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Whether microevolutionary processes can explain macroevolutionary patterns has 

long been a matter of contentious debate. The debate has persisted largely because of the 

challenging task of connecting microevolutionary theory, which examines population-level 

phenomena on the generation scale, to data collected across larger spatial and temporal scales. 

My dissertation research broadly examines phenotypic evolution across multiple scales by 

connecting microevolutionary theory to macroevolutionary phenomena such as speciation and 

large-scale phenotypic change. In particular, I focus on the so-called “paradox of stasis”; 

which wrestles with the apparent conflict between frequently-observed cases of rapid 

evolution on short timescales and the frequent appearance of stasis in the fossil record. I 

attempt to link micro and macroevolution by using the theoretical framework of evolutionary 

quantitative genetics for modeling the effects of drift and selection. My four dissertation 

chapters examine four different systems (1) connecting quantitative genetic models of sexual 

selection to speciation (2) connecting microevolutionary and macroevolutionary body size 

data across scales of time (3) using phylogenetic comparative methods and quantitative 

genetic models to examine the evolution of a classic example of stasis, mammalian body 

temperature and (4) finally, using multi-locus phylogeography to understand the evolutionary 



 

 

 

 

  

 

 

 

 

 

 

 

 

 

processes that contribute to the diversification of a widespread snake across broad spatial 

scales. In chapter 2, I demonstrate that genetic drift combined with sexual selection can 

promotes speciation and diversification of male ornaments. Furthermore, I demonstrate that 

drift promotes the evolution of elaborate ornaments even when preferences are costly. In 

chapter 3, I combine data from microevolutionary field studies, the fossil record, and 

phylogenetic comparative data into a single analytical framework to resolve apparent conflicts 

between micro and macroevolutionary patterns. To do so, I compiled and analyzed the largest 

database of phenotypic divergence data in existence. I demonstrate that patterns of stasis 

persist until a million-year threshold, after which divergence begins to accumulate in a time-

dependent manner. This pattern is best fit with a hierarchical model that describes evolution as 

occurring in bursts on the million-year timescale, but that allows for rapid, but bounded, 

evolution on short timescales.  In chapter 4, I demonstrate that mammalian body 

temperature—which has been previously presented as a classic example of stasis – does in fact 

evolve extensively across the mammalian radiation (albeit slowly). Furthermore, I show that 

mammalian body temperature evolves in response to changing environmental conditions. 

Finally, I evaluate the role that genetic constraints play in the apparent slowness of body 

temperature evolution. In chapter 5, I examine a well-studied empirical system of garter 

snakes in which a strong signature of stabilizing selection has been found for phenotypic traits. 

Using multiple mitochondrial and nuclear loci, I show that introgression is rampant between 

species, and dynamic patterns of range expansion, contraction, and introgression among clades 

have led to a complex pattern of genetic variation. This structure of genetic variation 

underscores the need to examine range-wide processes for generating phenotypic divergence 

across clades. Overall, these chapters suggest that apparent disconnects between 



 

  

 

 
 

   

microevolutionary processes and macroevolutionary patterns could be explained by the 

scaling of population-level theory over large spatial and temporal scales. 



 

 

© Copyright by Josef C. Uyeda 

October 5, 2012 


All Rights Reserved
 



 

 
 
 

 
 
 
 
 
 
 

 
 

 
 
 

 
 
 
 
 
 
 

 
 

 

 
 
 
 
 
 
 

  

Connecting Microevolutionary Processes to Macroevolutionary Patterns Across Space and 
Time 

by 

Josef C. Uyeda 


A DISSERTATION 


submitted to
 

Oregon State University 


in partial fulfillment of 

the requirements for the
 

degree of
 

Doctor of Philosophy 


Presented October 5, 2012 

Commencement June 2013 




 

 
 

 
 
 
 
 

 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 

 

 
 
 

   

Doctor of Philosophy dissertation of Josef C. Uyeda  presented on October 5, 2012. 

APPROVED: 


Major Professor, representing Zoology 

Chair of the Department of Zoology 

Dean of the Graduate School 

I understand that my dissertation will become part of the permanent collection of 
Oregon State University libraries. My signature below authorizes release of my 
dissertation to any reader upon request. 

Josef C. Uyeda, Author 



 

 
 

 

 

 

 

 

ACKNOWLEDGEMENTS 


My dissertation would not have been possible without the assistance and 

support of collaborators, friends and family. I must especially thank my advisor, Dr. 

Stevan J. Arnold, for taking me on as his student and providing me a wealth of 

wisdom and insight into the world of biology. I also thank the members of my 

committee, Dr. David Lytle; Dr. Michael Blouin, and Dr. Aaron Liston. I thank Dr. 

Dee Denver for his service on my committee, as well as Dr. Sue Ann Bottoms for 

graciously filling in as graduate representative on such short notice. Much of my 

research was inspired by the great contributions of Dr. Thomas F. Hansen, who has 

been a wonderful collaborator and advisor and provided me an inspiring and 

intellectually stimulating environment at the University of Oslo. Dr. Tore Schweder 

and Dr. Trond Reitan also contributed much to my education in Oslo, and I appreciate 

greatly their patience and teaching. I want to thank Dr. Lynne Houck for her generous 

support. I also thank the zoology faculty; especially Dr. Bob Mason and Dr. Joe 

Beatty, for departmental support. I thank Tara Bevandich, Torri Givigliano, Traci 

Durrell-Khalife and Trudy Powell, for helping me on many occasions. 

I thank all the collaborators I’ve worked with in the past 6 years. I have deep 

respect and admiration for Paul Hohenlohe, and appreciate greatly his contributions to 

the lab. Michael Pfrender and Anne Bronikowski have been generous with assistance 

when needed. I thank Jason Pienaar for his collaboration. I owe a deep debt of 

gratitude to Eric Hepler, who reliably and tirelessly worked with me on data 

collection. Thank you Eric. I’d also like to thank Geoff Bloom and Stephanie Saunders 



 

 

 

 

 

 

 

for assistance with my research. I thank Mark Leppin for assistance in the field and his 

exceptional field herping expertise. 

I thank my research mentors and teachers who inspired me to get to where I 

am, and have provided wonderful advice and encouragement during my graduate 

career. I thank Susan Kephart for her enthusiastic and unwavering support since I first 

entered her lab as an undergraduate. I thank Robert Drewes for the many opportunities 

he has given me and most of all, for being an amazing friend and mentor. I also thank 

Ben Crabtree and all the other inspiring teachers I have had. 

I thank the zoology graduate students, especially those who gave me so much 

support and friendship through the past six years. First and foremost, I must thank my 

academic twin, Sarah Eddy, for being an incredible source of friendship and strength. I 

especially want to thank as well Lisa Wagner and Lona Thompson, two of the greatest 

people I know. I’d like to thank the great support I received from my labmates Adam 

Chouinard, Karen Kiemnec-Tyburczy, Gwen Bury, Elyse Vaccaro and Mike 

Westphal; and my near labmate Chris Friesen. I’ve greatly appreciated the friendship 

of Laura McMullen. Brian Knaus has provided me many stimulating conversations 

and great friendship. I thank Mark Christie, Ivan Phillipsen, and Darren Johnson for 

their advice and useful conversations. I thank attendees to the Theoretical 

Evolutionary Biology Reading Group at OSU, particularly Art Boucot and Brian 

Sidlauskas. I’d further like to thank all the other zoology grads I’ve known during my 

time here, your friendship, support and intellectual stimulation has been greatly 

appreciated. 



 

 

  

     

This research has been funded from a variety of sources. I thank the National 

Science Foundation for providing funding, including an NSF predoctoral fellowship to 

JCU, an NSF DDIG to JCU (DEB-1011352), a joint grant from NSF (DGE-0802268) 

and the Research Council of Norway (194945/V11), and Oregon State University’s 

Zoology Department.  

Finally I want to thank my family and friends for their support, without which 

I could not have completed this work. Thanks to my parents for all that they’ve done 

for me, from financial loans to dogsitting. I also want to thank Laura Gayton for the 

love and support she has given me. Thanks to Josiah Hemenway for accompanying me 

on many days of work and in the field, and for always being a source of inspiration. 



 

 
 

 

 

   

CONTRIBUTION OF AUTHORS
 

Chapter 2. Dr. Stevan J. Arnold helped conceive of the project and provided integral 

assistance in writing and data analysis. Dr. Paul A. Hohenlohe helped conceive of the 

project and assisted in data analysis and writing. Dr. Louise Mead helped conceive of 

the project and assisted with preliminary data analysis. 

Chapter 3. Conversations with Dr. Thomas F. Hansen helped conceive of the research 

project and gave valuable input in data analysis and writing. Dr. Stevan J Arnold 

assisted with the conception of the project and gave valuable input in the writing, as 

well as advice on the naming of the pattern. Dr. Jason Pienaar assisted in data 

collection and data analysis. 

Chapter 4. Dr. Thomas F. Hansen helped conceive of the project and gave valuable 

input in data analysis. Dr. Jason Pienaar assisted with data analysis and running of the 

SLOUCH program.   

Chapter 5. Dr. Mike Pfrender collected and analyzed the initial mitochondrial dataset, 

and helped conceive of the project. Dr. Stevan J. Arnold helped conceive of the project 

and with writing. Dr. Robin Lawson assisted with data collection and helped conceive 

of the project. Dr. Alan de Quieroz helped conceive of the project and assisted with 

data collection. 



 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

  

 

 

 

TABLE OF CONTENTS
 

Page 

CHAPTER 1 – General Introduction ................................................................................ 1
 

The pattern of evolution across time- Microevolutionary studies ............................2
 

The pattern of evolution across time- Macroevolutionary studies ............................5
 

A framework for unification .....................................................................................8
 

Dissertation research...............................................................................................13
 

CHAPTER 2- Drift promotes speciation by sexual selection ......................................... 19
 

Abstract ..................................................................................................................... 20
 

Introduction............................................................................................................... 20
 

Theoretical Background............................................................................................ 24
 

Methods..................................................................................................................... 31
 

Results....................................................................................................................... 34
 

Simulated Evolution of Sexual Isolation ................................................................34
 

Effects of Population Size, Inheritance and Selection on the Evolution of Sexual 

Isolation ..............................................................................................................35
 

Discussion ................................................................................................................. 38
 

Tempo and Pattern in the Evolution of Sexual Isolation ........................................38
 

The Assumption of Selectively-neutral Preferences ...............................................40
 

Clouds Rather than Points of Stable Equilibrium...................................................42
 

Bridging from Sexual Selection to Sexual Isolation and Speciation ......................43
 

Acknowledgements ................................................................................................... 44
 

References................................................................................................................. 44
 

CHAPTER 3 – The million-year wait for macroevolutionary bursts.............................. 55
 

Abstract ..................................................................................................................... 56
 

Introduction............................................................................................................... 56
 

Results and Discussion.............................................................................................. 58
 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE OF CONTENTS (Continued) 
Page 

Materials and Methods.............................................................................................. 67
 

Measurement of divergence and interval ................................................................67
 

Database..................................................................................................................68
 

