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ABSTRACT

Scientists have regarded mimicry as one of the most amazing examples of the power of
natural selection. Early observations by naturalists of the mimetic association between venomous
New World coral snakes of the genus Micrurus and harmless mimics has stimulated an intense
debate about the causes and consequences of mimicry that persists today. Despite its medical,
evolutionary and historical importance our understanding of evolution within the genus Micrurus
is negligible. My dissertation explores the evolution of mimicry within South American coral
snakes and their mimics using a multi-scale framework involving macroevolutionary (Chapter I),
geographic/morphological concordance (Chapters II and III), behavioral (Chapter IV), and
phylogeographic (Chapter V) approaches. I show that warning coloration is widespread, liable
and positively correlated with speciation rates. I found that Micrurus species behave as Miillerian
mimics. Oxyrhopus guibei is a potential mimic of the genus Micrurus and mimetic precision is
independent of model’s species richness but dependent on which part of the snake’s body is
being studied. I also demonstrate that social interactions might be an underappreciated factor on
the evolution of mimicry. Finally, I explore the phylogeographic history of M. surinamensis and
M. lemniscatus and provide an interpretation of their distinct patterns of evolution with

implications for Micrurus’ taxonomy.

il



DEDICATION

My family, friends and all the people who are tormented with the apparent rising of

obscurantism, superstition and polarization in our present time

il



ACKNOWLEDGEMENTS

First I would like to thank my wife Marcella Gongalves Santos for embarking on this
adventure with me, being patient, for always being there to support me in every situation and for
helping me work through my mistakes (which occur quite frequently). Thank you for helping me
with my analyses and thoughtful discussions of my work. Thank you for giving me a lovely
family. You are an inseparable part of my life. Thanks too to Nico for always having a smile to
cheer up our day after long hours of work.

Thanks to all my family in Brazil specially my mother Karin Janke and father, José
Carlos Bosque for helping me to build my way towards the achievement of my goals. This work
is also dedicated to my brother Rafael Janke Bosque of whom I am extremely proud, in part for
his current academic achievements. My sister Karina Janke Bosque and Barbara Bosque for all
the hours chatting on the phone that helped me to cope with living so far from home. I would like
to express my gratitude to my grandfather André Bosque and grandmother Maria Inez de
Oliveira Bosque for the unconditional love and care they have always shown.

I would like to give to give a special thanks to my mother-in-law Fernanda Gongalves
and to my father-in-law Marcello Santos for all the support, love and resilience in coping with
the distance.

I am particularly thankful to all the support and friendship of my advisor Brice Noonan

and his family. Brice never measures efforts to support us in our goals and always sees the good

v



side even in bad situations. Thanks to his wife, Danielle Noonan for being an outstanding friend
and extending her kindness and love to our son.

I would like to thank all the students that helped with my dissertation, specially the
undergraduates: Nicholas, Alexander, Matthew, Leon, Rachel, Jenna, Eduardo, Jacob, Maria
Luiza, Camila, Matt, Adriana, Bailie, Dylan and Terrence. You helped me not just with my
project, but also with my formation of mentoring and advising students. Many thanks to Chaz for
helping me with analyses and translating old German manuscripts and Isis for helping me with
molecular analyses. Thanks Almir de Paula for helping me during my visit to MZUSP.

I am extremely thankful to Lais Veludo for the help provided while visiting the
herpetological collections in Brazil. Lais was fundamental to the success of this adventure,
helping me not just with lab work but also with all the logistics of the entire trip. This trip was
particularly stressful for me (pending fatherhood and a gastritis crisis just to name a few of the
stressors) and without your help I would have been totally lost. For all your friendship and
dedication I am thankful. Thanks Nelma and Emilio (Lais’ aunt and uncle) for all the support
while visiting the MPEG.

Thanks to Fabricius Maia Chaves Bicalho Domingos for years of friendship and science
discussion. Fabricius has been a companion since my early days in the herpetology and an
excellent person to have by my side during field trips or lab work. Fabricius was almost like an
advisor during my PhD, giving large contributions for the development of this work.

Many thanks to Nelson Jorge da Silva Jinior for helping me with many aspects of my

dissertation. Nelson has a remarkable knowledge of coral snakes and was always very eager to



discuss the results of my research. Nelson also provided financial support for travel to the
International Symposium on Coralsnakes, where I was able to contact several researchers with
similar interests including Janis Roze.

Thanks to all of the curators, lab managers and students of Centro de Estudos e Pesquisas
Biologicas da PUC Goias, Cole¢ao Herpetoldgica da Universidade Federal da Paraiba, Colecao
Herpetologica da Universidade de Brasilia, Instituto Nacional de Pesquisas da Amazonia,
Laboratério de anfibios e répteis da Universidade Federal do Rio Grande do Norte, Museu de
Histéria Natural Capao da Imbuia, Museu Nacional do Rio de Janeiro, Museu Paraense Emilio
Goeldi, Museu de Zoologia da Universidade Federal da Bahia, Museu de Zoologia da
Universidade de Sao Paulo, and Universidade Federal do Mato Grosso for providing all the
support and access to specimens in their respective collections during my visit to Brazil. A
special thanks to Guarino Colli for his friendship and ongoing academic guidance since 2005.

Thanks to all my lab mates Andrew Snyder, Isis Arantes, Timothy Colston, JP
Lawerence, Stuart Nielsen and Megan Smith for making the work in the lab less tedious and for
being really good friends. Quality of life in Oxford definitely decreased after y’all left.

Finally, many thanks to Conselho Nacional de Desenvolvimento Cientifico e
Tecnolégico (CNPq) and the Science Without Borders program for providing the fundamental
financial support during my PhD. I want to express my gratitude to Marcela Colognesi de Sa
who was my lifeline with CNPq and helped to solve innumerable bureaucracies. Thanks for the
Graduate School of the University of Mississippi for the financial support of a dissertation

fellowship in the Spring of 2019.

vi



TABLE OF CONTENTS

ABSTRACT ...ttt ettt ettt et b et e at e st et s bt e bt et e saee bt entesbeenbeas II
DEDICATION ..ottt ettt ettt ettt ettt bt et e e st es e e bt et e satenbeeneesseenaeenees I
ACKNOWLEDGEMENTS ...ttt sttt sttt sttt v
TABLE OF CONTENTS ...ttt ettt sttt sttt ettt VII
LIST OF TABLES ...ttt sttt sttt et sttt sbe e e nas XI
LIST OF FIGURES ...ttt sttt ettt et eate st eae s X1
CHAPTER Lt ottt ettt et b et et s bt et et eb et et eseeenee 1
THE EVOLUTION OF WARNING COLORATION IN SNAKES ......ccciiiiiiieieieeeeeee 1
INETOAUCTION ..ttt ettt ettt st e st et sat e bt et saeesbeenaesanens 1
IMIETROMS ...ttt ettt b et st b et eat bt et et sbe et eaten 4
Snake phylogeny And COLOT ..................cccoovviiiiiiiiiieieee et 4
ANCESIrAl STALE @SIIMALION.............c.eeeeiiiieeieee ettt 5
Transition rates Of Warning COLOF ...............cccocccveviiioiieiiiiiii e 6
Warning color as a diversification fACtOF .................cccoovieviiiiieniieiieeie e 6
RESUILS ettt ettt b et st sb e ettt b et et e nbe et eaten 7
Phylogenetic SIGNAL ..................ccoooiiiiiiiiiiiie ettt 7
ANCESIral SIALE ESIIMALION...............ovueeiiiiieeieeet ettt ettt 7
Warning color as a diversification fACtOF .................cccoevueeiiiiiaiiieiieeie e 8
DIISCUSSION. ...ttt ettt ettt ettt eh et eat e s bt et e ea e ebe e bt eateebeenbe e st sste bt enteennenbeensesnnens 8

vii



CHAPTER II: COLORATION PATTERNS OF SYMPATRIC NEOTROPICAL CORAL

SNAKES SHOW EVIDENCE OF MULLERIAN MIMICRY ........cccooviiviiiieieeeeeeeneeereeeenans 11
INETOAUCTION ..ttt ettt st sb et sae et e e st enaeenees 11
Materials and MEthOAS. ......cc.eiiiiiiiiiieee e e 12

N 2 T SRR PUPSRUPR 12
Morphology and color QUANTIFICALION .................ccoooeiiiiiiiieiieeieeeeee e 13
SEALISEICAL ARALYSTS ...ttt neas 14
RESUILS ettt ettt st b et e h e bttt e naeenees 15
DIISCUSSION. ...ttt ettt ettt ettt ettt h et e a e s bt et e st e s bt e st e eatesbeenbesbte bt enteebeenbeentesnnenneennes 16
FULUIE QIT@CHIONS ...ttt ettt st e bttt ettt st e b enees 18
CHAPTER TIL .t sttt et sttt et sbe ettt e sbe e b entesbeebeeanens 19

CORAL SNAKE BATESIAN MIMICRY AND THE EFFECTS OF MODEL DIVERSITY

AND SYMPATRY ON MIMIC FIDELITY ..ottt ettt 19
INETOAUCTION ..ttt ettt st sb et ittt et st enbeenees 19
Materials and MEhOAS .........eoouiiiiiiiiiiiieee ettt 21

Color and morphological QUANTIfICALION...................cccooeeeiiiieiieeiiecieee e 21
Color variation of Oxyrhopus guibei and MICTUFUS................c.cccceevieeieiaiieeiieeieeie e 23
Geographic Structure Of COLOFALION.................cccoevueiieiaiieeii et 23
Effect of Micrurus species richness on Oxyrhopus gUibei ..................ccccoevveeeveicieecneneannn. 24
RESUILS ettt ettt ettt et b et et sb et et aeenees 25
DIISCUSSION. ...ttt ettt ettt ettt ettt b ettt s bt et e st e s bt et e eaee s bt et e ss e e bt enteeatenbeentesaeenneenees 26

viii



DIVERSITY OF WARNING SIGNAL AND SOCIAL INTERACTION INFLUENCES THE

EVOLUTION OF IMPERFECT MIMICRY .....coiiiiiiiiiiiiiiieieeeeeeee et 30
INETOAUCTION ..ttt ettt st sb et ea e sbe et e saeenbeenees 30
IMIETROMS ..ttt ettt st b ettt b et et aeenees 34

Study SUbJects ANAd ROUSTAG..............cc.cccueeiiiiiiiiiieee ettt 34
GFOUD @XPOSUFEC ...ttt et e et e et e e e ne e ettt e ettt e et e e snnteesnneeesnneens 35
INAIVIAUAL @XPOSUTE ...ttt et 37
INAIVIAUAL TESTING ..ottt ettt see e 37
SEALISEICAL ARALYSTS ...ttt eneas 38
RESUILS ettt ettt ettt et b et et sb et et aeenees 39
GFOUD @XPOSUFEC ...t ettt et e e e e sttt e e nt e ettt e et e e et e e ennteeenneeesnneeas 39
INAIVIAUAL @XPOSUFE ...ttt re e 40
DIISCUSSION. ...ttt ettt ettt ettt ettt h et e a e s bt et e st e s bt e st e eatesbeenbesbte bt enteebeenbeentesnnenneennes 41
GFOUD @XPOSUFC ...ttt ettt e e e e et e e e nt e e ettt e et e e e st e e ennteesnneeeenneeas 41
INAIVIAUAL @XPOSUFE ...ttt 42
CONCIUSION ...ttt ettt a et et b et e et s bt et e st e sb e et e eatesbeebeentesaeenbeenees 46
CHAPTER Vit st et ettt b e et be ettt e sb e et eatesbeeaeeanens 47

COMPARATIVE PHYLOGEOGRAPHY OF MICRURUS LEMNISCATUS AND M.

SURINAMENSIS USING GENOMIC DATA.......cooiiiiiiiiiiiieieeeeeee et 47

TIEFOAUCTION .eieiiieieieieeeeeeeeeeee e, 47

X



Materials and METROAS ....oooveiiiiieiieeeeeeeeeeeeee e 51

Sampling And DINA @XFACHION..............c..occueeeieiieeeeeee ettt 51
LiDVATY PPODATALION ...ttt ettt et see s 51
BIOIIIOTIALICS ...ttt be e 52
DQEA QIALYSES ...ttt ettt 53
RESUILS ettt ettt ettt et b et et sb et et aeenees 58
DIISCUSSION. ...ttt sttt ettt ettt b ettt b et e st e s bt et e e ate st e e bt ss e e bt enteebte bt entesaeenneenees 61
TAXONOMIC FEMATKS ..ottt 64
LIST OF REFERENCES ..ottt sttt sttt 66
APPENDICES ...ttt ettt ettt ettt ettt s bt e bt e st e sae et et e naeenee 89
APPENAIX Az TaADLES ..ottt ettt et e et ebe e bt e enbeeseeenbeens 90
APPENdIX B: FIGUIES ....ooiiiiiiiiiiiciiee ettt ettt et e e e e e saaeenbeennaeenseas 98

Appendix C: List of specimens of the Micrurus genus used in chapter 2 and 3 with museums
Y01 0)114 00 SO SRSPSRPR 156

Appendix D: List of specimens of the Oxyrhopus genus used in chapter 3 with museums



LIST OF TABLES

Table 1. sPCA loadings of all morphological variables for the first three Spatial Principal

Components aXiS (SPCAQ).......coiiiiiieiieeit ettt ettt s te e bee b e eseessbeesbeeesbeesaeeaneas 90

Table 2. Morphological variables of 5 species of the genus Micrurus............ccccevceevevvenvenneenne. 91

Table 3. t tests comparing lagged scores of the first axis of the SPCA using one degree cells....92

Table 4. Mantel test results using PCA scores of the first principal componens.......................... 93

Table 5. PCA loadings of all morphological variables for the first three Principal Components

axis (PCA1,2,3) for the mid-portion of the body of M. brasiliensis, M. frontalis, M. lemniscatus

and M. surinamensis and OXYrROPUS GUIDEI..............cc..cecueevcuiecieeieeiiesie ettt ae e 94

Table 6. PCA loadings of all morphological variables for the first three Principal Components

axis (PCA1,2,3) measurements of the body bands closest to the head (neck) of the body of M.

brasiliensis, M. frontalis, M. lemniscatus and M. surinamensis and Oxyrhopus guibei............... 95

Table 7. sPCA loadings of all morphological variables for the first two Spatial Principal

Components axis (SPCAa) of Micrurus lemniscatus COMPIEX..........cccueereeeeiuieniercieenieeieenieeeens 96

xi



Table 8. sPCA loadings of all morphological variables for the first two Spatial Principal

Componnts axis (sPCAa) of Micrurus surinamensis

Xii



LIST OF FIGURES

Figure 1. Stochastic character map probability of the presence of red coloration or the absence of

TEA COLOTATION. ...eeeteieieeeeeieeeeeeeeee ettt eeee e eeeee e et et e e et et e e e e e e e e e e e e ae e e e e e e e aeeaee e e e e e e eaeeeaeeeeeeeeeaeaeeeaeeeeeaeaaeee 98

Figure 2. Example of photographs used to take morphological measurements of coral snakes.112

Figure 3. Three-dimensional scatterplot displaying the first three axes of the spatial principal

components analysis (SPCA) ...oouiiiiiiieieceee et ettt e eae e ens 113
Figure 4. Spatial interpolation of the first SPCA axiS........ccoevieriiieiiiiiiiiieiiiceeeeee e 114
Figure 5. Spatial interpolation of the second SPCA axis.........cccceevuieriiiiiieniienieniecieeeeeeeeee 115
Figure 6. Spatial interpolation of the third SPCA axiS........cccceveeririieniiniiienieeeeeeeeeee 116

Figure 7. t tests comparing mean lagged scores (first axis) using a grid of size one degree of

latitude by one degree of LonNItude..........ccueeiiiiiiiiiiiiiiieeeee e 117

Figure 8. Mantel test results using scores of the first axis of PCA.......ccccocevieviniincininienene 118

Xiii



Figure 9. Photograph of an individual of Oxyrhopus guibei from Brasilia-DF, Brazil.............. 119

Figure 10. Specimen of Oxyrhopus guibei showing the morphological variables of this study.120

Figure 11. Boxplots displaying the variation of morphological variables on Oxyrhopus guibei

and Micrurus brasiliensis, M. frontalis, M. lemniscatus and M. Surinamensis........................... 121

Figure 12. Boxplot displaying the variation of number of triads on Oxyrhopus guibei and

Micrurus brasiliensis, M. frontalis, M. lemniscatus and M. SUFIRAMENSIS...........c..cccveervercueennnen. 122

Figure 13. Principal component analysis (axis 1 and 2) of Morfological variables of the mid-
portion of the body of Oxyrhopus guibei, Micrurus brasiliensis, M. frontalis, M. lemniscatus and

M. SUFTTIAICHISES «...ooeeeeeeeeeeeeeeeeeeeeeeee ettt eee e e e e e e e et eeeaeseeeeeeaaaaaaesseeeeeaaaaaaassseeessannnnaasaeaeees 123

Figure 14. Principal component analysis (axis 1 and 2) of Morfological variables measurements
of the body bands closest to the head (neck) of Oxyrhopus guibei, Micrurus brasiliensis, M.

frontalis, M. lemniscatus and M. SUFIRAMENSIS..............ccceeeeeecueesienieesiieeeeenieesaeenseesseesseeseseenne 124

Figure 15. Principal component analysis (axis 2 and 3) of Morfological variables of the mid-
portion of the body of Oxyrhopus guibei, Micrurus brasiliensis, M. frontalis, M. lemniscatus and

M. SUFITIAICHISES «...ooeeeeeeeeee e eeeeeeeee e e ettt eee e e e e e e e et eaeaeseeeeeeaaaaeaesseeeeeaaaaaaesseeeessannnnaaseeaeees 125

X1V



Figure 16. Principal component analysis (axis 2 and 3) of Morfological variables measurements
of the body bands closest to the head (neck) of Oxyrhopus guibei, Micrurus brasiliensis, M.

frontalis, M. lemniscatus and M. SUFIRAMENSIS..............ccceeeeeecuresienieesiieeeeesieesaeenieesseesseeseeeenne 126

Figure 17. Map displaying the variation on number of triads in Oxyrhopus guibei on 1 degree

(615 | OO OSSOSO PPSRRPRRP 129
Figure 20. Maps displaying the number of species richness of Micrurus on 1 degree cells......130
Figure 21. Map with one-degree cells showing Micrurus color pattern richness.........c..ccc.c..... 131
Figure 22. Bird feeders used during the eXperiment.............ccoeeereriienieeiiienieeieenie e 132
Figure 23. Bird food mass eaten by chickens after 10 min of exposure............cccceerveereenerennen. 133

XV



Figure 24. Survival analysis modeling hesitation time for chicks exposed as a group to different
coral snake pattern richness to peck at feeders painted with non-aposematic or aposematic-

imperfect patterns as a function of pattern richness..........c.coecevieriiiienieniieeee e 134

Figure 25. Hesitation time for chicks exposed as a group to different coral snake pattern richness

to peck on feeders painted with non-aposematic or aposematic-imperfect patterns................... 135

Figure 26. Survival analysis modeling hesitation time for chicks individually exposed to
different coral snake pattern richness to peck on feeders painted with non-aposematic and
aposematic-imperfect patterns as a function of pattern richness, spleen mass, and testes

E R A 101 001511 o SRS 136

Figure 27. Hesitation time for chicks individually exposed to different coral snake pattern

richness to peck on feeders painted with non-aposematic and aposematic-imperfect patterns...137

Figure 28. Hesitation time and morphological measurements for chicks individually exposed to
different coral snake pattern richness to peck on feeders painted with non-aposematic and

aAPOSEMAtiC-TIMPETTECE PATLETIIS. ...eeuviieiietieeieeiie e eiee ettt ste et et eebeestbe e bt e sereensaessseenseessseenseas 138

Figure 29. Diagram showing the effect of social and non-social predators on the evolution of

MIMICTY/COLOT PALETN AIVEISILY....eiuviriiiiieiieiieie ettt 139

XVvi



Figure 30. Photographs of species of the genus Micrurus...........c.cooeevevienenoeniienenieniencen, 140

Figure 31. Maximum likelihood tree for the Micrurus lemniscatus complex using the software

Figure 33. Map showing the samples used to reconstruct the phylogenetic history of the M.

[eMAISCATUS COMPLEX .. .viiiiieiieeiiieiie et eite et estteete e et e eiaeesteeebeesaeeenbeenseessseenseeenseenseesnseenssesnseensnas 143

Figure 34. fastStructure analysis Barplot using samples of the M. lemniscatus complex.......... 144

Figure 35. Maximum likelihood tree for Micrurus surinamensis using the software RAxML..145

Figure 36. Maximum likelihood tree for the Micrurus surinamensis using the software

Figure 37. Map showing the samples used to reconstruct the phylogenetic history of the M.

SUFTIAIICIISIS «.eeeeeeeeee et eeeee e e e e et eeaee s e e e e et eaa e saeasesee et eaaaanaaaeseseseaasanaaeseeeeerenananaassseeeeeennnnnnns 147

Xvil



Figure 38. fastStrucuture analysis Barplot using samples of the M surinamensis...................... 148

Figure 39. Coalescent tree for Micruroides, M. hemprichii and M. lemniscatus complex using

THE SOTEWATE SINAPP......ceeeeeeeeeeeeeeee e sssnesnenmnnmnenn 149

Figure 40. Distribution modeling of the Micrurus lemniscatus complex under past climatic

conditions and present climatic conditions USING MaXent........cccceevvereerierieneerienieneenienieneenens 150

Figure 41. Distribution modeling of the Micrurus surinamensis under past climatic conditions

and present climatic conditions USING MaXENL.........cceeveuieriieriiieniierieeriieeieeiee e enieeeeeesaee e eneas 151

Figure 42. Barplot displaying the importance of each spatial principal component analysis axis

for Micrurus lemniscatius COMPLEX..........ocuveeuieiiieiiierieeieeriteete et e eteeteeseaeebeesaaeeseessaesseenaeeens 152

Figure 43. Barplot displaying the importance of each spatial principal component analysis axis

FOT MICFUTUS SUFTIATCIISIS ....oooeeeeeeeeeeeeeeeeeeeeeeeeeeee e 153

Figure 44. Map displaying the morphological variation of the Micrurus lemniscatus

(6701 11010] (5 GO OO RPR PR PSPPI 154

Figure 45. Map displaying the morphological variation of Micrurus surinamensis.................. 155

Xviii



CHAPTER I:

THE EVOLUTION OF WARNING COLORATION IN SNAKES

Introduction

Coloration and its associated biological and ecological functions play a major role in the
evolution of organisms (Ruxton et al. 2004). Color can be used by animals in intraspecific (social
displays, mate choice) and interspecific (predator avoidance/deterrence) communication (Houde
1997, Ellers et al. 2003; Ruxton et al. 2004; Hoekstra 2006; Macedonia et al. 2013).

Although cases of color evolution via genetic drift have been reported (Protas and Patel
2008), selection is thought to be the major force driving changes in coloration. From a
macroevolutionary perspective, the evolution of coloration has also been associated with shifts in
diversification rates (Santos et al. 2014). Clades containing species that display warning
coloration may have more than twice the number of species compared to cryptic sister groups
(Przeczek et al. 2008). Studies suggest that diversification rates of lineages with warning
coloration are higher due to the combined effects of high survival and the isolating effects of
localized predator avoidance (Vamosi 2005). Once established, warning coloration may increase
diversification if it allows conspicuous species to explore unavailable resources and niches

otherwise inaccessible due to predation pressure (Santos et al. 2014). Under a different selective



regime, populations that display warning coloration may ultimately be reproductively isolated
from populations with cryptic color.

Despite decades of study on the subject, only recently has the scale of evolutionary
analyses allowed for the study of the macroevolutionary patterns associated with warning
coloration within a comparative framework (Arbuckle and Speed 2015; Davis Rabosky et al.
2016b). In a pioneering study, Arbuckle et al. (2015) showed that while extinction rates were not
different, the speciation rate of vividly colored anurans was three times higher than clades
characterized by cryptic coloration, indicating that coloration is an important driver of
diversification.

Red coloration is a visual signal widely used to convey information to other organisms
(Pryke 2009; Pravossoudovitch et al. 2014). The purpose of red coloration can be dependent on
the species bearing the color, the way in which it is presented, and the context through which
individuals of the same or a different species perceive and react to that coloration (Cox and
Davis Rabosky 2013). In some animals red coloration may function as a signal to attract mates
(Gray 1996), while in others it may be used to warn predators of potential danger such as venom
or poison (Rowe and Guilford 2000). The same visual signal can even be used in both ways,
targeting both conspecifics and potential predators, and may depend on light conditions and
background contrasts (Endler 1992).

