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Abbreviations

BrPi brightness pattern

BrP-13chari brightnesgattern with 13 characters
BrP-3char.i brightness pattern with 3 characters
c/ci cathemeral or crepuscular

Geckosi means all Gekkota (including Pygopodidae)
GLM 1 Generalized Linear Model

| j7 $nteractive Individual Identification System
PhyloGLM1 Phylogenetic Generalized Linear Model
PLRT pupillary light refle

VIF 1 Variation inflation factor

VPIT Venation pattern of iris
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Summary

Iris is an anatomical structure thagrforms the function of a diaphragm in the visual system of

the eye. It usually occupies most of the visible part of the eye. In addition to the main fiinction
not to let light pass by the pupil, iris can play many different roles due to the greatliyaiedb

its coloration. Iris can be part of a camouflage or aposematic color, play a different role-in intra
or interspecific communication. In some species, its color changes depending on age, season,
biological gscles, or even quickly become markedrasponse to stimuli. Geckos (Gekkota) are
distinguished by a particularly large variety of iris color. And in many of them, the iris pattern
resembles branching veins. What significance and evolution history this pattern has is of interest.
| used variousnodels of evolutionary reconstruction in the R program to study the evolution of
veined pattern of coloration of the iris, as well as phylogenetic comparative methods and binary
character evolution model to identify its connections with the fusion o&lifethe contrast in
brightness between the eye and the eye lingas revealed that the veined pattern is an ancestral
condition for geckos and is present in most modern species. Most precisely, the evolution of the
vein pattern is described &l ratesdifferent (ARD) model. veined pattern is associated with a
nocturnal lifestyle, and presumably appeared after the transition of the ancestors of geckos to a
nocturnal lifestyle in the Cretaceous period. The veined pattern tends to disappear in groups with
a diurnal lifestyle. In total, the ARD model indicates 33 independent cases of disappearance and 2
secondanappearancesf a veined pattern, one of which is probably false and caused by an error

in the source data. It has been shown that the loss w&thed pattern causes a huge increase in

the rate of acquisition and loss of the cathemeral and crepuscular lifestyles. At the same time, the
positive relationship between the lost veined pattern and the number of diurnal species is rather
weak.Based onHis, the assumption is made that the loss of the veined pattern has a destabilizing
effect on the lifestyle in evolutionary terms, thus contributing to its rapid change in all directions.

It has also been shown that the brighter the iris is in relatithreteye ring, the more likely it is to

match the appearance with the veined pattern. It has been suggested that a dim iris surrounded by
a bright eye ring plays both a signaling role for relatives and a cryptic for predators. Bright iris
takes over, presoably, takes over the function of the eye ring as a simple bright signaling device
and loses a complex veined pattern. It is also assumed that the veined pattern can develop on the
basis of the iris venous network. Further histological studies are reduoireerify this. The
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revealed patterns confirm the great importance and diversity of the roles of iris coloration in geckos
and also suggest its significant role in evolution. Further studies of the role of the iris pattern in
geckos may be promising, d&y can complement our understanding of the significance of this
important and littlestudied structure.
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Introduction
Colorationhasamajorrole in animal survival ad playsvarious functions. Some of tifienctions,

such as thermoregulatioprotectionagainst ultraviolet light (UV)and mechanical protection
(Cuthill et al., 2017Kritsky & Telegina, 2004, McNamara et al., 202dre probably ancierand
emerged already during early stages of life on E@{titsky et al., 2010, Kritsky & Telegina,
2004D6 Al ba & Shawk-8gl v g0 1 9)eThidiallecansthefth@ions are

not dependent on visual abilities of organisms. Advanced visual apparatus evolved during Cambric
explosion which gavehe coloration new palette of functioRdrker, 1998 After that, novel
functions related tintra- and interspecificommunicationgcrypsisor mimicry emergedQuthill

et al., 201Y. It was thanks tohe emergence of vision that the coloration shtivesrichness we

see today.

Since the first forms of visiocouldhad beemprobably monochroatic (Pichaud et al., 1999), the
first forms of cryptic and signaling colationwere also probably much simplét least by means
of relative importance of achromatic and chromatic contragtsordingto the monochromatic
first hypothesisthemainbenefitof coloration liedn distinguishingJV radiationcomingthe sun
and the optical spectrupnf light subsequentlyeflected fromenvironmenipotentially containing
food (Pichaud et al., 1999Even today UV coloration play important role in animal biology, but
thecontrary the monochromatfast hypothesis most of the examples studied focus on thefrole
UV coloration in animal communication rather than crypbiaysmann et al., 2003, Badiane &
Font 2021de Lanuza & Font, 201&tella & Kleisner, 202R

However,the most prominent examples of coloration suchaasow light of rowing platesof
ctenoghores vibrant colors of exoskeletons adral polypsthe variegatedmphibian skin, reptile
scales, bird plumagely on chromatic contrasts for the observers to be conspictibasistory

of the origin of color visioms not known One reason may be because most of the color producing
mechanisms are ancient and date back to the origin of life same as their functions. This is fact
collides with the monochromatiast hypothesis as colors have been produced before the
emergence ofamplex vision and there is no reason vewgn simple optical apparatus should not
distinguish between different coloifsit had at least two photoreceptor proteins available with
overlapping absorbancedill & McGraw, 2006. Indeed, there exist even ueiltilar organisms

that are able taistinguishbetween various wavelengths of ligf@olley & Nilsson, 20186.



Moreover,even plants do not needmplicatedoptical cameras to semsarious wavelengths of
light and react to it a | u&yMaracuso, 201%

Regardless on their ancient origindopalensky & Kozmik, 200P animal eyesstandout in

importance as their optical complexity reached the top in the organic world. Moreovenlyhot
thateyesfunction asvisual organsbut actuallyeyes themselves are often colorfikpecially in
vertebrates, the coloration of eyes is diverse both in colors and patterns. In fish, the eyiemolor

is usually a continuation of the body colpattern,so the eyes do not stand out against its
backgroundof surrounding tissue even if the overall coloration is conspicuéosever,many

fishes also have conspicuous eyHsrésher, 197)7 It is worth to notethat fish camapidly change

their eye color as part of intraspeciiemmunicatior(Freitas et aJ.2014 Heathcote et al., 2020
Amphibiansare also charactatic by coloration of the eyd$at isoften contination ofa pattern

of the body In someinstancesgyesof frogsbear pattern that resemblpgesence of veins, but

blackin color. Amphibinas are also capable of rapide€ye | or change amphi bi an:
et al., 2013)Even thougltolor patterningof the eyes of birds and mammals is not very diverse,
almost always being a monotonous caleth somesimple concentrigradent, the intraspecific

and interspecific variation in these groups is very interesting. First birds contain in their eyes color
producing mechanisms that are otherwise miss
(Oliphant et al., 1992 Given that birds and mammals are both only fully endothermic lineages of
vertebrates, the bird eye has been caked ir ef ugi um of col or pr od:i
e n d ot hRanthemwmaveit looks that variation in color of eyes of birds is gre&itdt &., 2021).

However, we still lack functional explanations of this variatiGnafg & Hulley, 2004. In birds

the eye can also change its color rapidly (Carlson et al. 20B8)variation and color producing
mechanisms in mammals are basically unknown exémption of humamyes Eiberget al.,

2008. One special characteristic for human eyes is that they are polymorphic in color which is
characteristic that surprisingly is not found anywhere in the nature with exeption of domesticated

animals Negroet al 2017).



Fig. 0.1. The diversity of eye color in vertebraiggperon the lefti fish, upper on the riglit

Reptiles middleon the left- Birds, middleon therighti Frogs middle on thdover- Mammals
Photographsupper on the left science.org.au, upper on the righ¥latthieu Berroneau, middle
on the left- dailykos.com middle on the right Jodi Rowley middle on the loveir

howanimalswork.blogspot.com



Usually,the most noticeable parts of the coloration of the eyes in vertebrates areapdpik.

The pupil is transparent throughout its entire depth (cotaers,and vitreous body) and acts as a
pinhole cameraso thatthe light that passed through itabnost not reflecte@Zhu et al., 2012
Therefore, the pupil usually looks completely black. In nocturnal species, the pupil can be colored
due to the reflection of light from the tapetuutidum - a speciaked reflective layer located

behind the retingOllivier et al., 2004 The reflected light crosses the retina once more,
reactivating the photoreceptors, and then exits through the pupil, coloring and illuminating it.
Tapetumlucidum presumably originally appeared independently in three orders ofrfigie
Devonian period (Schwab et al., 2002). It has repeatedly disappeared and appeared in various
evolutionary branches of vertebrates, and is present today in some fish and mammals, as well as

in crocodiles (Vee et al., 2022).