Stochastic model-fitting ..........................................................................................69
 

Linear regressions ...................................................................................................71
 

Acknowledgements ................................................................................................... 72
 

References................................................................................................................. 72
 

 ...................................................................................................................................... 82
 
CHAPTER 4– Body temperature evolves in mammals and is correlated with scrotal state


Abstract ..................................................................................................................... 83
 

Introduction............................................................................................................... 84
 

Methods..................................................................................................................... 87
 

Phylogeny & Data...................................................................................................87
 

Testing for phylogenetic signal...............................................................................89
 

Testing for association between body temperature and scrotal state ......................90
 

Threshold model .....................................................................................................91
 

Climate variables and body temperature .................................................................92
 

Testing models of genetic drift and stabilizing selection ........................................94
 

Results....................................................................................................................... 95
 

Data .........................................................................................................................95
 

Measurement error ..................................................................................................96
 

Body temperature has moderately strong phylogenetic signal ...............................96
 

Body temperature has a significant association with scrotal state ..........................97
 

Climate has a significant effect on body temperature evolution .............................98
 

Lande model-fitting ................................................................................................99
 

Discussion ............................................................................................................... 101
 

Conclusion .............................................................................................................. 107
 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE OF CONTENTS (Continued) 
Page 

Acknowledgements ................................................................................................. 107
 

References............................................................................................................... 107
 

CHAPTER 5 - A multi-locus nuclear species tree reveals rampant mitochondrial 

introgression across a widspread clade of garter snakes (the Thamnophis elegans-
couchii complex) ........................................................................................................ 121
 

Abstract ................................................................................................................... 122
 

Introduction............................................................................................................. 123
 

Materials and Methods............................................................................................ 127
 

Sampling and DNA sequencing ............................................................................127
 

Patterns of genetic variation and range expansion................................................129
 

Gene tree estimation .............................................................................................131
 

Test for biogeographic discordance ......................................................................132
 

Genealogical sorting index ...................................................................................134
 

Species tree estimation ..........................................................................................136
 

Concatenated gene tree estimation ........................................................................137
 

Results..................................................................................................................... 137
 

Cytochrome b phylogeny ......................................................................................137
 

Nuclear gene trees.................................................................................................139
 

Test for biogeographic discordance ......................................................................142
 

Genealogical Sorting Index...................................................................................144
 

Species tree analysis .............................................................................................145
 

Concatenated gene tree analysis ...........................................................................146
 

Discussion ............................................................................................................... 147
 

Conclusions............................................................................................................. 154
 

Acknowledgements ................................................................................................. 155
 

References............................................................................................................... 155
 

CHAPTER 6 – Conclusion............................................................................................ 171
 



 

 
 

 

 

 
   

TABLE OF CONTENTS (Continued) 
Page
 

BIBLIOGRAPHY ........................................................................................................... 179
 

APPENDICES ................................................................................................................ 194
 



 

 
 

 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

LIST OF FIGURES
 

Figure Page 

Figure 1.1. Simulations demonstrating the ephemeral divergence model ................... 17
 

Figure 1.2. Simulations of combined genetic and demographic constraints resulting in 

stasis ............................................................................................................................. 18
 

Figure 2.1. Sexual isolation between populations that have diverged along the line of 

equilibrium ................................................................................................................... 47
 

Figure 2.2. Two examples of simulated evolutionary trajectories for sexual isolation.

 ...................................................................................................................................... 48
 

Figure 2.3. Distribution of joint isolation (JI) in 10,000 independent pairs of 

populations over 10,000 generations of simulated evolution ....................................... 49
 

Figure 2.4. Effect of inheritance and population size on the evolution of sexual 

isolation........................................................................................................................ 50
 

Figure 2.5. Effects of population size and selection on the evolution of sexual isolation

 ...................................................................................................................................... 51
 

Figure 2.6. The effect of preference costs and population size on evolutionary 

equilibria ...................................................................................................................... 52
 

Figure 3.1. The “blunderbuss pattern”, showing the relationship between evolutionary 

divergence and elapsed time ........................................................................................ 76
 

Figure 3.2. Divergence patterns are similar across major groups of vertebrates ......... 77
 

Figure 3.3. Best-fitting time-dependent stochastic models determined by fitting by 

Maximum likelihood .................................................................................................... 78
 

Figure 3.4. Linear regressions of interval on the logarithm of absolute divergence .... 79
 

Figure 3.5. Divergence identifiable as natural in situ variation vs. disturbance 

mediated community change ....................................................................................... 80
 

Figure 4.1. Body temperature and scrotal state data for 566 mammals mapped onto the 

mammlian phylogeny ................................................................................................. 112 


Figure 4.2. Distribution of body temperatures among two classification schemes of 

either scrotal state or taxonomic order. ...................................................................... 113
 



 

 

 
 

 

 

 

 

 

 

 

 

 

 

   

LIST OF FIGURES (Continued) 

Figure Page 

Figure 4.3. Selective regimes for Ornstein-Uhlenbeck models fit to the complete body 

temperature dataset of 566 species ............................................................................. 114
 

Figure 4.4. Posterior distribution of the correlation between the simulated liabilities 


Figure 4.5. Posterior distributions for Bayesian model-fitting of Lande’s (1976) drift-


Figure 5.1. Range-wide distribution of Thamnophis elegans in western North America


Figure 5.4. Species tree analysis using based on nuclear loci only and combined 


underlying scrotal state and body temperature........................................................... 115
 

stabilizing selection model to 566 mammal species body temperature data ............. 116
 

 .................................................................................................................................... 166
 

Figure 5.2. Bayesian cytochrome b phylogeny and geographic distribution of the 5 

major clades of T. elegans complex ........................................................................... 167
 

Figure 5.3. Maximum clade credibility trees for nuclear loci .................................... 168
 

nuclear and cytochrome b .......................................................................................... 169
 

Figure 5.5: Concatenated gene trees for the T. elegans complex ............................... 170
 



 

 

 

 

 

 

 

  

 

 

 

 

 

   

LIST OF TABLES 

Table Page 

Table 2.1: The percentage of replicate population pairs evolving substantial isolation 
by drift as a function of population size, inheritance, and selection ............................ 53
 

Table 3.1. Parameter estimates and AIC scores for four model fits to the complete 

body size dataset and subsets ....................................................................................... 81
 

Table 4.1. Model comparisons among models of different selective regimes fit to 
mammalian body temperature data ............................................................................ 117
 

Table 4.2. Model fits to reduced set of body temperature data among 530 mammalian 

species for which climate data were available ........................................................... 118
 

Table 4.3. Estimates of the heritability of mammalian body temperature ................. 120
 

Table 5.1. List of primer sequences and references used in this study. ..................... 160
 

Table 5.2. Summary of sampling and genetic diversity within major clades in the 

Thamnophis elegans complex.................................................................................... 161
 

Table 5.3. Molecular population-genetic tests of range expansion within major clades 

in the Thamnophis elegans complex using the mtDNA gene cytochrome b ............. 162
 

Table 5.4. Summary of genetic diversity and sampling for each of the 4 nuclear loci 

examined in this study ................................................................................................ 163
 

Table 5.5. Genealogical sorting index for clades of garter snake species and 

Thamnophis elegans................................................................................................... 164
 

Table 5.6. Genealogical sorting index for two partitioning schemes within T. elegans.

 .................................................................................................................................... 165
 



 

 

 
 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

   

LIST OF APPENDICES 


Appendix Page 

Appendix A –Supplementary material for Chapter 2 ............................................. 195
 

Probability density function for πAB ....................................................................195
 

 ..........................................................................................................................197
 
Testing Lande’s Diffusion Approximation and the Probability Density Function


Results for Diffusion Approximation and Probability Density Function .............198
 

Appendix B- Supplementary Material for Chapter 3 .............................................. 205
 

Measures of divergence and time intervals ...........................................................205
 

Datasets .................................................................................................................209
 

Stochastic Model fitting........................................................................................212
 

Results and interpretation of model fitting ...........................................................217
 

Measurement error ................................................................................................219
 

Linear regressions of absolute divergence on time...............................................221
 

Supplementary References ....................................................................................222
 

Appendix C –Supplementary material for chapter 4 .............................................. 238
 

Appendix D –Supplementary material for chapter 5 .............................................. 255
 



 

 
          

 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

   

LIST OF APPENDIX FIGURES
 
Figure Page 

Figure A1. Difference in mean JI between the diffusion approximation and the full 

simulation model for all 324 parameter combinations ............................................... 200
 

Figure B1. Divergence between populations in all types of traits standardized by their
 

Figure B5. Parameter distributions from the Poisson process model (MB) obtained by 


pooled within-population SD for log-scaled trait values ........................................... 224
 

Figure B2. Body-size divergence as a function of generations rather than years ...... 225
 

Figure B3. Among-lineage variance through time plot for each dataset ................... 226
 

Figure B4. Simulated realizations of each model ...................................................... 227
 

bootstrapping over studies ......................................................................................... 228
 

Figure D1. Bayesian all-compatible consensus phylogram of the cyt b gene ........... 268
 

Figure D2. Bayesian all-compatible consensus phylogram of the MYH2 locus. ...... 271
 

Figure D3. Bayesian all-compatible consensus phylogram of the TBP locus ........... 274
 

Figure D4. Bayesian all-compatible consensus phylogram of the VIM locus. .......... 277
 

Figure D5. Bayesian all-compatible consensus phylogram of the R35 locus ............ 280
 



 

         
 

 

 

 

 
 

  

 

 

 
 
   

LIST OF APPENDIX TABLES 

Table Page 

Table A1. The percentage of replicate population pairs evolving substantial isolation 

using the diffusion approximation. ............................................................................ 201
 

Table A2. The percentage of replicate population pairs evolving substantial isolation 


Table B2. Data sources for microevolutionary and paleontological data used in this 


Table D1. List of tissue samples sequenced, locality information and gene sequences 


using the probability density function........................................................................ 203
 

Table B1. Parameter estimates and AIC scores for three model fits to the data ........ 229
 

study ........................................................................................................................... 230
 

Table B3. Data sources for across species comparative data ..................................... 236
 

Table C1. Body temperature data and references used in this study. ........................ 238
 

obtained. ..................................................................................................................... 255
 



 

 

 

 

DEDICATION 

There are four people I would like to dedicate this dissertation to; all of whom 

inspired me to persevere, yet in very different ways. First, I would like to dedicate this 

to my parents, Deidre Goldberg and Kaz Uyeda. To my mother for her belief in me 

and for the values she instilled in me that guide me each day. To my father for his 

unwavering support of my education and future. To my friend Lisa Wagner, who 

reminds me how to face the challenges of life with a smile. And most of all to my son, 

Josiah Hemenway, for my love for him and hope for his future.  



 
 

 

CONNECTING MICROEVOLUTIONARY PROCESSES TO MACROEVOLUTIONARY PATTERNS 


ACROSS SPACE AND TIME
 



 
 

 

 

 

 

 

CHAPTER 1 – General Introduction 

The modern vision of evolutionary biology was brought into focus by the 

Modern Synthesis (Huxley 1942), which unified the fields of genetics and evolution. 