Snakes employ a myriad of strategies to avoid predation but the use of visual warning
signals is one of the most common. Several snake taxa use red color as a deterrent that has even
been shown to elicit innate avoidance by predators (Smith 1975). The conspicuous warning
coloration in some snake groups provides an opportunity to study the influence of color on

species diversification rates. Field and laboratories studies (Smith 1975; Brodie 1993) have



shown that warning coloration in snakes may dramatically reduce predation rates relative to
cryptic coloration, and this may lead to faster diversification. Numerous extant snake taxa exhibit
what might be considered warning coloration, many of which are Batesian (harmless) mimics of
dangerous, aposematic species (Kikuchi and Pfennig 2010; Akcali and Pfennig 2014). Notably,
each instance of mimicry within snakes effectively doubles the number of clades capitalizing
upon the diversification-promoting forces associated with warning coloration. Batesian mimicry
can promote diversification by disfavoring immigrants that are locally unfit and by selecting
against mimetic hybrids from different populations (Pfennig et al. 2015).

The pattern in which the red signal is displayed is another important factor. For example,
Bothrophthalmus lineatus (Lamprophiidae) has a red and black striped pattern which is widely
accepted to be a pattern facilitating escape behavior (Brodie 1992), while red rings (several
Elapidae, Colubridae and Dipsadidae species) have been shown to be a warning pattern. Despite
the possible different functions of the two patterns (escape vs. warning), stripes and rings might
have similar outcomes when combined with red coloration. When not moving, a snake with red
stripes may signal potential danger to predators, but when moving the stripes may make it hard
for the predator to focus and aim a strike (Allen et al. 2013). In a similar fashion, red rings can
also aid in escape if the predator cannot distinguish between red and black rings when the snake
is moving. The blur caused by movement makes the snake appear steady for the receivers a
phenomenon known as "flicker fusion effect" (Titcomb et al. 2014).

While many invertebrates, and some vertebrates, derive their red coloration through the
ingestion and sequestration of carotenoids (Toews et al. 2017), snakes, produce red drosopterin
pigments (Olsson et al. 2013; Kikuchi et al. 2014). This physiological pathway may have

enabled the independent evolution of warning signals in different clades under similar selective



pressures. Analysis of the distribution of warning coloration across the snake tree of life could
enhance our understanding of the macro evolutionary patterns in this group and the influence of
warning color on biotic diversification.

The objective of this work is to answer the following questions: 1) How many times has
warning coloration evolved within Serpentes? 2) How many reversals from warning coloration to
non-warning coloration occurred during snake evolution? 3) Does warning coloration affect

diversification or extinction rates in snakes?

Methods

Snake phylogeny and color

We produced a matrix with coloration data for all 1,262 snake species present in the
species-level squamate phylogeny published by Pyron et al., (2013), accounting for
approximately 36 percent of all described snake species. The phylogeny presented by Pyron et
al., (2013) was used to calculate the phylogenetic signal and ancestral state estimation while the
phylogeny produced by Pyron et al., (2013) was used calculate transition and diversification
rates. All the metrics and analysis performed in this chapter were based on the species-level
squamate tree trimmed for the Serpentes clade. As a proxy for warning signal we counted only
species with red coloration on the dorsum, which is the largest section of the body and the one
most often exposed to visually oriented predators. Each species in our data matrix was coded as
either 1 = possessing red coloration on the dorsum and 0 = lacking red coloration on the dorsum.
Red coloration in snakes is known to follow a Mendelian pattern of inheritance, being unlinked

to sex (Davis Rabosky et al. 2016a) which contributes to an easier understanding of the role that



this color can play in the evolution of the group. Snake colors were assessed based on photos
(print and digital) and original descriptions. Images of snakes were obtained through searches of
Google images and the website http://reptile-database.reptarium.cz (Uetz and Hosek 2019).
When necessary, the identification of species was confirmed by comparison to original

descriptions and/or available taxonomic keys.

Phylogenetic signal

To determine whether the evolution of warning coloration exhibits phylogenetic signal
we calculated lambda (1), a measure of the strength of phylogenetic signal (1=strong to 0=weak)
associated with a character, which is robust to incomplete taxon sampling (Pagel 1999; Molina-
Venegas and Rodriguez 2017). The calculated value of A is then compared with simulated trees
(999 simulations) where A =1 and A=0 considering a Brownian motion evolution of the trait.
After that, the fit of the models was evaluated using a likelihood ratio test. We estimated A using
the R package phytools (Revell 2012). We also calculated the D statistic, using 1000
permutations, which tests if the presence of warning color is phylogenetically conserved (D=0)
or randomly distributed (D=1) across the phylogeny (Fritz and Purvis 2010) using the R package
phylobase (R Hackathon et al. 2019) with the function phylo.d. All analyses were performed

using the free software R (R Core Team 2017).

Ancestral state estimation

To infer ancestral character states we performed a stochastic character mapping of

discrete traits on the phylogeny of Pyron et a/, 2013 using SIMMAP (Bollback 2006) in the R



package phytools (Revell 2012). Inferred ancestral states were plotted using the function density
map (Revell 2013) with 1000 stochastic mapped trees. This visualization has the advantage of
combining results of the stochastic mapping of binary traits and plotting the posterior density on

the tree using a color gradient.

Transition rates of warning color

Since we are dealing with a large tree, such that different parts of the phylogeny may
have different transitions rates between warning and non-warning signal, we estimated the
transition rates using a “hidden rates model” (HRM) with two hidden (slow and fast) states
(Beaulieu et al. 2013). This analysis was used to assess evidence for varying rates of evolution of

warning coloration across the phylogeny.

Warning color as a diversification factor

To infer whether the warning coloration has an effect on diversification parameters
(speciation rate, extinction rate and rate of transition between states) compared to lineages
without warning coloration we used binary-state speciation and extinction model (BiSSE), as
proposed by Maddison et al. (2007). We tested whether the differences in species number among
lineages were caused by asymmetrical character change (red to non-red and non-red to red), or
asymmetrical extinction or speciation using appropriate likelihood ratios. These analyses were

performed using the package diversitree in R (FitzJohn 2012).



Results

Of the 1262 species analyzed, 121 possess red coloration. Within genera the frequency of
red coloration varied widely from complete absence to all species displaying red color. As
expected, venomous coral snakes of the Elapidae and the presumed mimics within the
Dipsadidae and Colubridae were the groups with the highest number of species displaying red

coloration. (Fig. 1, all the figures of the dissertation are presented in the appendix B).

Phylogenetic signal

Red coloration showed a strong phylogenetic signal (A=0.90 ; p<0.001; D=0.15;
probability of (D) resulting from no phylogenetic structure = 0, Probability of (D) resulting from
phylogenetic structure: 0.262), indicating that the phylogeny alone can explain red coloration

evolution in snakes.

Ancestral state estimation

Our inference of the evolutionary history of warning coloration demonstrates that red
coloration is a labile trait. Using the SIMMAP function, we identified an average of 81.75 state
changes, with 68.45 transitions from non-warning to warning coloration and only 13.30

reversions (Fig 1). Most of the reversions occurred in the families Colubridae and Dipsadidae.



Transition rates of warning color

The parameters calculated using HRM for coral and non-coral coloration showed
differences within transition rates. At the slow rate class the transition to a non-coral coloration
(coralénon-coral: 0.097) is several orders of magnitude higher than a transition to a coral
coloration (non-coralécoral: 2.061e-09). On the other hand, the fast rate class has a much higher
transition to a coral coloration (non-coralécoral: 7.843¢-03) than the reverse (coralénon-coral:
2.061e-09). It is easier for a transition to occur towards a slow rate class in both color states —
non-coral: (slow rate classefast rate class: 4.228¢-03); (fast rate classéslow rate class: 0.016);
coral: (slow rate classefast rate class : 2.061e-09); (fast rate classeslow rate class: 4.901e-02).
Warning color as a diversification factor

Using BISSE, we found that the variation in speciation rate is explained by the presence
of red color (best log-likelihood value = -5198.4; Chi Squareds = 138.299; p<0.0001). Clades
with red coloration were found to have, approximately 5.16 times the speciation rate of clades
without it. There were no differences in extinction rates between clades with red coloration and

clades with non-red coloration.

Discussion

Species traits are commonly shaped by balancing forces that allow individuals to secure
resources, access mates, and avoid predation (Schall and Pianka 1980; Hawlena et al. 2006). One
important trait that is usually subject to strong selection is color, and we found that warning
coloration is not randomly distributed across the snake phylogeny (Fig 1 and phylogenetic signal

estimates), reinforcing the suitability of red coloration for diversification studies in snakes. The



inferred frequent independent origin of warning coloration (average 81.75 transitions to red
coloration) indicates an important role for this trait in the diversification of snakes that may have
been facilitated by the use of the same genetic building blocks (Olsson et al. 2013; Kikuchi et al.
2014). The repeated evolution of warning coloration in distantly related snake clades (Fig. 1)
suggests a selective advantage for species displaying red coloration on their dorsum, which is
corroborated by field (Brodie 1993) and laboratory (Smith 1975) studies.

The ability of certain clades to occupy new niches or areas is highly correlated with an
increase in diversification rate (Davis Rabosky et al. 2016b). We found that clades with red
coloration have a five-fold increase in speciation rates, which can be illustrated by Colubridae,
Dipsadidae and Elapidae. Signaling potential danger to predators may have enabled species that
display red coloration to explore more niches since they have a natural buffer to predation.
Additionally, the use of warning coloration by harmless species might have further increased the
diversification in some clades since they do not carry the burden of producing toxins. The
production of secondary compounds consumes resources (McCue 2006) that can, otherwise, be
allocated to reproduction, adding another effect that can might explain the diversification of
harmless and conspicuous snakes.

Reversals to a non-red coloration occurred in both venomous and non-venomous species,
indicating that the selective advantage of having red coloration is not absolute and might shift
depending on the context. The factors that are determinants to trigger reversals towards a non-red
state still require further investigation, but some plausible explanations might include lack of
predators (extinction of predator or colonization of areas without predators), extinction of model
species (mimics returning to a non-red coloration), genetic drift, and environmental constraints.

For example, Micrurus albicinctus has a bicolor pattern with black and white rings, despite most



Micrurus species displaying some sort of red coloration. The absence of red coloration in M.
albicintus might have been selected for by low light conditions in forest habitats (Franga 2008).

Phylogenies with many terminals are expected to span heterogeneous evolutionary rates
for many traits that may be a result of different selective regimes, extinctions, and reproductive
modes (Beaulieu et al. 2013; Garamszegi 2014). However, we found that only the slow rate was
present, showing that color evolves in a uniform manner. This uniform evolution of the red
coloration may be a result of a shared pathways producing the red coloration among all snake
clades. At the slow rate class, it is unlikely for a clade to switch to red coloration. The
combination of non-red coloration and slow class may be viewed as an absorbing state probably
because when a red morph first appears in a population it is expected to be exposed to greater
predation pressure. This may hold because predators do not recognize a new red snake as a
potential threat and being conspicuous, they are promptly attacked. This fitness valley between a
species that does not display a warning signal and a species that does display a conspicuous
warning signal is probably deep and hard to cross. At the same time, once the fitness valley is
crossed, we expect faster diversification, which is in accordance with our results.

In conclusion, our results demonstrate that warning coloration is widespread within
Serpentes and is correlated with higher speciation rates. Despite the apparent selective
advantage, warning coloration is a liable trait and we found several reversals to non-warning
coloration. Field and laboratory tests might be performed to investigate the possible causes of
transition between states. Similarly, investigating the mechanisms responsible for promoting
diversification in lineages that attain warning coloration will greatly benefit our understanding of

coloration evolution.
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CHAPTER II:
COLORATION PATTERNS OF SYMPATRIC NEOTROPICAL CORAL SNAKES SHOW
EVIDENCE OF MULLERIAN MIMICRY

Introduction

New world snakes of the genus Micrurus, commonly known as coral snakes advertise
potential danger via their aposematic (warning) coloration, frequently a combination of red,
black, and light (white or yellow) colored bands (Roze 1996). This aposematic genus, protected
by neurotoxic venom, serves as model for several mimic species, providing well described
examples of Batesian mimicry (Greene and McDiarmid 1981), where a number of harmless New
World species display similar color patterns to deceive predators (Ruxton et al. 2004).

Surprisingly, despite decades of study of the genus, no formal tests have been performed
to evaluate the extent in which Micrurus species engage in Miillerian mimicry, the assumption
instead relying upon anecdotal reports (Greene and McDiarmid 1981; Roze 1996; Marques
2002). Miillerian mimicry, the sharing across defended species (e.g. species of Micrurus) of both
an aposematic signal and the cost of training predators to avoid said signal by dangerous or
unpalatable species (Miiller 1878; Ruxton et al. 2004; Sherratt 2008). This phenomenon has been
documented in other snake groups (Sanders et al. 2006), but has yet to be tested in coral snakes.

The paucity of studies of Miillerian mimicry in coral snakes might be because the
majority of studies have been performed in the United States, where only a few species of coral
snakes exist in non-overlapping geographic areas. However, throughout its range the genus

Micrurus has approximately 80 recognized species, with up to 11 species co-occurring in some
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areas, such as the western Amazon (Bosque et al. 2016), making this an ideal area for the
evolution of Miillerian interactions.

The high diversity of Micrurus in the neotropics creates an opportunity for similarly-
defended aposematic species to share the cost of training predators to avoid these color patterns,
and/or to share the benefit of evolved innate avoidance of coral snake coloration (Smith 1976).
Micrurus species tend to be locally rare which imply less opportunity for predator learning and
weaker selection for innate avoidance. Because of its rarity, Miillerian mimicry might play an
underappreciated role in the evolution of coral snake coloration. If two or more such species
engage in Miillerian mimicry, a convergence in morphology is expected in areas where they co-
occur (Kapan 2001), with a relaxation of selection for signal similarity outside the range of
distributional overlap. In this study, we integrated morphology, coloration and geographic

distribution data for several Micrurus species to test for the existence of Miillerian mimicry.

Materials and methods

Species

To test whether coral snakes engage in Miillerian mimicry, we examined museum
specimens of the subset of Amazonian species that possess a tricolored, triadal (red bands
separated by a sequence black-white-black-white-black bands) aposematic signal (Savage and
Slowinski 1992). We selected species with overlapping and non-overlapping geographic
distributions across the range of each species, and which were well represented in museums.

After an initial exploration of the available material, the species selected for this study were
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Micrurus brasiliensis, M. frontalis, M. ibiboboca, M. lemniscatus and M. surinamensis.

Geographic coordinates where the specimens were sampled were obtained from the museums.

Morphology and color quantification

We took high quality digital photographs from the dorsum of 1528 preserved snakes
deposited in Brazilian herpetological collections (CEPB, CHUFPB, CHUNB, INPA,
LARUFRN, MHNCI, MNRJ, MPEG, MZUFBA, MZUSP and UFMT; Fig. 2 and Appendix C).
After excluding damaged snakes, we retained 1458 individuals for our analysis. From each
image we recorded the following measurements: total length (from the tip of the snout to the end
of the tail), number of black, red and white bands. We also selected one triad at mid-body to
measure the length of the first, second, and third black bands; length of the first and second white
bands and the length of the red band anteriorly to the selected triad. The length of the white
bands as well as the first and third black bands were nearly identical, so we calculated averages
of the two for further analyses. After checking which variables were highly correlated (> 0.9),
using a spearman correlation test, we selected 5 variables to be used in further analyses: number
of red bands, proportion of red bands (width of red band/total length), proportion of external
black bands ((width of black band 1 + width of black band 3/total length)/2), proportion of white
bands ((width of white band 1 + width of white band 2/total length)/2), and proportion of internal
black bands (width of black band 2/total length). All images were analyzed using the software

Imagel version 2.0.0-rc-69/1.52i.
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Statistical analysis

All statistical analyses were performed using the statistical software R (R Core Team
2018). To calculate morphological variation along the geographic distribution of each species,
we used a multivariate spatial analysis (spatial principal component analysis: SPCA), with the
function multispati from the package adespatial (Dray et al. 2018), which maximizes the product
of variance and spatial autocorrelation. To test for spatial autocorrelation at broad geographic
scales in the morphological data, we ran a Monte Carlo test of global spatial structure with 999
simulations using the function global.rtest from the package ade4 (Dray and Dufour 2007). To
calculate the number of nearest neighbors and the spatial weights (using row standardized style)
we used functions knearneigh and nb2listw, respectively, using the package spdep (Bivand
2002). In order to produce maps of the morphological variation of each species, we interpolated
the sPCA lagged scores using the function interp from the Akima package (Akima and Gebhardt
2016).

To test whether each species pair is more morphologically similar where their
distributions overlap we created a grid with cells of one degree latitude x longitude (ca. 111 km?)
for each species. We extracted the lagged scores from each cell to generate a matrix where the
geographic grid cells are the rows and the columns are the species. If multiple samples of the
same species were found in the same cell, we averaged their lagged score to obtain a single value
for that particular cell. After that procedure we compared each pair of species performing t-tests,
to check if their lagged scores were similar where they co-occur and if they were different where
they do not co-occur. We repeated this procedure for the first three SPCA axes.

Additionally, we tested if morphological dissimilarity between pairs of species increases

with geographic distance by performing a Mantel test (999 permutations) using the package
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ecodist (Goslee and Urban 2007) with a dissimilarity matrix of the Euclidean distances of each
PCA score and geographic distance of each individual with the package geosphere (Hijmans

2017).

Results

After a first exploration of the data we concluded that coral snakes do not have an
ontogenetic variation in the number of rings (correlation test between number of red bands and
total length: rho=-0.003; p=0.905). That is, juveniles tend to maintain a constant number of rings
along their life, only increasing the length of each ring. Accordingly, we performed analyses
using all the available individuals (adults and juveniles). The first three spatial principal
components explain 93% of the variance in the original morphological variables (Fig 3). From
the Monte-Carlo simulation we rejected our null hypothesis of no spatial structure in our data
(Monte-Carlo test: observed: 0.08, simulated p-value: 0.001). The first spatial principal
component (sSPCA1) alone accounted for 47% of the variance and number of bands and length of
the internal black bands best were the most important variables (Table 1 and Fig. 4; all the tables
of the dissertation are presented in the appendix A).

On the second principal component (sPCA2), which explains to 30% of the variance,
length of white bands was the variable with the greatest contribution (Table 1 and Fig. 5). On the
third principal component (sPCA3, 16% of the variance), the length of external black bands was
the variable that contributed the most (Table 1 and Fig. 6).

In general, the maps produced by the interpolation clearly separate each species in
specific color pattern groups (Fig. 3), with the exception of M. lemniscatus. Despite indicating

that species can be grouped based on color pattern, the maps produced by interpolation reveal
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that there are similar trends between species for length and number of bands (i.e., species tend to
be more similar where they overlap, Fig. 4 and Table 1). On the sPCA1, M. lemniscatus is
clearly the species with the largest variation of morphological measurements, which is
unsurprising given that M. lemniscatus has the largest, most discontinuous geographic
distribution of all analyzed species (Fig 3). M. surinamensis shows long internal black bands and
a reduced number of bands, while M. frontalis shows an increased number of bands with short
internal black bands (Table 2).

The t-tests showed that where a pair of species does not overlap in their geographic
distribution they are not similar in appearance (7 out of 10 comparisons; Fig. 7). When a pair of
species does overlap in their geographic distribution, they tend to look similar (10 out of 10
comparisons; Fig. 7 and Table 3).

The Mantel test results indicate that, in general, dissimilarity between species pairs
increases with distance (Table 4 and Fig. 8). The only exception to this pattern occurred when

comparing M. surinamensis against M. frontalis/ibibobocallemniscatus.

Discussion

Micrurus species have long been considered models for several harmless mimics.
Numerous studies have shown that these species engage in Batesian mimicry (Brodie 1993;
Davis Rabosky et al. 2016b; Akcali and Pfennig 2017), yet there has been no formal
demonstration that Micrurus species increase their protection against predation by converging on
similar coloration in sympatry. Our study is the first to demonstrate that Micrurus species also

behave as Miillerian mimics by displaying similar color patterns where they co-occur.
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Given that density of individuals is generally lower towards the edge of a species’
distribution, we expect even more similarity between two species in such areas (Harper and
Pfennig 2007). This phenomenon is believed to occur because predators have fewer encounters
with coral snakes at the edge of their geographic distribution, leaving little room for deviations of
the local pattern. Selection favoring better mimicry at the edge of distribution was tested in a
previous study of coral snake replicas, indicating that Batesian mimics are more similar to their
model at the edge of the distribution of the model (Harper and Pfennig 2007). The low density of
individuals at the edge of the distribution is probably a factor that is accelerating the convergence
towards coloration similarity between multiple Micrurus species. This edge-density effect might
be another factor contributing to the strong patterns that we found in the present study.

The length of the red bands was not an important variable in any of the three sSPCA. This
might indicate that the length of red bands is under strong selection even at larger geographic
scales and may be functioning as a generalized signal for predator deterrence (Pryke 2009).
However it should be noted that there are some Micrurus species, like M. albicinctus, that do not
have red coloration, which indicates that the banding pattern itself is another way to transmit a
deterrence signal (Brodie 1993). The red coloration is usually attributed to a broadly avoided
coloration pattern (Pryke 2009; Pravossoudovitch et al. 2014) and banding patterns are used as a
signal in other taxa such as hymenopterans (Williams 2007) and lepidopterans (Ingalls 1993).
Further investigation is warranted to understand the interaction between coloration and banding
patterns in Micrurus snakes, and its role in signaling unprofitability.

Although our results indicate a pattern of Miillerian mimicry, Batesian and Miillerian
mimicry likely work together in complex mimicry systems and sometimes distinction between

these two types of mimicry can be blurred (Speed and Turner 1999; Balogh et al. 2008). The
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difficulty of distinguishing between these two types of mimetic interactions can be exacerbated
by the fact that distinct Micrurus species vary in their venom composition (Lomonte et al. 2016),
which might pose different levels of threat to each predator species. Neotropical coral snakes and
their harmless mimics also show overlapping coloration patterns (Bosque et al. 2016), but it
remains to be tested whether there is coloration similarity in areas of geographic overlap of
Micrurus and harmless snakes. Field tests of predation avoidance and quantification of
population densities of coral snakes would also provide an important source of evidence for the

evolution of such signals in local communities.

Future directions

To further investigate the evolution of mimicry in such a diverse clade, a comprehensive
Micrurus phylogenetic hypothesis that includes both intra- and interspecific structure is essential,
particularly one that includes representative sampling of species with large geographic
distributions. Estimates of population demography, particularly with respect to distributional

core and periphery, would provide additional context for further tests of coral snake mimicry.
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CHAPTER III:
CORAL SNAKE BATESIAN MIMICRY AND THE EFFECTS OF MODEL DIVERSITY

AND SYMPATRY ON MIMIC FIDELITY

Introduction

A mimic’s similarity to its model varies widely among known systems and includes
extreme cases of dramatic intraspecific polytypism, frequently associated with geographic
structure (Mallet and Joron 1999; Symula et al. 2001). There are also examples of a gradation of
levels of mimicry, from nearly perfect to those that bear little resemblance to their models within
and between mimic species (Savage and Slowinski 1992; Akcali and Pfennig 2017). Such
variation in mimetic fidelity has been attributed to many factors, including the relative
abundance of models and mimics, their degree of sympatry, the presence of multiple models, the
level of protection of the model, or the evolutionary stage of the mimic relationship (Edmunds
2000; Sherratt 2002; Kikuchi and Pfennig 2013). The factors involved in mimetic fidelity can act
jointly to create a mosaic of different degrees of similarity along the mimic’s geographic
distribution.

In areas where the model is rare, selection may drive mimics to be more similar to
models due to predation pressure (Harper and Pfennig 2007; Pfennig et al. 2007). In contrast,

poor mimics may persist through gene flow from central to peripheral areas of their putative
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model distribution (Harper and Pfennig 2008). Furthermore, in areas where aposematic species
of many different color patterns overlap in their distributions, mimics may attain an intermediate
mimetic phenotype, not resembling any specific model (Edmunds 2000).

Mimetic precision might also be affected by how predators interact with their prey. It is
know that some avian predators have a tendency to aim a strike toward the head of prey as a
mechanism to avoid a counterstrike which is particularly important when preying on dangerous
animals like venomous snakes (Smith 1976; Brodie 1993). Predators relying only on cues of
certain parts of the body to decide whether or not to attack will select mimics that have a more
precise resemblance in that particular part of the body. In contrast, the parts of the body not
targeted by predators might be under relaxed selection pressure for mimetic fidelity. Overall, a
mimic might look imprecise (at least in our perception (Cuthill and Bennett 1993)), but precise
resemblance at only certain parts of the body might be enough to dissuade predators and avoid an
attack.