If the pupil is colored only under specifaonditions thesituation with the iris is completely
different. Iris is an anatomical structure that surrounds the pupil opening, preventing light from
entering the eye outside of it, thus acting as the diaphi@gthe optical system of the eye
(Neuhuber & PTheref6rd it is satrltdd with pigments tabsorb or reflect the

light (Thumann, 2001)Jsually, iris occupies most of the surface of the visible part of the eye. It
can be pigmented in vare ways, and if the eye has some complex color pattern, then it is usually
placed on the iris. Moreover, there is a version that in iris various pigment cells had a selective
advantage, and evolved independently of the skin, which lost these cells nigrd basarea has

not yet been sufficiently studied, for example, in mammalians, the chromatophore composition of
iris is known among only a few species (Oliphant et al., 1992). The frequent important role of iris
coloration ascribedby the confluence afwo factors. First, it plackon a very important organ,
which, moreover, for the effectiveness of its work should be in a most visible place. And secondly,
the evolutionary potentiatis color. For example, passerine birds nesting in cavities had aystron
selection towards the coloration of the iris in dark inconspicuous colors (Davidson et al., 2017).
Jackdaws nesting in cavities, on the contrary, have very light irises, strongly contrasting with black
plumage. They contribute to the good visibility @iiraals in their refuge and, thus, effectively

drive away competing members of the population from the nests (Davidson et. al., 2014).

Other structural parts of vertebrates may also be responsible for the coloration of the eyes. For
example, the sclera, cqietely hidden behind the iris in most animals, is located arousuabit



visible in primates, being an important part of the coloration of the eyedighter scleramakes

the direction of view clearly visible, which gives an advantage to species more prone to cooperative
behavior(Danelet al., 2018 Dark sclerdas characteristic ospecies with a high level of lethal
intraspecific violence and a reduced tendency to cabpe(Mearing et al., 2022).

Iris is equipped with muscles capable of changing the pupil area, thus regulating the amount of
light it transmits. This is usually an unvoluntary and uncontrolled phenomenon called pupillary
light reflex (PLR), which is necsary for the retina to quickly adapt to changes in light levels.
PLR is not relatd toimage formation (Chambers et al., 2022). Its mechanism has been studied
only in few species, swe are not in the position eneralize for whole families for the time
being. It is known, for example, that in humans, the regulation of pupil width through contraction
of muscles of iris is carried out by means of nerve pathways emanating from the retina, since
stimulation of the retina of one eye causes narrowing of bopilsp But at least in some
amphibians, reptiles and mammals, iris can adapt to the level of illumination autonomously thanks
to its own internal light sensitivity. Thus, the size of the pupil may differ in different eyes,
depending on the illumination @ach of them. This photosensitivity in different species can be
provided by pigmenmelanopsin rhodopsin (Douglas, 2018) or some cryptochrome (Tu et al.,
2004). Presumably, the own photosensitivity of the iris can also be provided together by several
different pigmets (Sipe et al., 2011). The regulation of pupil size by iris contraction is not always
limited to PLR. For example, there is data on voluntary control of pupil wid@ekko gekko
(Gekkota, Gekkonidae) (Denton, 1956). The possibilityafintary control of pupil width is also
known in humans, however, the mechanism of this phenomenon is still unclear (Balcazar, & Orr
2023; Ekman et al., 2008, Marclt)can be assumed that the iris muscles are provided with energy
not only bylocal glycdysis butrequire oxygen to be obtained through netwafrkapillaries Iris

has a blood supply through its own capillary
1999). This is because the muscles nedd tte constantly ready to react repdteand quickly

to changes in lightingondition The capilarries do not necessarily néedbe present in the iris,

but for examplesomereptiles have capillariessoin the spectacle covering the eyes (Bellhorn et

al., 2018) Also the already mentiongafimate sclera is alsarotruded by abundawapillaries.

In any casesurprisinglyiris is a rather poorly studied anatomical structure. The evolutionary role
of its coloration is important and possibly unique, but the available histologichlrasitbnal data
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about it are rather fragmentafyevertheless, the eyes of reptiles asovery diverse, which we

will focus on further. In some reptiles and birds (Carlson et al., 2020), eye color is able of rapid
changeMalesof Terrapene carolinaarolina (Emydidae)can change the color of the iris from
pale yellow to a bright red in less than 5 secq@slson et al., 2020The appearance of the iris

can completely change due to the ptpil So,Gekko geck¢Gekkonidae) can change the area of

its pupil more than 300 times (Go et al.,, 2020). Many species of another genus of igeckos
Strophurus(Diplodactylidae) have bright and/or contrasting patterns of theNisldenet al.,
2016).Nevertheless, with all the variety of irises among reptitesr,e are very few publications

about them.

| suppose that, perhaps, the evolutionary and ethological role of iris is underestimated and therefore
further research in this area may be promidispecially eptile irishas almost never bestudied.

Almost nothing is known about its significandéot more than thegeneral role as the diaphragm

of the eygreference) Except the more or less obvious assumptions that occur (for example, that
one or another iris is cryptic, there is almost esearch on this topi@gainst this background,

the recent series of attempts to use iris for biomonitoping stands out (Rocha et al., unknawn year)

In addition, unfortunately, there are no big fundamental comparativenaicatstudies of irises
of various reptiles, but it is quite possible gain an overview using verbal description from

particular taxonomic studies afrdm photographs.

Some ofthe reptileshave irises partially covered with skin, as in chameleons (A), and possibly
some pygopodids (Band other groups of geckos (eld. Carphodactylidae have eyelids,
sometimes patrtially hiding the iris, as iB)( But most of them are rounded, clearly visible and
variative. They may be cryptic colored D) as a continuation of the complex body pattern, may
be a bright or slightly able to reflecte the lightdr a conspicuous complex pattef) G), or be

rather darkly pigmented (E), which may also make it difficult to see the direction of their sight
(Ireland, & Gans, 1977). A great variety and complexity of iris color patterns is observed in geckos
with vertical pupils (EF, G). The groups of geckos that have developed a rounded pupil have a

relatively simple color patterrH( I).



Fig. 02. A - Chamaelea@hamaeleonChamaeleonidad - PygopudepidopodusPygopodidag
C - Crocodylusacutus CrocodylidaeD -Sphenodopunctatus Sphenodontidgéde -
Carphodactyludaevis Carphodactylidag- - Ptyodactylugyuttatus PhyllodactylidaeG 1
Strophurus strophury®iplodactylidageH 7 Gonatodewittatus Sphaerodactylidae
Cnemaspipulchra GekkonidageJ- Pseudemys concinnBeirochelyinae

Photograps: A-Cl var o Al emany, 11520 Rota, CS&Nki z, Spas
Gambold, Subtropical rainforest, upper Tweed River, NE NSW, Australia, November 2, 2017; C
- James F. Parham, Northwestern Mexico (Parham et al., 201%; Blillichamp (Rainvater et
al., 2011); & Andrew Blayney, Auckland, New Zeland, December 2016.Ji#Hes Farquhar,
Wet Tropics near Cairns, Queensland, Australia, July 18, ZB14vi ben zaken, March 22,
2009;H T Wes Read, October 24, 2022, Cape Range, WAaul, Féruary 15, 201831
Fernando Iglesias, Sri Lankégbruary 14, 2019.

Gekkota is an infraorder of lizardssterto the rest of Squamata with the exception of blindkskin

with whichthe phylogenetic relationship is still unclearf¢rmation fromtimetree.org). Gekkota

are the fairly diverse clade of predominantly noctumnegtile species and include some of the
small est amniotes. Their skeleton is often in
can have various spatizations, forexample to climbingr, on the contraryjmb reductionto

dwell under earth surfaa® in the gras§Daza et al., 2014). Unlike most other reptiles, geckos are

ableof real vocalizatioironsand have a ears specialized for distinguishimgsitbunds they make
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themselves (Russell & Bauer, 2021). According to the dpeonomic Reptile- database
(reptarium.c} there are already 2,265 known species, and new species are constantly being
actively described (notefurther in the whole work, allata on the number of taxa are taken from

this databage Sometimes the term "geckos" is used as a designation for all Gekkota except
Pygopodidae a family of geckos witlihe reduced limbs, more similar to snakes than to typical
lizards. In this case, thequivalent of Gekkota is the expression "geckos and pygopodids" (e.g.
Stark et al. 2020; Shine, 1986). In order not to caosdéusion, in this work, "geckos" will mean

all the species from the infraorder Gekkota. Geckos have different types of sex mkgiermi

which have changed many times throughout their evolution.

Geckos have both temperatitependent and genetic sex determination, and heterogametic sex
can be both male and female. Hex determination modesestill studiedonly in a small part of

the species, but it is already clear thi& modes vary dramatically even in the closely related
speciesFor example, in the gen@ekko(family Gekkonidae)G. hokouensifias a genetic sex
determination with a female heterogametic, &xgekkd also genetic, with a male heterogametic
sex, andG. japonicusi can have a sex determination both genetic with a female heterogametic

sex and temperatwgependent (Gamble, 2010).