The synthesis enabled a reductionist approach to the science of evolution, where even 

dramatic phenotypic change could be reduced simply to repeated rounds of 

microevolutionary change in allele frequencies. The importance of this synthesis is not 

to be underestimated. Neontologists quickly ascertained that through careful field 

study, evolution was not just the domain of the paleontologist or a historical science; 

but was measurable in natural populations (e.g. Bumpus 1899, Johnston and Selander 

1964). The implication that evolution is a vibrant, active process that we can study in 

the time-frame of a field season has had profound consequences, including ever-

increasing applications to conservation, invasive species biology, wildlife 

management and the medical sciences (Stearns and Koella 2008).  

Yet this view has not gone unchallenged. A particularly prominent challenge to 

the Modern Synthesis was leveled by Eldredge and Gould (1972), who argued that the 

patterns in the fossil record are irreconcilable with microevolutionary processes. 

Eldredge and Gould claimed that instead of gradual divergence predicted by repeated 

rounds of microevolution, the dominant mode of evolution in the fossil record was 

stasis (i.e. no phenotypic change). These periods of stasis were punctuated by dramatic 

episodes of rapid evolution. Eldredge and Gould took the view that these punctuations 

were the result of dramatic genomic reorganizations that occurred in small, isolated 
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populations during allopatric speciation. Furthermore, these important 

macroevolutionary processes were only observable through study of the fossil record. 

The ensuing controversy did not substantively shake the foundations of the Modern 

Synthesis, with most neontologists taking the view that punctuational evolution is 

entirely consistent with microevolutionary mechanisms (Charlesworth et al. 1982). 

However, after over a century of detailed field studies in both paleontology and 

neontology, the original challenge has remained largely unanswered: Are patterns 

consistent across micro and macroevolutionary timescales? 

Two components are needed to properly answer this question. First and 

foremost, we require data collected at different timescales. Over the past 150 years of 

studying evolution, our understanding of the pattern of evolution has benefitted by a 

wealth of neontological and paleontological studies, and recently, data collected from 

across the tree of life via phylogenetic comparative methods. These different sources 

of data provide resolution of different parts of the pattern of evolution at different 

scales of time. Second, we need theory and models that connect process and pattern. 

Much of this theory has developed concurrently with the accumulation of data. I will 

here briefly review the patterns observed in the data, and the models commonly used 

to analyze them, at both micro and macroevolutionary scales. 

The pattern of evolution across time- Microevolutionary studies 

The study of evolution on microevolutionary timescales, here defined as a few 

generations, has been extremely successful. Over 150 years of field studies and 
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experiments have generated considerable empirical verification of the processes of 

natural and sexual selection operating in the wild (e.g. Grant and Grant 2002). Perhaps 

the most surprising result of many of these studies is that evolution can be 

extraordinarily rapid (reviewed in Hendry and Kinnison 2000, Kinnison and Hendry 

2000). The capacity for consistent selection to shape phenotypic diversity is extreme, 

and nowhere is that power more apparent than in domestication selection—a fact well-

appreciated by Darwin (1859). As one example, a recent study demonstrates that 

artificial selection on skull shapes in the domestic dog in the last few thousand years 

has generated as much phenotypic diversity as found within the entire order 

Carnivora—a  clade that is many tens of millions of years old (Drake and Klingenberg 

2010). Clearly the capacity of species to evolve is high, even on the generational 

timescale.  

The capacity for rapid evolutionary change has long been recognized in by 

animal breeders and is codified in the form of a mathematical equation, known as the 

breeder’s equation (Falconer and MacKay 1996). The breeder’s equation is a simple 

equation that describes the expected per generation change in a trait mean (z) as a 

product of the heritability of a trait (h2) and the selection differential (s): 

In other words, the amount of change in a phenotype is directly proportional to two 

quantities: the heritability of the trait (the ratio of additive genetic variance to 

phenotypic variance in the population) and the strength of natural selection. The 

ݖ∆ ଶ݄ݏ ൌ 
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ݖ∆ ܸீߚ, ൌ 

equation can be alternatively expressed in terms of additive genetic variance (VG) and 

a measure of selection known as the selection gradient (β), such that: 

or in its multivariate form: 

 ,ࢼ ൌ ࢠ∆

where ∆ࢠ is a vector of responses for a set of traits, G is the additive genetic variance 

covariance matrix, and ࢼ is a vector of selection gradients (Lande 1979). In a series of 

seminal papers, Russell Lande expanded the underlying principles of the breeder’s 

equation into modern quantitative genetic theory, which accounts for phenomena such 

as genetic drift, sexual selection and mutation (Lande 1975, 1976, 1979, 1980, 1981). 

Furthermore, the theory was made operational by enabling researchers to measure 

natural selection in the wild (Lande and Arnold 1983). As a result, nearly three 

decades of research has resulted in exceptional compilations of empirical estimates of 

natural selection in the wild and of genetic variance (Mousseau and Roff 1987, 

Kingsolver et al. 2001, Hereford et al. 2004, Kingsolver and Pfennig 2007). 

The results of these studies suggest a few dominant patterns. First, genetic 

variation in complex traits is ubiquitous (Mousseau and Roff 1987, Hereford et al. 

2004). In contrast to traits affected by single loci, genetic variation can easily be 

maintained for polygenic characters even in the face of stabilizing selection. Variation 

persists because mutations each generation add substantial amounts of genetic 

variation each generation, owing to the large number of potential loci available for 
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new mutations (Lande 1975, Lynch 1988). Furthermore, pleiotropic effects and 

epistasis can result in decreased efficiency of natural selection in purging deleterious 

mutations (Lande 1980). Indeed, for traits such as body size which are highly 

polygenic, we find remarkably constant levels of genetic variation across species 

(Bush et al. 2002, Hunt 2004). The second major theme in the data is that selection is 

often strong and directional (Kingsolver and Diamond 2011). Furthermore, temporally 

replicated estimates of selection gradients suggest that directional selection may stay 

at these levels for several generations (Morrisey and Hadfield 2012). Given the 

ubiquity of high levels of genetic variation and directional selection in the wild, it is 

little wonder that observations of rapid evolution are commonplace in natural 

populations. 

The pattern of evolution across time- Macroevolutionary studies 

Gingerich (1983, 1993, 2001) demonstrated a strong negative relationship 

between evolutionary rates and the time interval over which the rate was measured. In 

other words, despite rapid evolution over short timescales; empirical evolutionary 

rates slow down when measured over longer, macroevolutionary intervals. Certainly, 

it should be expected that rates will scale with time interval to some extent as time 

itself is in the denominator, and selection likely varies in intensity and direction 

through time (cf. Grant and Grant 2002). However, the empirical record suggests that 

rates slow down even faster than expected under randomly reversing selection (i.e. a 

random walk) (Gingerich 2001). Instead rates scale according to a model of stasis, in 
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which evolution is bounded and does not accumulate over time (Gingerich 1983, 

1993, 2001, Estes and Arnold 2007). This definition of stasis does not preclude some 

trait evolution, only that it does not accumulate divergence in a time-dependent 

manner (Gould and Eldredge 1977, Gould 1980, Hunt 2007). Over a variety of 

timescales, Hunt (2007) found that most fossil time-series fit either a model of a 

random walk or of stasis. However, even when random walks dominate the record, 

evolution is much slower than expected even under a model of genetic drift, let alone 

under a model of directional selection (Lynch 1990, Gingerich 2001). Indeed, 

Eldredge and Gould’s famous proclamation “stasis is data” well characterizes the 

observed evolutionary pattern at the macroevolutionary scale. 

In addition to paleontological data, recent advances in phylogenetics have 

allowed scientists to assess patterns of macroevolutionary change using only extant 

species. These advances have triggered a revolution in the study of macroevolution, 

spawning the field phylogenetic comparative methods (Harvey and Pagel 1991). Using 

these methods, it is possible to assess macroevolutionary patterns of evolution without 

timeseries or fossil data, but instead by using the existing distributions of trait values 

across the tree of life. To a large extent, the models used in phylogenetic comparative 

methods are disconnected from the microevolutionary process, and function primarily 

as statistical descriptors that account for correlations in traits between related species 

(Felsenstein 1985, Hansen 1997). I will briefly describe the suite of models commonly 
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used to describe macroevolutionary patterns in comparative data, and how these might 

be connected to microevolutionary processes. 

The simplest model used to describe continuous trait evolution on a phylogeny 

is the Brownian motion model, which corresponds to a random walk. The model 

describes a continuous-time Markov process in which the probability of the species 

mean phenotype in the next time interval is described by a normal distribution with a 

constant variance. A major prediction of this model is that evolution will be gradual 

and unpredictable, but with variance accumulating through time in a linear fashion. 

Modifications of this model allow for the incorporation of a restraining force, or 

selection, toward an optimal state (Martins and Hansen 1996, Hansen 1997). The 

addition of selection to the model results in what is called an Ornstein-Uhlenbeck 

(OU) process. The model is described by the equation: 

where zt is the population mean trait value at time t, θ is the optimal trait value, and the 

parameters α and σ2 describe the strength of selection and drift, respectively. Note that 

this model has two components, a stochastic component that generates divergence 

(σ2dt), and a deterministic component [ߙሺߠ െ  ௧ሻ] that brings the process back towardݖ

the long-term average, ߠ. It is important to note that this sort of process fits very well 

with the adaptationist vision of deterministic natural selection, combined with 

stochastic genetic drift (Hansen 1997). In fact, genetic drift around a stationary 

optimum is described by an OU-process with microevolutionary parameters (Lande 

ଶݐ݀, ߠሻ௧ߪ െ ሺൌݖ  ∆ሺݖሻ௧ାଵߙ
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1976). Furthermore, both Brownian motion and OU-processes provide good fits to 

comparative data (Harmon et al. 2010). However, a number of lines of evidence 

suggest that even when Brownian motion and OU-models fit comparative data well, 

they do not describe microevolutionary processes directly (Hansen 1997, Estes and 

Arnold 2007). We can reach this conclusion based on empirical parameter estimates, 

which fail to explain evolutionary patterns across timescales (Estes and Arnold 2007) 

and by simply considering the improbability of traits such as body size being 

selectively neutral (Hansen 1997). Certainly, many other interpretations are possible, 

but by and large, none of these interpretations have adequately spanned between micro 

and macroevolutionary scales (Estes and Arnold 2007). 

Macroevolutionary studies have shed considerable light on the pattern of 

evolution over time, and suggest that the net evolution for many traits is exceedingly 

slow. Any union of microevolution and macroevolution must explain the prevalence 

of stasis, while allowing for rapid evolution. At intermediate timescales the process is 

dominated by stasis, but at other times appears as a random walk. The processes of 

speciation and extinction may also play an increased role at this scale, and may be 

associated with at least some trait divergence (Mattila and Bokma 2008). The 

interpretation of the causal forces that result in these patterns remains unclear.  