One of the most debated example of mimicry in vertebrates occurs in several harmless
snake species that deceive predators by mimicking the color of the deadly coral snakes of the
Micrurus (Savage and Slowinski 1992; Roze 1996; Campbell and Lamar 2004). Coral snakes
warn predators by using a combination of red, black, and yellow-or-white bands arranged several
patterns (Savage and Slowinski 1992; Roze 1996; Silva Jr. et al. 2016). The same coloration is
found in a diverse group of harmless snakes even in distantly related taxa (Davis Rabosky et al.
2016D).

One widely-presumed Batesian mimic of the genus Micrurus is Oxyrhopus (Zaher and
Caramaschi 1992; Brodie and Janzen 1995; Buasso et al. 2006; Franca 2008), which has an

overlapping geographic distribution and similar coloration pattern to Neotropical Micrurus
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(Bosque et al. 2016). Oxyrhopus species have intraspecific morphological variation that includes
the number and width of bands, color of the head and total length (Zaher and Caramaschi 1992;
Lynch 2009; Bernardo et al. 2012). Oxyrhopus has a geographic distribution that overlaps with
many model species of the genus Micrurus that might be contributing for the great
morphological variation found in Oxyrhopus.

Oxyrhopus guibei individuals exhibit a tricolor pattern with red, black, and white rings
(Fig. 9) with a geographic distribution concentrated in Southern Brazil, a region with several
potential Micrurus models that have a similar coloration pattern. The overlapping distribution
with multiple models and various degrees of sympatry makes O. guibei an ideal candidate to test
hypothesis related to mimic-model fidelity. This work aims to identify which species O. guibei is
mimicking, test whether the number of model species present in a particular area affects the
mimic’s fidelity and test if O. guibei tend be more morphologically similar to models near the

head.

Materials and Methods

Color and morphological quantification

We took high quality digital photographs from the dorsum of 557 preserved snakes deposited in
many of the largest Brazilian herpetological collections (CEPB, CHUFPB, CHUNB, INPA,
LARUFRN, MHNCI, MNRJ, MPEG, MZUFBA, MZUSP and UFMT; see Appendix C and D
for complete specimen information and museum acronyms). After excluding damaged snakes,
we retained 479 individuals. Since Oxyrhopus species are known to have incomplete bands (i.e.,

in a sagittal plane, left side of the band does not encounter the correspondent color on the right
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side (Fig 10), we randomly chose one side (in a sagittal plane) to take the measurements as
described below. From each image we recorded the following measurements: total length (from
the tip of the snout until the end of the tail), distance from the tip of the snout to the intersection
of the parietal scale, number of black, red and white bands. We also selected one triad in the mid
portion of the total length of the snake and another at the first complete triad closest to the head
(referred as neck from now on) to measure: the length of the first, second and third black bands;
length of the first and second white bands, the length of the red band and the mismatch between
left and right side of the triads (the length a color band did not match the same color on the other
side). Additionally, we counted the number of incomplete triads on the first and second half of
each snake. As the length of the first and the second white bands and the external black bands
(first and third) were, respectively, almost identical, we averaged them for subsequent analyses.
For the analysis we used the following variables: number of triads, proportion of external black
bands (black band 1 + black band 3/total length), proportion of white bands (white band 1 +
white band 2/total length) and proportion of internal black bands (black band 2 /total length), half
triads (1* and 2™ half) and mismatch between triads (Fig. 10). We also used the morphological
measurements of presumed model species from chapter 2 (M. brasiliensis, M. frontalis, M.
ibiboboca, M. lemniscatus and M. surinamensis). Since Micrurus species do not have great
variation on ring size along the body (Silva Jr. and Sites 1999; Feitosa et al. 2007), we used the
measurement made on the mid portion of the snake as a proxy for the measurements of the neck.

All images were analyzed using the software ImageJ version 2.0.0-rc-69/1.52i.
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Color variation of Oxyrhopus guibei and Micrurus

We performed two paired t-tests; one to evaluate if the number of half triads in the first and the
second portion of the body of specimens of Oxyrhopus guibei are different, and another to
evaluate if the mid-portion of the body of O. guibei is more prone to have mismatch between left
and right triads than the triads near the head. Initially we performed a principal components
analysis (PCA) with the raw data (not averaged per grid-cell) to explore how O. guibei
morphological variation (excluding half triads and mismatch) overlaps with Micrurus species.
We performed two separate PCAs, one for the variables of the neck, and another for the variables
of the mid-body. To test which species O. guibei is mimicking we performed a linear
discriminant analysis (LDA) with all Micrurus species patterns within the latitudinal and
longitudinal limits of O. guibei and checked the amount of correct classifications. We performed

this procedure for all the variables that measure the length of the bands (neck and mid-portion).

Geographic structure of coloration

In order to produce maps of color variation on each species we created a raster containing a grid
with 1 degree cells in a range that encompass the maximum latitudes and longitudes for O.
guibei (-82, -34, -30, 11: W,E,S,N — respectively). For each species we averaged the value
measured for each morphological variable per cell totalizing 400 cells. Subsequently we
extracted the mean value of each morphological variable per cell that overlapped with O. guibei
distribution to create a data matrix for further analysis. The average of each cell can potentially
estimate the mean morphology of a local population, which is ultimately how predators would

perceive their prey. All raster generation and data handling were performed using the package
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raster (Hijmans 2019) and maps were generated with aid of the packages maptools (Bivand and
Lewin-Koh 2017), prettymapr (Dunnington 2017) and GISTools (Brunsdon and Chen 2014) in R
(R Core Team 2018). We also performed an sPCA separately for the neck and mid-body regions
and produced a matrix as described above. With the averaged lagged scores we used a paired t-
test to check if O. guibei is, overall, morphologically more similar to Micrurus species in the

neck or at the mid-portion of the body.

Effect of Micrurus species richness on Oxyrhopus guibei

To test the effect of Micrurus species richness on Oxyrhopus guibei, we constructed a matrix of
Micrurus richness per 1° cell based on Bosque et. al,(Bosque et al.). The original matrix of
Bosque et. al (2016) is based on geographic distribution maps of Roze, (Roze) and Campbell and
Lamar,(Campbell and Lamar). We extracted the information of Micrurus species richness from
the cells that overlapped with O. guibei. We used this information, to test if Micrurus species
richness in each cell can explain mimetic precision on O. guibei we performed a generalized
linear model with a Poisson regression. In our model the independent variable was Micrurus
species richness and the dependent variable the number of half triads and mismatch between

bands.
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Results

Similar to their putative model species (see chapter 2), O. guibei does not exhibit
ontogenetic variation in the number of rings (correlation test between number of red bands and
total length: rho= 0.045; p=0.285).

We did not find differences between the number of half triads in the first and the second
portion of the body of specimens of Oxyrhopus guibei (paired t test: tsps =0.814, p=0.416, and
Fig. 11). The mid-portion of the body of O. guibei are more prone to have a mismatch between
left and right triads than the triad adjacent to the neck (paired t test: t46=-24.777, p<<0.001 and
Fig 11). We found differences between the sSPCA lagged scores of the mid-portion of the body
between Micrurus and O. guibei (t35=2.59, p= 0.012) but not in the neck (t34=0.09, p= 0.9252).
The number of bands seemed to vary more in O. guibei than all the Micrurus species (Fig. 12).

The most important variable for the first principal component was number of triads,
followed by the internal black band length for mid-body (Table 5 and Fig. 13) and neck (Table 6
Fig 14). The majority of the overlap of the O. guibei internal black band length occurred with
Micrurus frontalis and M. brasiliensis (Fig. 11, Fig 13 and Fig 14). For the second principal
component the red band length was the most important variable for mid-body (Table 5 and Fig.
15), while white band length was the variable most important for the neck (Table 6 and Fig. 16).
Conversely, the third principal component, the white band length, was the most important
variable for mid-body (Table 5 and Fig. 15) while red band length was the variable most
important for the neck (Table 6 and Fig. 16). The LDA analysis correctly classified O. guibei in
97% of the cases for mid-body and 96% of the cases for the neck. The misclassifications of the
mid-body occurred at M. frontalis (n=2), M. lemniscatus (n=4); neck M. brasiliensis (n=5), M.

frontalis (n=T7), M. ibiboboca (n=1), M. lemniscatus (n=2).
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The maps of morphological variation on O. guibei show an apparent geographic structure
in some morphological variables. Individuals of O. guibei tend to have more triads towards the
northern part of their distribution (Fig. 17), whereas the external black bands in the mid portion
of the body and the neck are larger towards the southern portion of their distribution (Fig. 18,
panel EB). A similar pattern is also found in the internal black bands at mid-body (Fig. 19), with
the mismatch between bands greater towards the north, getting progressively smaller towards the
south (Fig. 19). The other variables do not seem to show a strong geographic structure.

The maximum number of sympatric models was four Micrurus species per cell, which
occurs in southeast and central Brazil (Fig. 20). We did not find a relationship between Micrurus
species richness and our variables of mimetic imprecision (glm: mismatch neck, mismatch mid-
body half triads neck, half triads mid-body F=17.39, 1.71, -0.05, -0.04, p=0.77, 0.86, 0.45,

0.62).

Discussion

By evolving coloration similar to species of the genus Micrurus, Oxyrhopus guibei
individuals presumably reduce the chances of being attacked by visually oriented predators with
a consequential benefit for survivorship and higher reproductive success. The advantage of
resembling Micrurus has been demonstrated by several lab (Smith 1975) and field (Brodie and
Janzen 1995; Buasso et al. 2006) studies, indicating a direct effect on mimics’ evolutionary
history (Davis Rabosky et al. 2016b). Here we showed that O. guibei resemble their models in
several components of coloration, indicating a mimetic relationship between the two genera. Our
results indicate that O. guibei morphologically overlaps with all the Micrurus species analyzed

(Fig. 12), but has a small tendency to overlap more with M. brasiliensis and M. frontalis (Fig.
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11). However, our LDA results, which encompass a larger geographic area where, did not
misclassify O. guibei as Micrurus, which indicates that selection might be acting differently at
large and small geographic scales.

We found no difference in the number of half triads between the first and the second half
of the body, which might be related on how we measure this variable (the number of half-triads
might be concentrated in both directions, towards the head and towards the tail). However, our
results show that the portion near the head of O. guibei is more prone to precise mimicry (lower
mismatch between left and right) indicating that predators might be targeting the head during an
attack and consequentially selecting for precise mimicry in this area. This result is also in
accordance with our sPCA results which show that at the local scale (1 degree cells) Oxyrhopus
tend to look more similar to the local average Micrurus coloration towards the neck, but not the
mid-body. These findings are in accordance with snake replica studies that show that predators
tend to preferentially attack the head of a snake, especially when dealing with venomous species
(Brodie 1993) indicating a stronger selection for precise mimicry in this area. Many predators
have the tendency to attack vulnerable parts of the body specially the eyes, and many prey
species uses several strategies to distract predators from aiming a strike towards the head,
(Bustard 1969) before and during an attack. We believe that coral snakes and their mimics, use
the portion of the head as a flag to signal potential danger to a predator. After the predator has
committed to an attack, the flag is no longer useful and Micrurus adopt a strategy of concealing
their heads and lifting their tails, a behavior also adopted by Oxyrhopus (Sazima and Abe 1991).
The increased mismatch (or asymmetry) between left and right sides might further increase
survival after the predator committed to attack (Cuthill et al. 2006). Asymmetric bands may

reduce the capacity of the predator to target one part of the body while the snake is trying to
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escape. Since warning signals that are symmetric are more easily recognized and remembered by
predators then asymmetrical ones (Forsman and Merilaita 1999), we speculate that the
asymmetric bands might also act as a way to predators to forget that a specific pattern of
coloration is associated with a harmless and edible species. In summary, Oxyrhopus guibei might
be using its bands of the neck to avoid an attack and using the bands of the mid-body as an aid to
escape during an attack. The mid-body bands might also facilitate the disassociation warning
signal to edibility by predators.

While geographic structure in color might be a product of neutral processes or association
with model species present in an area (Brodie 1993), we can speculate about some other aspects
that might be involved in the evolution of color in this group. It is well known that organisms’
uses color to balance the amount energy received by the environment (Margalida et al. 2008),
either for thermoregulation or protection against ultra-violet radiation (Cuthill et al. 2017).
Oxyrhopus guibei populations that live in forested habitats in the Atlantic forest might have
being selected to increase the length of the external black bands to maximize thermoregulatory
efficiency.

We did not find an association between richness of models and mimetic imprecision in
Oxyrhopus guibei. Mimetic precision between mimics and models is expected to decrease when
the number of models increases due to relaxed selection in mimics (Kikuchi and Pfennig 2013).
Micrurus species are well known by the toxicity of their venom, which can kill even large
mammals (Bucaretchi et al. 2016). The extreme cost of mistakenly attacking a coral snake might
grant protection to imprecise mimics of any kind reducing the effect of models richness in
mimetic precision. Due to the difficulty of assessing population density, we did not consider the

relative abundance of models and mimics in our study.
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In conclusion we found that Oxyhopus guibei have similar colors of its co-occurring
models but can still be recognized by its own unique characteristics of coloration. We showed
that O. guibei is more similar to Micrurus near the head, which might be an indicative of a
differential selection on this portion of the body. Tests of the dual purpose of coloration in
Oxyrhopus guibei will benefit for future studies with predator avoidance on the field and
laboratory. The clinal variation for certain aspects of color in O. guibei will be useful for future
studies about the balance of mimetic interaction and the evolution to cope with thermoregulatory

constrains.
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CHAPTER 1V:
DIVERSITY OF WARNING SIGNAL AND SOCIAL INTERACTION INFLUENCES THE
EVOLUTION OF IMPERFECT MIMICRY
Bosque, R.J., Lawrence, J.P., Buchholz, R., Colli, G.R., Heppard, J. & Noonan, B. (2018)
Diversity of warning signal and social interaction influences the evolution of imperfect mimicry.

Ecology and Evolution, 8, 7490-7499.

Introduction

Mimicry is an evolutionary strategy often employed by organisms to escape predation.
Mimetic phenotypes can generally be classified as either camouflage/masquerade, e.g., insects
mimicking leaves (Skelhorn and Ruxton 2010) or warning, i.e., co-opting the signal of a
defended species (Ruxton et al. 2004). Color combinations including red, yellow, white, and
black are broadly used as warning signals in many defended taxa, such as Hymenoptera (Hines
and Williams 2012), Coleoptera (Bocak and Yagi 2010), Lepidoptera (Jiggins et al. 2006),
Lissamphibia (Symula et al. 2001; Kraemer and Adams 2014) and Squamata (Campbell and
Lamar 2004). These warning colors can elicit aversion in a wide variety of visually-oriented
predators (Ruxton et al. 2004). The aversion of conspicuous prey can even be socially
transmitted (Thorogood et al. 2017), reducing the predation pressure on newly evolved signals.
Aversion can also be affected by individual variation in personality (Exnerova et al. 2010),
which can be genetically inherited (Drent et al. 2003) and be accompanied by differences in

morphological and physiological traits (Goerlich et al. 2012). Whether this aversion is innate,
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self-learned or socially transmitted, warning signals are known to have a strong influence on how
a predatory animal will explore and interact with prey (Lindstrom et al. 1999; Rowe and Guilford
2000; Ham et al. 2006)

At the community level, Batesian mimicry, where an undefended mimic benefits from a
resemblance to a harmful model, is perhaps the most evolutionarily complex mimicry system
(Bates 1862; Ruxton et al. 2004). Multiple predator species may co-occur with both multiple
defended and multiple undefended prey species that employ a variety of warning colors and
patterning, and the dimensionality of these components of the mimicry system can vary
geographically. For example, New World coral snakes (Micrurus) and their mimics of the genus
Oxyrhopus exhibit many combinations of model species number, mimic species number, pattern
and coloration diversity (Fig. 21), Furthermore, the extent of geographic overlap between mimics
and models may vary dramatically and extent of overlap between mimics and models (Roze
1996; Campbell and Lamar 2004; Bosque et al. 2016). Species of Micrurus transmit a clear
warning signal to potential predators through varying combinations of contrasting red, black,
yellow, and white rings (Smith 1976; Brodie 1993; Brodie and Janzen 1995). These same colors
are also used by harmless snakes mimics, with varying fidelity in color and pattern to local
Micrurus models, making this one of most remarkable examples of mimetic interaction (Savage
and Slowinski 1992).

One interesting aspect of Batesian mimicry is that some mimic species range of broad
geographic areas, sometimes exceeding the range of their presumed model, and often
demonstrate regionalized phenotypic variation in their mimetic signal. Regional variation in the
warning coloration of mimics could occur simply because different predators may interpret

mimic-model resemblance using different sensory cues or cue components (Pekar et al. 2011;
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Aubier and Sherratt 2015). Further, different populations of a mimic species may occur in areas
with different predators, with local color variants emerging by predation pressure. Nonetheless,
even within a single predator species, individual experience with model pattern richness (i.e., the
number of different prey patterns) by direct contact or via social observation may also directly
affect the evolution of mimetic lineages.

A particularly vexing problem in the macroevolutionary study of mimicry complexes that
might benefit from a deeper understanding of predator learning is that, despite a presumed
selective pressure to attain perfect resemblance with their models, imperfect mimics are not
uncommon in nature. The factors that enable the persistence of imperfect mimics are still unclear
but several authors have suggested plausible explanations (Kikuchi and Pfennig 2013; Kazemi et
al. 2014). One explanation focuses on the selective pressures acting on the mimic when many
models exist in the same area. When multiple models are present within a mimic’s geographic
distribution, mimics may be selected by predators to either resemble only one model or, if the
models are not sympatric with each other, the mimics can adopt an intermediate phenotype
(Edmunds 2000; Sherratt 2002). If just one model is present, selection is expected to drive
mimics toward signal identity with the defended model (Ruxton et al. 2004). However, if several
sympatric, defended models vary in phenotype, predators in this area may be conservative in the
avoidance of harmless species with similar warning signals, even if mimetic fidelity to the
defended models is inexact (Edmunds 2000). Experimental evidence demonstrates that predators
indeed generalize a bad experience with one prey species to others (Hotova Svadova et al. 2013).

Model diversity may also drive generalization to novel patterns that are not even found in
models (Ham et al. 2006; Kikuchi and Pfennig 2013). Historically, avoidance of novel prey has

been attributed to innate neophobia; the avoidance of a previously unencountered signal simply
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because it is new/unusual (Greenberg and Mettke-hofmann 2001). Because neophobia may
disappear with exposure experience, the generalization and neophobia hypotheses for explaining
novel mimic-like patterns make opposite predictions about the outcome of predator learning as
the number of models increases. More models provide predators more cues from which to
generalize, making them cautious about new prey patterns, but also increase the familiarity with
novelty, thus fostering less neophobia towards it.

Previous researchers have demonstrated generalization of coral snake warning patterns by
free-ranging avian predators. In these studies, the birds avoided a mimetic morph with a pattern
that differed from the local model but with the same colors (Brodie and Janzen 1995; Kikuchi
and Pfennig 2010). To investigate the evolution of more complex systems with multiple models
and imperfect mimics, we tested whether the number of models that an avian predator
experiences affects the breadth of its avoidance generalization to a novel pattern. In this study, a
“novel pattern” is also an imperfect mimic, a pattern not seen previously by the subject, and yet
incorporating features (colors and shapes) shared with the aposematic models. We also exposed
chickens to different contexts using social and individual exposure as these may affect learned
responses to distasteful prey (Thorogood et al. 2017). In order to understand how differences in
individual development of chicks could impact their willingness to sample imperfect mimics, we
investigated morphological traits that may reveal ontogenetic growth trade-offs between general
investment in somatic growth (mass, tarsus and body condition) and organ specific development
associated with immune preparedness (spleen mass) and sexual maturation (directional testis
asymmetry). The spleen is an important immune organ in birds, the size of which reflects
immune activity and possibly immunocompetence (John 1994). As in most bird taxa, the left

testis is usually larger in mature phasianid birds such as the chicken (Calhim and Montgomerie
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2015) and thus birds with greater asymmetry in this direction can be assumed to be on a more
rapid trajectory towards the adult form. Directional asymmetry in adult testis size has been
associated with male sexual ornamentation and mate quality in some birds (Mgller 1994). We
predicted that birds that invest more in organ maturation would be more motivated to feed and
thus less likely to avoid a novel food item, despite having learned previously that similar cues

were aposematic.

Methods

Study subjects and housing

As model predators we used approximately 10-day old, male domestic chickens (Gallus
gallus domesticus). The capacity of chickens to discriminate between two objects based on their
wavelength is comparable to several bird species (Hart 2001), which reinforces the adequacy of
the species selected as a model predator. Birds are commonly used as model predators in
warning coloration experiments because their color vision is well documented, and they are
known to be the main predators of snakes, including coral snakes (Hinman et al. 1997; Buasso et
al. 2006; Leynaud et al. 2008; Kikuchi and Pfennig 2010). Commercial feed (corn-meal) was
provided ad libitum except for the 60 min immediately prior to exposure and testing sessions, so
that the chicks were motivated to “attack.” Housing and testing conditions were approved by the
University of Mississippi Institutional Animal Care and Use Committee (#15-009). To replicate
the snake patterns found in nature, we painted Wild Harvest™™ tube feeders with brown spray
paint to represent brown snakes and wrapped experimental feeders with colored electrical tape to

represent the coral snake color pattern(s) present in three regions of South America (Fig. 21 and
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Fig 22) (Bosque et al. 2016). We filled the aposematic (henceforth, we use aposematic and
warning signal interchangeably) feeders with feed that was previously sprayed with 10%
chloroquine solution, making the feed distasteful but not harmful (Lindstrom et al. 1997; Ruxton
et al. 2004); brown feeders had normal feed. These feeders were not meant to be exact replicas of
coral snakes, but simply represent a variety of patterns from which the chicks had to learn. To
simulate natural encounters with aposematic prey, we used two different approaches: group
exposure and individual exposure. Using these two approaches, we could not only identify how
pattern richness affected generalization to a new pattern but also the effect of social exposure

versus individual exposure.

Group exposure

Chicks were housed in three groups of 43 in poultry brooder cages during exposure to
aposematic feeders. Each exposure group experienced only one of the pattern richness treatment
levels (Fig 22): highest color pattern richness — H (8 patterns), intermediate color pattern
richness — M (4 patterns), or low color pattern richness — L (1 pattern).

In addition to regular (trough-style) feeders, chicks were exposed to brown feeders for 8
h per day during the first four days. On the 5™ day, 16 feeders (8 brown and 8 aposematic) were
positioned randomly along the perimeter of each enclosure for a 10 min exposure session. The
feed in each feeder was weighed before and after each exposure session. This procedure was
repeated an additional five times over two days. A final (6™) exposure session before testing
lasted 1 h, to ensure that chicks were completely avoiding the aposematic feeders. Notably, our
group exposure training procedure allows for social learning (Slagsvold and Wiebe 2011) as the

chicks in the same cage may learn from each other’s negative reaction to the feed in aposematic
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feeders. The learned aversion from conspecifics is still a theme that deserves investigation since

contrasting results have been reported (Sherwin et al. 2002; Thorogood et al. 2017).

Group testing

After the conclusion of group exposure, we individually tested these chicks for their
reaction to a feeder featuring either the imperfect mimetic pattern of the false coral snake
(Oxyrhopus rhombifer) or a brown feeder. The testing arena consisted of a 60 cm x 60 cm wood
box containing a small wire cage with two chick companions to prevent isolation stress of the
test chick. Each chick was tested only once. Despite a broad geographic distribution, overlapping
with many species of Micrurus, Oxyrhopus rhombifer has a tricolor pattern with black saddles
bordered by white on a red dorsum (Fig. 21), a pattern not found in any Micrurus species. A
previous study using plasticine replicas has demonstrated that the Oxyrhopus rhombifer
phenotype does provide protection against free-range predators (Buasso et al. 2006), but the
mechanisms of avoidance are still poorly understood.