Gekkota contains seven families. The largest of theBelkonidae contains 57 genus and 1553
species. It igistributiedin all biogeographic regions, but apparently the center of their diversity
is at low and moderate latitudes of Eurasia Afriita (Rodda, 2020)it is characterized by loss of
temporal arches and parietal foramen (Hutchins, et al., 2003). They feed mainly on insects and
plants (Rodda, 2020). Species with large individuals often eat smaller geckos (Vitt & Caldwell,
2013). They are usually sedentary and at®stly diurnal (73% vs. 25% nocturnal) (Rodda, 2020).
Phyllodactylidae is another family composedf 10 gerraand 163 species of vedifferent
geckos, (Gamble et al., 2008). Invertebrates predominateiirdtbreference)Phyllodactylids

are nostly nocturnalbut some species hawathemeral lifestyldreference) They inhabit all
biogeographic realms except Australasian and Oriental (Rodda, Z)#tgerodactylidaeis a
family of geckos with a predominadturnallifestyle. It contains 12 gemaand 230 species. They

are very widely distributed, mostly in the Neotralibiogeographic realm, arare absent only

from the Australasian and Orientedalms They are very diverse in their madef ecological
behavior. They feed mainly on invertebratesarniyl species have skin, thateasily torn This
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servesto escape from predators (Rodda, 202@jnilyEublepharidae containsé gereraand 47
species of fairly largaocturnal animals, on average more than twice the weight of typical lizards
(13.2 g vs 5.3 g). They all feed on invertebrates, but are quite heterogeneous feethiaq
strategies. They are found in North America, Asia and Africa (Rodda, 2020). TWeeg haovable

eyelid, which is considered a primitive trait, since it is reduced in other geckos (Jonniaux &
Kumazawa, 2008)Carphodactylidae is a family endemic to Australia. It contains 7 geand

34 species, mainly with a nocturnal lifestyle. All haveryptic appearance, often complemented

by a characteristjoften rather smalleaf-shaped tail. They are diverse in diet, but they more often
feed on invertebrates. Two thirds of thgpecies are endangered (Rodda, 2@iplodactylidae

is a familyfrom Australia, New Zealand and nearby islands. It contains 2&rg@md 191 species

These geckos amso mostly nocturnal. They are characterized by a wide variety ofsabde
ecological behavior comparable neembers of family\Sphaerodactylidae. Thdged most often

on invertebratedyut there are also omnivierandevenherbivoic speciesin all known cases of
hunting, they just sit and wait for prey to approach (Rodda, 2P%@ppodidaeis a family from
Australia and Papua New Guinea. Contains neggeand 4 species. Have predominant diurnal
lifestyle. Pygopodids outwardly resemble snakes, because their limbs are reduced and the body is
elongated. In some species, the rudiments of the limbs have been transformed into copulatory
organgreference)Unlike the usual lengthening due to the body and shortening of the tatihéor
lizardsthan geckosvho have lost limbs and live underground, pygopodids, on the contrary, have
an elongated tail that helps to move in the grass. The average shapeamtlex lowest value of

any above ground family. They feed mainly on inselotd,also there are several omnivorous
species. In several insectivorous species, nutrition occurs not by swallowing, but by crushing the
insect and licking the liquid (Rodda, 2020

In general, geckos are a large and diverse group of lizards, which also has a wide variety of iris
color patterns. Gecko irises have attracted the attention of researchers more than once. For example,
the PS program was developed, capable of detecliagentola boettgeri bischoffi with 95%
accuracy from photographsioes (Rocha et al., 2013). This species has a commamet/eris

pattern among geckdsa pattern similar to branchirngoodveins. The presence of such a method

raises the question wihether the geckos themselves can use irises for some intraspecific (or even
interspecific) signaling. Another interesting observation of the same subspecies allowed to prove

the longterm stability of the individual characteristics of the iris patterwc{a & Rebelo, 2014).
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If this property is common to geckos, then this hypothetically may contribute to a greater role of
the iris in identifying specific individuals than age or other timlated groups (for sonregular

or irregular cycles) within the palation (if, of course, the iris has such roles).

In this work, | describe thphylogenetiadistribution of iris color patterns among geckos &yd
to rel ate t hléestyletaod sevéra maogpbatogicalsparameters. With the help of
various anlyses, Ishow that there exist some shaesdlutionary trendamong iris color pattern

and the lifestyle and morphological variables

This makes sense primarily in the context of the possible role of iris in andhinterspecific
signaling, as well as the diaphragm of the eye, tightly pigmented to delay light. But also this can
be given another meaning. According to the cooperatieehgypothesis, the human sclera has
become so light because it better showing the direction of the gaze (Tomasello et al., 2007). Eyes
are very important to humans, and it can be assumed that at least to some extent this significance
is reflected in the atude of a person to the eyes of other animals.an example of such
interspecific visual interaction, we can cite a positive feedback loop of an increase in the
concentration of oxytocin in the blood of a domestic dog and its owner when they look at each
other for a long time. Wolves do not exhibit such behavior under any conditions (Vitt & Caldwell,
2013). So, probably, in the past, something prompted a person to look a dog in the eye when the
dog itself did not do it. Maybe this is something that atsoldates to some extent and study the
irises of geckos. In the end, we study not only what is expedient in some vulgar sense, as if
civilization in development is the same as some eternallyimphoving factory. Decorating
household items and being séid with their appearance is no less valuable for us than increasing
labor productivity. This work is technically appropriate in the sense that it can show new
evolutionary patterns and events, improve the understanding of an important anatomicaé structu

in an ecologically influential infraorder. But it is also interesting simply because it is about cool
multicolored patterned eyes, which are pleasant and interesting to look at, especially all together
in such a variety. And in this aspect, it's jugt study of what we want to study.
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Objectives
1. To compile a database of photographs of iris coloration of geckos (Gekkota).

2. To study evolution of iris coloration by phylogenatamparativenethods to answer following

guestions

a. How commowneiisedmei rAi s pattern among gecko

b.ls the Aveinedfi pattern ancestral to all/l

c. How the complexity of iris patterning in geckos evolved over the course of evolution.

d What is the relationship between the pres
and their lifestyle, dorsal pigmentation pattern, brightness pattern, and
conspicuousnes8s

e. Whatare the relationshipgmong iris patterrijfestyle, and brightness patteduring

theevolutionof gecko®
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Materials and Methods

Phylogeneticampling
For the purposes of the study, it was necessary to obtain information about the phylogeny of geckos.

Initially, it was planned to use data fratatabaséimetree.org (hereinaftertimetree), containing

a constantly updated phyloges of all the organismglowever, &a late stage of this workhave

noticed a discrepancy between the phylogeny presented at timetree and the taxonomic system
available at reptilelatabase.org. The most obvious error was lacknohophyly of family
GekkonidaeAlso, even thogh still not resolvedposition ofDiplodactylidaeon timetreedid not
correspondo relatively recent phylogenetic hypothegemghal et al., 2021Hence phylogenetic
relationships for this studyavebeen adopted frordheng & Wiens, 2015. It also coiria many
otherreptiles ands the most complete modern phylogeny of gegkdsicly availablehat | have

found. The differences between the phylogenies of Zheng & Wiens(Rig12.1, A) and timetree

are presented in Fig. 2.B. The selection of species was initially focused on the species
composition of the timetree phylogeny, and as a result, only species contained simultaneously in
bothphylogenetidreeswere aailablefor subsequentomparativeanaly®s, even though the tak

number of species investigated for eye pattern was larges, thefinal sampling was reduced

from totalby 32%- from 407 species to 2&pecies
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. Carphodactylidae . Diplodactylidae |:| Eublepharidae . Gekkonidae D Phyllodactylidae

. Pygopodidae . Sphaerodactylidae

Fig. 2.1 The cladograms of phylogeny of Gekkota by Zheng & Wiens, 2015 (A) and timetree.org
(B). Bothcladograms has same 265 species of gedescolors assigned to the families are
shown below. Species belonging to the same family are indicated by oneCantgraring the

cladograms, you can see the polyphiliasome families on the cladogram B

All processing and visualization of phylogenetic data was carried out in the program R. The

phylogenetic data itself was presented in the form of .nwk format files.

Collection of photographs
To obtain information abouthe presence of a venation pattern and other studied visual

characteristics of geckos, a databasephotographswas collected.Each studied speciesis
represented bt leasbnecolor phobgraphwhich clearly shows the pattern of the iris as well as
the dorsal part of the body. If polymorphism in the studragtss was observed in different
photaraphsavailableof the same species, which could affect their evaluagitthe photgraphs
that rgoresent theliversity were includedPriority was given to phographsof adult animalsThe
photographs were collected at publicly available internet databases and in the publiéatdhs.

was given to images from reliable sources, that is, fromcledi published in peeeviewed
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scientific journals as well as from websites where the taxonodeterminationof species is
evaluated by specialist3hese vere mainly reptiladatabase.reptarium.cz , inaturalist.org and
flickr.com. If therewere noavailablephotagraphsn thereliable sourcesmages wergaken from

any other sources in which theteleninationof the desired speciegasplausible: articles other
journals personal blogs etdhe complete list of the photagrh sourceis available as a part of
Supplementary materiadsd the whole database of pictures is available online at the Open Science

Framework page of the project

For each photgraph the following datavere recordedl. Name of the author of the pohotograph
or the nickname of the accoutiat published the phagoaphMost of the images had author of
the photograph available2. Date when the photograph was tak&nLocality, preferably

geographic coordinatesith the speified error.