A framework for unification 

How can rapid evolution, strong selection, and high evolvability be reconciled 

with the prevalence of stasis at longer timescales? Can models of drift and selection be 
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used to predict speciation, extinction and macroevolutionary phenotypic change? 

Certainly, the unification of microevolutionary process models (and the abundant data 

that accompany them) with macroevolutionary data will not be easy. Nonetheless the 

goal is of utmost importance to evolutionary biology. It is necessary to understand 

what consequence, if any, the types of microevolutionary changes we observe on short 

timescales have on species survival and persistence. All species must adapt if they are 

to survive the constantly changing conditions on earth. Why, when genetic variation is 

so ubiquitous, do some species succeed while so many others fail? 

A number of explanations have been proposed to reconcile the apparent 

discrepancies between micro and macroevolution (reviewed by Hansen and Houle 

2004). These include multivariate genetic constraints, selective constraints and 

stabilizing selection, habitat or niche tracking, internal selection, metapopulation 

dynamics and hyperstable niches. Almost certainly, all of these can contribute to some 

extent to the existence of stasis, and are not mutually exclusive. It also seems that 

given the abundance of explanations, the major factors that contribute to stasis have 

been identified, but are awaiting verification with appropriate data. The purpose of this 

dissertation is to work towards the goal of building a better connection between theory 

and data across the two scales. 

I will emphasize in my dissertation one particular model, the ephemeral 

divergence model (Futuyma 1987, 2010), that I think is of great importance to 

accomplishing the goal of linking microevolution and macroevolution. While 
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Eldredge and Gould (1972), and later Gould (1977, 1980, 2002) may justifiably be 

criticized for using a straw man in defending their theory of punctuated equilibrium; 

their primary argument was that evolution is hierarchical. This aspect of Gould’s 

argument endures as the primary theme of the work of Futuyma (1987, 2010) in 

developing the ephemeral divergence model. The model reconciles Gould’s vision of 

punctuations occurring at speciation without invoking unseen macroevolutionary 

processes. Instead, Futuyma argued that stasis emerges out of a shift from focusing on 

the population-level processes of microevolution to species-level evolution over 

longer timescales. Futuyma argues that most instances of rapid divergence in 

individual populations are ephemeral, and lost via gene flow or extinction in small 

populations. 

To make the model more concrete, consider an array of populations as in 

Figure 1.1. Each population evolves in response to a combination of population-

specific selection pressures and global selection pressures, and may do so rapidly 

when conditions change. Changes occurring across the metapopulation are correlated 

to some extent, but are not perfectly correlated, and thus the change in the species 

mean (dark line, bottom panel) necessarily changes less than individual population 

means. Furthermore, gene flow between populations acts as a weak restraining force 

on divergence. However, if a vicariant event at time t causes allopatric speciation, 

subsampling of populations can result in punctuational evolution in the species mean 

of the two subpopulations, despite no change in phenotypes at the population level. 
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This divergence in the species mean could also occur if part of the population goes 

extinct (punctuated evolution without speciation), and is made more dramatic by the 

existence of phenotypic clines (which are ubiquitous in wide-ranging species). As a 

consequence, a burst of evolution in the species mean (and consequently, the long-

term expectation of the population) can occur without any evolution within 

populations. Note also that to scale microevolutionary processes across time, we must 

also scale across space. 

To survive changing conditions or to colonize new adaptive peaks, populations 

must have sufficient genetic variation. However, it is important to realize that 

populations must also maintain high enough population size to maintain viablity while 

adapting to the optimal state, even when genetic variation is high (Lynch and Lande 

1993, Burger and Lynch 1995, Gomulkiewicz and Houle 2009). The loss of 

population viability imposes a demographic constraint that can limit adaptation even 

when populations have high levels of genetic variation. To demonstrate the 

importance of demographic constraints on phenotypic evolution, I have simulated in 

Figure 1.2 a randomly bifurcating phylogenetic tree, in which the position of a branch 

on the y-axis indicates the evolutionary optimum for a fitness-related trait. Change in 

the optimum occurs at each bifurcation, and the amount is drawn from a normal 

distribution with a constant variance. I then allow a population to evolve, using the 

model of Burger and Lynch (1995). Briefly, the model describes a situation where 

populations that are not on the optimum suffer demographic costs while adapting to 
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the optimal state. When the population is perfectly adapted, the multiplicative growth 

rate R is set at a constant value. However, populations are allowed to drift around the 

optimum according to a stochastic drift parameter inversely proportional to the 

population size. This simulation demonstrates conceptually how stasis can emerge 

merely as a byproduct of demographic constraints and the hierarchical nature of 

evolution. Surviving populations at the end of simulation are overrepresented by those 

population that have, by chance, tracked optima that have moved the least. Populations 

that evolve the most are likely lost to extinction, even when they reach the optimum, 

because smaller effective sizes result in higher drift load and lower population fitness. 

Consider also that if gene flow is allowed between populations, smaller populations 

are likely to be subsumed by introgression and hybridization. Consequently, the 

metapopulation is resistant to phenotypic change and stasis becomes a likely result, 

even with randomly varying and constantly changing environments. Nonetheless, over 

the short term, populations can and do adapt rapidly to new adaptive peaks. The 

resulting pattern resembles a “hairy branch”, in which populations constantly diverge 

rapidly and bud off into morphospace, but are ephemeral and quickly lost to extinction 

or gene flow. Similar patterns have been proposed for patterns of speciation 

(Rosenblum et al. 2012). 

Several other macroecological phenomena reinforce this model as an important 

contributor to macroevolutionary stasis. First, the number one factor influencing 

species survival is geographic range, excepting during mass extinctions (Purvis et al. 
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2004, Payne and Finnegan 2007). Consequently, surviving species will be biased 

toward those lineages that have spent most of their history with larger-than-average 

geographic ranges, and therefore more biased toward those lineages that have 

experienced stasis. Second, there is emerging support for the “hat model” of species 

life cycles, which is so-named for the characteristic species abundance curves found in 

many taxa in the fossil record (Foote 2007, Liow et al. 2010). The model describes a 

characteristic rise and fall of species that is unimodal and typically lasts on the order 

of 1-10 million years. When combined with the ephemeral divergence model, the 

resulting dynamics would result in episodic bursts of evolution as geographic range of 

a species decreases along this stereotyped trajectory. As we shall see in my 

dissertation research, such dynamics are well supported by the data.  

Dissertation research 

My dissertation research is unified by the theme of understanding how 

microevolutionary processes explain macroevolutionary patterns through scaling 

across space and time, particularly in terms of the general framework of evolutionary 

quantitative genetics. I approach this synthesis by making contributions to four 

different aspects of the connection between microevolution and macroevolution. First, 

in chapter 2, I connect Lande’s (1981) quantitative genetic model of Fisherian sexual 

selection to a model of reproductive isolation (Arnold et al. 1996). This connection 

enables quantification of the degree to which sexual selection models can generate 

speciation. The results of this chapter suggest genetic drift combined with sexual 
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selection can lead to the rapid evolution of reproductive isolation. Furthermore, I show 

that reproductive isolation between populations can wax and wane over time. Finally, 

I demonstrate conceptually that this process is effective even when preferences are 

costly, a condition that was previously thought to halt Fisherian diversification of male 

ornaments (Pomiankowski and Iwasa 1991).  

In chapter 3, I work to unite micro and macroevolutionary data by compiling 

an exceptionally large database of phenotypic divergence that spans timescales of less 

than a year, to several hundred million. I analyze these data under a single analytical 

framework and identify a heretofore unappreciated pattern of phenotypic evolution 

across timescales. The remarkable pattern of divergence that I find unites data 

collected across microevolutionary, fossil and phylogenetic comparative data. 

Furthermore, I find support for burst-like evolution that occurs on the million-year 

timescale. The implications for this finding in terms of the ephemeral divergence 

model are discussed in this chapter. 

In chapter 4, I continue to explore patterns of macroevolution in a 

microevolutionary context by analyzing a particularly enigmatic case of stasis— 

mammalian body temperature. I find that contrary to previous claims, mammalian 

body temperature has high phylogenetic signal, evidence that it has evolved 

considerably across the mammalian radiation. Furthermore, I find macroevolutionary 

support for high body temperatures being correlated with scrotal testes. In addition, I 

find a weak but significant effect of environmental temperature on body temperature 
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evolution. Finally, I implement a method of connecting phylogenetic comparative data 

to Lande’s (1976) genetic drift-stabilizing selection model and show that empirical 

estimates of genetic variance in body temperature could explain to a large degree the 

slowness of evolution in this trait. This chapter highlights the differences between 

morphological traits examined in chapter 3 and physiological traits that may limit 

species adaptation to changing environments.   

Finally, in chapter 5, I examine range-wide patterns of genetic variation in a 

model species for quantitative genetic studies in the wild, the Western Terrestrial 

Garter Snake (Thamnophis elegans). Previous studies have shown that important 

phenotypes in the T.elegans can evolve rapidly over small geographic areas 

(Bronikowski and Arnold 1999, Manier and Arnold 2005). In Eagle Lake, California, 

two ecotypes of T. elegans have diverged despite extremely close proximity and 

significant gene flow (Manier and Arnold 2005). Yet at the clade-level, Hohenlohe 

and Arnold (2008) found that diversification of vertebral numbers was limited relative 

to the predictions of genetic drift, and suggested that strong stabilizing selection 

limited diversification of the clade. Previous research using limited geographic 

sampling has suggested complicated patterns of genetic variation within this species 

complex. However, the spatial orientation of genetic structure and the genetic 

interactions between T. elegans and related species is largely unknown. By improving 

resolution of my focal species Thamnophis elegans, I demonstrate that clade 

interactions and gene flow between related species are important for the determining 
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patterns of genetic variation across the landscape. I find evidence for rampant 

mitochondrial introgression and suggestive evidence for introgression at nuclear loci 

as well. I find that hybridization and gene transfer between species remains possible 

despite millions of years of divergence, and could potentially have evolutionary 

impacts. The study highlights the importance of considering the contribution of 

geographic variation, structure and patterns of gene flow across a species range toward 

long-term evolutionary dynamics. 

I hope that results of these four chapters contribute toward the goal of 

understanding the evolutionary processes that result in macroevolutionary patterns. 

