.01 =27.98 <0.001%*
WO Y 0.29+0.01 0.33+£0.01 =9.32 <0.001%*
ZI S E R 0.53+0.03 0.37+0.02 =—15.7 <0.001%*
P vs K BP] Black vs. Grey
RSEE Ot 5106.52+541.12 7494.63+932.34 =7.01 <0.001%*
10 H 304.37+8.18 48.86+6.73 Z=-3.78 <0.001%*
&N 0.06+0.01 0.06+0.03 =-0.50 0.63
BHMTRE U 0.26+0.01 0.19£0.02 =-10.27 <0.001%*
WL B 0.210.01 0.170.02 =—8.29 <0.001%*
SENEG 0.20£0.01 0.20£0.01 +=0.31 0.76
WY 0.16+0.01 0.21+0.01 =10.58 <0.001%*
LIS R 0.16+0.01 0.24+0.02 =11.57 <0.001%**

o ZERIE, T RN

*: Statistically significant; **: Statistically highly significant.

3 MRIREE

31 EES5ARK

NFEGE ST =8 (RGB) ] WG,
MVF2 S BA VU ABT e R 48, HHE NI JCiEeR
MgRsE (K 2> PP RS [, u,
s~ om Ao AR RHEA L ) 4 BB EaAs 5 1l iE

FHM BB RO AP AR TR 4 R
{5 T AR IR B0 I R L, Dk
s R A R — B o, LB E e — R
HERTEAAR (0, @, 1) KAREE, o F1 o 251
RFEGIRTT WG (VIS) FIEAME (UV) #4),
X BEFILE s T R s (RIER A
FEOr Azt mi BAER 5 i 2 (8] 5 2 ( Goldsmith,
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1990; Yang et al, 2011, 2012).

i,

Color patch

{ri
25 HE Hue

Iﬁ_ngi de
@S
achromatic origin

(il Hue
£51¥ latitude

AL 7S ]
Human color space

K2 B aloi il DY T A 22 )
% A Endler & Mielke (2005)
Figure 2 A tetrahedral color space of animal vision
(Modified from Endler & Mielke (2005))

TEMBEAE AL R, 5 R8BI B R 42 1 5
FUA [ S0 B RUAE 40 L 4 Fh g e A7 530 1 4
JE&FE 2 5 (Endler, 1990; Goldsmith, 1990), — /M
O BEPIT A R Bt e 4 BIA BRI 1061
LR AR

O, X)=I(DHRLVT (A, X)+V (L) (5)
b, X B PR PEIRIS PR &, 1 (D AT
EREEBEH A B B ARAE, R (D) AL
FEBUE RIS EI R 2, T (4, X) it Bgei it
X R AL SR BRI A DR, V(D /7S
Hh G5 R 2 JRURE S 38t 31 Zh RIS 1R D6 42

TSR AEAF T 52 I IR B A
TN, hIIABTRILAE T BUR R S et 2
PIIRBPIIREG , FEm S B AR o IX AR
HBE AT LA R A 25
E(A) =Y I(MR,(DT(A,X,)+V(A) (&)

P

Horp, PACGRERIEMPI, Ry (D BRI
IS, T (4, Xp) SRESFICEEEE X LT
IR PINRIE K 6 &

P T 2 B R B IR KOGz 28, i

Autrum (1981), —MGIEKSZ 28 pr A E BB
(AR BE L I BAR A sC AT o5

ApT, (T, (A)A,, 1-10 0

dz

b, Ap FRAWIREE LI, T, (1) 2fL'T
PRI B CE, T, (W) RS EDLEZE pr
W HNER G, A, 2R A 1 B AR,
o A2 GBS AR AN BON R E GG RN RE T, d, 20
RZIIMNEIK L, G, (1) JEICIKSZER pr AL
BRI, LA H1E L Govardovskii et al
(20000, T d, ARG PG i ey, BPHRAE 5 A
FPCRZ A AR . X TV 2 S WIS 16 2R
PE, R e BT s A O 3 n Re s, H
ARG . A2l 7 22X sz d i st
LB, V2 28BS 1 B R R
(Goldsmith, 1990).
M4 A5 A7, — BB SR S Rk
MR A pr R BT RN
700
0,.(X)= [0, X)C,.(A)dA (8)
300
AN, HREAR 6 F1 7, FREIoTS B
RSOGO A8 pr IR RO TN
700
0y = [ E(A)C,(A)dA (9
300
GR BT, R pr o I I R
(stimulation output) ] LAIE i BL R A X35