Pattern ofiris
The coloration pattern of the iris in geckos is very variable both between species and, sometimes,

within them. Therefore, in order to unify the classification of possible variarntis @latterns a

specialclassifictionof veined pattermf iris types was develope@Table2.1).

Venationpattern ofiris (VPI ) is atrait, used as &inary parametedescribing whether the shape
of the pigment pattern of the iris is similar to branching veins and capill@hespositive value
of theVPI assumes that pigmented velike net is visible on the irid he negative value assumes

that no such structureseavisible onit.

The rows of the table contained the name of the of the WRlitypes the column$ its additional
characteristic. Accordingly, each cell means a separate pattern of the coloration of the iris. If the
VPI typecorresponding to the cell was found in the sometpmgfographn the sample, then the

VPI typecode is written to this cell in the form of a combination of abbreviated row and column
names separated by a hyphen. Each filled cell received one of thveeindicating the value of
venation(Table 2.1). If the newVPI type found in the sample did not match any cells, a new
column and/or row needed to describe it was added to the table. Sometimes the code of a complex
VPI typewas designated as a compositseveraMPI typesfrom the table. Each of the composite

VPI typeswas also assigned one of three colors.
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In the process of expanding the tabfevPlI types, it turned out that someodesof themcan
duplicate the meaning of each other for all or some of the case® the values of thable of

VPI typesare not intended directly for analysis, but are only material forosessing, it was
decided not to improve the code system to completedegeneracylLess common codes have

been replaced with similar more common ones only where it is easiest to do so. In other cases, the
problem is solved by assigning the same color to codes with a similar meaning and creating

exceptions.

11 basicVPI typeswere used to classify irises with a slit pujhch of them can bemmori,
and some may have a modifier, thus forming a M&utype There are 8 possible modifiers in
total. For round pupils, there were originally 11 ba&ri typesand were have nanodifiers. But
in the final, all irises with round pupils were classified as-weined. Therefore , in the context of

this work , all of them can be simplified to a single, alwaysveinedVPI typer (round).

The mainVPI typesof slit-like pupils:c (Common)i the most common among gecko¥ i&®T,
with clearly visible veidike streakscc (Common Compacted a VPI type occurs only in a
modified forns, thatdiffers from Common by a rather higher density of pigmerdslike net
sc (SuperCompactgd an intermediat&/Pl type that differs from Common by a much thicker
pigmented venous net, which is difficult or impossible to distinguish at a distgdheéticed 1 a
special veined VPI type with pronounced diagonally running vdike streaks. They form
characteristic geometric shapes, similar to a lattice with broken segmge(@anite 1 an
intermediate/PI typein which the iris with not very well distinguishable véike streaks and an
iridescent background looks like a slice of the mineral of the same h@filamentou}i aveined
VPI type that differs from Common by very thin velike streaksnvdd (Nonveined difuusion
design i a nonveinedVPI typethat is nomonotonous, but is close to monotonous (a very blurred
pattern and/or very small dots merging when viewed from.afgb)rawing) i a nonveinedVPI
typewith a pronounced drawing visible from afdvn (Destructed veined desipgha nonveined
VPI typethat looks like a very unevenly erased Comm#ssigned only to the speciéduronyx
tachyscopaeugGekkonidae), which was not included in the final sample (Completely
black/browr) T the iris is completely monochrome black orwronrBSM (Non-round, inner-
Brighter, outer Spotted/Mosaici a nonveinedVPI typein which a narrow ring encircling the
pupil is brighter than the area around it, which is a speckled or més&qattern is similar to
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the one of common variants ofo u n d \@Putype It scéurs in geckos of the genuglis

(Pygopodidae).

Possible modifiers of Pl types D (DarK) 1 the background of the veined pattern is dark pigmented,
which complicates the visibility of the patterR (Pal§ 1 the veinlike streaks are poorly
pigmented, which complicates its visibilitgP (SuperPalgi the veinlike streaks are present, but
so poorly pigmented that they are almost invisilpléLow Polarized i the pigmentation density

of the iris issomewhat shifted to the sides relative to the dorsoventral axis of the .ammal
(Medium Polarizelli the pigmentation density of the iris is significantly shifted to the sides
relative to the dorsoventral axis of the aninizlp (Dark, Low Polarize}li the combination of
Dark and Low Polarizedd>-mp (Dark, Medium Polarized thecombination of Dark and Medium

Polarized.
Venationpattern ofiris types ofvertical pupil iris coloration
Modifiers
The main type§ Common| Dark | Pale| SuperPale Low Medium | Dark, Dark, Pale,
of patterns Polarized| Polarized| Low Medium | Medium
Polarized| Polarized| Polarized
Common C cD | cP | cSP c-p c-mp c-D-Ip c-D-mp
Common
Compacted cclp cc-D-Ip cc-D-mp
SuperCompacte( sc scD | scP scmp scP-mp
Latticed I I-D
Granite g
Filamentous f f-D | f-P f-mp
gi?ut\é?(l)rr]}egesign nvdd nvddlp | nvddmp
Destructed
i . dvn
veined design
Drawing d d-Ip d-mp
Completely b
black/brown
No-rings, inner-
Brighter, outer- | nrBSM
Spotted/Mosaic
Complexvenationpattern ofiris typesof vertical pupil iris coloration
nvdd+dmp | I+nvdd | I+nvddpm [ ctnvddpm [c+tnvdd | I+d | f+nvdd-pl [ scP-mp+d
Venationpattern ofiris typesof roundpupil iris coloration
Round Ir

Table2.1. Types of patterns of geckos iris¥alue of venation of an iris is indiceting by cell
color:red veined, orangé intermediate, blué nonveined.

The completely black’Pl typevisible in thephotograplwas not assigned to the species if both of

the following conditions were met: there is reason to assume that this is simply the result of a
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camera flash or other specific lighting; there ph®tographof the same species in the sample
(preferably but nohecessarily of the same individual from a different angle), in which a veined

pattern is visible.

The evaluatiorof the VPI was carried out as follows. AUPI typesfound in something species
the collected photographs were assigned to this species. §panies that has been assigned at
least one veined or mixedPI typeis considered a species with a veindel. Accordingly, a
species with a nemeinedVPI is considered only the one to which exclusively the-veinedVPI

typeare attributed.

Also, eachvVPI typeassigned to a particular species was assigned a confidence level. It depended
on the quality of the best photograph of this biological species, which show&rthigpe The
confidence level has four gradations of probability of error: 1. Esralnnost impossible; 2. Low;

3. Medium; 4. High.

When assigning a VIP value to a species, this value was assigned the highest confidence level,
which is among alVPI typesof this biological species. But the confidence leveV/Bt may be

higher in casewhere allVPI typesof this species can be determined less reliably than the presence
or absence of pigmented veilise net in the iris.The final sample included only species

confidence leveVPI of whose is from 1 to 3.

The evaluation was made by thatleor of the work. In the most ambiguous cases, the advisory
assistance of third parties was used.

Brightness pattern
Brightness pattern is a parameter that displays the ratio between the brightness of the iris, the eye

ring and the rest of the hed8rightness pattervasrecordedas thecombinationof these three
contrastdy a letter code XX>X3, where X is the ratioof the brightness of the iris to the eye ring,
X2 is the eye ring to the rest of the headjs<he iris to the rest of the head. Each X can have one
of the following values: N (no contrast), L (lighter) or D (darker).