Note that in some instances, I have attempted what some might consider the “naïve” 

approach to fitting microevolutionary models to data at macroevolutionary scales (e.g. 

chapters 2-4), without accounting for the complexities in scaling parameters and 

mechanisms across geographic scales. I do this precisely for the reason of exposing 

when and how the models fail, so that we can understand how to build on them and 

outline future directions of research.  Only by examining and comparing the fits of 

models in a quantitative way—and by ground-truthing these models in empirical 

reality—can we hope to unify approaches. 
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Figure 1.1. Simulations demonstrating the ephemeral divergence model, and how it 
can lead to punctuational evolution. The top panel shows an array of 15 populations 
that are arranged in space (labeled A through O) at the end of the simulation (time k). 
The size of each population label is proportional to that population’s mean trait value. 
At time t, a dispersal barrier arose causing allopatric speciation into two daughter 
lineages. The bottom panel shows the dynamics of phenotypic evolution for the same 
populations (gray lines) and for the species means (dark solid lines) over time. 
“Speciation” occurred at time t, resulting in a “burst” of evolution in the species means 
for each collection of populations, yet nothing changed within populations. The 
species means change because of subsampling from among the existing distribution of 
mean trait values across populations. Nonetheless, speciation causes a change in the 
long term expectation for each of the descendent species. Notice also that the species 
mean is much more resistant to change than individual populations.  
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Figure 1.2. Simulations of combined genetic and demographic constraints resulting in 
stasis, despite a randomly changing environment. The simulation starts with a single 
population that is immediately split into two (dark lines). Populations track optima 
that randomly bifurcate and shift according to a Poisson point process (light gray 
lines). Populations then track these populations with a multiplicative growth rate 
determined by the distance from the optimum using the model of Lynch and Lande 
(1993). Growth rates when populations are on the optima reach a maximum value of 
R=1.03, and a carrying capacity is set at N = 10,000 with no density-dependence. 
Notice that the end result is a “hairy branch” in which populations that persist are 
those that happen to track optima that, by chance, don’t change as much. While rapid 
evolution is often observed, populations do not recover quickly and consequently are 
more likely to suffer an extinction spiral as the result of decreasing population size, 
and increasing genetic drift. 
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ABSTRACT 

Quantitative genetic models of sexual selection have generally failed to 

provide a direct connection to speciation and to explore the consequences of finite 

population size. The connection to speciation has been indirect because the models 

have treated only the evolution of male and female traits and have stopped short of 

modeling the evolution of sexual isolation. In this article we extend Lande’s (1981) 

model of sexual selection to quantify predictions about the evolution of sexual 

isolation and speciation. Our results, based on computer simulations, support and 

extend Lande’s claim that drift along a line of equilibria can rapidly lead to sexual 

isolation and speciation. Furthermore, we show that rapid speciation can occur by drift 

in populations of appreciable size (Ne ≥ 1000). These results are in sharp contrast to 

the opinion of many researchers and textbook writers who have argued that drift does 

not play an important role in speciation. We argue that drift may be a powerful 

amplifier of speciation under a wide variety of modeling assumptions, even when 

selection acts directly on female mating preferences. 

INTRODUCTION 

Although quantitative genetic models of sexual selection have illuminated 

many evolutionary phenomena, they have generally failed to make explicit predictions 

about speciation. The list of illuminated phenomena includes runaway dynamics 

(Lande 1981), the ‘sexy son’ hypothesis (Kirkpatrick 1985; Pomiankowski et al. 

1991), good genes (Schluter and Price 1993; Kirkpatrick 1996; Iwasa and 
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Pomiankowski 1999), and sexual conflict (Gavrilets 2000; Gavrilets et al. 2001, 

Gavrilets and Hayashi 2005). The fact that rapid evolution of sexual signals occurs 

under some conditions in most models in this family implies a strong connection to 

speciation. Furthermore, the existence of equilibrium lines or cycles in some models 

carries the implication that pairs of replicate populations could speciate as a 

consequence of equilibrium differences in sexual signals (Mead and Arnold 2004). 

Despite the apparent clarity of these implications about speciation, the models in 

question stop short of actually modeling the approach to speciation.  In particular, 

most quantitative genetic models have provided only speculations about the extent of 

speciation because they have failed to make explicit the connection to sexual isolation. 

The reason for the disconnect between quantitative genetic models of sexual 

selection and speciation is that the models have primarily considered evolution within 

single populations, and they have failed to specify the relationship between trait 

evolution and sexual isolation among populations. To successfully make the needed 

connection, a model must sample pairs of evolving populations and assess their sexual 

isolation. The primary, novel aim of this article is to make explicit statements about 

the evolution of sexual isolation by combining a model for evolution by sexual 

selection (Lande 1981) with a model for sexual isolation (Arnold et al. 1996).  As a 

result, we can quantitatively describe the conditions that can lead to speciation by 

sexual isolation in terms of estimable parameters of selection, inheritance, and 

population size. 
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Translating the output of models of sexual selection into the currency of 

speciation (the extent of reproductive isolation) is important for three reasons.  First, 

by explicitly modeling the time course of evolving sexual isolation, we will show that 

drift can help promote speciation in only a thousand generations.  Furthermore, 

histories in which periods of increasing isolation alternate with periods of decreasing 

isolation are common in our simulations.  This pattern, in which isolation waxes and 

wanes, has far-reaching implication but is seldom discussed in the speciation 

literature. Second, the needed translation connects the literature on sexual selection 

models (Mead & Arnold 2004) with an extensive empirical literature on sexual 

isolation. By modeling the evolution of sexual isolation – and not just divergence in 

sexually selected traits – we can compare our theoretical results with patterns of sexual 

isolation observed in major empirical surveys (Tilley et al. 1990, Coyne & Orr 1994). 

In particular, we show that under realistic values of inheritance, selection and 

population size, drift could have played an important role in producing the patterns of 

sexual isolation (and hence speciation) that have been observed in radiations of 

plethodontid salamanders and Drosophila. Third, the approach we outline promises a 

solution to the long-standing, notorious problem of constructing discriminating tests 

among the many alternative models of sexual selection (Bradbury and Andersson 

1987). By establishing a new model-data connection, we should be able to test sexual 

selection models using the predictions they make about patterns of sexual isolation, a 

possibility that we will explore in a later article.   
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A surprising limitation of most quantitative genetic models of sexual selection 

is that they fail to explore the evolutionary stochasticity that arises from finite 

population size. By assuming infinite population size, most models make predictions 

about the expected evolutionary behavior of the average population, while ignoring 

variation about that expectation.  This limitation characterizes virtually all of the 30 

models of sexual selection reviewed by Mead and Arnold (2004).  The problem is that 

by ignoring such stochastic variation we may miss the essential message of the model. 

For example, although the deterministic equilibrium for a model may be a point in 

phenotypic trait space, stochasticity (i.e., genetic drift) may produce a considerable 

cloud of variable outcomes about that point.  A focus on the cloud is important 

because, as we will show, stochasticity can amplify the opportunity for sexual 

isolation and speciation.  Consequently, our secondary aim is to explore the 

implications of finite population size for the evolution of sexual isolation and 

speciation. Lande (1981) provided a foundation for this exploration in the form of 

equations for the variance expected among evolving replicate populations in sexual 

signals and preferences. Nevertheless, Lande (1981) did not explore the stochastic 

evolution of sexual isolation. We use computer simulations to assess the validity of 

some of Lande’s approximations, as well as to make detailed portrayals of the 

stochastic evolution of sexual isolation.  Although we focus our combined analytical 

and simulation approach on a single evolutionary model (Lande 1981), we argue that 
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this approach could be profitably applied to any of the 30 quantitative genetic models 

of sexual selection that have been constructed so far (Mead and Arnold 2004).  

THEORETICAL BACKGROUND 

We used a model developed by Lande (1981) to simulate the evolution of 

behavioral isolation by sexual selection in finite populations.  According to this model, 

evolution of a male ornamental trait is driven by natural and sexual selection.  Female 

mating preferences for that male trait evolve as a correlated response. The male 

ornament, z, and female preference, y, are normally distributed, sex-limited 

quantitative traits with phenotypic z and y  and variances σ2 and τ2 . Likewise, the 

additive genetic (breeding) values of the two traits are normally distributed.  The 

additive genetic variances of both the male ornament (G) and female preference (H) 

are assumed to be in mutation-selection balance and to remain approximately constant 

(Lande 1976).  Additive genetic covariance between the male ornament and female 

preference (B) is created by linkage disequilibrium that arises from mate choice and 

sexual selection and is likewise assumed to remain approximately constant in 

mutation-selection balance (Lande 1980, 1981).  Males do not protect or provision 

mates.  Every female is inseminated each generation, and hence there is no fecundity 

selection on female preference nor is there any direct viability selection on preference. 

The male ornament experiences weak natural (viability) selection, described by a 

Gaussian curve with an intermediate optimum θ and width ω. Following viability 

selection, the male trait distribution experiences sexual selection arising from female 



 

 
 

   

 

 

 

 

 

25 

mate choice.  The sexual preference of each female is described by a Gaussian curve 

with an intermediate optimum y and width ν. In other words, a female’s preference is 

absolute in the sense that she most prefers to mate with a male with ornament value y, 

and her tendency to mate falls off as the ornament of a prospective mate deviates in 

either direction from that value.  The overall selection gradient on the male trait (  ) 

is therefore generated by natural selection toward an optimal male phenotype and 

sexual selection generated by Gaussian mating preference functions,     

S y   (11  )z 
β =

2 
 

2
,

  

where S is the total shift in the male trait mean caused by selection within a generation 

(the overall selection differential) and α=ν2/ω2. Because there is no direct selection on 

the female preference trait y, it evolves by genetic drift and as a correlated response to 

selection on the male trait. At equilibrium the forces of natural and sexual selection 

balance (β = 0) yielding a line of equilibrium given by the equation  

y  ( 1)z  . 

The per generation deterministic change in the means of the male ornament and the 

female preference are given by the equations 
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 z  1
2 G , (2.1a) 

 y  1
2 B . (2.1b) 

Away from the line of equilibrium, populations evolve in response to selection 

along lines with a slope given by the genetic regression B/G. Populations evolving in 

response to selection either walk-towards a line of stable equilibrium (when B/G < α 

+ 1) or runaway from a line of unstable equilibrium (when B/G > α + 1). In this 

paper we explore the stable (walk-towards) case, the most likely outcome in many 

natural systems (Mead and Arnold 2004). Selection ceases once a population reaches 

the stable line of equilibrium, but the population may drift along the line and will be 

driven back to the line by selection if it drifts away from the line. 

Lande (1981) also characterized the process of population differentiation by 

drift along the line of equilibrium. Let the population mean phenotype be a column 

vector, ( z y )T, where T denotes transpose. Each generation sampling in a finite 

population of effective size Ne will produce variance among a set of replicate 

populations in this vector that is given by the variance-covariance matrix 

1 G B 
V   . (2.2)

Ne  B H  

At any generation t, the probability distribution of mean phenotypes is bivariate 

Gaussian. Using a diffusion approximation, Lande (1981) found that the variance-

covariance matrix for this distribution at generation t converges to approximately 
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H (1  rg 
2 )t  1  1 

D(t) = 
2  2  , (2.3)

Ne ( 1  B / G)  1 ( 1)  

where rg  B / GH is the additive genetic correlation between the male ornament and 

female mating preference. The diagonal elements in this matrix are the among-

replicate variances in trait means (male ornament and female preference). The off-

diagonal element is the among-replicate covariance between male and female trait 

means. Note that the correlation in the matrix on the right side of equation (2.3) is 1, 

so the evolutionary dynamics are equivalent to univariate evolution along the line of 

equilibrium.  Consequently, one issue that we can resolve with simulation is the 

question of how much additional variance might be contributed by drift away from, 

and response to selection back towards, the line of equilibrium. As we shall see, the 

contribution is negligible. In the next section we extend the Lande (1981) model so 

that it makes explicit predictions about sexual isolation. 