We recorded the reaction to test feeder exposure as the hesitation time (time until the first
peck). Each trial lasted up to five minutes or until the first attack (peck). If we did not observe
any attack after five min, we stopped the trial. Before each trial, we offered small pieces of dry
mealworm (7enebrio molitor) to ensure that chicks were hungry and willing to attack. All trials

were recorded using a digital camera (videos available upon request).
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Individual exposure

In order to explore the impact of individual exposure to different model community
diversity we deprived 27 chicks of food for one hour. We then individually exposed 14 chicks to
high color pattern richness (Fig. 21) — H (8 patterns) and 13 chicks to low color pattern richness
— L (1 pattern). Eight additional individuals were used as buddy chicks. The exposure (training)
and testing arena consisted of a cardboard box 38 cm x 30 cm with two buddy chicks inside a
small wire cage. In each treatment, we started by presenting one brown feeder for up to 2 min.
Starting after the first peck, we allowed them to eat for a cumulative time of 10 seconds to
prevent satiation. After that, we removed the brown feeder and presented a random aposematic
feeder for up to 2 min. If the chick pecked the food, we allowed it to eat for up to a cumulative
total of 10 seconds and then we removed the aposematic feeder. We repeated this procedure until
all the 16 feeders were presented according to each subject’s treatment group (H: 16 feeders with
8 different aposematic patterns; L: 16 feeders with 1 aposematic pattern — Fig. 22) and recorded
the hesitation time i.e. time until the first peck. We did not record the quantity of feed eaten by

chicks during individual training.

Individual testing

After the exposure described above, we presented a feeder with an imperfect mimic (i.e.
Oxyrhopus rhombifer) pattern alongside a brown feeder in the testing arena. The arrangement
(left or right) of the feeders was randomized to avoid lateralization bias. We recorded the
hesitation time and first feeder choice. In order to evaluate whether morphological characteristics

could explain individual variation in hesitation time, we took the following post-mortem
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measures of each chick at the end of the experiment: tarsus length, body mass, directional testes
length asymmetry, spleen mass and body condition. The entire length of each testis was
measured, unless the organ was not fully differentiated, in which case only the length of the
portion consisting of white (as opposed to purple-red) tissue was measured. Directional testis
asymmetry was calculated as (left length — right length). Body condition was calculated as

mass/tarsus length (Brown 1996).

Statistical analysis

We fitted Cox proportional hazards models to assess the dependency of hesitation time
on predictor variables, using the survival package (Therneau 2015) in R (R Core Team 2017).
Survival analysis models the time (i.e., survival time) it takes for a given event to occur and the
factors that affect it (Moore 2016). For the group testing, we modeled hesitation time as a
function of pattern richness exposure (H, M, or L), feeder type (aposematic or brown), and their
interaction. For the individual testing, we modeled hesitation time as a function of pattern
richness exposure (high or low), feeder type (aposematic or brown), their interaction, and the
post-mortem morphological variables (tarsus length, body mass, testis length asymmetry, spleen
mass and body condition). We used stepwise model selection based on the Akaike Information
Criterion (AIC) to assess predictor importance. For each model we checked (1) the proportional
hazards assumption by examination of scaled Schoenfeld residuals using the cox.zph function of
package survival; (2) the nonlinearity assumption using Martingale residuals; and (3) the
presence of influential observations using case deletion residuals (dfbetas) (Moore 2016). In all
cases, we found no violation of assumptions nor any influential observation. When needed, we

performed pairwise comparisons of treatments using the log-rank test as implemented by the
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function pairwise survdiff in package survminer (Kassambara et al. 2018), adjusting P-values

with the Benjamini-Hochberg’s method (Benjamini and Yosef 1995).

Results

Group exposure

Across the first five exposure sessions, mean consumption of feed from the aposematic
feeders was lower (H: 1.40 £ 1.44 g; M: 1.99 + 2.68 g; L: 1.85 £ 3.13 g) than from the brown
feeders (H: 15.27 + 8.42 g; M: 18.60 = 8.36 g; L: 14.20 & 7.43 g). This pattern was found for all
three cages in all exposure sessions (Fig. 23). The last session (#6) demonstrated that the chicks
were avoiding the aposematic patterns: brown feeders were nearly empty, whereas aposematic
feeders were largely avoided (average of food left inside the feeders during the #6 session H:
aposematic: 77.4%, brown: 17.10%; M: aposematic: 85.67%, brown: 8.06%; L: aposematic:
84.11%, brown: 27.22%).

During the testing, we recorded a wide range of attack latencies from 1 s to 228 s. In 16
trials chicks never attacked the feeder, and thus their trials were terminated at 5 min, and these
data were right censored in our survival analysis. The final model derived from analysis of group
exposure contained only one predictor: pattern richness exposure (r* = 0.074, Wald test = 8.48,
df =2, P=0.014). Chicks exposed to low pattern richness had 0.47 times less risk of pecking the
novel aposematic feeder than chicks in the high pattern richness treatment (log hazard ratio for
low pattern richness exposure = -0.755, Z = -2.848, P = 0.004, Fig. 24 and Fig 25). The birds in
the medium richness treatment showed only a marginal difference from the high pattern richness

group in the risk of pecking the feeder (log hazard ratio for medium pattern richness exposure = -
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0.47, Z=-1.898, P=0.058, Fig. 24 and Fig 25). Hesitation time differed only between low and
high pattern richness, based on pairwise comparisons (Benjamin-Hochberg adjustment; high—

low: P =0.001; high-medium: P = 0.081; low-medium: P = 0.293)

Individual exposure

When presented individually, feeder pattern (brown or aposematic-imperfect) was not a
part of our final model, showing that chicks had no preference for feeder type. The final model
contained only three predictors: pattern richness exposure (high vs low), spleen mass and
directional testes asymmetry (r2 =0.445, Wald test = 13.3, df = 3, P = 0.004). Chicks exposed to
low pattern richness were 3.63 times more likely to peck a feeder, regardless of color/pattern,
than those exposed to high pattern richness (log hazard ratio for low pattern richness exposure =
1.291, Z=2.552, P=0.011, Fig. 26 and Fig 27). Chicks with higher spleen mass and higher
testes asymmetry also had a much higher probability of pecking a feeder than less developed
chicks (log hazard ratio for spleen mass = 7.771, Z=2.304, P = 0.021; log hazard ratio for testes
asymmetry = 3.916, Z=2.437, P=0.015, Fig. 26 and Fig 28). Body condition, body mass and

tarsus length did not contribute to our final model of factors influencing predation.
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Discussion

The evolution of novel aposematic patterns in nature is a theme of intense debate among
evolutionary biologists (Mappes and Alatalo 1997; Lindstrom et al. 1999; Lawrence et al. 2019).
If a novel aposematic pattern is not protected by previous predator education from similar
warning patterns already extant in the region, the attention drawn to a bold, new pattern will
subject it to a high degree of predator attack. Consequently, the intense predation on new
patterns can slow or even inhibit their evolution (Turner 1988), leaving scientists puzzled as to
the selective mechanisms by which new patterns can evolve. Our initial expectation was that
greater pattern diversity exposure would lead to greater hesitation time to attack imperfect
phenotypes, as birds are expected to transfer knowledge of diverse visual cues to new prey
(Svadova et al. 2009). Instead we found that the effect of multiple aposematic models is
dependent on the opportunity for social learning. Chicks exposed as a group to several patterns
were less cautious than chickens exposed to one aposematic pattern. In contrast, when exposed
individually, chickens are more cautious with a novel pattern when their previous aversive

exposure involved multiple patterns.

Group exposure

Despite the low attack rate (food consumption) on aposematic feeders during the
exposure phase, we found no evidence of discrimination between novel aposematic and brown
prey during testing; whether previously exposed to low, medium or high color pattern training.
This outcome suggests that novel imperfect mimics will not benefit from previous predator

education on how to discriminate between harmless and defended prey. Instead all prey under
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low pattern richness benefit because socially-trained predators are hesitant when facing any type
of prey. In contrast, chicks exposed as a group to more than one aposematic pattern were less
cautious and, thus, all prey patterns would be equally subjected to attack. This latter outcome has
several possible causes. Young chickens may not be up to the cognitive task of integrating the
many aposematic pattern features found in pattern-rich environments. Similarly, because chicks
needed to navigate both social interactions and multiple patterns during training sessions, they
were distracted such that they were not conditioned to aposematic cues. Alternatively, chicks
may have indeed learned to avoid specific aposematic phenotypes, but also eventually learned
from sampling so many feeders that there was little consequence of testing new prey.

Our results suggest that social predators can encourage the evolution of imperfect
mimicry in areas of low model pattern diversity since imperfect mimics receive a crucial time to
escape a predation attempt. However, once multiple color patterns are established in a particular
area, the information overload received by social predators can hinder the evolution of imperfect

mimics since predators promptly attack their prey.

Individual exposure

As with the socially exposed subjects, individually exposed subjects did not discriminate
against the novel aposematic feeder. However, individuals exposed to multiple patterns had a
higher hesitation to feed from either feeder during their test trials. In pattern-diverse areas, the
uncertainty about the dangerousness of prey can make solitary predators more reluctant to try
new food items presented to them. If so, in areas with many models and different aposematic
patterns imperfect mimics are better protected because non-social predators will not immediately

attack their prey, creating opportunity for escape.
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Our individual subjects varied greatly in their latency to attack suggesting that
motivational factors other than those caused by the treatments were at play. Difference in hunger
is the most obvious explanation for this variation, but this seems unlikely given that chicks were
fed ad libitum in their rearing brooder and each had equivalent opportunities to feed during the
exposure events. Importantly, chick body condition did not explain latency to attack. Our results
did, however, confirm our suspicion that the nutritional demands of alternative individual growth
trajectories would contribute to explaining the variation in feeding hesitation by chicks.
Although immune and reproductive development differs the most between strains of chickens,
intra-strain differences among individuals in organ size or activity occur and can be found as
early as day one (de Reviers and Williams 1984; Apanius 1998). Rapid growth of the spleen and
development of adult-like asymmetry in the testes were associated with greater urgency to begin
feeding in our study, independent of body condition. This result suggests that individual organ
growth trajectories may create feeding motivations that are not reflected by external
morphological measurements, but affect the opportunity for the evolution of novel aposematic
prey types. Individual variation in the willingness to attack, also documented in other species like
the quail Coturnix japonica (Marples and Brakefield 1995), can affect the evolution of new
aposematic prey (Speed 2000). When individuals with rapid development are more prone to
attack aposematic prey, this can enhance the risk of extinction of new conspicuous prey. On the
other hand, slow growing individuals could initially ease the selection on new aposematic prey.

Although we conclude that the individual variation in attack latency results from the
motivation to feed imposed by the energetic demands of different growth trajectories, growth and
learning are not independent; feeding successfully results both in an increase in body size and

reinforces learning about how to feed effectively (English et al. 2016). Individuals with bold
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personalities often have a higher food intake rate (Biro and Stamps 2008; Kurvers et al. 2010).
Thus early differences in individual personality traits, such as boldness and the propensity to
quickly explore space, may allow some chicks to begin feeding sooner and develop faster
relative to individuals that are shy and slow to explore. Consequently the weaker aversion to the
novel imperfect mimic by our more developed subjects may be the direct and independent result
of the bold personality itself, rather than simply a product of the growth trajectory initiated by
their precocity at feeding. We did not measure personality traits in our subjects, but in another
bird, the great tit (Parus major), fast explorers showed shorter attack latency for an aposematic
insect than slow individuals (Exnerova et al. 2010), a result similar to our chicks with advanced
organ development. Nevertheless the physiological demands of a bold personality may still be
the driving force for the eagerness of such chicks to peck at aposematic prey. Bold individuals
often have a higher metabolic rate than shy ones (Biro and Stamps 2008), are at greater risk of
starvation (Lichtenstein et al. 2017), and thus may need to be less catholic in their feeding,
showing greater resistance to learning to avoid noxious prey (Exnerova et al. 2010). Clearly the
experimental disentanglement of predator personality, early development and motivation to feed
discriminately is both relevant to our understanding of the evolution of mimicry and a complex
challenge worthy of further research effort.

We demonstrated that color pattern diversity and social transmission of information
might have an influence on the evolution of imperfect mimicry and mimicry in general, which
corroborates mathematical models (Thorogood et al. 2017). However, we are aware that the
evolution of imperfect mimicry may be facilitated by other extrinsic factors like niche
preferences, predators with different visual systems (i.e., mammals vs. birds), and biogeographic

history in areas with elevated model color diversity, as is the case for Micrurus in western
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Amazonia (Bosque et al. 2016). There are few cases where predation of coral snakes has been
observed in nature (DuVal et al. 2006) but it has been reported that in one specific site at least 90
species are potential predators of coral snakes (Franga 2008). Predators of coral snakes have
sufficient opportunity for social learning, given the number of species in a particular area
(interspecific leaning) and the various degree of sociality of each species, ranging from less
social species (red legged seriema Cariama cristata), to highly social species (greater ani,
Crotophaga major).

Interestingly, this empirical demonstration of the effects of model diversity and social
interaction lends some insight into how mimicry systems arise at all. In low model-diversity
systems, social predators facilitate the initial evolution of mimics while non-social predators are
an opposing force. After a single color pattern model is established in a particular area, mediated
by selection of social predators, the number of models/color patterns can further increase by
selection of non-social predators (Fig 29). In this sense, in areas with high model color diversity,
non-social predators will favor recently evolved mimics. Personal experience is probably more
common than eavesdropped information, which might be another factor to explain why we find
more mimics of coral snakes in areas of high color diversity of models (Davis Rabosky et al.

2016b).
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Conclusion

Newly evolved patterns can be favored by social learning in areas of low pattern diversity
and disfavored by individual learning. These findings can shed light on the evolution of
imperfect mimicry (Kikuchi and Pfennig 2013), which were not previously explored. Our
findings indicate that this phenomenon can be favored in areas of low and high model diversity
by two distinct mechanisms. We suggest that imperfect mimicry can be favored in areas of high
model diversity by reduced predation pressure as a result of attack hesitation by non-social
predators. In areas of low pattern diversity, imperfect mimics can be better protected because
social-predators are not so cognitively overloaded that they become less prone to attack prey.
Furthermore, individual growth trajectory of predators may influence how they interact with
their prey, making fast-growing individuals less hesitant to attack. Our understanding of how
information overload, growth trajectory and the interrelationship between social and non-social

predators on the evolution of imperfect mimicry will surely benefit from further consideration.

46



CHAPTER V:
COMPARATIVE PHYLOGEOGRAPHY OF MICRURUS LEMNISCATUS AND M.

SURINAMENSIS USING GENOMIC DATA

Introduction

The Neotropical region is widely known to be the most biodiverse in the world (Zizka
2019). Yet despite centuries of biological investigation in the region our understanding the
mechanisms that generate this biodiversity is still the subject of intense debate (Wiens et al.
2011; Rangel et al. 2018). While both climatic and tectonic events have been proposed to act as
diversification mechanisms (Rull 2008; Wesselingh et al. 2011), the relative contribution of such
events may vary greatly among regions and taxa (Hoorn and Wesselingh 2010; Hoorn et al.
2010). This variation in the response to biogeographic episodes can occur even among closely
related species (Michaux et al. 2005), and may be related to specific life-history traits of these
organisms.

Coral snakes of the genus Micrurus are distributed from southern North America to
southern South America, with approximately 81 recognized species, and more than 100
described taxa (Uetz and Hosek 2019). Despite medical importance (venom research and
snakebites) and intense evolutionary research interest (i.e., the evolution of mimicry), our
understanding of the evolutionary history of the Micrurus genus is scant. There has yet to be a
comprehensive phylogenetic study of the genus (Silva Jr. and Sites 2001; Davis Rabosky et al.

2016b; Lomonte et al. 2016). The pioneering phylogenetic study of coral snakes was performed
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by Roze (1987) based on immunological, paleontological and meristic data. The first
phylogenetic analysis of the genus Micrurus, that used molecular data dealt with only 11 species
of South American coral snakes. That study employed allozyme and mitochondrial DNA
(Slowinski 1995) to show that Micrurus surinamensis is sister to all other Micrurus species, and
suggested that the widespread M. lemniscatus is polyphyletic. More recently, large phylogenies
trying to solve broad scale relationships among snakes were published confirming the
monophyly of the New World coral snakes (Zaher et al. 2009; Zaher et al. 2016), and presented
some hypotheses about the relationships within Micrurus (Pyron et al. 2011) but with weak
support. Pertaining 761 colubroid species among 4161 Squamata taxa Pyron et al., (2013) started
to clarify the history of the genus Micrurus showing the separation of a North American clade +
Monadal species as a sister group of the other South American species. Using Elapidae snakes
Lee et. al, (2016), confirmed that Micrurus is sister to the genus Micruroides while also
elucidating some relationships among sampled species of Micrurus . Zaher et. al, 2016
reaffirmed the Asiatic origin of coral snakes, with a divergence time of 27 million years (late
Oligocene) between Asian and American coral snakes, with the origin and diversification of
Micrurus occurring around 18 million years (early Miocene).

Past phylogenetic studies have been based on immunological, paleontological, meristic,
allozyme, and mtDNA sampling of a small fraction of Micrurus species diversity. However, such
studies focus on the interrelationships among taxa, not the phylogeographic history within them.
Despite the impressive increase in the number of phylogeographic studies of Neotropical species,
and the growing number of large scale phylogenetic studies of snakes globally, only one

phylogeographic study of a species of the genus Micrurus has been published (Jowers et al.
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2019). This work showed the patterns of colonization of Trinidad, establishing a Late Pleistocene
vicariance of M. diutius from the mainland.

Within this genus, Micrurus surinamensis and M. lemniscatus are excellent subjects for a
comparative phylogeographic study due to their intraspecific morphological variation and
extensive geographic distribution across South America. The morphological variation found in
these two species has fueled, in the last 20 years, an intense taxonomic debate that resulted in the
formal recognition of several subspecies, some of them later elevated to species level (Silva Jr.
and Sites 1999; Strarace 2013; Pires et al. 2014b; Feitosa et al. 2015; Silva Jr. et al. 2016; Jowers
et al. 2019).

Micrurus lemniscatus is considered to be a species complex (Silva Jr. and Sites 1999),
containing three morphologically distinguishable populations (Fig 30) that are recognized at as
subspecies (M. . lemniscatus, M. I. carvalhoi, and M. [ diutius). M. potyguara, previously
described as M. lemniscatius,, was recently described and elevated to species level (Pires et al.
2014a). Some authors considered consider M. [. diutius to be a species (Strarace 2013; Jowers et
al. 2019) but due to volatility of the taxonomic rearrangements the debate is still open. The M.
lemniscatus complex is widely distributed across South America, occurring in open and forested
habitats (Terribile et al. 2018) and are a mainly terrestrial but can make some incursions in the
aquatic environment (de Almeida et al. 2016). Some previously recognized subspecies (e.g., M. L.
frontifasciatus) is currently considered as invalid. The ongoing taxonomic changes, indicates that
further studies are necessary to evaluate the evolutionary status of the M. lemniscatus complex.

Micrurus surinamensis is one of the largest species of coral snakes (Fig. 30), and occurs
throughout northern South America, with morphologically distinct populations (Schmidt 1952).

Notably, this semi-aquatic species feeds primarily on fishes, having several anatomical

49



specializations related to the freshwater environment (Passos and Fernandes 2005; Olamendi-
Portugal et al. 2008; Morais et al. 2016). In a revision of this species, morphological characters
were used to split this species (with two subspecies) into two taxa: M. surinamensis (occurring in
the Amazonas drainage) and M. nattereri (occurring in the Orinoco river system: (Schmidt 1952;
Passos and Fernandes 2005).

The large distribution overlap between M. surinamensis and the M. lemniscatus complex,
the morphological variation found among populations, and the recent taxonomic changes,
provides a particular opportunity to investigate the biogeographic mechanisms that generate such
high levels of variation in two closely related Neotropical species. Moreover, their ecological
differences make them an ideal pair within which to explore factors influencing diversification.
Micrurus lemniscatus is a typical coral snake with semi-fossorial habits, whereas M.
surinamensis 1s primarily found in freshwater habitats. For these reasons, we hypothesize that the
evolutionary history, and thus genetic structure, of M. lemniscatus were mainly influenced by
South American neotectonic events (Hoorn et al. 2010) whereas the rivers and drainage
evolution in the Amazon region will more strongly influence genetic structure within M.
surinamensis (Hoorn et al. 2017). We anticipate that the genetic structure found in both species
will correspond with documented patterns of morphological variation, which may reflect deeper
evolutionary differentiation than previously recognized.

Herein, we present the first comprehensive comparative phylogeographic study of two
coral snake species complexes (Micrurus surinamensis and M. lemniscatus) using genomic-level
DNA sequence and morphological data. We explore the validity of current described taxonomic

units, and test the role of South American biogeographic events and river drainages in structuring
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populations of these species and evaluate whether morphological structure is coincident with

genetic structure.

Materials and Methods

Sampling and DNA extraction

Tissue samples (liver, muscle, scale or blood) were obtained from multiple herpetological
collections (see acknowledgments) covering most of the geographic range of both Micrurus
lemniscatus and M. surinamensis. Tissue samples were preserved in 95% ethanol and kept at -
80° C prior to extraction. In total we obtained 54 tissue samples of M. lemniscatus, and 41
samples of M. surinamensis spanning most of the known distribution of each species. We used
two samples of M. hemprichii as outgroups for the M. lemniscatus complex and one sample M.
hemprichii and another sample of M. [ lemniscatus as outgroups of M. surinamensis.

DNA was extracted using the salt-extraction protocol, which has advantages to other

methods of genomic DNA extraction in terms of efficiency (Aljanabi and Martinez 1997).

Library preparation

We used a Next Generation Sequencing method based on double-digest RADseq that has
several advantages over previous methodologies, in particular lower quantities of DNA starting
material, multiple enzyme compatibility of the adapters, lower cost and the capacity of obtaining
thousands of loci (Peterson et al. 2012). In order to minimize the presence of adapter-dimmers
we used a triple-enzyme RADseq library (Bayona-Vasquez et al. 2019). Initially, we digested

100ng of genomic DNA using the restriction enzymes Xbal, EcoRI and Nhel. The enzymes were
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selected based on in silico digestion of the python genome that resulted in a manageable number
of target loci. After digestion, we ligated double-stranded adapters to each end of target
fragments by running two cycles of 22°C for 20 minutes and 37 °C for 10 minutes followed by
one cycle of 80°C for 20 min to cease enzymatic activity. Ligated fragments were cleaned using
Sera-Mag speedbeads and a 96-well magnetic plate, washed twice with ethanol and resuspended
in IDTE buffer. DNA fragments were amplified by polymerase chain reaction (PCR), using a
unique combination of barcoded iTru5 and iTru7 primers per sample. PCR products were then
pooled, followed by a cleaning and concentration step with MinElute™ PCR purification kit
(QIAGEN). We size selected the amplified DNA fragments ranging from 390 to 460 base pairs,
using Pippin Prep™ (SAGE science) with 1.5% agarose gel cassettes. Quantification of reduced
representation DNA libraries was done with quantitative PCR (qPCR) using KAPA SYBR Fast
qPCR kit (KAPABIOSYSTEMS). Sequencing was done at the National Center for Natural
Products Research at the University of Mississippi on a NextSeq® 500/550 High Output Kit v2

flow cell with 75 cycles (Illumina).

Bioinformatics

1- Sequence processing

All sequence reads were processed using the Mississippi Center of Supercomputing

research. Initially we downloaded raw data from the Illumina platform using the

BaseSpaceDownloader nothumb.py tool. Demultiplexing and conversion to fastq format was

performed using the Illumina software bel2fastq version 2.20. These Illumina tools and software

can be found at https://www.illumina.com/index-d.html. Reads were trimmed to remove
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barcodes and adapters and to limit our fragments to 62 base pairs using the fastx_trimmer toolkit

(http://hannonlab.cshl.edu/fastx_toolkit/commandline.html).

2- Data set assembly

We assemble and analyzed our dataset using ipyrad v 0.7.3
(https://github.com/dereneaton/ipyrad). We used denovo assembly, with a cluster threshold of
0.85 and maximum barcode mismatch of 2. A locus was retained only when it was recovered
from at least 50% of individuals. All the other parameters were kept at default values. For each
species we ran ipyrad twice, with and without outgroups to perform phylogenetic and population

analysis, respectively.

Data analyses

1- Genetic structure and admixture

To evaluate the extent of admixture between populations we performed a variational
Bayesian inference using the software fastStrucrure (Raj et al. 2014) using the unlinked SNPs
output from ipyrad. For the M. lemniscatus complex, we ran fastStrucrure using the simple prior
with k ranging from 1 to 10 and selected the best range of ks using the utility tool chooseK.py
(https://github.com/rajanil/fastStructure). Since our phylogenies of M. surinamensis pointed to
weak genetic structure in our data (see Results), we also ran fastStructure using the logistic prior
for each k selected with the simple prior runs. The logistic prior is more powerful for detecting

weak population structure or when population structure is difficult to determine. The best k was
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the one with the highest maximum-likelihood value among all the logistic prior runs. Admixture
graphs were created using the R package pophelper (Francis 2017).