Due to the large variability dérightness patterm many species, a lot of ambiguous cases and
heterogeneity ophotograpk (different angles and lighting during photographing, as well as
distortions due tphotograptprocessiny the following system of rules was introduced.
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1. If the pattern on several zonedike parts of a single pattern, it is considered that then® is
contrast. When it seems justified, the head pattern is considered in the contextlodlgaeody
pattern.Thisis necessary when there are patterns on the body outside the head that duplicate the
appearance of the eye and the area arouridl iif. there are contrasts inside one zone, it is
considered as bright as its brightest part is. The first rule takes precedence over the3sdfcond.

the brightness patterdiffers in severaphotographs of geckos of the same species, then priority

is given to tle one that looks the main for the spedcfedf it seems that in part of thEhotograph

s the difference ibrightness pattens caused by a different angle and/or lighting, then priority is
given to thebrightness patterabtained when the camera is piasied at aighterangle to the eye

and under lighting that seems more simildigbting in a natural environment. The most common
distortion is that the iris appears darker due to shooting at an anigihe reason for the difficulty

is a part ophotograpls of the same species with too low quality, priority is given to highatity
photograpk. 6. In unclear cases, preference is given to a lighter iris and rings around the eyes, and

the lack of contrast has the least priority

Figure2.2 An example of a problem with determinibgghtness pattermphotograpts of

Gehyra australisieads from the collected database. The iris iptatograpts is approximately

the same brightness and darker than the eye ring, as well as darker than the head, except for the

darkest morpha (b). In patterns where the pigmentatiorecfdhles is dark enough to

distinguish the contrast between the eye ring and the rest of the head (b and c), the eye ring is
lighter. Based on this, the DLBrightness patteris assigned to the species (as inghetograph

fr). If there had been a diffent set ophotograplsin the database, the result might have been
different. For example, if it was onpghotograple, thebrightness patterof the species would be

DND, and if only bi DLD.
Photographsa. 1 barnesjcp. - Stephen Zozaya,. - Anders Zimny.
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A simplified version of the BrRlassification was carried out by distributing these 13 pattern
variants into three groups, depending on the ratio of the brightness of the iris and its immediate
environment (eye ring), regardless of the brightness of the rest of the head. Group ér(iright

is much lighter than eye riigLNL, LDN, LDL), D (Darker, iris is much darker than eye rihg

DLD, DLN, DND), N (Neutral, differences in brightness between iris and eye ring are medium or
insignificanti NNN, DDD, LLL, NDD, NLL, LDD, DLL).

Genenlized Linear Model and Phylogenetic Generalized Linear Model
Data analysis usinGeneralized Linear Model (GLM) (Nelder & Wedderburn, 1972; McCullagh

& Nelder, 1989)implemented using therefunctionsfigimoin the progranik (R & Team 2020.

Data analysis usingPhylogenetic Generalized Linear Model (PhyloGLNdgsed on @isson
regression (Paradis & Claude, 2002) and logistic regresfies & Garland Jr, 2010),

i mpl ement ed usphytoginot hley f Tmiedg i B oin Rfeom the @ckge2 0 1 4,
phylolm.

Results

Evolution of eye coloration patterns
The first stage of the study was a review of the distribution of the studied traits in the context of phylogeny.

For information on phylogeny, a phylogenetic tree from additional materials to the work (Zheng & Wiens,
2016) is used here and further. A tab277 species of geckos from all 7 families were taken. The following
traits are applied to the resulting treeinedpattern ofiris, lifestyle, brightness patter@ ¢haractersand
brightness patterri8 characters
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Carphodactylidae —

Fig. 3.1 Cladograms ddlistribution pattern of coloration of iris among Gekkdtae blue color
indicatesspecies with veined VPI, red colomwith nonveined VPIL.Each family is highlighted

with a line of a different color.

The disappearance of veined stat¥Bf was noted 38imes in all gecko familieésupplementary
materials,Table4.1). In the case of Pygopodidae at the level of the whole family. Although the
ARD model givesan unambiguousesult for all families, the ER model allows for some
uncertainty for the Sphaerodactylidathe only family other than Pygopodidae, mainly consisting

of animals that have lost thveinedVPI.

23



Of the two cases of racquisition of veine&/PI, the case foLygodactylus guibeiGekkonidae is
most likely an error in the identification of the species in the source of the photogeuy (
2019). In othemphotograpk of this species included inelfdatabase, the iris is not very clearly
visible, but most likely thait is na veined. Since no other satisfact@hyotograpls of the eyes of
this species could be found on the Internet, further researchemiiquiredo clarify this issue.

In the cae of Lialis burtonis Pygopodidae, the veinedPl is observed on one of the three
available clear images (Fig.1 right). Based on the rather large variability of the iris color pattern
in L. burtonis(Fig. 4.1 right left), it can be assumed that the veined variation does not have any
specific role, which may be characteristic of species with a relatively stable veibech.pahe
case ol. burtonismay beparticularly interesting for studying the origin and development of the
veinedVPI, becausef its membership to the phylogenegooup where, according to our model,
there was no veined even in the anoest the famly. Neverthelesd, camot excludea possibility

that this is an ancestral condition, that continuously pstbigiught theime of taxon existence.
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Figure 3.2Models of VPI evolution in geckos.-lveined VPI, 0 nonveined VPI. The arrows
show the direction of the sign change. The rate of change is indicated near the arrow. The model

names are indicated under the arrows.
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Model Log-likelihood Akaike weights
ARD -127.953843 0.67452700
ER -129.6837 0.32288017
NR (other to veined) -164.827371 0.00000000
NR (veined to other) -134.529730 0.00259283

Table3.1. Log-likelihood and Akaike weights of used character evolution models.

The evolution of venation was modeled using various models. ARBafabdifferent) model
(venation can appear and disappear at different rates), ER -(ates)l model (one parameter
directs the rate of appear and disappear of venation; in this case, results was completely identical
to symmetrical (SYM) model, where transitions from veined status and back have the same
parameter, so SYM model will not be considered separately) agsvblbth possible NR (nen
reversible) models (change of venation can only occur in one dire(figu)ye 3.2.)

Modeling of various variants of the evolution of ¥l showed that the aliatesdifferent (ARD)
model is the most plausible by a large margin from the eqi@é model and both possible non
reversible models. According to it, vein®Pl is an ancestral condition of the entire group of

Gekkota, as well as ewy family in this groupexcept forPygopodidae.

Akaike weights were calculated for each model. It turned out that the ARD model has a much
larger Akaike weight than the others. Therefore, it can be considered the most plausible.
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Fig. 3.3 The cladogren of GekkotaColor of the tipsi venationstatus of speciesplor of the
labels- probability ofvenationstatus of speciesf ancestragroups by ARD modeBlue rings
meanveined species @resumed ancestral grqued- non-veined.The ratio of colors in the nodes
in the form of pie charts corresponds to the probability of a particular state of the parameter in the

ancestral groupEach family is highlighted with a line of a different color.

27



<L
*.?

Pygopodidae

‘\

3\

Carphodactylidae

“ &

no veine

Fig. 3.4 The cladogram of Gekkot&olor of the tipsi venationstatus of speciesplor of the
labels- probability ofvenationstatus of species of ancestral groups by ER m&diat rings

meanveined species or presumed ancestral group, med-veined.The rdio of colors in the
nodes in the form of pie charts corresponds to the probability of a particular state of the

parameter in the ancestral grotgach family is highlighted with a line of a different color.
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Evolution of eye coloration according to a ktyle

Eublepharidae o Carphodactylidae
’D.-’oda Pygopodidae —

e{w,a,
(=7
)

Diurnal
Mocturnal
Cathemeral or crepuscular

Fig. 3.5 Cladograms of distribution pattern lifestyle among GekKbit&. blue color indicates
species with veineNocturnal lifestyle red colofi yellow 1 with diurnal, orangé with

cathemeral or crepusculdach family ishighlighted with a line of a different color.

After determining the model that best shows the evolution of venation, it's possible to create a list
of events of changing this parameter among evolution of Gekkota. Individual
appearenceisappearence events are calculated by the number of tips/nodes on the cladogram with

the ARD model, which are assigned more than 50% probability of such a state of venation, which
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is assigned to the node of the highest hierarchy as having less thandi@ilpy. Thus, a total
of 33 cases of loss of veined pattern of iris and 2 casesagfjésition were recorded. In 9 cases,
the veined pattern disappeared in the group, which now consists of more than one species, and in

5 of themi more than one genus

The Binary character evolution model (BCEM) was used to investigate in which directions various
parameters on their combinations with the presence/absence of veined pattern of iris evolved.

The result of BCEM with venatielifestyle showed that diurnahd cathemeral/crepuscular (c/c)
lifestyles more often disappear, and nocturnality more often appears. c/c species losadhiein

pattern of iris much more often than they acquire. Betweervemed c/c species and rgained

nonc/c species, there @& extremely fast transition in both directions, which is tens to thousands
of times faster than all other BCEM processes modeled bynthiksodin this work. Moreover,
nonveined c/c species are about twice as likely to switch to other lifestyles teanersa. Non

c/c species do not acquire or lose veined pattern of iris. Veined species are more likely to switch
to a nocturnal lifestyle, but individuals with a nocturnal lifestyle acquire and lose veined pattern
of iris at about the same rate. Veinedmocturnal species are much more likely not to lose their

veined pattern. Noneined species lose and acquire a nocturnal lifestyle at about the same rate.
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Cathemeral/Crepuscular lifestyle Diurnal lifestyle
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Fig. 3.6. Binary character evolution model of evolution of venation and lifesiyle.
independent model shows the rate of change of a particular binary trait. The dependent model

shows the rate of transitions between all combinations of values of two binary traits.
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Distributionof brightness patterns
The frequencies of various brightness patterns were calculated for the sample under study. In the summary

Table3.7., they are presented up to integers.