A pair of replicate populations, A and B, can diverge in average phenotype and 

hence become sexually isolated as their mean male and female trait values are shuffled 

towards and along a line of equilibrium by selection and drift. In any given generation, 

sexual isolation can be assessed by calculating the average probability of mating 

within and between populations A and B given the means and variances for male 

ornaments and female preferences in the two populations. Formulas are derived in 

Arnold et al. (1996) under Lande’s (1981) assumptions for the case of absolute mating 



 
 

   

  

 

,    

28 

preferences. In extending Lande’s (1981) model to make predictions about sexual 

isolation, we assume that either just two traits, z and y, account for sexual isolation, or 

that z and y represent linear combinations of many male and female traits that jointly 

account for sexual isolation.  Under the second interpretation, we assume that the 

coefficients of the linear combinations do not evolve.  

The probability that a randomly chosen female will mate with a male of 

phenotype z,  (z) , is a key female variable in this formulation. Averaging this 

probability over the phenotypic distribution of males yields the average probability of 

mating, π, given an encounter between a male randomly chosen from one population 

and a female randomly chosen from the same or a different population. This 

conditional probability, π, coincides with the probability of mating that is commonly 

assessed in studies of sexual isolation (e.g., Malogolowkin-Cohen et al. 1965), thereby 

providing a direct connection between sexual selection models and empirical data on 

sexual isolation. This overall probability of mating, π, reaches a maximum value when 

the mean of the male trait, z , coincides with mean value of mates most preferred by 

females, y , and falls off as a Gaussian curve as the male mean deviates in either 

direction from the female mean.  More exactly, the average probability of mating 

when the female is drawn from population i and the male from population j is 

 ൌߨ ܿexp	ሺെ 
ௗೕ
మ 

(2.4)
ଶఀమ
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where 0 ≤ cij ≤ 1 is the distance between the mean of the most preferred mate of 

females in population i and the mean of the male trait in population j, dij  yi  z j , 

2 2 2 2and     . Thus, this expression can be used to calculate the average 

probabilities of mating in encounters within and between populations.  The constant cij 

can be thought of as the probability of mating between partners when the male and 

female means coincide.  For simplicity, we assume that cij=1 for all combinations of 

population encounters. Note that the probability given in eq. (2.4) is the overall 

probability of mating given an encounter between potential partners drawn randomly 

from populations i and j, and not necessarily the frequency of matings within and 

between populations over a generation. 

Total sexual (joint) isolation between populations A and B can be calculated as 

JI   AA  BB  AB  BA . (2.5) 

JI is a conventional measure of sexual isolation that effectively ranges from zero 

(when all within and between population encounters are equally successful) to two 

(when all within population encounters are successful but all between populations 

encounters are not) (Bateman 1949, Merrell 1950, Malogolowkin-Cohen et al.1965). 

Because JI does not involve ratios of variables, it has smaller standard errors than 

some other measures of isolation. A more complete illustration of the dynamics of 

Lande’s (1981) model and its relationship to JI in our simulation model is available at 

the website http://oregonstate.edu/~uyedaj/sexualselection.html. 

http://oregonstate.edu/~uyedaj/sexualselection.html
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We can also obtain an expression for the expected value of JI under Lande’s 

(1981) assumptions.  Because the difference between z  and y within populations is 

expected to be negligible compared to the corresponding difference between 

populations, we can make the simplifying assumption that dAA = dBB=0. This 

simplification yields  AA = BB =1 and  AB   BA . Thus, the key probability affecting 

the distribution of JI is the distribution of interpopulation mating probabilities ( AB 

and  BA ). The distributions of these probabilities are identical and simply a function 

of the distribution of male phenotype among replicate populations at generation t, 

which can in turn be obtained using Lande’s dispersion matrix (eq. (2.3)). Using the 

distribution function method, we can derive the probability density function of  AB  at 

generation t  (Appendix A), so that the probability that  AB takes the value x at 

generation t is 

2
2  2Dz (t ) x

f (x)  , for 0  x  1 , (2.6)
AB 

x  2Dz (t)
2 ln(x) 

where Dz(t) is the variance of z among replicate populations at generation t as 

approximated by the first element of Lande’s dispersion matrix D(t) (eq. (2.3)). 

Although this density function in equation (2.6) is not well-characterized, it can be 

evaluated numerically. Assuming that the within population mating probabilities are 

close to 1, the expected value of JI at generation t is 2(1 E[ AB (t)]) , where 
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E[ AB (t)] is the expected value of  AB  at generation t, which is obtained from 

equation (2.6). 

METHODS 

The Simulation Model - We simulated the evolution of trait means in 10,000 

independent replicate population pairs for 1,000-10,000 generations for each of 324 

parameter combinations in a fully factorial design. Each replicate consisted of a pair of 

populations that started at the same point on the line of equilibrium, the natural 

selection optimum for the male trait ( z  y   ). For convenience and without loss of 

generality, we scaled z so   0. Note that this scaling convention does not imply that 

there is an absence of the male ornament at the optimum, θ. Each generation, we 

calculated the total deterministic response to selection in each population using 

equation (2.1). Following selection, the per generation change due to drift was 

sampled from a bivariate normal distribution with zero means and a variance-

covariance matrix given by equation (2.2) and added to the selection response.  After 

1,000 and 10,000 generations, we calculated JI for each population pair to generate a 

distribution of 10,000 replicate values of JI. The mean and variance of JI and the 

proportion (Pi) of JI values greater than 1.6 (see below) were obtained from this 

distribution. All simulations and analyses were performed in R (R Development Core 

Team 2007). 
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Wherever possible we made benign and/or biologically realistic choices of 

parameter values.  We standardized the phenotypic variances of the two traits before 

selection, so that σ2 = τ2 = 1. We simulated all combinations of cases in which natural 

selection was relatively weak (ω2 = 25, 50 and 100) and sexual selection was 

relatively strong (ν2 = 5, 10, and 20), so that α = ν2/ω2 ranged from 0.05-0.8.  The 

values of ω2 that we used correspond to the weak end of a distribution of values for 

stabilizing selection estimated in natural populations (Kingsolver et al. 2001, Estes and 

Arnold 2007). Stinchcombe et al (2008) have pointed out a common error in the 

estimation of coefficients of stabilizing/disruptive selection (γ). The range of ω2 

values that we used corresponds to a γ range of -0.04 to -0.01, assuming no directional 

selection (β=0), which is well within the span of true values of γ reported by 

Stinchcombe et al. (2008) and, indeed, at the commonly observed, weak end of the 

stabilizing selection distribution. (See Estes and Arnold (2007) for the formula we 

used to convert between γ and ω2.) Measurements of female preference functions are 

rarer than estimates of stabilizing selection, but nevertheless, studies of acoustic 

insects and amphibians (Gerhardt and Huber 2002) suggest that when preference 

functions are unimodal, curvature is weak compared with the distribution of male trait 

values (i.e., ν2> σ2). We varied G and H so that the genetic correlation between 

ornament and preference was in the moderate to high range ( rg  B / GH  0.6-0.9). 

Parameter values in this range are consistent with selection experiments in which a 

substantial correlated response in female preferences was detected after just a few 
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generations of selection on male ornaments (Bakker 1993, Houde 1994, Wilkinson 

and Reillo 1994, Hollocher et al. 1997, Blows 1999, Gray and Cade 2000, Wagner et 

al. 2001). Finally, we used moderate to relatively large effective sizes (Ne=500, 1000, 

5000) to be consistent with empirical estimates (Estes and Arnold 2007) and to satisfy 

the assumption that genetic variances and covariances would be maintained by 

mutation-selection balance (Lande 1976, 1981). 

In evaluating our results, we used a value of JI > 1.6 as a criterion for 

substantial sexual isolation. In a survey of sexual isolation in Drosophila, Coyne and 

Orr (1997) used one minus the ratio of the frequencies of heterospecific to 

homospecific matings as a measure of sexual isolation and found that in a strong 

majority of sympatric species the value of this index was 0.8 or higher.  Assuming that 

    1 , a value of 0.8 for their index corresponds to JI = 1.6. Likewise, in aAA BB 

survey of sexual isolation among 31 allopatric pairs of populations of salamanders in 

the Desmognathus ochrophaeus complex, JI ranged from 0.20±0.16 to 1.50±0.12 

(Arnold et al. 1996), again suggesting that JI = 1.6 is an appropriate criterion for 

substantial isolation. 

In addition to the full simulation model, we used Lande’s diffusion 

approximation (Lande 1981, eq. (2.3)) and the probability density function of  AB , eq. 

(2.6), to generate distributions of JI for the same set of parameter combinations. These 

distributions were compared to the full simulation model to verify the accuracy of the 

http:1.50�0.12
http:0.20�0.16
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simplifying assumptions used to derive eq. (2.3) and eq. (2.6). Methods are described 

in more detail in Appendix A. 

RESULTS 

Simulated Evolution of Sexual Isolation 

Simulations of the evolution of a male trait and female preference based on 

Lande’s (1981) model show that drift promotes rapid divergence in sexually-selected 

traits. The model predicts a line of neutral equilibrium for the population means of the 

male trait, z , and female preference, y , along which the forces of natural and sexual 

selection on the male trait exactly balance (Figure 2.1).  This equilibrium line is either 

stable or unstable, depending on parameters of genetic variance in the two traits and 

the strength of natural and sexual selection (Lande 1981).  Here we consider only 

biologically realistic parameter values for which the line of equilibrium is stable; that 

is, populations that drift away from the line evolve back toward it.  Independent 

populations evolve along the line by genetic drift, so that two populations may diverge 

from each other along the line of equilibrium.  As the male trait distribution in one 

population diverges from the female preference in the other population, the probability 

of mating between populations decreases.  We estimate the degree of sexual isolation 

between two populations by the joint isolation index (JI). Figure 2.1 illustrates an 

instance of modest isolation (Figure 2.1A, JI = 0.89) and an instance of profound 

isolation (Figure 2.1B, JI = 1.95). The time course for evolution of isolation in a 

sample run can be viewed at http://oregonstate.edu/~uyedaj/sexualselection.html. 

http://oregonstate.edu/~uyedaj/sexualselection.html
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Because drift along the line of equilibrium is a random walk process, the 

trajectories of population pairs usually do not show a monotonic increase in sexual 

isolation. Instead, simulated pairs of populations may experience temporary periods 

of substantial sexual isolation (i.e.,  JI > 1.6) and then return to a level of isolation that 

in sympatry would allow interbreeding (Figure 2.2).  Nonetheless, the variance of trait 

values among independently evolving populations increases with time (eq. (2.3)).  As 

a result, both the mean value of JI across a large number of simulated population pairs 

and the proportion of pairs of populations at sexual isolation (JI > 1.6) increase 

monotonically under biologically realistic parameter values, as shown in Figure 2.3. 

The change from a unimodal to a bimodal distribution of JI, apparent in Figure 2.3, is 

characteristic of simulations under realistic parameter values resulting from the fact 

that JI is bounded at 2. Given enough time, the proportion of pairs of populations at 

complete isolation (i.e.,     0 , JI ≈ 2) asymptotically approaches 1 for all AB BA 

parameter values for which D > 0. 