To investigate the phylogenetic relationships among individuals of each species we used
the software RAXML version 8 (Stamatakis 2014) with a conditional likelihood method that
minimizes overestimation of the branch length parameters by the exclusive use of variable sites
(Lewis 2001). All the RAXML input files were preprocessed using the R package phrynomics to
remove invariant and non-binary sites (Leaché et al. 2015). RAXML runs were performed using
the k80 model of substitution with optimization of substitution and site-specific evolutionary
rates (parameter -m ASC_GTRCAT). Additionally, we performed maximum likelihood analysis
using the software IQ-TREE (Nguyen et al. 2014), with all loci (variant and invariant sites)
concatenated into a supermatrix.

In order to verify that we had correct taxonomic identification of our samples we ran a
RAxML analysis using RADseq data utilizing 40% of all Micrurus species with a total of 213
samples. This phylogeny comprise a separate study focusing on interspecific relationships within
the genus (results not presented here). Curiously, Micrurus filiformis samples nested within M.
lemniscatus, and for that reason we included M. filiformis samples in all of our M. lemniscatus

analyses.

2- Divergence time

To estimate divergence times between Micrurus surinamensis, M. hemprichii and M.

lemniscatus complex we used the software SNAPP(Bryant et al. 2012) which uses a Markov

Chain Monte Carlo sampler with single nucleotide polymorphism data. We initially ran iPyrad
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using similar procedures described above, except that we selected a subset of samples from each
major clade within each species present in our RAXML analysis, including the outgroup
Micruroides euryxanthus. The reduced dataset was necessary in order to obtain a tractable
computation time. The constrains used in our divergence analysis were based on the results
produced by Zheng et. al (Zheng and Wiens 2016). For dating the most recent common ancestor
of the genus Micruroides and genus Micrurus we use a lognormal prior with 33.74 Mya of mean
and sigma (standard deviation) of 0.15 Mya to allow a higher sampling probability around this
value (quantiles: 5% =26.1 Ma and 95%=42.7 Ma) while avoiding hard boundaries. For the
crown group of the M. surinamensis, M.hemprichii and M. lemniscatus complex we used a
lognormal prior with 11.75 Mya of mean and sigma of 0.2 Ma to allow a higher sampling
probability around this value (quantiles: 5% =8.29 Ma and 95%=16 Ma) while avoiding hard
boundaries. And finally, for dating the most recent common ancestor of M. hemprichii and the
M. lemniscatus complex we used a lognormal prior with 10.29 Mya of mean and sigma of 0.2
Ma to allow a higher sampling probability around this value (quantiles: 5% =7.26 Ma and

95%=14 Ma) while avoiding hard boundaries.

3- Niche modeling

We generated maps of potential habitat suitability using bioclimatic variables and altitude
of both Micrurus lemniscatus and M. surinamensis with the software Maxent version 3.4.1
(Phillips et al. 2006). Initially we downloaded present bioclimatic variables Bio1-Bio19 from the
website: https://www.worldclim.org using a resolution of 2.5 arc-minutes. After this procedure,

we clipped our bioclimatic rasters to a rectangle corresponding to each species’ latitudinal and
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longitudinal limits (M. lemniscatus -82 W, -34 E, -30 S, 11 N and M. surinamensis -82 W, -34 E,
-20° S, 10 N). We excluded highly correlated (correlation > 0.7) bioclimatic variables using
variance inflation factor, a stepwise technique used to deal with multicollinearity (Naimi et al.
2014). After selecting the subset of variables with reduced correlation we ran Maxent using
distribution data obtained by confirmed identifications collected while visiting major
herpetological museums in Brazil, complemented with data obtained from http://vertnet.org. In
total we obtained 678 samples points for the M. lemniscatus complex and 246 sample points for
M. surinamensis. We randomly choose 25% of the sample points to test the model accuracy and
verified the performance of the predictions by checking the area under the curve (AUC). We
performed a jackknife test while running Maxent to check which environmental variable was the
most important to the predictive model of each species. We projected our set of trained
bioclimatic variables on last glacial maximum (~21,000 years) bioclimatic data in order to infer

the impact of past climatic fluctuation on the distribution of both species.

4 -Morphology and color quantification

We took high quality digital photographs from the dorsum of Micrurus lemniscatus and
M. surinamensis specimens deposited in some of the largest Brazilian herpetological collections
(CEPB, CHUFPB, CHUNB, INPA, LARUFRN, MHNCI, MNRJ, MPEG, MZUFBA, MZUSP
and UFMT; Fig. 2). After excluding damaged snakes, we retained 424 individuals of M.
lemniscatus and 185 individuals of M. surinamensis in our analyses. From each image we
recorded the total length (from the tip of the snout to the end of the tail) and number of black, red

and white bands. We also selected one triad at midbody to measure the length of the first,
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second, and third black bands; length of the first and second white bands and the length of the
red band anterior to the selected triad. The length of the white bands as well as the first and third
black bands were nearly identical, so we calculated averages of the two for further analyses.
From these measurements, we selected 5 variables to be used in further analyses: number of red
bands, proportion of red bands (width of red band/total length), proportion of external black
bands ((width of black band 1 + width of black band 3/total length)/2), proportion of white bands
((width of white band 1 + width of white band 2/total length)/2), and proportion of internal black
bands (width of black band 2/total length). All images were analyzed using the software ImagelJ
version 2.0.0-rc-69/1.52i. To calculate morphological variation along the geographic distribution
of each species, we used a multivariate spatial analysis (spatial principal component analysis —
sPCA), with the function multispati from the package adespatial (Dray et al. 2018), which
maximizes the product of variance and spatial autocorrelation. In order to produce maps of
morphological variation, we created a grid with cells of one degree latitude x longitude (ca. 111
km?) for each species and extracted the lagged scores from each cell to generate a matrix where
the geographic grid cells are the rows and the columns are the species. If multiple samples of the
same species were found in the same cell, we averaged their lagged score to obtain a single value

for that particular cell.

57



Results

After filtering, we obtained an average of 4 million reads from each sample of the M.
lemniscatus complex, which resulted in 24,000 (outgroups included) and 26,000 (outgroups
excluded) loci per sample, on average. For M. surinamensis we obtained an average of 1.7
million reads per sample which resulted in 15,000 (outgroups included) and 16,000 (outgroups
excluded) loci per sample, on average.

The maximum likelihood trees recovered for the M. lemniscatus complex using both
RAxML (Fig. 31) and IQ-TREE (Fig. 32) included three major clades that appear congruent with
three recognized sub-species: M. lemniscatus diutius, M. lemniscatus lemniscatus and M.
lemniscatus carvalhoi. The three groups are spatially structured with one clade (attributed herein
to M. lemniscatus diutius) occurring in the Amazon, another clade (attributed herein to M.
lemniscatus lemniscatus) occurring in the Cerrado and Amazon, and a third clade (attributed
herein to M. lemniscatus carvalhoi) occurring in the Cerrado and Atlantic Forest (Fig 33 and Fig.
34). In both phylogenetic analyses M. filiformis is recovered as the sister clade of M. lemniscatus
lemniscatus, however, fastStructure analysis suggests that M. filiformis might have been
originated from hybridization among the three subspecies of M. lemniscatus (Fig. 33 and Fig 34).
The best k selected by fastStructure was 3, which corresponds to the same major clades that
define the subspecies (Fig. 34). Also of note, three sampled paratypes of M. potyguara, were
recovered nested within M. I. carvalhoi (see taxonomic remarks at the end of this chapter).

The phylogenetic relationships recovered from maximum likelihood analysis of Micrurus
surinamensis showed much shallower structure, with two major clades: one west of
Araguaia/Tocantins rivers, distributed throughout the Amazon basin, and another clade east of

Araguaia/Tocantins rivers occurring in areas of influence of the Cerrado and Caatinga biomes.
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These two clades were recovered by RAXML, IQtree and fastStrucutre analyses (Fig. 35 and Fig.
36). Both eastern and western clades have a contact zone south of the lower Amazon river (Fig
37 sites k,1,m and Fig 38).

The coalescent tree obtained with SNAPP showed some topological incongruences with
RAXML and IQtree trees. The coalescent tree placed M. carvalhoi as the sister taxon of the other
species of the M. lemniscatus complex but with a low posterior probability (i.e., PP=0.54; Fig.
39). Our estimate of the age of the most recent common ancestor of Micruroides and Micrurus
was ~34.83 Mya (95% Highest Posterior Densisity - HPD 26.22-42.37 Mya). The divergence
time of M. surinamensis was around 10.37 Mya (95% HPD 7.99-12.86 Mya). The most recent
common ancestor of M. hemprichii and the M. lemniscatus is estimated to occur around 9.38
Mya (95% HPD 7.26-11.54 Mya). According to SNAPP estimates the most recent common
ancestor of the M. lemniscatus occurred around 6.97 Mya (95% HPD 5.06-9.23 Mya). M. L.
diutius separated from M. [. lemniscatus + M. filiformis around 5.59 Mya (95% HPD 3.68-7.48
Mya), and M. filiformis which nested within the M. lemniscatus complex, diverged from M. L.
lemniscatus approximately 3.91 Mya (95% HPD 2.14-5.91 Mya).

For the M. lemniscatus complex, niche modeling analyses were conducted using the
following bioclimatic layers after removal of autocorrelated layers: "bio2", "bio3", "bio8",
"bio15", "bio18" and "bio19". We obtained a good accuracy (AUC training = 0.80, AUC test =
0.73). The most important variable for modeling the potential distribution of the M. lemniscatus
complex was “bio2” which is the mean Diurnal Range. (Mean of monthly, max temp - min
temp). Three discontinuous areas of high niche suitability were predicted for the M. lemniscatus
complex during the LGM. One area is situated in the border between Venezuela and Colombia, a

second one at the northern part of Brazil bordering Suriname, Guyana and Venezuela and the
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third situated at Northeast and Central Brazil (Fig. 40, left panel). As temperature got warmer,
suitable areas for M. lemniscatus expanded, increasing the connections between these three areas
(Fig. 40, right panel).

The variables retained, after removal of autocorrelated layers, for our niche modeling
analysis of M. surinamensis model were: "bio2", "bio3", "bio5", "bio13", "bio15", "bio18" and
"bio19". We obtained a good accuracy with the niche modeling (AUC training = 0.83, AUC test
=0.77). The most important variable for modeling the potential distribution of M. surinamensis
was “Bio13” which is the precipitation of the wettest month. During the LGM, a major gap in
niche suitability occurred for M. surinamensis in the middle of the Amazon basin (Fig. 41, left
panel) separating two highly suitable regions. One area is situated at the northern edge of South
America, extending from longitude -45° to -55° and another area at the border between Bolivia
and Brazil. The present day modeling indicated that the gap in niche suitability was reduced and
predicted for most of the Amazon basin (Fig 41, right panel)

Morphologically, both M. lemniscatus complex and M. surinamensis can be separated in
distinct groups that are geographically clustered. The first two spatial principal components
(sPCA1 and sPCA2) capture most of the variation for both groups (Fig. 42, and 43). The first
sPCA1 separate M. lemniscatus complex in three groups: the first group occurring in the tropical
forests of the Amazon basin, marked by an intermediate number of bands, with an intermediate
length of white and red bands (compared to the other groups) (Fig 44 and Table 7). A second
group occured in central Brazil, inhabiting tropical savannahs and grasslands, extending from -3°
to 25° of latitude, marked by the presence of a high number of bands with short red and white
bands (Fig 44 and Table 7). Finally, a third group included populations in the northeast Brazil,

with fewer bands and the largest red and white band lengths (Fig 44 and Table 7). The sPCA2
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separated M. lemniscatus in two groups: southeast Brazil with small internal and external black
bands and northwest Brazil with large internal and external black bands (Fig 44 and Table 7).
Like the Micrurus lemniscatus complex, geographically clustered morphological groups
were identified in M. surinamensis. SPCA1 divides M. surinamensis in two groups: one
distributed at the western part of the Amazon floodplain, extending at the areas of the
Guaporé/Mamor¢ influence, characterized by larger white bands (Fig 45 and Table 8) and a
second group, under the influence of Tocantins/Araguaia rivers, with smaller white bands (Fig
45 and Table 8). sSPCA2 seems to separate M. surinamensis in a West-East gradient of number of
bands, with specimens in the East possessing a large number of bands specially between Xingu

and Tocantins/Araguaia rivers (Fig 45 and Table 8).

Discussion

Micrurus lemniscatus and M. surinamensis are two widespread clades occurring
throughout South America. Despite being closely related phylogenetically, the two clades show
unique patterns of evolution. M. lemniscatus is clearly a species complex with M. . diutius
positioned as a sister clade of (M. filiformes + M. I. carvalhoi) + M. . lemniscatus), while M.
surinamensis is clearly a single species with a more recent intraspecific differentiation and/or
high levels of gene flow.

Micrurus surinamensis is the only species of the genus Micrurus that is adapted to an
aquatic lifestyle (Passos and Fernandes 2005; Olamendi-Portugal et al. 2008; Morais et al. 2016).
The importance of the amount of water present in the environment for the distribution of M.
surinmanesis is demonstrated by our Maxent analysis. Previous estimates have shown that the

split between M. surinamensis and its sister clade, M. lemniscatus + M. hemprichii occurred
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roughly 11.75 million years ago (Zheng and Wiens 2016), during the middle Miocene. This
previous finding is in accordance with our estimative recovered by our divergence time analysis.
During the middle Miocene, the Pebas mega-wetland in western Amazonia began to develop.
This wetland was comprised of many shallow lakes that resulted in the fragmentation of the
rainforest (Hoorn et al. 2010). This Miocene fragmentation of the landscape coincided with an
increase in diversity in several clades, including aquatic species (Hoorn et al. 2010). Selection to
live in a flooded landscape during the middle Miocene, combined with fragmentation of the
landscape, were probably key factors in the origin of M. surinamensis. The Andes were
continuously uplifted during the late Miocene by tectonic forces, changing the Pebas system into
a transcontinental river (Acre system) (Hoorn et al. 2010). The flowing waters towards the
Amazon mouth during the latest Miocene likely helped M. surinamensis to colonize the eastern
part of the Amazon. West to East colonization of the Amazon basin might explain the
morphological clinal geographic structure that we found with individuals with wider white bands
in the West and smaller bands in the East (Fig. 45). During the beginning of the last glacial
cycles, many parts of South America experienced drier and cold conditions, but the core of
Amazonia remained buffered from this process, except at the peripheral parts of the Amazonia
and parts of the East lowland (Colinvaux et al. 2000). We found that suitable areas for M.
surinamensis during the LGM were not at the core of the Amazon, which would be expected for
a species adapted to forested environments. Instead, our results point to two highly suitable areas
for M. surinamensis at the periphery of Amazonia, one at the Amazon mouth and other to the
south, near what is currently the Pantanal (Fig. 41). The north-south division during the LGM
might have contributed to the current population structure found as it is consistent with the

geographic distribution of the recovered clades (Fig. 37 and Fig 38). During the Pliocene, M.
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surinamensis probably colonized a large part of the Amazon basin, whereas during the LGM
north and south populations became isolated, and further differentiated near the
Tocantins/Araguaia rivers. Individuals from the Tocantins/Araguaia area are morphologically
different (Nelson Jorge da Silva personal communication, Fig 37 and Fig 45), being usually
smaller and having an increased number of bands (Fig 45). The flow of the Tocantins-Araguaia
rivers from South to North, as opposed to a flow from West to East like the Amazon river, seems
to be a strong barrier isolating populations from the Tocantins/Araguaia and populations of the
Amazon. The direction of the Araguaia River implies that most of the admixture between North
and South populations would occur near to the Amazon mouth, a pattern confirmed by our
FastStrucure analysis, which shows that admixture between this southeastern and central clade
decreases as one moves upstream along the Amazon River (Fig 38).

While M. surinamensis has a recent diversification history and an apparent rapid capacity
for colonizing new areas in an aquatic matrix, species of the M. lemniscatus complex seems to
have a deeper history of differentiation influenced by more intricate biogeographic process. The
most recent common ancestor of the M. lemniscatus complex and M.hemprichii lived around
10.29 Mya according to Zheng et. al,(Zheng and Wiens) and 9.38 Mya according to our analysis,
during the late Miocene and the formation of the Acre System. The formation of this system
probably isolated populations that would later become what we know today as M. hemprichii in
the north of the Acre system, and a population in the south that would become the M.
lemniscatus complex. Ancestral populations of the M. lemniscatus complex possibly colonized
vast areas of the Atlantic forest via the Southeast — Northwest route (SE-NW) that connected
these two biomes since the middle and late Miocene (Ledo and Colli 2017). Populations that

stayed in the Amazon would later become M. /. diutius. Major shifts in the Brazilian shield
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during the Pliocene (Colli 2005) would impact the populations dispersed from Amazonia
probably separating populations in this area and latter originating M. [ lemniscatus and M. [
carvalhoi. The separation between ancestral populations of M. [ lemniscatus, M. . carvalhoi and
M. [. diutius, was enhanced by reduced habitat suitability at SE-NW and NE connections
between the Atlantic forest and Amazonia. M. [. lemniscatus probably later colonized the
Amazon by one of the connections between the Atlantic forest and the Amazonia. This pattern of
recolonization is in accordance with our tree topology, and might explain why M. [. diutius and
M. . lemniscatus are syntopic. The scenario described above for the diversification of the M.
lemniscatus complex reflects the topology recovered by our maximum likelihood analysis, which
uses more loci and has a greater support.

It is worth to noting that both species also have some biogeographic similarities. M.
surinamensis, M. . lemniscatus and M. [. diutius populations seem to be structured by the
Amazon river, in a North-South pattern. The Amazon River is a major biogeographic barrier for
many organisms (Ribas et al. 2012) but not insurmountable (Nazareno et al. 2017) for
populations of the genus Micrurus. Additionally, populations of M. [. lemniscatus and M.
surinamensis show a clear genetic and morphological signature of isolation near the Araguaia

river, a stable area that is an area of endemicity for other taxa (Brown and Gifford 2002).

Taxonomic remarks

The Micrurus lemniscatus complex, has a complicated taxonomic history, with the division into
numerous subspecies, and descriptions of several new species in recent years. The lack of clear
distinctive diagnostic traits between taxa of the M. lemniscatus complex, lead scientist and

curators to make (non-intentional) erroneous identification of specimens. This fact is intensified
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by the lack of a clear phylogeny of the complex including distribution-wide sampling. Simple
and straightforward analyses can illustrate how difficult the identification of specimens might be:
the individuals described as M. potyguara (Pires et al. 2014b) UFPB 4358/UFPB 4361
(paratypes) and UFPB4359 (holotype) are nested within the putative M. lemniscatus carvalhoi
clade. Even more surprising is that another paratype UFPB 4355 is nested within the M.
ibiboboca clade (results not presented here). In a recent study of the Micrurus lemniscatus
complex (Terribile et al. 2018), we noticed some misidentifications of specimens compared to
our phylogeny. For example individuals MPEG22054, MPEG20083, MPEG23544, identified as
M. lemniscatus lemniscatus, all fall within the putative Micrurus lemniscatus diutius clade. It
should be noted that we do not address the validity of taxonomic assignations and subspecies
included in this study. However, we note that the present work could be used as a guide to
reevaluate the morphological characters used during the descriptions, in order to identify good
morphological traits (if any exist) to separate the species of the M. lemniscatus complex.

In conclusion, our results show that the evolution of Micrurus species and populations in
South America followed different histories but some similarities were observed. Although we
provide robust assignment tests, in an unprecedented scale for the group, we acknowledge that
our proposed biogeographic scenarios for the evolution of the M. surinamensis and M.
lemniscatus complexes still deserves further investigation. The Miocene and its
geomorphological dynamics were fundamental for the diversification of the M. surinamensis and
the M. lemniscatus complex with profound impacts on the origin of new species and populations

subdivisions.
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Appendix A: Tables

Table 1. sPCA loadings of all morphological variables for the first three Spatial Principal Components axis (sPCAa).

sPCAal sPCAa2 sPCAa3
Number of red bands -0.607 -0.259 0.092
Proportion of external black band length 0.450 0.249 0.780
Proportion of internal black band length 0.582 -0.350 -0.416
Proportion of white band length -0.127 0.851 -0.310

Proportion of red band length 0.271 0.154 -0.340
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Table 2. Morphological variables of 5 species of the genus Micrurus. Length variables in centimeters.

M. brasiliensis M. frontalis M. ibiboboca M. lemniscatus M. surinamensis
Total length (min - max ) 21.21-110.37 22.12-132.26 21.62 -144.25 16.51 - 155.46 24.08 - 127.71
External black band length (min - max) 0.24 -1.90 0.18-1.93 0.23 —2.829 0.32 - 6.47 0.212-2.55
Internal black band length (min -max) 0.25-2.65 0.07 -2.67 0.33-3.50 0.26 —3.98 0.68 — 6.46
Red band length (min - max) 0.336 - 4.50 0.30 -5.97 0.21 -8.16 0.122 - 6.31 0.29 - 7.26
White bands length (min - max) 0.16 -2.02 0.19-1.90 0.12 - 1.66 0.163 - 4.41 0.10-1.57
Number of black bands (min - max) 18 - 45 29-53 21 -46 24 -59 20 - 37
Number of red bands (min - max) 9-15 9-17 6-15 0-19 6-10
Number of white bands (min - max) 19 -30 19 - 39 14 - 30 2-38 13-23
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Table 3. t tests comparing lagged scores of the first axis of the SPCA using one degree cells. First values correspond were a pair of
species overlap in their distribution. Second values correspond were they do not show overlap in their distribution. Upper diagonal

showing t values, lower diagonal showing p values.

M. brasiliensis M. frontalis M. ibiboboca M. lemniscatus M. surinamensis

M. surinamensis | t;=0.80; t;3=5.33 t,=0.01; tgo=18.3 t,=0.99; t9,=5.16 tso0= 0.31; t70=-5.55

M. lemniscatus | t,= 0.04; t14=2.11 tre= -0.01; tog=10.11 t;= 0.87; te3=-0.29 p=0.75; p<<0.001
M. ibiboboca ts=0.03; t;3=1.76  t,=-0.16; t;5=10.50 p=0.87;p=0.77 p=0.43; p<<0.001
M. frontalis t;=0.81; t;3=4.58 p=0.89; p<<0.001 p=0.99; p<<0.001 p=0.99; p<<0.001

M. brasiliensis p=0.50; p<<0.001 p=0.99;p=0.10 p=0.96; p=0.05 p=0.47; p<<0.001
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Table 4. Mantel test results using PCA scores of the first principal component. Upper diagonal showing rMatel values, lower diagonal

showing p values.

M. brasiliensis M. frontalis M. ibiboboca M. lemniscatus M. surinamensis
M. surinamensis r=0.193 r=0.127 r=0.263 r=-0.007
M. lemniscatus r=0.101 r=0.165 r=0.167 p=0.881
M. ibiboboca r=0.290 r=0.263 p=0.001 p=0.794
M. frontalis r=0.241 p=0.002 p=0.002 p=0.217
M. brasiliensis p=0.002 p=0.002 p=0.002 p=0.035
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Table 5. PCA loadings of all morphological variables for the first three Principal Components axis (PCA1,2,3) for the mid-portion of
the body of M. brasiliensis, M. frontalis, M. lemniscatus and M. surinamensis and Oxyrhopus guibei. Values in parenthesis represent

the proportion of variance explained by each component.

PCA1(0.53) PCA2(0.19) PCA3(0.15)
Number of triads -0.573 0.026 0.081
External black band length 0.477 -0.163 -0.196
Internal black band length 0.511 0.118 -0.450
White band length 0.359 -0.465 0.754
Red band length 0.231 0.862 0.429
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Table 6. PCA loadings of all morphological variables for the first three Principal Components axis (PCA1,2,3) measurements of the
body bands closest to the head (neck) of the body of M. brasiliensis, M. frontalis, M. lemniscatus and M. surinamensis and Oxyrhopus

guibei. Values in parenthesis represent the proportion of variance explained by each component.