Spr:cpr ln(Qpr(X)/QEr) (1O>
Horb, e 2 AL S IO BLRAE, LR 28
MBS AT Y H R AERE S P R i S R
AT -
AP BEBAE DY A ¢ 2 ) L 1R 3 AT,
T s 5o m AT YRR CIE TE X8 I PR G JR 52 45 R
Bt PuE Ry, HA AN .
u=.=5, /ZSpr
s=8,/>8,
m=S;/)8,
1=8,/>'S,

)

C, (A)= 7

(1D
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Her, pr=1,2,3,4, 530K us s« m FL 1 DU
(ERUIBEROINAID e

FRAEX 4 P (R e, AT DOE R PR 2
A S B Y TR A B € 2 [ (1) — 2 A A«

1-2s—m—u |3
x=—— =
2 2
—14+3m+u
TN
1
Z=u——

o, xo y fl oz o = 4E=S 8] ) A AL FR .

R BT T IR R, ARZRANAESH i ] )
TR 225, Bt DR th SR HER 0 5 R BR
JUHEAHE R (euclidean distance):

r=D;=~x*+y*+z’ (13)

N SR/ W L &S 0) 2 N v DL O 7 2 D YL
5 A I A AN [ A AT A . AT
WEANXNSHT LX) =1, V() =0, RIfERE
REZWHREE T, BB O L AR 218 5)
YIRS o FH UVS JSRU 1 S W JIEF- 1) 5 ek
JE AR ARE LIRS, IR 2 20T 4 Rt = a1
MUK (Yang et al, 2012).

32 MEAHEZESET R

AR DA b 20 U5 R 11 4 Tl R 4 6 A XS o)
Wtk 2, Mg AR E 4 Matlab 4 7 46y
BEAAKR, FERR B DY AR ) (B 3D, K
IRECIARCS L HE 5 2 )RR (B o A e A o B o
15 RSP IME 5 A 60 2P S 30 DY T (1 R R A J5U
YL FERAIG, 43024 0.051 + 0.011 F1 0.065 +
0.022, Bi# 2= AN (1 =-1.75, df = 18, P = 0.097,
independent samples - Test) o Bt 55 Z1 (7122 [ €6 5 D
BE T MO (0423 £ 0.033 vs. 0291 =
0.020, t = 10.94, df =18, P < 0.001). REJ &, ML
218, ) 1T E I A £ 1) 7 DY T A4 6 2 ) v 4 Sl A
TR B A6 S (8] 3).

A ER Y [ A 0 €, 2 i) o ) 28 B RN 443 B e
AR R 2 B BRI AR (P =B EGE) Kk
WO IR i, LA AU BB T (A 2 A A
ik (Yang et al, 2010b, 2012) . FRZE LTS P
S I Y L g 4, ARTE 0
Fl g 43 ) A €8 55055 =2 1 AR AR 2R x Rz BRI A
T B 27 €6 2P S5 1 3 (0PI 1) (R AR S N e, HL

PR SE A By HE L TR TR B M 5 (0 P I (5 AR
FENIMITEGL PIE TR 7 B AR K w7
ATALTACEER, MG H AL TR ER, RIS R
PR A LR s TS K0P, XL
O 22 e RS RE A I 3 7R D T A4 €6 22 ) o O I v
T

U ELE s B AR

0.6 ‘red plumage vs.
cyellow plumage

0.5 0 -0.5
U R vs o KA

“black plumage vs.

cgrey plumage

205
0.5 0

B3 JRELL e, S ) 0 DY T A S 2 ) P 23 A1
Figure 3 Distributions of the plumage colors of male and

female scarlet minivets ( Pericrocotus flammeus )  in

tetrahedral color spaces
PRACTFIA O 5353 AR ME & FIE

Black and grey circles refer to male and female, respectively.

3.3 HeEEMTEARE

A AR Y, 3k W] BLH S S ) 1 1
(color span) ¥ 7% (color space volume). Hil
005 BEAR I B TS 18] (R0 O E - DA 25 (] BK
JUBRARE R 2 e o, B

Ar =5 =5 )+ (g =1, +(za—2,) (14)

Hr, a f b ARFIAT LR AL B .