Effects of Population Size, Inheritance and Selection on the Evolution of Sexual 
Isolation 

The evolution of sexual isolation depends on parameters of inheritance, 

population size and selection, and we will consider their effects in that order. In light 

of the fact that the distribution of JI is often bimodal (Figure 2.3), we used the 

proportion of replicate pairs that achieved a substantial level of isolation (JI > 1.6) as a 

summary measure of isolation for a set of replicate runs.  In the discussions that 
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follow, note that because we have standardized phenotypic variance of the male and 

female traits to 1, their additive genetic variances, G and H, are equivalent to 

heritabilities. In our simulations, evolution of sexual isolation by drift increased as 

either the genetic variance of the male trait, G, or the genetic correlation between the 

male and female trait, rg, increased (Figure 2.4). Not surprisingly, because genetic 

drift depends on effective population size, sexual isolation by drift decreased with 

increasing effective population size for all parameter combinations.  As a result, at 

large population sizes the effect of inheritance parameters was reduced because 

relatively few population pairs evolved substantial isolation. 

Evolution of sexual isolation also depends on the strength of both natural and 

sexual selection on the male trait.  Stronger natural selection on the male trait (lower 

values of 2) reduces the evolution of sexual isolation by reducing the rate of drift 

along the line of equilibrium (Figure 2.5B), as predicted by equation (2.3).  In contrast, 

stronger sexual selection (lower values of 2) increases the evolution of sexual 

isolation by drift (Figure 2.5A) for two reasons.  First, stronger sexual selection 

increases the variance among populations caused by drift along the line of equilibrium, 

as predicted by eq. (2.3).  Second, stronger sexual selection reduces the probability of 

mating between two populations, eq. (2.4), given a particular difference in their male 

trait means. 
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These effects of inheritance, selection and population size on the evolution of 

sexual isolation are shown in greater detail in table 2.1.  Note that substantial sexual 

isolation can evolve by drift even in very large populations in only 1000 generations. 

In an especially favorable case (rg=0.9 ,ω2=100 ,ν2=5 , α =0.05), 11% of population 

pairs of effective size 1,000 evolved substantial isolation after only 1,000 generations, 

and after 10,000 generations 64% had achieved substantial isolation.  Such very rapid 

evolution is exceptional, however, and in general substantial isolation commonly 

evolves only after 5,000 or more generations. 

We compared the simulation results (table 2.1) to results using both a diffusion 

approximation and a probability density function (table A1 and A2, Appendix A). All 

three methods yielded very similar results for realistic parameter values, indicating 

that the simplifying assumptions used to derive eq. (2.3) and eq. (2.6) are good 

approximations.        

In summary, using all three methods, the incidence of sexual isolation 

increased with time, with additive genetic variance in the male trait and female 

preference, with genetic correlation between the traits, and with strength of female 

preference. Evolution of sexual isolation decreased with stronger natural selection on 

the male trait and with larger effective population size. 
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DISCUSSION 

Tempo and Pattern in the Evolution of Sexual Isolation  

The novel contribution of this article is to describe the time course for the 

evolution of sexual isolation – not just the evolution of sexually-selected traits under 

assumptions of quantitative inheritance.  Our simulations indicate that sexual isolation 

is promoted by drift, even in populations of appreciable size.  Instances of substantial 

isolation can evolve rapidly, in as few as 1,000 generations, under favorable 

circumstances (strong genetic correlation between the sexes, weak natural selection on 

the male trait, strong female mating preferences), even when Ne is in the range 1,000

5,000. Thus, drift due to finite population size is a mechanism that could account for 

the moderate degrees of sexual isolation (JI < 1.0) that have been observed among 

allopatric populations in surveys of Drosophila and plethodontid salamanders (Coyne 

and Orr 1989, 1997; Tilley et al. 1990; Arnold et al. 1996). 

Our simulations also suggest that the evolutionary history of sexual isolation is 

likely to be one in which isolation waxes and wanes.  As a pair of populations evolves 

in allopatry, periods of divergence in male ornaments may alternate with periods of 

convergence, resulting in fluctuations in the degree of sexual isolation (Figure 2.2). 

Of course, because the average trajectory across a large sample of population pairs 

shows a monotonic increase in isolation (Figure 2.3), some individual trajectories may 

likewise be characterized by ever increasing isolation. Waxing and waning of isolation 

is especially pronounced in our model because drift dominates evolutionary dynamics 
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once populations reach the line of equilibrium. Even in models with more selective 

constraint, however, finite population size should result in temporary reversals in 

evolutionary trajectory and hence in some degree of waxing and waning.   

The prospect of stochasticity in the evolution of reproductive isolation has 

often been ignored or dismissed in discussions of speciation. Coyne and Orr (2004), 

for example, argued that sexual isolation would evolve so slowly by drift that this 

route to speciation can be disregarded.  If populations maintain effective sizes in 

excess of 5,000, the role of drift may indeed be insubstantial (table 1).  In vertebrates 

and many other groups in which Ne is commonly in the range 500-1000, stochasticity 

may however play a large role in the divergence of mating preferences and hence in 

the evolution of isolation and speciation.  In such groups, finite population size might 

promote both the rapid evolution of isolation and repeated evolutionary reversals that 

we have observed in our simulations.  Furthermore, these conclusions do not require a 

strong assumption about the selective neutrality of preferences.  

While we argue that drift that will increase the potential for sexual isolation, an 

earlier simulation study of Lande’s (1981) model arrived at the opposite conclusion 

(Nichols and Butlin 1989).  The authors were concerned with the unstable runaway 

case and argued on the basis of their simulations that genetic variance and covariance 

will not be maintained in finite populations and so will limit divergence. They argued 

that this loss of variation will be exacerbated by a decrease in effective population size 

as the male trait distribution diverges from the viability optimum, causing fewer males 



 
 

   

 

 

 

 

40 

to obtain the majority of the matings. Unfortunately, their simulations were apparently 

limited to extremely small populations (Ne≤100) and strong selection parameters 

(ω2=υ2≈σ2=τ2), and on that basis it is not surprising that little genetic variance and 

covariance was maintained in their simulation runs.  In other words, Nichols and 

Butlin (1989) explored a small region of the parameter space with limited biological 

relevance (unstable case, very small population size, strong selection parameters), and 

consequently their results have little bearing on our conclusions. In another study that 

explored the consequences of finite population size, Wu (1985) simulated evolution by 

sexual selection in a genetic system with two haploid loci, each with multiple alleles. 

Although selection and population size were parameterized in a way that makes 

comparisons to natural populations or quantitative genetic models difficult, Wu (1985) 

found that the Fisher-Lande process worked synergistically to accelerate the evolution 

of sexual isolation, a result in line with ours.  

The Assumption of Selectively-neutral Preferences 

The assumption of the present model that female mating preferences are 

selectively neutral may seem untenable to readers familiar with the last 25 years of 

work on quantitative genetic models of sexual selection.  Since 1981, nearly all such 

models have allowed for stabilizing or other modes of selection on preferences, i.e., 

direct costs (Mead and Arnold 2004). The inclusion of such costs can cause Lande’s 

(1981) line of equilibrium to collapse to a single, stable point of equilibrium (e.g. 

Pomiankowski et al. 1991).  Because this collapse seems to erase the possibility of 
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diversification of male ornaments and speciation, model builders have focused on 

alternative scenarios (such as cubic selection on preference or plateau selection on the 

male trait) that promote diversification by creating multiple points or stable limit 

cycles (reviewed in Mead and Arnold 2004). While exploring these scenarios, focus 

has been restricted to the deterministic behavior of the models (i.e., only populations 

of infinite size have been explored). Our exploration of stochastic behavior suggests 

that dismissal of stable equilibrium points, arising from direct costs to preferences, has 

been too hasty. 

Adding a cost to preferences may restrict - but does not eliminate - the 

possibility of ornament diversification and speciation.  Obviously a continuum exists 

between no costs and substantial costs to mating preferences, and many actual mating 

systems probably lie along this continuum.  By including finite population size in 

models, one can readily show that along this continuum, the equilibrium changes from 

a line to a linear cloud to a point.  This equilibrium continuum is shown in Figure 2.6. 

In a model with selection on preferences in a finite population, a balance is achieved 

between drift, which tends to disperse populations away from the equilibrium point 

that characterizes populations of infinite size, and selection, which drives populations 

towards that point. The resulting equilibrium cloud is large if populations are small 

and/or the cost of preferences is weak. As shown in Figure 2.6D, the equilibrium 

cloud can be of substantial size even in large populations if the cost of preferences is 

sufficiently small.  Notice that in this particular case, mean ornamental values of 
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populations may differ by nearly 6 phenotypic standard deviations.  Thus, even when 

selection acts on preferences, both substantial ornament diversification and sexual 

isolation can occur. 

Clouds Rather than Points of Stable Equilibrium 

Our exploration of the stochastic behavior of Lande’s (1981) model highlights 

the need to explore stochastic versions of other models of sexual selection.  A trend in 

the theoretical literature since 1981 has been to focus on equilibrium conditions in 

populations of infinite size, sometimes dropping genetic covariances from the model 

on the grounds that they do not affect the equilibrium (e.g., Kokko 2005). Our analysis 

of Lande’s (1981) model highlights the importance of both inheritance and selection 

during stochastic evolution. In particular, the size and configuration of the 

equilibrium cloud is affected both by population size and the genetic covariance 

between ornament and preference, eq. (2.3).  Because the Fisher-Lande process that 

relies on the genetic correlation between the sexes is embedded in virtually all of the 

30 models derived from Lande (1981), stochastic versions of those models probably 

possess equilibrium clouds with similar properties.  The implication of this result, 

which needs to be confirmed by more theoretical work, is that the last couple of 

decades of modeling have underestimated the potential for speciation by sexual 

selection. 
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Bridging from Sexual Selection to Sexual Isolation and Speciation 

Our results establish the feasibility of explicitly modeling the evolution of 

sexual isolation and hence the path to speciation.  An explicit connection to isolation 

and speciation is missing in most quantitative genetic models of sexual selection 

because modeling ends with a specification of ornament and preference evolution. The 

essential, often missing step is to extend existing models so that they treat the 

sampling properties of pairs of diverging populations.  A second, missing step is to 

evaluate the degree of sexual isolation that is achieved by any given amount of 

divergence in ornaments and preferences. We used a particular model of sexual 

isolation (Arnold et al. 1996) to accomplish this second step, although sometimes it 

can be achieved directly from the model (Gavrilets and Hayashi 2005).  In any case, 

specifying the degree of isolation in the currency of one of the standard measures of 

sexual isolation (e.g., JI) is especially useful. By using one of the standard currencies, 

the results of the model can be related directly to the extensive empirical literature on 

sexual isolation. 