PCA1(0.47) PCA2(0.18) PCA3(0.17)
Number of triads -0.598 0.007 0.171
External black band length 0.414 -0.015 -0.164
Internal black band length 0.546 -0.264 -0.306
White band length 0.297 0.888 0.276
Red band length 0.290 -0.375 0.880
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Table 7. sPCA loadings of all morphological variables for the first two Spatial Principal Components axis (sSPCAa) of Micrurus

lemniscatus complex.

sPCALI sPCA2
Number of bands -0.592 0.235
Red band length 0.411 0.327
External black band length 0.090 -0.557
Internal black band length 0.278 -0.627
White band length 0.628 0.365
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Table 8. sPCA loadings of all morphological variables for the first two Spatial Principal Componnts axis (sPCAa) of Micrurus

SUrinamensis.

sPCALI sPCA2
Number of bands -0.002 0.895
Red band length 0.229 -0.246
External black band length 0.428 0.211
Internal black band length -0.341 -0.263
White band length 0.804 -0.152
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Appendix B: figures

Pseudoboa nigra
Pseudoboa coronata
Pseudoboa neuwiedii
Rachidelus brazili
Boiruna maculata
Clelia bicolor
Drepanoides anomalus
Clelia clelia
Clelia rustica .
Phimophis guerini
Phimophis iglesiasi
Oé(yrhopus meélanogenys
Xyrhopus guibei”
Oxyrhopus rhombifer
Oxyrhopus clathratus
Oxyrhopus formosus
Xyrhopus trigeminus
O)éyrhopus, petola
Siphlophis cervinus

enopholis undulatus
Xenopholis scalaris
Tropidodryas serra .
Tropidodryas striaticeps
Thamnodynastes lanei .
Thamnodynastes hypoconia
Thamnodynastes strigatus
Thamnodynastes rutilus
Thamnodynastes pallidus
Tomodon dorsatus
Ptychophis flavovirgatus
'seudotomodon frigonatus
Tachymenis peruviana
Calamodontophis paucidens
Gomesophis brasiliensis
Helicops hagmanni
Helicops carinicaudus
Helicops gomesi
Helicops angulatus
Helicops infrataeniatus
Hydrops trianqularis
Pseudoeryx plicatilis
Manolépis putnami
Apostolepis sanctaeritae
Apostolepis cearensis
Apostolepis flavotorquata
Apostolepis albicollaris
Apostolepis dimidiata
Apostolepis assimilis
Elapomorphus quinquelineatus
Phalotris lativittatus .
== Phalotris mertensi
Phalotris nasutus
Phalotris lemniscatus
Echinanthera undulata
Taeniophallus affinis
Echinanthera melanostigma
Taeniophallus brevirostris
Taeniophallus nicagus
Sordellina punctata
Philodryas psammophidea
Philodryas aestivus
Pseudablabes agassizii
Philodryas patagoniensis
Philodryas mattogrossensis
Xenoxybelis argenteus
Xenoxybelis boulengeri
Philodryas viridissima
Philodryas olfersii .
Philodryas baroni
Philodryas nattereri
Umbrivaga /?Iygmaea
Liophis typhlus
Erythrolamiprus mimus
= Erythrolamprus aesculapii
Liophis breviceps
Liophis miliaris
Liophis reginae
Liophis epinephelus

Liophis almadensis i
Liophigatrayenter ' Continue on next page
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Lystrophis matogrossensis
Lystrophis pulcher
)Lelstro his sem%;/n_ctus

Lystrophis histricus
Xenodon neuwiedii
Waglerophis merremi

enodon werneri
= Xenodon severus
Liophis flavifrenatus
Liophis meridionalis
Liophis paucidens
s | jOphIS lineatus
Liophis anomalus
Liophis elegantissimus
Uromacer oxyrhynchus
Uromacer frenatus.
Uromacer catesbyi
Arrhyton polylepis
Arrhyton furiereum
Arrhyton callilaemum
I-/Q/pslrhchhus ferox
ntillophis parvifrons
laltris dorsalis
Darlingtonia haetiana
Alsophis antiguae
Alsophis rufiventris
Alsophis rl/?_ersm,ael
Alsophis antillensis
Alsophis portoricensis
Alsophis cantherigerus
Alsophis vudii
Antillophis andreae
Alsophis anomalus
Arrhyton exiguum
Arrhyton tanyplectum
Arrhyton dolichura
Arrhyton procerum
Arrhyton landoi
Arrhyton vittatum
)T/ton supernum
yton taeniatum
Alsophis biserialis
Alsophis elegans
Psomophis genimaculatus
Psomophis joberti
Psomophis obtusus
Conophis lineatus .
Crisantophis nevermanni .
Sibynomorphus ventrimaculatus

Sibynomorphus mikanii
Sibynomorphus turgidus
Dipsas pratti
ipsas neivai
Dggsas variegata
Dipsas catesbyi
Dipsas indica
Sibon nebulatus .
Tropidodipsas sartorii
Ninia atrata
Atractus trihedrurus
Atractus zebrinus
Atractus reticulatus
Atractus flammigerus
Atractus badius
Atractus albuquerquei
Atractus elaps
Atractus schach
Atractus wagleri .
Geophis godmani
Atractus zidoKi
Geophis carinosus
Cryophis hallbergi
Hydromorphus concolor
retanorhinus nigroluteus
Adelphicos quadrivirgatus
| eptodeira annulata
Leptodeira bakeri
Leptodeira maculata
Leptodeira rubricata
Leptodeira septentrionalis
eptodeira splendida
eptodeira punctata .
Pseudoleptodeira uribei
Leptodeira frenata
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Imantodes gemmistratus
Imantodes cenchoa
Imantodes lentiferus
Imantodes inornatus .
Leptodeira nigrofasciata
Tretanorhinus variabilis
Hypsiglena torquata
lypsiglena chlorophaea
Wpszglena ochrorhyncha
lypsiglena affinis
Hypsiglena slevini
Hypsiglena jani . .
Pseudoleptodeira latifasciata
Trimetopon gracile
Rhadinaea flavilata
Rhadinaea fulvivittis
Coniophanes fissidens
Amastridium veliferum
Tantalophis discolor
Nothopsis rugosus
Heterodon simus
Heterodon nasicus .
Heterodon platirhinos
Contia tenuis
Farancia abacura
Farancia erytrogramma
Carphophis amoenus
Diadophis punctatus
Thermophis zhaoermii
ThermOﬁh/s baileyi .
Thamnophis radix
Thamnophis butleri
Thamnophis brachystoma
Thamnophis elegans
Thamnophis atratus
Thamnophis gigas .
Thamnophis couchii
Thamnophis ordinoides
Thamnophis hammondii
Thamnophis eques
Thamnophis marcianus
Thamnophis cyrtopsis
Thamnophis fulvus
Thamnophis chrysocephalus
Thamnophis surmichrasti
Thamnophis mendax
Thamnophis scah?er
Thamnophis exsul
Thamnophis godmani
Thamnophis valida

Adelophis foxi_
Thamnophis rufipunctatus
Thamnophis sauritus
Thamnophis proximus
Thamnophis sirtalis
Nerodia fasciata

Nerodia cyclopion
Nerodia floridana
Regina grahami
Tropidoclonion lineatum
Re{glna_septem_wttata
Storeria occipitomaculata
Storeria dekayi
Virginia striatula
Regina rigida
egina alleni
Seminatrix pygaea,
Clonophis Kirtlandii
Natrix natrix
Natrix tessellata
Natrix maura )
Sinonatrix percarinata
Sinonatrix annularis
Sinonatrix aequifasciata
Opisthotropis latouchii
d)(SthOthpl_S cheni
pisthotropis lateralis
Opisthotropis guangxiensis.
Aspidura drummondhayi
Aspidura trachyprocta .
Haplocercus ceylonensis
Aspidura guentheri
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enochrophis piscator

X enochro/ehis flavipunctatus
Amphiesma stolatum

Rhabdophis subminiatus
Balanophis ceylonensis.
Macropisthiodon rudis
Afronatrix anoscopus .
Lyco,%nathpphls seychellensis
Natriciteres olivacea
Amphiesma sauteri
Amphiesma craspedogaster
Trachischium monticola "
Lampropeltis splendida
Lampropeltis californiae
Lampropeltis holbrooki
Lampropeltis nigra
Lampropeltis gétula
Lampropeltis alterna
Lampropeltis extenuata
Lampropeltis triangulum
Lampropeltis mexicana
Lampropeltis ruthveni
Lampropeltis elapsoides
Lampropeltis zonata
Lampropeltis pgrqmelana
Lampropeltis webbi
Lampropeltis calligaster
Cemophora coccinea
Arizona elegans
Pseudelaphe flavirufa
Rhinocheilus lecontei

Pantherophis bairdi
Pituophis ruthveni
Pituophis catenifer
Pituophis melanoleucus
Pituophis lineaticollis
Pituophis vertebralis
Pituophis deppei
Senticolis triaspis
Coronella austriaca
Elaphe rufodorsata
Coronella girondica
Elaphe schrenckii
Elaphe quadrivirgata
Elaphe quatuorlineata
Elaphe sauromates

Orthriophis moellendorffi
Orthriophis cantoris .
Orthriophis hodgsoni
Orthriophis taeniurus
Oreocryptophis porphyracea
Euprepiophis conspicillata
Euprepiophis mandarina
Maculophis bella

Lycodon capucinus
Lycodon osmanbhilli
Lycodon zawi
Lycodon aulicus

e Cercaspis carinatus
Dryocalamus nympha
Dinodon rufozonatum
Dinodon semicarinatum
Lycodon paucifasciatus
Lycodon fasciatus
Lycodon laoensis
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B | j/cOdON ruhstrati
Rll_j?/nch.ophls. boulengeri
‘hadinophis frenatum
Rhadinophis prasina
Gonyosoma oxycephalum
Goriyosoma jansenii
Pseudoficimia frontalis
Sympholis lippiens
Gyalopion canum,
icimia streckeri
Conopsis biserialis
Conopsis nasus )
Chilomeniscus stramineus
Sonora semiannulata
Chionactis occipitalis
Stenorrhina freminvillej
Rhinobothryum lentiginosum
Mastigodryas boddaerti
Mastigodryas bifossatus
Mastigodryas melanolomus
Drymoluber dichrous
Drymoluber brazili
Chironius laurenti
Chironius multiventris
Chironius exoletus
Chironius monticola
Chironius flavolineatus
Chironius bicarinatus
Chironius laevicollis .
Chironius grandisquamis
Chironius scurrulus
Chironius fuscus
Drymarchon corais
rimorphodon biscutatus
Pi]lyllorhynchus decurtatus
%71 lotes pullatus
'seustes sulphureus
Dendrophidion percarinatus
Drymobius rhombifer
Dendrophidion dendrophis
== | eptophis ahaetulla
Chironius quadricarinatus
Chironius carinatus
Coluber constrictor
Masticophis flagellum
Masticophis taéniatus
Tantilla melanocephala
Salvadora mexicana
Oxybelis fulgidus
xybelis aeneus
Opheodrys vernalis
Opheodrys aestivus

tyas korros
.E Ptyas mucosa
Cyclophiops mﬁlor
|

Eirenis eiselfi
Eirenis collaris,
Eirenis barani
Eirenis punctatolineatus
Eirenis rothii
Eirenis coronelloides
Eirenis lineomaculatus
Eirenis medus
Eirenis thospitis
Eirenis levantinus
Eirenis decemlineatus
1 Pseudocyclophis persicus
Eirenis modestus
Eirenis aurolineatus
Hierophis spinalis
Hierophis viridiflavus,
Hierophis gemonensis
Dolichophis schmidlti
Dolichophis caspius
Dolichophis jugularis
Platyceps ventromaculatus
Platyceps najadum
Platyceps collaris
latyceps florulentus
Platyceps karelini
Platyceps rhodorachis
Platyceps rogersi .
Spalérosophis microlepis
alerosophis diadema
lemorrhols hippocrepis
Hemorrhois algirus
Hemorrhois nummifer
Hemorrhois ravergieri
Hemerophis socotrae
Macroprotodon cucullatus
Macroprotodon abubakeri
Coluber dorri
Coluber zebrinus
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B | ytorhynchus diadema
lapsidophrys smaragdina
Hapsidophrys pnnc;pls
Hapsidophrys lineatus
Philothamnus natalensis
Philothamnus hoplogaster
Philothamnus girardi
Philothamnus thomensis
Philothamnus semivariegatus
Philothamnus angolensis
Philothamnus nitidus
Philothamnus carinatus
Philothamnus heterodermus
Dispholidus typus
Thelotornis capensis
Thrasops jacksonii .
Coelognathus subradiata
Coelognathus flavolineatus
Coelognathus erythrurus
Coelognathus helena
Coelognathus radiata
Oligodon barroni
Oligodon taeniatus
Oligodon cyclurus
Oligodon ocellatus
Oligodon formosanus
igodon chinensis
Jligodon octolineatus
Oligodon cruentatus
Oligodon theobaldi
ligodon torquatus
OI/]qodon planiceps
O lquan maculatus
= Oligodon splendidus
Oligodon cinereus
Oligodon sublineatus
Oligodon taeniolatus
Oligodon arnensis
caphiophis albopunctatus
Dasypeltis gansi
Dasypeltis fasciata
Dasypeltis sahelensis
Dasypeltis scabra
Dasypeltis atra
Dasypéltis confusa

Boiga forsteni
Boiga cynodon
Boiga dendrophila
Bo7lga irregularis
elescopus fallax o
Crotaphopeltis tornieri
 Dipsadoboa unicolor
Boiga kraepelini .
endrelaphis schokari
Dendrelaphis tristis
Dendrelaphis caudolineatus
Dendrelaphis bifrenalis
Dendrelaphis caudolineolatus
Chrysopelea ornata
Chrysopelea paradisi
Chrysopelea taprobanica
Ahaetulla pulverulenta
Ahaetulla nasuta
Ahaetulla fronticincta
Grayia ornata
Grgy/a smithii
rayia tholloni
Sibynophis collaris
s Sibynophis chinensis
Sibynophis triangularis
Sibynophis bistrigatus
Sibynophis subpunctatus
Scalgh/odontoph/s annulatus
'seudoxenodon macrops . .
Pseudoxenodon karlschmidti
Pseudoxenodon bambusicola
Plagiopholis styani
Calamaria pavimentata
Calamaria yunnanensis
Pseudorabdion oxycephalum
Acalyptophis peronii
Hydrophis ornatus
Disteira Kingii .
Hydrophis macdowelli
Disteira major

Enhydrina schistosa ;
Hydrophis czeblukovi Continue on next page
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Hl;ydrbphis brooki
olyodontognathus caerulescens
Hydrophis atriceps
Astrotia stokesii
Pelamis platura
Lapemis curtus
Hydrophis melanocephalus
Hydrophis parviceps
l;-_lfvdrophl_s cyanocinctus
lydrophis sem;_)erl
,I:llydroph/_s pacificus
lydrophis spiralis
Hydrophis lapemoides
II:I,ydroph/s elegans
pvdrelaps darwiniensis
arahydrophis mertoni
Ephalophis greyae
Aipysurus duboisii
Aipysurus apraefrontalis
Aipysurus fuscus
Alpysurus laevis
Aipysurus eydouxii
Emydocephalus annulatus
Hemiaspis signata
Hemiaspis damelii
Hoplocephalus bitorquatus
Echiopsis atriceps
Notechis scutatus
Tropidechis carinatus
Austrelaps labialis
Austrelaps superbus
Drysdalia mastersii
Drysdalia coronoides
Echiopsis curta . .
Oxyuranus microlepidotus
Oxyuranus scutellatus
Pseudonaja modesta
Pseudonaja textilis
Denisonia devisi
 Vermicella intermedia
Simoselaps calonotus
Suta suta B
Suta spectabilis
Suta monachus
Suta fasciata .
Rhinoplocephalus nigrescens
Rhinoplocephalus bicolor
Elapognathus coronata
Cacophis squamulosus
Pseudechis papuanus
Pseudechis guttatus
Pseudechis colletti .
Pseudechis butleri
Pseudechis australis
Pseudechis porphyriacus
Acanthophis praelongus
Acanthophis antarcticus
Aspidomorphus muelleri
Aspidomorphus schlegeli
1 Aspidomorphus lineaticollis
Simoselaps anomalus
Simoselaps bertholdi
Simoselaps semifasciatus
Furina ornata
Furina diadema .
Toxicocalamus loriae
Demansia papuensis .
Demansia psammophis
Demansia vestigiata
Toxicocalamus preussi
Micropechis ikaheka
Laticauda guineai
Laticauda colubrina
Laticauda saintgironsi
| aticauda lalicaudata
Bungarus ceylonicus
Bungarus caeruleus
Bungarus sindanus
Bungarus multicinctus
Bungarus candidus
Bungarus niger
Bungarus fasciatus

Elapsoidea sundevallii
Elapsoidea nlﬁzra

Naja nigricollis

Naja ashei .

Naja mossambica
Naja katiensis

Naja nubiae

Naja pallida
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Naja nivea
Naja melanoleuca
Naja annulata

Naja mandalayensis
Hemachatus haemachatus
Walterinnesia aegyptia
Aspidelaps scutatus
Dendroaspis angusticeps
Dendroaspis polylepis
Ophiophagus hannah
Hemibungarus calligaster
Micrurus frontalis
Micrurus brasiliensis
Micrurus spixii
Micrurus ibiboboca
Micrurus altirostris
Micrurus baliocoryphus
= Micrurus pyrrhoCryptus
Micrurus decoratus .
Micrurus hemprichii
Micrurus lemniscatus
Micrurus surinamensis
Micrurus mipartitus
Micrurus dissoleucus
Micrurus narduccii
Micrurus fulvius
« Micrurus diastema
Micrurus psyches
Micrurus albicinctus
Micrurus corallinus .
Sinomicrurus kelloggi .
Sinomicrurus macclellandi
» Sinomicrurus japonicus
Micruroides euryxanthus
Calliophis bivirgata
== Calliophis melandrus
Liophidium mayottensis
L iophidium chabaudi
Liophidium torquatum
Liophidium vaillanti =
= | jOphidium therezieni
LIO[)_hI ium rhodogaster
_iopholidophis dolicocercus
Liopholidophis sexlineatus
Liopholidophis dimorphus
Pseudoxyrhopus ambreensis
Heterolioaon occipitalis
Bibilava martae
Bibilava epistibes
Bibilava stumpffi
Bibilava lateralis
Bibilava infrasignatus

Dromicodryas bernieri

Stenophis granuliceps
Stenophisinopinae
Lycodryas sanctijohannis
Stenophis citrinus
Stenophis inornatus
Madagascarophis_colubrinus

Ithycyphus miniatus
Ithycyphus oursi
icropisthodon ochraceus
Langaha madagascariensis

Leioheterodon modestus

Stenophis betsileanus
Alluaudina bellyi )
Compsophis boulengeri
Compsophis albiventris
Compsophls,larpl}ystlus
Compsophis infralineatus
Ditypophis vivax

Duberria variegata
Duberria lutrix
Amplorhinus multimaculatus

Lycodonomorphus Wh)/ﬁi
Lycodonomorphus rufulus

Lamprophis inornatus
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Dromicodryas quadrilineatus
Stenophis pseudogranuliceps

Ma a%ascar_ophis meridionalis

| eioheterodon madagascariensis

ycodonomorphus laevissimus
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Lamprophis aurora
Lamprophis fiskii
Lamprophis fuscus
Lamprophis guttatus
Lamprophis fuliginosus
Lamprophis olivaceus
Lamprophis lineatus
Lamprophis virgatus
Bothrophthalmus brunneus
Bothrophthalmus lineatus
Bothrocl{vcus ater .
Pseudoboodon lemniscatus
Mehelya poensis
Mehelya capensis .
Gonionotophis brussauxi
Mehelya stenophthalmus
Mehelya nyassae
Hormonotus modestus
Lamprophis swazicus
Lycophidion capense
Lycophidion ornatum
Lycophidion laterale
Lycophidion nigromaculatum
Psammodynastes pulverulentus
Psammodynastes pictus
Buhoma procterae
Buhoma depressiceps
Pythonodipsas carinata
Pseudaspis cana .
Aparallactus capensis
Aparallactus guentheri
parallactus werneri
Aparallactus modestus
Polemon collaris
Polemon acanthias
Polemon notatus .
Xenocalamus transvaalensis
Amblyodipsas dimidiata
Amblyodipsas polylepis
Macreélaps microlépidotus
Atractaspis micropholis
Atractaspis corpulenta
Atractaspis bibronii
Atractaspis boulengeri
Atractaspis microlepidota
Homoroselaps, lacteus
Atractaspis irregularis .
Psammophis mossambicus
Psammophis IDhII/IpSI_
Psammophis leopardinus
Psammophis sibilans
Psammophis rukwae
Psammophis sudanensis
Psammophis orientalis
Psammophis subtaeniatus
Psammophis lineatus
Psammophis tanganicus
Psammophis biseriatus
Psammophis punctulatus
Psammophis praeornatus
Psammophis schokari |
Psammophis angolensis
Psammophis leightoni
Psammophis notostictus
Psammophis jallae
Psammophis trigrammus
Psammophis lineolatus
Psammophis condanarus
Psammophis crucifer.
Psammophylax variabilis
Psammophiylax tritaeniatus
Psammophylax rhombeatus
Psammophylax acutus
Hemirhagerrhis kelleri .
Hemirhagerrhis hildebrandtii
Hemirhagerrhis viperina
Mimophis mahfalensis
Dipsina multimaculata
Rhamphiophis oxyrhynchus
Rhamphiophis rubropunctatus
Malpolon monspessulanus
Malpolon moilensis o
Prosymna greigerti
Prosymna meleagris
Prosymna janii_ .
Prosymna visseri
f ros,ymna_v ruspolii
Oxyrhabdium leporinum

Micrelaps bicoloratus
erberus microlepis
Cerberus rynchops
Cerberus australis
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B Homalopsis buccata
Enhydris punctata
Gerarda prevostiana
Fordonia leucobalia
Cantoria violacea

Enhydris enhydris
Enhydris plumbea
Enhydris matannensis
Enhydris chinensis
rotalus oreganus
Crotalus viridis
Crotalus scutulatus
Crotalus tigris
Crotalus adamanteus
Crotalus mitchellii
Crotalus ruber .
Crotalus catalinensis
Crotalus atrox
Crotalus tortugensis
Crotalus molossus
Crotalus totonacus
Crotalus basiliscus
Crotalus durissus
Crotalus simus
Crotalus willardi
Crotalus horridus
Crotalus triseriatus

Crotalus polystictus
Crotalus cerastes
Crotalus ravus

Crotalus transversus
Crotalus tancitarensis

= Sistrurus miliarius
Agkistrodon taylori
Agkistrodon bilineatus

%k/strodon piscivorus
Agkistrodon contortrix
Bothriechis aurifer .
Bothriechis rowleyi
Bothriechis bicolor
Bothriechis marchi
Bothriechis thalassinus
Bothriechis nigroviridis
Bothriechis lateralis.
Bothriechis schlegelii
Lachesis stenophrys
Lachesis muta .
Cerrophidion barbouri
Ophryacus melanurus
Ophryacus undulatus.
othrops moojeni
Bothrops leucurus
Bothrops atrox .
Bothrops marajoensis
Bothrops colombiensis
Bothrops asper
Bothrops caribbaeus
Bothrops lanceolatus
Bothrops punctata
Bothrops brazili
Bothrops jararacussu
Bothriopsis taeniata
Bothriopsis bilineata
Bothriopsis chloromelas
Bothriopsis pulchra
Bothrops diporus
Bothrops neuwiedi
Bothrops erythromelas
Bothrops insularis
Bothrops alcatraz
Bothrops jararaca
Bothrops cotiara
Bothrops fonsecai
Bothrops alternatus
Bothrops itapetiningae
 Bothrops ammodytoides
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Bothrops pictus
Bothrocophias microphthalmus
Bothrocophias hyoprora .
Bothrocophias campbelli
Porthidium porrasi-

Porthidium lansbergii

Porthidium nasutum

Porthidium yucatanicum

Porthidium ophryomegas

Porthidium dunni
Cerrophidion tzotzilorum.
Cerrophidion petlalcalensis
Cerrophidion godmani
Atropoides picadoi
Atropoides nummifer
Atropoides olmec
Atropoides occiduus
oydius intermedius
Gloydius saxatilis
Gloydius shedaoensis
Gloydius halys
Gloydius strauchi
Gloydius ussuriensis
Gloydius blomhoffii
Gloydjus brevicaudus
Gloydius tsushimaensis
Ovophis okinavensis
Trimeresurus gracilis