XA — SR P, RS A AN B
Z B R, 45 SR 0 B RS B i A
o WS H R P A e b R R AR
A 2.63x1070 F4.66x107, M 5 U 43 B K
1.43x107" F1 1.07x107%,



570 z)) ¥ 5 34 %
F2 ETURENFRILNSHESEH
Table 2 Color parameters of scarlet minivets (Pericrocotus flammeus) based on visual modeling
fﬂ’f’ﬁ;ﬁ’ﬁiﬂ@ﬂ.—l%fﬁlﬁ%(th (%) i (?I[FE) 8 Chroma ()
Relative stimulation of color cones (%) Hue (radians)
u K m ! 0 o
bt Male  (n=10)
24P Black plumage 0.26 0.28 0.25 0.21 3.08 0.15 0.05
0.28 0.28 0.23 0.21 -3.01 0.55 0.05
0.25 0.27 0.25 0.22 2.99 —-0.02 0.03
0.26 0.28 0.25 0.21 3.04 0.27 0.04
0.27 0.28 0.24 0.21 -3.03 0.51 0.05
0.28 0.29 0.23 0.20 -2.98 0.45 0.07
0.27 0.29 0.24 0.20 -3.10 0.30 0.06
0.25 0.29 0.24 0.21 -2.99 0.05 0.05
0.28 0.28 0.23 0.21 -3.01 0.66 0.05
0.29 0.28 0.23 0.20 -3.00 0.62 0.06
214 Red plumage 0.09 0.06 0.37 0.48 -0.36 -0.34 0.44
0.10 0.06 0.37 0.46 -0.39 -0.37 0.45
0.10 0.07 0.37 0.46 -0.39 —-0.34 0.46
0.12 0.07 0.36 0.45 —-0.39 -0.34 0.40
0.11 0.06 0.38 0.46 —-0.38 —-0.34 0.40
0.12 0.07 0.36 0.44 -0.37 -0.33 0.40
0.10 0.06 0.36 0.47 —-0.36 —-0.36 0.44
0.13 0.08 0.36 0.43 -0.28 —-0.35 0.36
0.08 0.06 0.38 0.48 -0.35 -0.36 0.46
0.08 0.06 0.38 0.48 -0.39 —-0.34 0.42
HEPE Female  (n=10)
JK 53] Grey plumage 0.17 0.22 0.29 031 030 -0.92 0.10
0.21 0.20 0.29 0.30 0.42 -0.47 0.08
0.20 0.23 0.28 0.29 0.32 —-0.88 0.07
0.22 0.25 0.26 0.27 0.25 -1.19 0.04
0.21 0.23 0.28 0.28 0.57 —-0.83 0.05
0.22 0.25 0.27 0.26 1.08 -1.17 0.04
0.19 0.23 0.28 0.29 0.38 -0.98 0.07
0.21 0.26 0.27 0.27 0.99 -1.47 0.05
0.20 0.25 0.27 0.27 0.80 -1.31 0.05
0.17 0.22 0.29 0.31 0.30 -0.92 0.10
(2P Yellow plumage 0.11 0.05 0.16 0.68 0.32 —-0.52 0.28
0.09 0.06 0.15 0.70 0.27 -0.54 0.32
0.09 0.05 0.14 0.71 0.31 -0.52 0.29
0.12 0.08 0.16 0.64 0.30 —-0.54 0.29
0.12 0.07 0.16 0.65 0.30 -0.47 0.28
0.12 0.07 0.17 0.65 0.33 —-0.50 0.30
0.10 0.05 0.17 0.68 0.32 —-0.49 0.27
0.13 0.07 0.20 0.60 0.26 -0.52 0.30
0.09 0.04 0.17 0.71 0.34 —-0.48 0.26
0.11 0.07 0.16 0.67 0.28 -0.57 0.32
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Figure 4 Distributions of plumage color hues of male and
female (Pericrocotus flammeus) in Robinson projections
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Triangles indicate the u, s, m and / vertices of the tetrahedron. A refers to the
comparison of red and yellow plumages between male and female. B refers
to the comparison of black and grey plumages between male and female.

Black and grey circles refer to male and female, respectively.
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