No contrast

NNN 47%

(N

/— ‘
X\N

DND 4% | LDN 0% | NLL 2%

Contrast with ongradation

NDD <1% | DLN 29% | LNL 5%

]

<1%| LDD 0% | DLL 0%

Contrast with twayradations
O
O
O

DLD 9% | LDL 0% | LLL 3%




Figure3.7. Distribution of brightness patterns in Gekkota. Near each image in the lower left
orner indicated thketter code of the brightness pattern, in the lower right corner is its frequency
in the sample of species

: Carphodactylidae —
Pl Pygopodidae —
9ty
o"q’a

Phyl |0dacty”dae

Fig. 3.8 Cladograms of distribution brightness pattern with 3 char. among GeKkathlack
color indicates species wittave iris very darker, then eymg, whitei very lighter, gray
difference in its brightnes is low or not exiBach family is highlightedith a line of a different
color.
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The BrP (brightness pattejrwas described using a I&ctors(see methoology) describing9
patterngDDD, DLD, DLN, DND, LLL, LNL, NDD, NLL and NNN)which could be found among
speciesin the sampleKigure 3.7). The GLM (3.2.) analyss showed there is no dependence

between ay of these patterns and venation.

One of the reasons wlilye mutual correlation of Veination and brightness patt@snot showed

by neithertGLM nor PhyloGLM analysesould bet he number of factor levels compared to small
species sample. Thusisteadl3 lewels | have simplified the categorisation into 3 simple levels.

All types of BP were divided into those in which the iris much darker than the eye ring (D),

much lighter (L), or has a smaller or absent difference in brightness (N) (see the methodology).
Since there are fewer parameters in this model, it better represents all pairs of parameters that can
be obtained with its help, in particular with the Venation paramstgp{ementary materials,
Table5.2.).

GLM analysis showed a dependence on the vafule and N on Veination (Tabl8.3). With
PhyloGLM analysisshowed thatis a dependence on L and N (TaBld.). BrP L is the rarest
among geckos. In the families Carphodactylidae and Diplodactylidae, animals with this pattern
have only a veined VPI, Gekkonidae and Sphaerodactyliday nonveined , in other families

the pattern is not represented. According toBimary character evolution model (Fig10.), the

only pronounced tendency associated witR B is to disappear in species with a veined VIPP. B

D occurs in all families except Pygopodidae and prevails in all species with veined VPI
(supplementary matats, Table 5.9. It is never acquired by species with nagined VPI (Fig.

4.12.). BP N is present in all gecko families, and in all except Pygopodidae and Sphaerodactylidae,
it prevails in species with veined VPI. In neained species, it disappearsna often, but at the

same time it often contributes to the loss of the veined VPI. At the same time, from is acquired and

lost at a much higher rate thanPBL and D.

Thus, we can see a pronounced trend tmBtB is present mainly in species with a esnvPlI,

BrP N7 in both, but more often with a veined (51 neeined species out of 145), and mainly

in nonveined (Table.10.). Moreover, Binary character data evolution model does not particularly
give unambiguous results. If we look at the trenddyily, we can see that all cases of prevalence
of BrP N or L species among wiry species are only in families with a predominant diurnal lifestyle.

Moreover, BP D does not prevail in neveined species in any family, andMBN occupies an
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obviously intemediate position because it dominates a smaller percentage-véineal species
in all families than BP L.

Accordingly, it can be concluded that there is a dependence according to which the brighter the is
iris relative to the eye ring, the mdiieely it is that the species does not have a veined eye pattern,

and that it belongs to a family with a predominant diurnal lifestyle.

Brightness pattern - darker Brightness pattern - no contrast Brightness pattern - lignter
Veination Veination Veination
Independent model Independent model Independent model
Trait 1: . Trait 2: v Trait 1: N- Trait 2: v Trait 1: - Trait 2:
[- o] w M~ o~ P~ M~ M~ o~ w0 < ~ o~
@ ™ [se] - (=) fe] (e - [Te) [=] o -
- |= ol |lo @| [ I=101=] o T =10 =}
ol |o S| |© | |w =10 o |lo ol |©
ol |o ol |lo w| |w ol o of |wv ol |o
D+ v+ N+ v+ L+ v+
Dependent model Dependent model Dependent model
Taltl, ooy o o AN N o N WL S00B 5
: == : <—o0m : -
Trait 2 00035 0.0034 rai 0.0038
=] ©Q @ ©
§ o § % § 5 § § =) § & §
= ol lg ol o S| e S el
0.0056 0.0019 0
00056 - B e —— R
Dt v- = o0 D+, v+ N+, v %{]‘0041 N+, v+ L+, v %{) L+, vt

Fig. 3.10. Binary character evolution model of evolution of venationfanghtness patterihe
independent model shws the rate of change of a particular binary trait. The dependent model

shows the rate of transitions between all combinations of values of two binary traits.

The light BP slowly disappearsnly, the dark and the neutral appear and disappear at about the
same speed, and these changes are very active in the neutral.rBatkeB not occur in nen
veined species and veined species with-dark B'P do not lose their veined pattern. Veined
speces with dark BP appear and disappear at approximately the same rate by transitions-to D+ b
/D-b+ and back. Nomeutral norveined species do not acquire veined pattern. Neutral veined and
nontneutral norveined species more often switch to neutralweined. Nonlight veined species
often lose their veined pattern, but even more often become darki Be light ones do not lose

or acquire veined patterhight veined species do not lose light/B
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Relationships between eye coloration pattern lifestyle langhtness
In order tdfind the relationship between the evolution of the veined patteris ahd the evolution

of other studied parameters within the boundaries of the sample under study, the GLM method

was used. The studied parameters were correlated separately with respect to veined pattern and

polarization of the iris coloration.

Estimate Std Error z.value Pr(>|z])
Intercept -15.7063 1455.3977 -0.011 0.991390
Diurnal lifestyle -2.9821 0.6757 -4.414 1.02e05 Frk
Nocturnal ifestyle 1.3260 0.3865 3.431 0.000601 i
BP DLD 16.6484 1455.3978 0.011 0.990873
BP DLN 18.3284 1455.3978 0.013 0.989952
BP DND 18.7348 1455.3982 0.013 0.989729
BP LLL 16.4264 1455.3979 0.011 0.990995
BP LNL 15.1441 1455.3979 0.010 0.991698
BP NDD -0.3074 2058.2431 0.000 0.999881
BP NLL 17.1867 1455.3984 0.012 0.990578
BP NNN 16.5277 1455.3977 0.011 0.990939

Table3.2. GLM analysis

of relation of veined pattern of iris to lifestyle, brightness pattern (9

char.), DPP and Conspicuousness.

Estimate Std. Error z value Pr(>|z|)
Intercept 2.1366 0.4816 4.436 9.15e06 *rk
Diurnal lifestyle -2.7679 0.6339 -4.367 1.26e05 ok
Nocturnal ifestyle 1.3087 0.3725 3.513 0.000443 ok
br3L -2.5917 0.8585 -3.019 0.002539 o
br3N -1.2887 0.4004 -3.219 0.001288 **

Table3.3. GLM analysis of relation of veined pattern of irisifestyle, brightness patterd (

char.), DPP and Conspicuousness.

GLM analysis shows thatenationcorrelates with all dependent parameters except tiohdB

brightness pattern. It can be assumed that the division 8rEh&3char was carried out too

subjectively and divorced from a possible biological role, but there is some biological meaning

in the 3charmform. Durnal lifestyle negatively correlates witkenation and nighttime

positively. L and NBrP-3charnegatively correlate witlienation

Phylognetic Generalized Linear Model

To analyzethe level of coevolution of theenationof irises and other studiagriables whilga
king into account the phylogenetielationshipsthe PhyloGLM method was used.

Estimate StdErr z.value lowerbootCl  upperbootCl  p.value
Intercept 1.14091831  0.64820307 1.76012481  0.07274535 2.1111 0.0783866 .
Diurnal lifestyle -2.50940305 0.68012425 -3.68962445 -3.75330416 -1.2026 0.0002246 ***
Nocturnal ifestyle 0.86499102  0.27469417 3.14892385  0.30973042  1.4478 0.0016387 **
br3L -1.92317631 0.75498705 -2.54729707 -3.22763746 -0.6541 0.0108561 *
br3N -0.97166792  0.26848351 -3.61909718 -1.60108472 -0.4657 0.0002956 ***




Table3.4. PhyloGLManalysis of all dependent parameters () together with veination as

independent parameter.