Triceratolepidophis sieversorum
Ovophis zayuensis
Ovophis tonkinensis
Ovophis monticola
Cryptelytrops erythrurus
Cryptellytrops purpureomaculatus
Cryptelytrops cantori
Cryptelytrops albolabris
Cryptelytrops septentrionalis
Cryptellytrops andersonii
Cryptelytrops fasciatus
Crypte [ytrops insularis
Cryptelytrops venustus
Cryptel}ytrops macrops .
Q(rjypt,e lytrops kanburiensis
ridovipera stejnelgen
Viridovipera vogeli
Viridovipera gumprechti
Viridovipera yunnanensis
Viridovipera'medoensis
Popeia popeiorum
Himalayophis tibetanus
Parias schultzei
Parias sumatranus
Parias flavomaculatus
Parias malcolmi
Parias hageni .
Trimeresurus gramineus
Trimeresurus trigonocephalus
Trimeresurus malabaricus
Trimeresurus puniceus
Trimeresurus borneensis

D
= Calloselasma rhodostoma
Tropidolaemus wagleri
Deinagkistrodon acutus
Garthius chaseni
b AZemiops. feae
Bitis cornuta

Bitis nasicornis
Bitis gabonica . i
= Bitis worthingtoni
Bitis arietans

Atheris hispida
Atheris squamigera
Atheris nitschei

Atheris desaixi
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Atheris chlorechis
Atheris ceratophora.
Atheris barbouri

Echis omanensis
Echis coloratus
Echis leucogaster
Echis pyramidum
Echis ocellatus
Echis jogeri
Echis carinatus

Causus rhombeatus
_E Causus defilippii
Causus resimus
Cerastes cerastes
Cerastes gasperettii
Cerastes vipera = |
== Proatheris superciliaris
Vipera renardi
Vipera lotievi .

ipera ursinii
Vipera eriwanensis

Ipera kaznakovi
Vipera berus .
Vipera barani

Ipera nikolskii
Vipera seoanei

Vipera latastei
Vipera aspis
Vipera ammodytes

acrovipera deserti
Macrovipera mauritanica
m Daboia russelii
Vipera palaestinae
Vipera albizona

Ipera wagneri .
Vipera bornmuelleri

Vipera raddei
Vipera xanthina .
lacrovipera lebetina
Macrovipera schweizeri
Pseudocerastes persicus
m Pseudocerastes fieldi
Eristicophis macmahoni

Pareas carinatus
_:l Pareas nuchalis
Pareas hamptoni
e Pareas margaritophorus
Pareas macularius
- Pareas boulengeri
Pareas formosensis
Pareas monticola
Aplopeltura boa | .
s Asthenodipsas vertebralis
Stoliczkaia borneensis
¥ Xenodermus javanicus
Achalinus meiguensis
- Achalinus rufescens
ey Acrochordus granulatus
Acrochordus arafurae
B Acrochordus javanicus
Antaresia stimsoni .
Antaresia childreni
Antaresia perthensis
Antaresia maculosa

Morelia carinata
Morelia viridis
Leiopython albertisii
Bothrochilus boa

Morelia amethistina
Morelia oenpelliensis
Broghammerus reticulatus
Brog ammerus timoriensis
Python regius
Python curtus
ython sebae
Python molurus .
Python brongersmai
Loxocemus bicolor
Xenopeltis unicolor .
Rhinophis homolepis
Rhinophis blythii
Pseudotvphlops philiopinus
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Rhinophis oxyrhynchus
Rhinophis dorsimaculatus
= Rhinophis philippinus
Rhinophis drummondhayi
Uropeltis melanogaster
Uropeltis phillipsi .
Rhinophis travancoricus
= Uropeltis ceylanicus
Uropeltis liura_
rachyophidium rhodogaster
Melanophidium punctatum
C[yllndro his maculatus
Cylindrophis ruffus
Anomochilus leonardi
qucrates exsul
picrates striatus
Epicrates chrysogaster
picrates fordi
Epicrates subflavus
Epicrates inornatus
Epicrates monensis
Epicrates angulifer
Eunectes murinus
Eunectes notaeus
Epicrates cenchria
Corallus caninus
Corallus annulatus
Corallus hortulanus
Boa constrictor
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Figure 1. Stochastic character map probability of the presence of red coloration (in red) or the absence of
red coloration (in blue). Phylogeny based on Pyron et al 2013.
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A: M. brasiliensis
B: M. frontalis

C: M. ibiboboca
D: M. lemniscatus

Figure 2. Example of photographs used to take morphological measurements of coral snakes. A: Micrurus brasiliensis; B: M. frontalis; C: M. ibiboboca; D:
M. lemniscatus; E: M. surinamensis.
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Figure 3. Three-dimensional scatterplot displaying the first three axes of the spatial principal components
analysis (sPCA). Each dot represents a lagged (i.e., spatially weighted) score resulting from sPCA of
morphological variables of five species of the genus Micrurus.
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Multispatial Interpolation — Axis 1
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Figure 4. Spatial interpolation of the first sSPCA axis. Colored dots represent the five different Micrurus species. Background color, ranging from
green (negative values) to white (positive values), represents interpolated lagged scores based on sSPCA of Micrurus morphological variables.
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Multispatial Interpolation — Axis 2

e @ M. brasiliensis
@ M. frontalis
M. ibiboboca
M. lemniscatus
@ M. surinamensis

o -

o
(0] ]
s 7
=
=
©
-

o

N —]

|
o
c') —]
| / \
I TN W 1000 km N

-90 -80 -70 -60 -50 -40 -30

Longitude

Figure 5. Spatial interpolation of the second sPCA axis. Colored dots represent the five different Micrurus species. Background color, ranging from
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green (negative values) to white (positive values), represents interpolated lagged scores based on sSPCA of Micrurus morphological variables.
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Multispatial Interpolation — Axis 3
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Figure 6. Spatial interpolation of the third sPCA axis. Colored dots represent the five different Micrurus species. Background color, ranging from green

(negative values) to white (positive values), represents interpolated lagged scores based on sPCA of Micrurus morphological variables.
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M. surinamensis - . Species are similar.

Diagonal

M. lemniscatus -

M. ibiboboca

M. frontalis

M. brasiliensis

M. brasiliensis M. frontalis M. ibiboboca M. lemniscatus M. surinamensis

Figure 7. t tests comparing mean lagged scores (first axis) using a grid of size one degree of latitude by one degree of longi-
tude. The upper diagonal shows the number of grid cells where pairs of species overlap. The lower diagonal shows the
number of cells where there is no distributional overlap among pairs of species. Values inside each square represent degrees
of freedom. Squares are shaded based upon whether a pair of species is similar (black; p>0.05) or dissimilar (red; p<0.05).

. Species are dissimilar.
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Figure 8. Mantel test results using scores of the first axis of PCA. Red squares: p<0.05; black squares

p>0.05.
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Figure 9. Photograph of an individual of Oxyrhopus guibei from Brasilia-DF, Brazil (Photo: Guarino Rinaldi Colli)




Figure 10. Specimen of Oxyrhopus guibei showing the morphological variables of this study. Measurements near the head (neck) - A: red band length, B: first
black band length, C: first white band length, D: second black band length, E: second white band F: third black band length. Measurements at the mid-portion
of the body - G: red band length, H: first black band length, I: first white band length, J: second black band length, K: second white band L: third black band
length. M: mismatch length. Numbers: triads count. *: example of triad with mismatch. **: example of triad without mismatch.
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Figure 11. Boxplots displaying the variation of morphological variables on Oxyrhopus guibei and Micrurus species.
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Figure 13. Principal component analysis (axis 1 and 2) of Morfological variables of the mid-portion of the body of Oxyrhopus guibei and Micrurus brasilien-
sis, M. frontalis, M. lemniscatus and M. surinamensis. Values in parenthesis represent the proportion of variance explained by each component. NT: number of
triads, EB: external black band length, IB: internal black band length W: white band length R: red band length.
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Figure 14. Principal component analysis (axis 1 and 2) of Morfological variables of the body bands closest to the head (neck) of Oxyrhopus guibei and

Micrurus brasiliensis, M. frontalis, M. lemniscatus and M. surinamensis. Values in parenthesis represent the proportion of variance explained by each compo-
nent. NT: number of triads, EB: external black band length, IB: internal black band length W: white band length R: red band length.
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Figure 15. Principal component analysis (axis 2 and 3) of Morfological variables of the mid-portion of the body of Oxyrhopus guibei and Micrurus brasilien-
sis, M. frontalis, M. lemniscatus and M. surinamensis. Values in parenthesis represent the proportion of variance explained by each component. NT: number of
triads, EB: external black band length, IB: internal black band length W: white band length R: red band length.
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Figure 16. Principal component analysis (axis 2 and 3) of Morfological variables of the body bands closest to the head (neck) of Oxyrhopus guibei and
Micrurus brasiliensis, M. frontalis, M. lemniscatus and M. surinamensis. Values in parenthesis represent the proportion of variance explained by each compo-
nent. NT: number of triads, EB: external black band length, IB: internal black band length W: white band length R: red band length.
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Figure 17. Map displaying the variation on number of triads (NT) in Oxyrhopus guibei on 1 degree cells. Each cell represents
the average of number of triads per cell. Gray scale represents an altitudinal gradient (darker colors = lower altitude).
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Figure 18. Maps displaying the morphological variation of Oxyrhopus guibei on 1 degree cells. Each cell represents the average of the value measured for each
morphological variable. Top row are variables of the mid-portion of the body bottom row are variables measured of the body bands closest to the head (neck).
R: red band length, EB: external black band length, W: white band length. Gray scale represents an altitudinal gradient (darker colors = lower altitude)
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Figure 19. Maps displaying the morphological variation of Oxyrhopus guibei on 1 degree cells. Each cell represents the average of the value measured for each

morphological variable. Top row are variables of the mid-portion of the body bottom row are variables measured of the body bands closest to the head (neck). IB:

internal black band length, MI: mismatch between triads. HT2: number of half triads on the second half of the body, HT1: number of half triads on the first part
of the body. Gray scale represents an altitudinal gradient (darker colors = lower altitude).
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Figure 20. Maps displaying the number of species richness of Micrurus based on Bosque et al, 2016 on 1 degree cells.
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Figure 21. Map with one-degree cells showing Micrurus color pattern richness. To the right are patterns used in the exposure phase. In pink the distribution of
Oxyrhopus rhombifer. Map based on data from Bosque et al, 2016.
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Figure 22. Bird feeders used during the experiment. Colors of the feeders are based on coloration of coral snakes
of the genus Micrurus (model) and its mimic Oxyrhopus rhombifer (aposematic-imperfect). High, medium and
low represent the number of color pattern richness that birds were exposed prior to test with a brown or/and
aposematic-imperfect feeder.
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Figure 23. Bird food mass eaten by chickens after 10 min (rounds 1-5) of exposure. Top lines show feeders with brown coloration. Bottom
lines show aposematic feeders (Micrurus patterns). High: 8 aposematic patterns; medium: 4 aposematic patterns; low: 1 aposematic
pattern.
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Figure 24. Survival analysis modeling hesitation time for chicks exposed as a group to different coral snake pattern richness to peck at feeders painted with
non-aposematic (brown) or aposematic-imperfect patterns as a function of pattern richness. Graphs depict log hazard ratios estimated by a Cox proportional
hazards model having high color pattern richness as reference compared to log hazard ratio of medium and low pattern richness; horizontal bar represents 95%

confidence interval.
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Figure 25. Hesitation time for chicks exposed as a group to different coral snake pattern
richness to peck on feeders painted with non-aposematic (brown) or aposematic-imperfect
patterns. A — hesitation time comparing color pattern rich- ness. B - hesitation time compar-
ing non-aposematic imperfect versus brown feeder. C hesitation time comparing A & B.
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Figure 26. Survival analysis modeling hesitation time for chicks individually exposed
to different coral snake pattern richness to peck on feeders painted with
non-aposematic (brown) and aposematic-imperfect patterns as a function of pattern
richness, spleen mass, and testes asymmetry. Graphs depict log hazard ratios estimated
by a Cox proportional hazards model as a function of the three predictors. A: log
hazard ratio reference (high color pattern richness) compared to log hazard ratio of
low pattern richness; horizontal bar represents 95% confidence interval. B: linear fit of
the log hazard ratio as a function of spleen mass; dashed line represents 95% confi-
dence interval. C: linear fit of the log hazard ratio as a function of testes asymmetry;
dashed line represents 95% confidence interval.
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Figure 27. Hesitation time for chicks individually exposed to different coral snake pattern
richness to peck on feeders painted with non-aposematic (brown) and aposematic-imperfect
patterns. A — hesitation time comparing color pattern richness. B - hesitation time compar-
ing non-aposematic imperfect versus brown feeder. C hesitation time comparing A & B.
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Figure 28. Hesitation time and morphological measurements for chicks individually
exposed to different coral snake pattern richness to peck on feeders painted with
non-aposematic (brown) and aposematic-imperfect patterns.
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Figure 29. Diagram showing the effect of social and non-social predators on the evolution of
mimicry/color pattern diversity. In areas of high model color diversity (H) new color patterns can be
favored (+) by reduced predation pressure as a result of higher attack hesitation of non-social predators
and disfavored (-) by lower attack hesitation of social predators. In areas of low pattern diversity (L) new
color patterns can be favored (+) by reduced predation pressure as a result of higher attack hesitation of
social predators and disfavored (-) by lower attack hesitation of non-social predators.
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Figure 30. Photographs of species of the genus Micrurus. A: M. lemniscatus lemniscatus, Madre de Dios, Peru (photo by Roy Libio Santa Cruz). B: M. lemniscatus
lemniscatus, Leticia, Colombia (photo by Jairo Maldonado) C: M. lemniscatus carvalhoi, Santa Cruz do Rio Pardo, Sdo Paulo, Brazil (photo by Nelson Jorge da

Silva Junior). D: M. lemniscatus diutius, Paracou, French Guyana (photo by Antoine Fouquet). E: M. filiformis, Santa Barbara do Par3, Pard Brazil (photo by
Ulisses Galatti). F: M. surinamensis, Goias Brazil (photo by Nelson Jorge da Silva Junior).
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Figure 31. Maximum likelihood tree for the Micrurus lemniscatus complex using the software RAXML. Circles represent nodes with
bootstrap values with support > 75%.
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Figure 32. Maximum likelihood tree for the Micrurus lemniscatus complex using the software iqtree. Circles represent nodes with
ultrafast bootstrap values with support > 95%.
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Figure 33. Map showing the samples used to reconstruct the phylogenetic history of the M. lemniscatus complex. Pie chart areas
represent probability of assignment to each of one species of the M. lemniscatus complex from the fastStructure analysis. Yellow: M.
I. diuiuts, Black: M I. lemniscatus, Red: M. I. carvalhoi. Tricolored represents Micrurus filiformis. Letters correspond to groups on
fastSTRUCUTURE barplot of Fig 34. Gray scale represents altitude in meters.
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Figure 35. Maximum likelihood tree for Micrurus surinamensis using the software RAXML. Circles represent nodes with bootstrap

values with support > 75%.
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Figure 36. Maximum likelihood tree for the Micrurus surinamensis using the software iqtree. Circles represent nodes with ultrafast
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Figure 37. Map showing the samples used to reconstruct the phylogenetic history of the M. surinamensis. Pie chart areas represent probability of assignment to
each of one populations of M. surinamensis from the fastStrucuture analysis. Red: Amazon group, Black: Tocantins/Araguaia group. Gray scale represents
altitude in meters.
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Figure 39. Coalescent tree for Micruroides, M. hemprichii and M. lemniscatus complex using the software SNAPP blue bars represent the 95% credibility

interval of divergence time estimates at each node. Numbers above each blue bar correspond to time before present in million years. Nodes with black circles:
posterior probability = 1, nodes without black circles: posterior probability < 0.7.

149



Present

I
-80 -70 -60 -50 -40

Figure 40. Distribution modeling of the Micrurus lemniscatus complex under past climatic conditions (left map, Last Glacial Maximum - 21 thousands years
ago) and present climatic conditions (right map) using Maxent. Warmer colors represent areas with higher probability of niche suitability.
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Figure 41. Distribution modeling of the Micrurus surinamensis under past climatic conditions (left map, Last Glacial Maximum - 21 thousands years ago) and
present climatic conditions (right map) using Maxent. Warmer colors represent areas with higher probability of niche suitability.
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Figure 42. Barplot displaying the importance of each spatial principal component analysis axis for Micrurus
lemniscatus complex.
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Figure 43. Barplot displaying the importance of each spatial principal component analysis axis for Micrurus
Ssurinamensis.
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Figure 44. Map displaying the morphological variation of the Micrurus lemniscatus complex. Each cells has one degree latitude x longitude (ca. 111 km?2).
Colors represent the averaged lagged score of each cell. Gray scale represents altitude in meters.
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Figure 45. Map displaying the morphological variation of Micrurus surinamensis. Each cells has one degree latitude x longitude (ca. 111 km2). Colors represent
the averaged lagged score of each cell. Gray scale represents altitude in meters.
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Appendix C: List of specimens of the Micrurus genus used in chapter 2 and 3 with

museums acronyms.

Micrurus brasiliensis: CEPB: 4540. CHUNB: 14163, 52143, 12012, 44683. MNRJ: 19531,
18663, 9089, 18660, 18662, 14977. MNRJ: 19531, 18663, 9089, 18660, 18662, 14977. MPEG:
24136, 24144, 24143, 24142, 24139, 24146, 24138, 24140, 24147, 24145, 24135, 24141, 24137.
MZUSP: 20969, 20948, 21054, 20954, 21050, 19370, 21044, 20959, 21029, 21031, 21045,
21056, 20935, 17295, 21021, 20933, 21034, 20960, 21025, 21049, 21046, 20930, 20941, 20924,
21041, 21057, 20961, 21027, 20952, 20923, 21037, 20922, 17215, 20925, 19377, 20931, 21043,
20965, 20926, 19376, 20950, 20936, 20927, 21028, 21033, 21040, 21023, 20962, 20949, 21030,
20938, 19378, 20944, 19371, 20946, 20956, 17212, 21048, 20958, 21035, 19375, 20943, 21042,
20929, 20955, 19372, 19369, 16734, 20942, 21038, 20957, 21055, 21036, 20940, 20951, 21032,
20963, 15119, 21023-2, 20937, 21026, 21053, 21024, 21058, 19381, 20921, 19368, 20953,
20947, 20945, 17296, 20939, 16733, 19367, 20928, 21039, 19374, 19379, 20934, 20932, 21051,
19373, 19364, 21047, 19380. UFMT: 8616.

Micrurus frontalis: CEPB: 304, 4498, 2475, 345, 1873, 8520, 1659, 8861, 336, 1813, 6812,
3277, 8840, 605, 1659, 1587, 1968, 1658, 2235, 1915, 2363, 6565, 3827, 4320, 614, 3179, 3208,
1770, 770, 1657, 8396, 1762, 1217, 3192, 2688, 2432, 2365, 1874, 2284, 2076, 2433, 3824,
4497, 6811, 2989, 3061, 2817, 2140, 2301, 2686, 2817. CHUNB: 35989, 29298, 42648, 67596,
3937, 20315, 3923, 3931, 37442, 3919, 62265, 20314, 3920, 3935, 62388, 3926, 58391, 3921,
37441, 24380, 43654, 3932. MHNCI: 9628, 6977, 360, 11524, 426, 4486, 11523, 7357.
MNRJ: 25144, 8265, 8258, 23021, 8263, 8262, 17304, 1361, 8260, 17303, 8264, 8261, 20683,
8266, 9061, 8259, 1353, 1360, 17227, 1356, 9251, 1359, 17777, 1355, 21107, 1357, 1351, 1350,
15318, 15127, 1349, 9097, 1348, 1352, 1354, 1358, 9080. MPEG: 10415. MZUFBA: 1832.
MZUSP: 1772, 616, 15283, 10186, 8640, 131, 17223, 15000, 9945, 81, 7995, 10185, 80, 15286,
17377, 5379, 10187, 5248, 14412, 9605, 11731, 17375, 17370, 17371, 17373, 14549, 14999,
17372, 14926, 12063, 17376, 17374, 17475. UFMT: 607, 736, 732, 8502, 254, 669, 733, 734,
735, 11373, 6962, 267, 1674.

Micrurus ibiboboca: CHUFPB: 7055, RT1000, 13216, 13223, 13222, 13228, 7059, 12215,
9252, 13227, 10655, 12205, 7049, 13221, 6950, 4712, 13224, 4697, 12207, 12208, 12581,
12217, 12197, 7061, 12191, 7034, 4715, 13636, 7062, 7058, 12189, 12196, 7048, 13635, 11853,
RTI1101, 12190, 4703, RT991, 6947, 12210, 7051, 13637, 4718, 13211, 7032, 12204, 6952,
6951, 11852, 12200, 12221, 4706, 7041, 12203, 13212, 9472, 8942, 13226, 11851, 4694, 13213,
7056, 4704, 7033, 13229, 13209, 7053, 9214, 7057, 7029, 4689, 7021, RT986, 6948, 4698,
12216, 7025, 4713, 7043, 12220, 7047, 7052, GUO5, 12202, 4711, 4696, GUO6, 8943, 13959,
13210, 4695, 5509, 12206, 7020, 4707, 11854, 7045, 12199, 12195, 12212, 7038, 13217, 4837,
4687, 11445, 7046, 4716, 12198, 13631, RT327, 4682, 7064, 7065, 13639, 4686, 7022, 7031,
12192, 4702, 12219, 12201, 13634, 9333, 6949, 12218, RT1016, 11751, 13638, 7044, 13632,
8494, 4685, 7066, 4705, 13215, 5506, 4693, 13160, 13219, 13562, 4681, 7060, 7024, 7054,
4710, 13220, 5901, 13161, 9325, 5899, 13633, 7039, 12852, 4690, 4683, 13214, 4714, 4680,
4688, 4709, 14135, 4691, 8657, GUO027, 4684, 4700, 4701, 5908, 6777, 9348, 9193, 7063, 7035,
583, 4708, 4717,4692, 11898, 5872, 7023, 9924. CHUNB: 64753, 61174, 64752, 29981, 64751,
29286, 25352, 61175, 3925. LARUFRN: 2782, 5060, 5769, 3776, 7263, 7202, 2629, 3258,
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9793, 2891, 3150, 3512, 6763, 6832, 9765, 2961, 11311, 6484, 11347. MHNCI: 7516, 11346,
13390, 3138, 11470, 13394, 7099, 3137. MNRJ: 19013, 18191, 9045, 19014, 19774, 20051,
13116, MPEG: 23355, 23350, 23352, 23351, 20531, 22793, 22803, 22772, 23349, 23353,
20804, 19165, 26156, 17211, 22789, 20529, 23354, 20528, MZUFBA: 1948, 147, 176, 150,
2111, 146, 165, 1160, 151, 145, 169, 99, 168, 999, 178, 158, 2110, 172, 2106, 173, 162, 160,
166, 170, None 1, 171, 159, 142, 148, 149, 174, 177, 143, 157, 161, 167, 164, 163, 175,
MZUSP: 20616, 7253, 6905, 7252, 6503, 6907, 6564, 3268, 20287, 7002, 8935, 20431, 9005,
12377, 10963, 7255, 6932, 20403, 6904, 8934, 3546, 9021, 13372, 12376, 8953, 8952, 3547,
20433, 7191, 6934, 8909, 7193, 20429, 6561, 9004, 6903, 6902, 6933, 20289, 20428, 7190, 83,
5853, 20430, 20288, 20434, 6563, 6901, 6562, 13959, 77, 9006, 10463, 18269, 5441, 18277, 76,
10967, 13011, 6502, 12637, 612, 7189, 5175, 18796, 18762, 15582, 12636, 10035, 18270,
20617, 13012, 8099, 6906, 3548, 10962, 7801, 8908, 17728, 17727.