Analysis using PhyloGLM of the correlation between veination and all other parameters showed

a significant correlation withfestyle and simplified brightness pattern

Discussion

Origin and evolution of the veined patteshiris coloration
Interestingly, so far the gecko eye coloration attracted attention only in theSQjeopisurufrom

family diplodactylidae (referencelctually, this is the only evidence that we have for evolution

of eye coloration in any reptile group. The study found 8tedphurusgeckos evolved brightly
colored irises. However, same as my results confirm, the whole group diplodactylidae is not
characteristiby a rapid or repeated evolution of eye coloration. Since the Strophurus geckos are
characteristic by other conspicuous traits such as brightly colored skin patches or conspicuous
keratinous thorns on their tail, while being toxic, the bright uniformrcoldheir iris probably
representgvolutionary adaptation as an aposematic signal (refereflzas,it may be possible

that also in other groups of geckos, the loss of veined pattern is an adaptation to a particular

lifestyle.

Fig. 4.1. Variety of patterns of irisn Lialis burtonis left i veinedVPI, middle and right no

veinedVPI. Photograph:left i Adam Bricemiddlei Edward Evansiighti Jono Dashper.

Theiris patternand lifestyle
According to the studgf Gamble et al(2015) the evolution of the lifestyie bes captured byhe

ARD modelwhile considering three lifestyle categoriesxcturnal, cathemeral orcrepuscular,
diurnal The ancestral state of the lifestyle of thekkotais nocturnalGamble et al. 2015Y his
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is also indirectly confirmed by fossil dataGobekko cretacicys fossil lizard close to the crown
group of geckos, lacks the parietal foramen of lggrisitive parietal eye (Daza, 201@)ich is in
living geckos lacking e.g. in Eublepharidae which dse anostly nocturnaiy results showed
that with regard to the specific familieapdaccording to the abovaentionedARD model, the
ancestral state of the families Sphaerodactylidae and Pygopodidaeathémeral ocrepuscular
(clc) lifestyle, and tle rest of families arancestralynocturnal.The simplerdivision of lifestyle
only to diurnal or nocturnal the results showed #tatwedthatthe ancestral state of the lifestyle
of the families Sphaerodactylidae and Pygopoditadd bediurnal. This is largely consistent
with the distribution of the veinedPI at the level and separate families of the Gekkota if we
compare its veined state with a nocturnal lifestyle, and théveimed state with a different one
from the nocturnalThe only exception is the family Sphaerodactylidae, but as already indicated,
the ancestral state of vein®@P| for this family is a little less unambiguous than for the r&st.
high correlation between thé&Pl and lifestyle is confirmed by, GLNB.3.) and PhyoGLM (3.4.)

anaysis.

The type of lifestyle is a very important property of the species, contributing to the evolution of

the life form in one direction or anoth@thaoet al., 2009Menakeret al., 1997. Therefore, it can

be assumed that it rimarily a predictor ofall other parameterwithin this study. Not only it

influences animal coloration as during the night lighting conditions differ dramatically from
daytime (reference), but also other traits such as metabolic Eate=ling 2017,Lovegrove

2017. In mammals the nocturnality also influences-skiape, that could be related to eye
patterning Kall et al., 2012 However the nocturnality in geckos is moinservativeAll modern
diurnal geckos hiremrigidteédomtan ancestdr whé switchad to a moktturnal

|l ifestyle from a sec oinndstorythetkiware at d40 tamsidons( R° | | ,

between lifestylet the geckogGamble et al., 2095

Analysis using Binary character evolution modeig( 3.6.) allowed to identify the causand

effect relationship of dependence betw®@H and lifestyle. The result showed that species with

a veinedvPI more often change their lifestyle to nocturnal. But the opposite is not true: Nocturnal
species witla nonveinedVPI have no tendencies to change eitiet or lifestyle. Thus,it seems

that eye coloration is more conservative trait than lifestyle itself and in the case of lifestayle
transition it may take some time for the eye coloration to followyef én fact, the change from
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nonveined pattern may be irreversible as we can seeamiyytrends from the veineédPI or no

change aall (Fig. 4.1. rightandleft). While nocturnal species do not gain veined pattBunnal

and c/cspecies losgeinedVPI. Thismay be explained by selection pressure on veined pattern in
nocturnal species, while this may be lost in diurnal and c/c species. The reason might be also that
in diurnal and c/c species there emerge novel selection pressures for the eye coloration as these are
now visible under new conditions. As nocturnal species need to spend most of their daytime hidden
or at least unobserved by predators, it may be possibledinaid eye coloration serves as cryptic.

This hypothesis has been stated for some groups of the birds in which species that hide have

inconspicuougye colorationCraig& Hulley, 2004).
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Fig.5.2. The number of species with veined andwwemedVPI| among groups by different

lifestyles in relative (top) and absolute (bottom) valdes.nocturnal species, Ccathemeral
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species, D diurnal species. Yellow represents lack of venation, black repgsagenation. It is
clear that absolutely neweined species are almost equally distributed among the categories,
while veined species are predominantly present among nocturnal species. However relatively

nonveined species clearly decrease with the iner@asdiurnality.

In the diagram showing the distribution of veined andi remedVP| amongspecieqFig. 5.2)

with different lifestyles, one can see a clear pattern that species with a V&hate much more
common among nocturnal species, and species wittvaeioedVP| among diurnal species. The
proportion of veinedspecies among/c species is intermediatettyeen diurnal and nocturnal,

which corresponds to the assumption that this lifestyle has features of a transitional state between
the other two. The fact that the absolute nhumber of species with-aemed VPl among c/c
species does not differ much fraheir number among diurnal and nocturnal is consistent with the
enormous speed of forward and reverse transitions to this lifestyle of species that have lost the
veinediris pattern (Fig3.6, independent model,-Cv- <-> C+. \). It could be that oncespecies

lifestyle is destabilizecthis is just the period when thess of veined/P1 occur,and it is thus in

certain equilibrium i, c/c lifestylewhich signify the period of evolutionary plasticityrhus c/c
species seems the most important to invatigor the mechanisms of the iris color pattern

formation in geckos.

Fig. 5.2.Cryptic veinediris in Phyllodactylus tuberculosuPhyllodactylidagleft) andCryptic

nonveinedin Uroplatus phantasticysGekkonidaef( {f tc)OFnt®s: left- ChusL - pez January
5, 2017 right - Bill Hughes, May 16, 2010.
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Fig. 5.2. conspicuous veined ifis Strophurus strophury®iplodactylidae left) d conspicuous
nontveinediris in S. taenicaudaDiplodactylidae iight). Fotos left - Frank Deschandpl
November 6, 2018jght - Wes Read, November 17, 2019.

The iris pattern and brightness pattern
Iris with its VPI does not exist in isolation, but is surrounded by an eyeTi@gterm eye ring is

often used in ornithological literaturigorbirds it can be both brightonspicuous dnconspicuous
bearing the same color as eye and its surroundligrightnes®f eye ringcan be, for example,

an indicator of age or vary depending on the season (Frieze & Lloyd, 2017). In geckos, a similar
morphologicastructure is alspresent and it igariablein its conspicuousne#\s you can see in
Figure 3.7., among geckos there are very different variants of differences in brightness between
the eye ring, iris and the rest of the head. GLM and PhyloGLM anayseged tht there is a
correlation between presenueVPI and the brightness ratio between the iris and the eye ring. But

the interesting question is, what exadtlyhe causal relationships behind tbesrelation

First of all, it is worthmentioning here that veined VPI can play a role in inbrainterspecific
communication. Firstly, this pattern, at least in some cases, haselongstability (Rocha &
Rebelo, 2014). Secondly, there are already successful attempts to use the irieof@especies
identification through the3§ program (Rocha et al., 2013, Rocha et al., unknown year). This

suggests that animatsaybealso use veined VPI in a similar way for signaling purposes.

Dark iris and eye ring can also play a cryptic role, askhown, for example, in cavities nesting
passerine birds (Davidson et al., 2017). Among mantellid frogs, bright iris is associated with an

arboreal lifestyle, but it can also serve for partner recognition or as an aposematic protective
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signaling markefAmat et al., 2013). It is important toonsiderthat the cryptic role can be
combined with the signaling one, since the appearance is often a compromise between the

conflicting requirements of the habitat (Marshall & Stevens, 2014).

It is also interestingnow the regularities associated with BrP are abstracted on all geckos. For
example, in passerine birds, a regularity is known, the brightness of the iris correlates with various
biological and behavioral indicators, as well as with the color of the rgeexclusively within

the boundaries of individual families, but not in samples from representatives of different families
(Craig & Hulley, 2004). In geckos, this is known in relation to the dorsal pigmentation pattern.
Unlike most lizards, the dorsal pigmtation pattern in geckos does not have a clear correlation
with their ecologicabehavior anadtan only be considered in the context of the openness/closeness
of the habitat, and not have common regularity for all geckos (Allen et al., 2020). Neveriheless
can be assumed that the relationship between brightness pattern and VPI generalizes well to the
level of all Gekkota. As you can see on Table 5.2 (see Supplemental material), the lighter the iris
of a certain species in relation to the eye ring, igbdr the probability that the species will not
have veined VPI among all Gekkota, and among 3 out of 4 families representing-atinP

states.

Thus, it can be assumed that veined VPI is a spspiesific signaling marker for relatives and a
cryptic pattern for predators. The eye ring usually has a simpler coloration pattern than veined VPI.
It can also be assumed that when iris is significantly brighter than the eye ring, it takes over its role

as a simpler bright signaling marker, and themesimplifies its pattern to nereined.

Conclusions
In this work, it is proved that the veined iris pattern was probably the ancestral state of the iris

pattern for the common ancestor of the crown group of geckos. The positive relationship
establishedoy phylogenetic comparative methods between nocturnal lifestyle and veined VPI
suggests that the probable time of occurrence of veined VPI in geckos is the period after the
transition of the ancestors of their crown group to a nocturnal lifestyle. Acgalifossil data,

Gobekko cretacicuBom the Cretaceous period, close to modern geckos, had a reduced parietal
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eye, which may indicate a transition to a nocturnal lifestyle (Daza, 2013). Thus, the assumed upper

limit of the origin of veined VPI in geckas the Cretaceous period.

The ARD model most reliably describes the evolution of VPI in geckos. Its advantage over the ER
model, which assumes only the disappearance of the venated VPI, is associated with two cases of
the reappearance of veininess in+v@mous species (Supplemental material, T&ldlg. The first

case isLialis burtonis from the predominantly diurnal clade Pygopodidae, in which the iris
coloration pattern is quite variable, and in some cases veined (Fig. 5.1.). Therefore, it may not have
any special meaning and be rather random. Or, as already mentioned above, iy hakatiam to
convergate with snakes. The second calsggodactylus guibe{Gekkonidae) as too already
indicated, is rather an error in the identification of the species by the authorpbiotiographs

But there are many cases of the disappearantteeofeined VPI. According to the ARD model,

the veined VPI disappeared 33 times: Gekkonidae (14 times), Phyllodactylidae (7),
Diplodactylidae (5), Sphaerodactylidae (3), Eublepharidae (2), Pygopodidae (1 time, in the
common ancestor of the family) and iarghodactylidae (1). That is, the evolutionary trend is the
irretrievable loss of the veined patterns.

Results of Binary character evolution model (Fig. 4.11.) they shegudarity accordingo which
nonveined VPI have a huge rate of appearance angpmbsaance of the cathemeral/crepuscular
lifestyle. This indicates the role ahonveined VPI as a strong destabilizer of the life cycle. Based

on this, it can be assumed that the veined VPI has in some way become an important part of some
mechanism of aaptation of geckos to the nocturnal lifestyle, and its loss breaks this mechanism,
contributing to a rapid change in lifestyle. Maby this is seen in Fig. 5.2.: Species with a
cathemeral/crepuscular lifestyle and a veined VPI have a numerically intermpdgtien
between a veined and nerined VPI. But species with a cathemeral/crepuscular lifestyle and an
nontveined VPI show numerically a very weak opposite trend. | tend to interpret this graph as
follows: due to the destabilization of the lifestyle sad by the loss of the veined VPI, diurnal
species with an neweined VPI often migrate to the cathemeral/crepuscular lifestyle, and from
there partly back to the nocturnal. Accordingly, the cathemeral/crepuscular lifestyle begins to play

a very active ra as a "transit point" between day and nigastyles

It was found that the veined VPI is-dependent with the brightness of the iris relative to the eye

ring. The darker the iris and the brighter the eye ring, the more often the iris will be veided, a
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vice versa. Also, bright irises are relatively dominant in families with a daytime lifestyle. On the
one hand, this is an argument in favor of the cryptic role of the veined VPI, since it is less needed
by diurnal species. On the other hand, in favoa speciespecific signaling role, since a bright

eye ring unmasks the iris and can itself be signaling, but perhaps in this case this unmasked veined

iris is needed to give a more specific signal.

Further directions istudyingiris asan important, but so far poorly studied structtoeld be to
study theexternal similarity of the veined iris pattern with the venous netwiis is important
to under stand bec auvenaiapatteh of the trisiis gausedbge its noke r
cryptic or disruptive masking and/or caused by the role of VPI in the spsgmesfic signaling.
First step towards understanding this will be to examine intrapopulational variation of iris
patterning in some species of the geckos look for putativelates that could unveil the role of
eye coloration in intraspecific communication. An intriguing question is whethevethiaion
pattern of the irisnay be driver of the lifestyle transition. As theined VPI disappears mainly
during the transition to diurnal lifestyle it may be possible that tmonveinedVPI then helps to
accelerate the lifestyle changeatherdirections.To my knowledge this is a first study ever on
eye coloration is such broad level taxon such as infraorder gekkota. Thusshreseather groups

of animals is crucial for our understanding of factors shaping eye coloration in vertebrates.
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Supplementary material

Family

Loss of VPI

Re-acquisition of VPI

Total species

Gekkonidae

Pachydactylus rangei

Rhoptropus barnardi
Rhoptropus biporosus

Blaesodactylus antongilensis

Blaesodactylus boivini

Ebenavia inunguis

Cnemaspis podihuna
Cnemaspis tropidogaster
Cnemaspis kandiana
Rhoptropellaocellata
Lygodactylus tolampyae
Lygodactylus capensis
Lygodactylus williamsi
Phelsuma klemmeri
Phelsuma vanheygeni
Phelsuma pronki
Phelsuma guentheri
Phelsuma borbonica

Lygodactylus guibei

Cnemaspis africana
Cnemaspis uzungwae
Cnemaspislickersonae
Uroplatus phantasticus
Uroplatus pietschmanni
Uroplatus sikorae

Narudasia festiva

Hemidactylus sataraensis

Cyrtopodion agamuroides

Cyrtopodion sistanense

Tropiocolotes tripolitanus

Luperosaurus macgregori

Cnemaspis kendallii
Cnemaspis limi

Pseudogekko compressicorpu
Pseudogekko smaragdinus

ApRlRrlRrRr Rk

Summary

14 groups

1 group

34
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Phyllodactylidae

Tarentola delalandii

Tarentola chazaliae

Tarentola annularis

Tarentola mauritanica

Phyllopezus periosus

Phyllodactylus wirshingi

Homonota underwoodi

Summary

7 groups

0 groups

Nl R R R R R R e

Sphaerodactylidag

Chatogekko amazonicus
Lepidoblepharis festae
Lepidoblepharis xanthostigma
Gonatodes eladioi
Gonatodes vittatus
Gonatodegeciliae
Coleodactylus septentrionalis
Coleodactylus brachystoma
Coleodactylus meridionalis
Pseudogonatodes lunulatus
Pseudogonatodes guianensis
Sphaerodactylus parvus
Sphaerodactylus elegantulus

[EY
w

Pristurus celerrimus
Pristurus minimus
Pristurus carteri

Quedenfeldtia trachyblepharug
Quedenfeldtia moerens

Summary

3 groups

0 groups

Eublepharidae

Holodactylus africanus

Aeluroscalabotes felinus

Summary

2 groups

0 groups

Diplodactylidae

Oedura marmorata

Strophurus taenicauda

Naultinus elegans
Naultinus manukanus

NP RN PP

Eurydactylodes vieillardi

[EEN

Eurydactylodes symmetricus

H

Summary

5 groups

0 groups

Pygopodidae

Delma concinna
Delma mitella

Delma fraseri

Lialis burtonis

12
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Ophidiocephalus taeniatus
Lialis jicari

Pletholax gracilis
Paradelma orientalis
Pygopus lepidopodus
Pygopus nigriceps
Aprasia aurita

Aprasia pseudopulchella
Aprasia repens

Summary 1 group 1 group 12
Carphodactylidae | Carphodactylus laevis 1
Summary 1 group 0 groups 1
Total sImmary 33 groups 2 groups 80

Table5.1 Grous of Gekkota, thabssor re-acquisitionveined pattern of iris by ARD model.

Parametr | Char. Gekkota| Carph | Dipl. | Eubl. | Gekk | Phyll. | Pyg | Sph
Lifestyle | Nocturnal | 164, 21 7,2

Cathemeral| 75, 27 34,13] 13,4 8,4

Diurnal 38, 34 54 15,12 6,5
Brightness| DDD

DLD 26,9 13,7

DLN 5,2

DND

LLL 8,4

LNL 14,11

NDD

NLL 5,3

NNN 130, 42 4,1 |56, 16 12,7
Br3 D 6, 2

L 14,11

N 145, 51 61, 21 13,8
y:ined 0.21-0.30 | 0.31-0.40 | 0.41-0.50 | 0.51-0.60 | 0.61-0.70 | 0.71-:0.80 | 0.81-0.90 -

Table5.2 the frequency of a neveined pattern among Gekkota in general and individual

families, depending on the values of the studied parameters. Abbreviations in columns: Char.

character, Carph CarplodactyldidaeDipl.- Diplodactylidae, Hbl.T Eublepharidae, Gekki

GekkonidaePhylli Phyllodactylidae, g.7 PygopodideaSph.i Sphaerodactylidae.
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