Micrurus lemniscatus: CEPB: 7567, 603, 8605, 8561, 1875, 8608, 4475, 8563, 6337, 4474,
8559, 6354, 2068, 8558, 2678, 352, 8606, 8555, 3614, 3837, 178, 275, 8604, 8556, 5274, 3838,
369, 6352, 8562, 1163, 609, 7426, 892, 1542, 223, 4395, 1761, 4856, 1969, 8607, 6353, 5375,
2801, 1768, 8557, 8560, 4449, 4429, 4462, 32, CHUFPB: 7028, 12187, 6946, 7030, 7026, 7036,
7042, 12188, 12185, 7037, 13231, 4, 2, 3, 12186. CHUNB: 3913, 3911, 72311, 66423, 66426,
72310, 72307, 3910, 72333, 20316, 72315, 72304, 72374, 3930, 32640, 72346, 72334, 72329,
72320, 72331, 66421, 72327, 72347, 72323, 28876, 72317, 72355, 72308, 72359, 72353, 72305,
72336, 72330, 72337, 72349, 72299, 72312, 72332, 72322, 72325, 72354, 72339, 72338, 72343,
72321, 72300, 32309, 72318, 72373, 72319, 72342, 72326, 72335, 72324, 72348, 72316, 72341,
72340, 72345, 72306, 72358, 72352, 72357, 22031, INPA: 31577, 28650, 18768, 2220, 15758,
20835, 28595, 32003, 11122, 34261, 32007, 32096, 17641, 32313, 20690, 34140, 31494, 20482,
21174, 25536, 34124, 32251, 12012, 13764, 17275, 34268, 2175, LARUFRN: 8890, MHNCI:
3105, 12081, 4966, 4463, 4309, 10010, 12762, 4541, 2779, 14105, 12571, 13302, 4932, 15177,
13915, 11177, 14517, 11942, MNRJ: 19332, 20517, 957, 19514, 22781, 17308, 19316, 24418,
17840, 4899, 15226, 17492, 16496, 24114, 19761, 8274, 14920, 9252, MPEG: 18657, 16198,
10178, 15281, 13001, 10119, 15444, 25032, 5021, 5382, 20127, 1516, 16695, 18879, 5600,
5020, 25969, 19904, 22401, 24098, 8852, 23720, 8466, 13652, 12691, 23147, 23146, 10374,
15552, 16489, 5026, 24151, 3669, 388, 24237, 14513, 16162, 23544, 8887, 23237, 3043, 24446,
20083, 6551, 25445, 20001, 16408, 24385, 8886, 19054, 1371, 25629, 24236, 4146, 8837,
13517, 16488, 18698, 25968, 22052, 17606, 8455, 23387, 3044, 18687, 6833, 8853, 8850,
23386, 8885, 19772, 24152, 24153, 2618, 3906, 20373, 22054, 13905, 266, 26078, 18444, 8877,
24154, 5602, 19814, 12854, 8878, 4319, 12899, 5548, 19150, 22511, 18707, 23097, 25067,
24150, 22184, 8845, 5390, 19303, 17260, 17144, 26075, 5551, 16833, 219, 16791, 8849, 17579,
18963, 8454, 2193, 24063, 6552, 21397, 17513, 5533, 23196, 25066, 13763, 18686, 23195,
20530, 17784, 8851, 22827, 20913, 25625, 26076, 24234, 24238, 8848, 2856, 10118, 8879,
3220, 24536, 8838, 3904, 15280, 20787, 5603, 429, 15026, 25068, 13645, 14186, 13004, 21559,
26077, 23494, 24149, 21167, 19693, 25630, 24148, 5542, 22281, 20458, 22176, 16164, 21168,
24235, 19694, 23769, 21169, 17762, 19692, 25627, MZUFBA: 1358, 567, 982, 801, 1318,
1974, 270, 635, 337, 1388, 271, 1441, 436, 470, 409, 1562, 441, 2072, 195, 983, 1637, 1336,
979, 768, 1354, 1002, 2000, 613, 2414, 1460, 2024, 1325, 1872, 1356, 450, 626, 879, 859, 1442,
389, 775, 273, 1375, 1480, 787, 860, 614, 451, 1977, 1161, 1635, 1433, 792, 338, 858, 1439,
471, 5793, 1444, 864, 578, 1462, 612, 1543, 1425, 371, 998, 1355, 758, 1276, 1440, 1972, 1505,
1353, 1871, 980, 861, 445, 1357, 866, 412, 1773, 632, 1906, 757, 1371, 984, 1016, 813, 572,
863, 636, 469, 1645, 1289, 1163, 577, 1279, 815, 1316, 1324, 144, 403, 1956, 1164, 394, 995,
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767,978, 1903, 977, MZUSP: 19431, 19417, 19420, 19428, 19419, 19400, 17352, 19390,
19391, 19421, 19429, 19416, 5465, 20036, 19410, 19366, 19383, 19424, 19426, 19407, 19408,
19365, 14518, 19399, 19395, 19404, 19430, 2972, 19427, 19458, 19415, 19382, 19385, 19403,
18758, 19384, 19392, 18622, 4400, 18643, 9306, 19386, 19411, 10812, 19425, 14517, 17355,
19423, 20840, 19406, 19393, 18644, 20034, 3965, 19412, 17351, 19397, 19402, 8357, 4901,
9097, 19409, 19418, 20035, 1224, 13163, 8042, 19422, 19706, 19396, 17327, 4792, 10135,
18930, 6108, 19414, 19398, 10809, 19707, 17354, 19413, 71, 9258, 17326, 9411, 9243, 19394,
72,20432, 8641, 8896, 17325, 19405, 19708, 15534, 19389, 19401, 17353, 2944, UFMT:
11718.

Micrurus surinamensis: CHUNB: 33906, 3912, 47131, INPA: 12621, 1345, 27642, 28913,
18759, 34219, 21668, 12623, 32054, 1566, 19218, 32802, 9719, 28914, 1567, 32138, 34851,
34221, 16366, 34220, 30285, 12639, 21667, 31482, 12622, 12090, 21699, MHNCI: 13635,
14037, 12908, MNRJ: 10046, 8229, 10833, 8269, 10957, 10048, 10848, 8270, 10847, MPEG:
22060, 24132, 24133, 22056, 5594, 22058, 22055, 23388, 20118, 1863, 23630, 22059, 21741,
2553, 23629, 2651, 8880, 20218, 10150, 12606, 26019, 24134, 3064, 1509, 12759, 20152, 9434,
25016, 15002, 4606, 2713, 1437, 21318, 4113, 8854, 2165, 5601, 16319, 22057, 26084, 17610,
5585, 20741, 859, 18734, 26083, 21747, 2855, 24935, 14768, 25626, 568, 5511, 20217, 16812,
2194, 10151, 23115, 21549, 25013, 20735, 25633, 18501, 20947, 2554, 26088, 17336, 6838,
19384, 18751, 12611, 2421, 10145, 3709, 12980, 18892, 23802, 12890, 24068, 19135, 26022,
26085, 18989, 2484, 10146, 18510, 19112, 919, 25634, 8856, 21116, 21016, 20280, 25635,
4980, 25702, 5584, 8884, 16556, 4786, 5544, 14844, 20499, 2322, 20729, 12811, 20378, 15954,
15337, 4141, 13757, 1510, 13761, 10144, 13653, 2552, 18243, 20374, 20375, 20728, 14767,
14437, 10147, 15001, 14136, 12760, 23992, 10149, 18337, 14137, 8094, 8201, 26087, MZUSP:
19337, 19332, 19331, 19336, 19340, 19334, 19335, 19330, 19997, 20838, 19338, 17837, 11453,
18384, 19339, 10703, 17381, 19333, 19067, 19709, 20839, 17472, 11467, 17379, 11468, 17383,
18630, 20837, 19859, 20863, 20679, 17211, 17380, 8716, 15601, 17382, 17308, UFMT: 7210,
6942, 10521, 9270, 7798, 7164, 7379, 731, 7170, 7799, 8432, 8668.

Museum acronyms

CEPB: Centro de Estudos e Pesquisas bioldgicas da PUC Goiés.
CHUFPB: Colecao Herpetologica da Universidade Federal da Paraiba.
CHUNB: Colegao Herpetoldgica da Universidade de Brasilia.

INPA: Instituto Nacional de Pesquisas da Amazonia.

LARUFRN: Laboratorio de anfibios e répteis da Universidade Federal do Rio Grande do Norte.
MHNCI: Museu de Historia Natural Capao da Imbuia.

MNRJ: Museu Nacional do Rio de Janeiro

MPEG: Museu Paraense Emilio Goeldi

MZUFBA: Museu de Zoologia da Universidade Federal da Bahia
MZUSP: Museu de Zoologia da Universidade de Sdo Paulo

UFMT: Universidade Federal do Mato Grosso.
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Appendix D: List of specimens of the Oxyrhopus genus used in chapter 3 with museums

acronyms.

Oxyrhopus guibei: CHUFBP: 04788, 04789, 04790, 04791. CHUNB: 03643, 03648,
03650, 03652, 03653, 03657, 03659, 03660, 03661, 03662, 03688, 03792, 06165,
06166, 06167, 13751, 13752, 13753, 13754, 13755, 13756, 13757, 13758, 13760,
17170, 17171, 17172, 17173, 17590, 18324, 18366, 18367, 20282, 20283, 20284,
20285, 20286, 20287, 20288, 20290, 20291, 20292, 20294, 20295, 20296, 20297,
2103, 23731, 23823, 24163, 24382, 24598, 24617, 24749, 24896, 25340, 25341,
25354, 25356, 26486, 26486, 26919, 26922, 27645, 28149, 28891, 28949, 2931,
29621, 30341, 30397, 30412, 32638, 3823, 38477, 38941, 39061, 39062, 39063,
39065, 40286, 40287, 40627, 40673, 40721, 40722, 40733, 40734, 40737, 40741,
40742, 40743, 40795, 40796, 40845, 40895, 40960, 41310, 41721, 42296, 42297,
42298, 42299, 4230, 4232, 4233, 4235, 4237, 42579, 44044, 44045, 44046, 44047,
44048, 44113, 44114, 44115, 4427, 4428, 45390, 45392, 45393, 49447, 49685, 50272,
50426, 52258, 52356, 52357, 52361, 52410, 52762, 53187, 53271, 53312, 55218,
55219, 56358, 56381, 5656, 56859, 56893, 57347, 57348, 57436, 59161, 59164,
59165, 59166, 62417, 65112, 65113, 65257, 67258, 67479, 67482, 67487, 69250,
69256, 6941, 69430, 69447, 73439, 73454. LARUFRN: 6791. MHNCI: 10167, 10185,
10217, 10361, 10591, 10598, 1065, 10725, 10926, 1126, 11282, 11287, 11289, 1130,
11333, 11349, 11353, 11367, 11370, 11394, 1141, 1151, 1152, 11593, 11595, 11597,
11598, 1163, 1164, 1165, 1166, 1167, 1169, 11610, 11613, 11614, 12128, 12139,
1219, 1268, 12688, 1269, 13597, 1364, 1367, 13611, 13613, 14076, 14081, 1424,
14256, 14329, 14348, 14351, 14367, 14495, 1453, 14572, 14579, 14622, 14756,
14763, 14787, 14883, 14894, 1490, 14931, 1523, 1654, 1655, 1757, 1876, 1877, 1905,
2007, 2020, 2029, 2391, 2409, 2413, 2414, 2432, 2433, 2436, 2441, 2449, 2494, 2495,
2646, 2696, 2726, 2909, 3273, 3280, 3349, 3356, 3376, 3388, 3402, 3413, 3416, 3468,
3551, 3556, 3681, 3682, 3700, 3896, 3897, 3999, 4215, 4246, 4251, 4278, 4383, 4397,
4451, 4472, 4480, 4486, 4487, 4500, 4618, 4762, 4781, 4787, 4812, 4813, 4877, 5832,
5866, 5867, 5916, 5917, 5960, 6170, 6171, 6171, 6259, 6263, 6347, 6348, 6383, 6385,
6431, 6433, 6465, 6472, 653, 6544, 655, 6564, 6628, 6662, 6887, 6981, 7017, 7056,
7284, 7376, 7435, 7452, 749, 7928, 7985, 7994, 8106, 8339, 8472, 8473, 8474, 8475,
8486, 8541, 8850, 8969, 8970, 9104, 9175, 9240, 9301, 9352, 9353, 9354, 953, 963,
9940. MZUFBA: 1293, 1376, 1377, 1830, 1919, 1925, 1926, 2311, 790, 791, 892.
MZUSP: 10137, 10148, 10170, 10172, 10176, 1056, 11096, 1118, 11588, 1161, 11679,
1171, 1173, 11814, 11815, 11824, 12051, 12055, 12060, 12079, 12086, 12099, 12110,
12159, 12160, 1224, 12283, 1238, 12354, 12416, 12426, 12434, 12438, 12454, 12514,
12721, 12727, 12728, 12742, 12745, 12750, 12756, 1283, 12812, 12813, 12814,
12815, 12821, 12837, 12838, 12847, 12849, 12862, 12864, 12897, 1297, 12914,
12915, 12922, 12929, 12932, 12939, 12940, 12952, 12974, 12984, 13019, 13021,
13023, 13060, 13125, 13127, 13190, 1322, 1329, 13211, 13213, 13228, 13243, 14414,
14742, 15152, 15688, 16249, 16255, 16270, 16272, 16274, 16275, 16276, 16277,
16280, 16283, 16284, 16290, 16291, 16312, 16313, 16317, 16318, 16319, 16573,
16845, 16861, 16862, 16863, 16864, 16864, 16865, 16866, 17193, 17482, 17624,

159



17772,17772, 17799, 17818, 17841, 17849, 17868, 17924, 18141, 18638, 18781,
18826, 18843, 19594, 1995, 20442, 20858, 20911, 21436, 21443, 21444, 2353, 2610,
2648, 2800, 2869, 311, 315, 319, 322, 328, 330, 333, 3406, 3409, 3692, 3966, 4030,
4032, 4037, 4361, 4365, 542, 5588, 5860, 7578, 8284, 9531, 9904, 9917, 9939. UFMT:
00224, 00275, 00287, 00823, 01695, 01711, 02192, 02194, 02205, 02231, 02232,
02233, 03980, 04299, 04319, 04343, 05189, 05813, 06263, 06264, 06265, 06592,
07657, 10650, 11856.

Museum, acronyms

CHUFPB: Colecao Herpetologica da Universidade Federal da Paraiba.

CHUNB: Colecéao Herpetoldgica da Universidade de Brasilia.

LARUFRN: Laboratdrio de anfibios e répteis da Universidade Federal do Rio Grande
do Norte.

MHNCI: Museu de Histéria Natural Capao da Imbuia.

MZUFBA: Museu de Zoologia da Universidade Federal da Bahia.

MZUSP: Museu de Zoologia da Universidade de Sao Paulo.

UFMT: Universidade Federal do Mato, Grosso.

160



VITTA

Renan Janke Bosque
Department of Biology
University of Mississippi

Education

Universidade de Brasilia Brasilia, Brazil, Biology Bachelor of Science 2009
Universidade de Brasilia Brasilia, Brazil Biology Fully licensed teacher 2008
Universidade de Brasilia Brasilia, Brazil Ecology Master of Science 2012
University of Mississippi Oxford, MS, USA  Biology Ph.D. 2019

Peer-Reviewed publications

Lawrence, J. P; Rojas, B.; Fouquet, A.; Mappes; J.; Blanchette, A.; Saporito, R. A.; Bosque R.
J., Courtois, E. A.; Noonan, B. 2019: Weak warning signals can persist in the absence of gene
flow. PNAS 116, 19037-19045.

Rodrigues, P. J. O.; de Oliveira, N.; Bosque, R. J. Ferreira, M. F. N_; da Silva, V. M. A;
Magalhaes A. C. M.; de Santana, C. J. C.; de Souza, M. C.; 2018: Histopathological evaluation
of the exposure by cyanobacteria cultive containing [d-Leu'] Microcystin-LR on Lithobates
catesbeianus tadpoles. Toxins 10(8), 318.

Bosque, R. J.; Lawrence, J. P.; Buchholz, R.; Colli, G. R.; Heppard, J.; B. P. Noonan. 2018:
Diversity of warning signal and social interaction influences the evolution of imperfect mimicry.
Ecology and Evolution 8(15), 7490-7499.

Domingos, F. M. C. B.; Arantes i.c; Bosque R. J.; Santos M. G. 2017: Nesting in the lizard
Phyllopezus pollicaris (Squamata: Phyllodactylidae) and a phylogenetic perspective on
communal nesting in the family. Phyllomedusa 16(2), 255-267.

Bosque R. J.; B. P. Noonan.; Colli G. R. 2016: Geographical coincidence and mimicry between
harmless snakes (Colubridae: Oxyrhopus) and harmful models (Elapidae: Micrurus). Global
Ecology and Biogeography, 25(2), 218-226.

Domingos, F. M. C. B.; Bosque, R. J.; Cassimiro, J.; Colli, G. R.; Rodrigues, M. T.; Santos, M.

G.; Beheregaray, L. B. 2014: Out of the deep: Cryptic speciation in a Neotropical gecko
(Squamata, Phyllodactylidae) revealed by species delimitation methods. Molecular

161



Phylogenetics and Evolution. 80, 113-124.
Bosque, R. J.; Marcela, M. S. O. C.; Ferreira, M. F. N. 2011: A Edua¢do Ambiental na

construgdo do Nucleo de Extensao da Universidade de Brasilia em Santa Maria - Distrito
Federal. Revista Participagdo. Universidade de Brasilia, 15(1), 93-102.

Publications in preparation

de Almeida, P. C. R.; Bosque, R. J.; Banci, K. R. da S.; Curcio, F. F.; Rodrigues, M. T.;
Prudente, A. L. da C. 2019: Coral snake mimicry: concepts, evidences and criticisms. Book
chapter —International symposium on coral snakes.

Bosque R. J., Hyseni C., Santos, M. L. G. S.; Rangel, E., Dias, C. J. da S., Hearin J., Domingos,
F. M. C. B, Colli, G. R., Noonan, B. 2019: Coral snake Miillerian mimicry. To be submitted to
Evolution

Posters and Talks

Bosque, R. J.; Lawrence, J. P.; Buchholz, R.; Colli, G.R.; Heppard, J.; Noonan, B. P. 2018:
Diversity of warning signal and social interaction influences the evolution of imperfect mimicry.
Joint Meeting of Ichthyologists and Herpetologists.

Anderson, R.; Chamberlain, N.; McPheron, M.; Grays, L.; Landsittel, J.; Rangel, E.; Hearing, J.;
Santos, M. L. G.; Dias, C.; Hendricks, M.; Domingos, F. M. C. B.; Colli, G. R.; Noonan, B.;
Bosque, R. J. 2018: Understanding Coral Snake Mimicry with the Use of Plasticine Replicas.
The University of Mississippi School of Pharmacy Poster Session.

Hendricks, M.; Anderson, R.; Chamberlain, N.; McPheron, M.; Grays, L.; Landsittel, J.; Rangel,
E.; Hearing, J.; Santos, M. L. G.; Dias, C.; Domingos, F. M. C. B.; Colli, G. R.; Noonan, B.;
Bosque, R. J. 2018: The Effects of Coral Snake Mimicry on Predator-Prey Interactions. The
University of Mississippi School of Pharmacy Poster Session.

Bosque, R. J.; Zaher, H.; Colli; G. R.; Carvajal, O. T.; Rodrigues, M. T.; Junior, N. J. da S;
Prudente, A. L. da C.; Grazziotin, F.; Vitt, L. J.; Noonan, B. 2017: Phylogegraphy of Micrurus
surinamensis and Micrurus lemniscatus. Evolution. Society for the Study of Evolution.

Bosque, R. J.; Zaher, H.; Colli; G. R.; Carvajal, O. T.; Rodrigues, M. T.; Junior, N. J. da S;
Prudente, A. L. da C.; Grazziotin, F.; Vitt, L. J.; Noonan, B. 2016: Comparative phylogeography
Oxyrhopus guibei and O. trigeminus and the morphological responses to Micrurus presence.
Graduate student council symposium

Bosque, R. J.; Zaher, H.; Colli; G. R.; Carvajal, O. T.; Rodrigues, M. T.; Junior, N. J. da S;
Prudente, A. L. da C.; Grazziotin, F.; Vitt, L. J.; Noonan, B. 2016: Comparative phylogeography
Oxyrhopus guibei and O. trigeminus and the morphological responses to Micrurus presence.

162



Research Showcase Neuroscience Minor - Department of Biology.

Bosque, R. J.; Zaher, H.; Colli; G. R.; Carvajal, O. T.; Rodrigues, M. T.; Junior, N. J. da S;
Prudente, A. L. da C.; Grazziotin, F.; Vitt, L. J.; Noonan, B. 2016: Phylogegraphy of Micrurus
surinamensis and Micrurus lemniscatus. International Symposium on Coral Snakes.

Bosque, R. J.; Colli, G. R. 2014: Geographical coincidence and mimicry between harmless
snakes (Colubridae: Oxyrhopus) and harmful models (Elapidae: Micrurus). Evolution. Society
for the Study of Evolution.

Bosque, R. J.; Colli, G. R. 2012: Distribution and color patterns of mimic coral snakes
Oxyrhopus (Serpentes, Colubridae) and the implications to mimicry. 7th World Congress of
Herpetology.

Bosque, R. J.; Domingos, F. M. C. B.; Machado, L. F.; Colli, G. R. 2011: Cerrado ou
Amazonia? Composicio da Assembléia de Lagartos numa Area de Transigdo em Nova
Xavantina, MT. IX Congresso Latinoamericano de Herpetologia e V Congresso Brasileiro de
Herpetologia.

Bosque, R. J.; Nogueira, C.; Valdujo, P. H.; Recoder, R.; Colli, G. R. 2011: Répteis Squamata
do Parque Nacional Chapada das Mesas, por¢do norte do Cerrado. IX Congresso
Latinoamericano de Herpetologia e V Congresso Brasileiro de Herpetologia.

Bosque, R. J.; Domingos, F. M. C. B.; Machado, L. F., Colli, G. R. 2010: Cerrado ou
Amazonia? Composicdo da assembléia de lagartos numa éarea de transicdo em Nova Xavantina,
MT. II Simposio de Biologia Animal — UnB.

Bosque R. J.; Ledo, M. R. D.; Brasil, M. A.; Colli, G. R. 2009: Demography of Mabuya frenata
and M. nigropunctata in gallery forests of Central Brazil. IV Congresso Brasileiro de
Herpetologia.

Bosque, R. J.; Arantes, 1. da Costa: 2009: Desvendando o segredo das cobras. IV Congresso
Brasileiro de Herpetologia.

M. R. D.; Colli, G. R.; Bosque R. J.; Silva, M. S. A. 2009: Estrutura e dindmica de comunidades
de lagartos em matas-de-galeria do Brasil Central. Ledo, IV Congresso Brasileiro de
Herpetologia.

Oliveira, H. F. M.; Lobo, Y. P. P.; Bosque, R. J.; Coelho, L. A.; Oliveira, C. C. S.; Souza, A. C.
O.; Castro, J. P. G. 2008: Morcegos em caverna de altitude na Mata Atlantica, Bahia. IV
Congresso Brasileiro de Mastozoologia.

Grants and fellowships $156,500

2018: University of Mississippi Summer Research Assistantship $3,000
2013-2017: Ciéncias sem Fronteiras fellowship ~$144,000

163



2016: University of Mississippi Graduate Student Council grant $1,000
2010-2012: Universidade de Brasilia Master of Science assistantship ~$8,500

Teaching experience

University of Mississippi

2018 — 2018: Teaching assistant - Ecology

2017 — 2017: Teaching assistant - Genetics

2016 — 2016: Teaching assistant - Biological Sciences I

2015 — 2016: Teaching assistant - Inquiry into Life Laboratory
2014 — 2014: Teaching assistant - Inquiry into Life Laboratory

Universidade de Brasilia

2011: Teaching assistant - Biology of Reptiles

2011: Teaching assistant - Ecological Statistics

2007: Teaching assistant - Vertebrate Biology

2007 — 2007: Biology Instructor, Universidade de Brasilia, Brazil — Extension program

2006 — 2006: Environmental Education Instructor, Universidade de Brasilia, Brazil - Extension
program

2005: Teaching assistant - Histology

Guest lecture

2019: Species interactions —Ecology (BISC 322) University of Mississippi
2018: Species interactions —Ecology (BISC 322) University of Mississippi

Professional experience

2005 — 2012: Assistant Herpetological Collections Manager, CHUNB, Universidade de Brasilia,
Brazil

2009 — 2010: Scientific Project Manager, Universidade de Brasilia, Brazil

Special training

2015: Bodega Applied Phylogenetics Workshop. University of California, Davis.

2014: Next-generation sequencing for phylogenetics and phylogeography. National Evolutionary
Synthesis Center, Durham NC.

2008: Experimental design. Universidade do Porto, Portugal.

2008: Molecular analysis of biological diversity. Universidade do Porto, Portugal.

Synergistic Activities

Involving undergraduate students in research:
* Mentor of undergraduate students in research projects.
* High School Science Fair judge.

164



	The Evolution Of Coral Snake Mimicry
	Recommended Citation

	Microsoft Word - Dissertation_Renan_Janke_Bosque_Dec_05_2019.docx