One problem in making a connection between sexual selection models and 

empirical measures of sexual isolation is the necessity of specifying a particular 

functional form for mating preferences.  In the present case, we used just one 

(Gaussian-shaped, absolute) out of many possible forms for mating preferences.  An 

important goal for the future will be to establish whether conclusions about the 

evolution of sexual isolation depend tightly on assumptions about mode of 
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preferences. Although general conclusions about the evolution of ornaments do not 

seem much affected by alternative assumptions about preference functions (Lande 

1981), they might affect the rate at which isolation evolves.   
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Figure 2.1. Sexual isolation between populations that have diverged along the line of 
equilibrium. The axes represent population means for a male trait and female 
preference. The upper portion of each graph shows the line of equilibrium predicted 
by the model. The lower portion of each graph shows the distributions in two 
independent populations of the male trait (solid lines) and the population-level average 
female preference (dashed lines). The scale in both portions is in units of within 
population phenotypic standard deviation of the male trait. (A) Two populations that 
have experienced modest divergence lie relatively close to each other on the line of 
equilibrium, resulting in a modest level of sexual isolation (JI = 0.89). (B) The two 
populations have experienced appreciable divergence, resulting in almost maximal 
sexual selection (JI = 1.95). Parameter values for this example are: σ2 = 1, τ2 = 1, and 
ν2 = 5. 
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Figure 2.2. Two examples of simulated evolutionary trajectories for sexual isolation. 
Joint isolation index (JI) is shown as a function of time for two pairs of populations 
(shown in blue and green). JI waxes and wanes as the populations drift away from or 
towards each other along the line of equilibrium. The horizontal dotted line cor
responds to JI = 1.6, which may be considered a substantial level of sexual isolation 
(see text). Parameter values are: G = H = 0.6, rg = 0.7, Ne = 1000, ω2 = 50, ν2 = 5 (see 
text for explanation of parameters). 
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Figure 2.3. Distribution of joint isolation (JI) in 10,000 independent pairs of 
populations over 10,000 generations of simulated evolution, showing mean isolation 
(solid line) and standard deviation (dashed lines). Histograms show the distribution of 
JI at 2000-generation intervals, with shaded bars indicating substantial sexual isolation 
(JI > 1.6). Note that JI ranges from 0 to 2 and is bimodally distributed at and beyond 
generation 4000. The proportion of replicates with JI > 1.6 increased from 9.1% in 
generation 2000, to 44.5% at generation 10,000. Parameter values as in Figure 2.2. 
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Figure 2.4. Effect of inheritance and population size on the evolution of sexual 
isolation. The proportion of simulated pairs of populations with substantial isolation 
(JI > 1.6) is shown as a function of effective populations size (Ne) for different values 
of additive genetic variance of the male trait (G) and genetic correlation between the 
male trait and female preference (rg). The results are for 10,000 replicate pairs after 
10,000 generations of evolution by drift. Values of other parameters: H = G, ω2 = 50, 
ν2 = 5. 
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Figure 2.5. Effects of population size and selection on the evolution of sexual 
isolation. The proportion of simulated pairs of populations with substantial isolation 
(JI > 1.6) is shown as a function of effective populations size (Ne) for (A) different 
strengths of natural selection on the male trait (ω2; larger values indicate weaker 
selection) and (B) different strengths of sexual selection on the male trait (ν2; larger 
values indicate weaker selection). The results are for 10,000 replicate pairs after 
10,000 generations of evolution by drift. Other parameter values as in Figure 2.2. 
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Figure 2.6. The effect of preference costs and population size on evolutionary 
equilibria. Adding direct costs to female preference results in a single equilibrium 
point in a population of infinite size (e.g., Pomiankowski and Iwasa 1993). We 
conducted simulations using the dynamic equations of Pomiankowski and Iwasa 
(1993, eq. 4) but allowed finite population size. This stochastic version of their model, 
which we will describe elsewhere, yields linear elliptical clouds at equilibrium. The 
size of the cloud depends on the magnitude of the preference costs and population 
size. Simulations were run for 10,000 generations for 2000 replicate populations with 
Ne = 1,000. The ellipses shown here are the 95% confidence ellipses at equilibrium. 
The scales on both axes are in units of within-population phenotypic standard 
deviation. Parameter values for Pomiankowski and Iwasa’s preference cost (b) for 
each ellipse are: (A) b = 0.1 (B) b = 0.01 (C) b = 0.0025 (D) b = 0.001 (E) b = 0 (i.e., 
no preference cost). Other parameter values are: rg = 0.7, G = H = 0.6, ω2 = 50 and 
ν2 = 5. 
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Table 2.1: The percentage of replicate population pairs evolving substantial isolation by drift as a function of population size, 
inheritance, and selection in simulations of Lande’s (1981) model. 

After 1,000 generations After 10,000 generations 
G=H=0.2

 G=H=0.6  G=H=0.2  G=H=0.6 

Ne

 N

e

 N

e

 N

e 

rg ω2 ν2 α 5000 1000 500 5000 1000 500 5000 1000 500 5000 1000 500 
0.6 25 20 0.8 0 0 0 0 0

 0 

0 0 0 0 0 0 
0.6 50 20 0.4 0 0 0 0 0 0 0 0 0.58 0 2.26 9.28 
0.6 25 10 0.4 0 0 0 0 0 0.01 0 0.49 3.45 0.01 8.39 17 
0.6 100 20 0.2 0 0 0 0 0 0.01 0 0.22 3.28 0.01 8.84 21.6 
0.6 50 10 0.2 0 0 0 0 0 0.48 0 2.55 11.7 0.36 20.2 34.6 
0.6 25 5 0.2 0 0 0.02 0 0.2 2.6 0.01 9.37 22.9 3.2 32.3 45 
0.6 100 10 0.1 0 0 0 0 0.02 1.34 0 5.79 17.4 1.71 26.9 43.6 
0.6 50 5 0.1 0 0 0.08 0 0.67 5.94 0.11 14.8 30.2 6.52 41.2 54.7 
0.6 100 5 0.05 0 0 0.15 0 1.49 8.35 0.34 19.3 35.2 9.7 44.6 58.7 
0.7 25 20 0.8 0 0 0 0 0

 0 

0 0 0 0 0 0 
0.7 50 20 0.4 0 0 0 0 0 0 0 0 0.58 0 2.26 9.2 
0.7 25 10 0.4 0 0 0 0 0 0.01 0 0.47 3.8 0.01 9.19 16.8 
0.7 100 20 0.2 0 0 0 0 0 0 0 0.55 4.41 0.01 11.3 25.1 
0.7 50 10 0.2 0 0 0 0 0 0.64 0 3.75 13.7 0.81 23.6 37.8 
0.7 25 5 0.2 0 0 0.01 0 0.37 4.21 0.08 11.4 26.6 4.33 35.4 45.5 
0.7 100 10 0.1 0 0 0 0 0.23 2.26 0.01 9.09 22.7 3.17 33.1 48.8 
0.7 50 5 0.1 0 0 0.16 0 1.9 8.88 0.39 19.6 35.9 9.66 45.7 58.7 
0.7 100 5 0.05 0 0.01 0.44 0 3.21 13.1 0.85 25.2 40.7 13.7 51.4 64 

(Continued on next page) 
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(Continued from previous page) After 1,000 generations After 10,000 generations 
G=H=0.2

 G=H=0.6  G=H=0.2  G=H=0.6 

Ne

 N

e

 N

e

 N

e 

rg ω2 ν2 α 5000 1000 500 5000 1000 500 5000 1000 500 5000 1000 500 
0.9 25 20 0.8 0 0 0 0 0 0 0 0 0 0 0 0 
0.9 50 20 0.4 0 0 0 0 0 0 0 0 0.16 0 0.97 5.84 
0.9 25 10 0.4 0 0 0 0 0 0 0 0.08 1.78 0 4.84 14.6 
0.9 100 20 0.2 0 0 0 0 0 0 0 0.33 4.42 0.07 11.3 26.1 
0.9 50 10 0.2 0 0 0 0 0 0.54 0 3.86 14.6 0.9 24.5 38.8 
0.9 25 5 0.2 0 0 0.02 0 0.37 3.96 0.06 11.8 26.9 5 35 45.9 
0.9 100 10 0.1 0 0 0 0 0.47 4.24 0.12 15 30.4 6.75 41.3 56.5 
0.9 50 5 0.1 0 0 0.38 0 4.41 14.4 1.77 27.6 44.6 16.5 54 64.9 
0.9 100 5 0.05 0 0.09 1.79  0.07 11.4 26.2  6.71 41.4 55.7  29.5 63.6 73.6 

Note: The proportion of replicate pairs of populations with substantial isolation (JI > 1.6) shown in each cell represent the 
summary of 10,000 pairs of replicate populations after 1,000 or 10,000 generations of evolution  See text for explanation of 
parameters and justification for choices of parameter values. 
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ABSTRACT 

We lack a comprehensive understanding of evolutionary pattern and process 

because short term and long term data have rarely been combined into a single 

analytical framework. Here we test alternative models of phenotypic evolution using a 

data set of unprecedented size and temporal span (nearly 8,000 data points). The data 

are body-size measurements taken from historical studies, the fossil record, and 

among-species comparative data representing mammals, squamates, and birds. By 

analyzing this unusually large data set, we identify stochastic models that can explain 

evolutionary patterns on both short and long timescales, and reveal a remarkably 

consistent pattern in the timing of divergence across taxonomic groups. Even though 

rapid, short-term evolution often occurs in intervals shorter than 1 million years, the 

changes are constrained and do not accumulate over time. Over longer intervals (1-360 

million years), this pattern of bounded evolution yields to a pattern of increasing 

divergence with time. The best-fitting model to explain this pattern is a model that 

combines rare but substantial bursts of phenotypic change with bounded fluctuations 

on shorter timescales. We suggest that these rare bursts reflect permanent changes in 

adaptive zones, while the short-term fluctuations represent local variations in niche 

optima due to restricted environmental variation within a stable adaptive zone. 

INTRODUCTION 

Evolutionary biologists working at different timescales often adopt 

dramatically different perspectives on the pace and process of phenotypic evolution. 

For example, the norm for microevolutionary studies is to observe high levels of 
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heritable genetic variation (1), strong selective pressures (2) and, the frequent 

occurrence of substantial phenotypic change on a time scale of a few to a few dozen 

generations (3-6). Yet, paleontologists working on much longer timescales have 

recognized an overwhelming prevalence of evolutionary stasis (7-9), although other 

patterns are known (10-12). On even longer timescales, comparative studies of extant 

species routinely record substantial divergence (13, 14). These different perspectives 

have generated controversy about the ability of microevolutionary process to explain 

macroevolutionary patterns (7, 8, 15-20). To resolve this debate we need models that 

can simultaneously account for evolutionary change across a range of timescales. 

Here, we make a step towards that goal by assembling and analyzing a data set of 

body-size evolution across an unprecedented temporal span.  

Gingerich (5) compiled a large dataset representing a collection of 

evolutionary rates measured over 100-107 generations in the fossil record. Analyzing 

this dataset, Estes and Arnold (19) found a striking pattern of bounded fluctuations in 

phenotype, which implies that the expected magnitude of phenotypic change is about 

the same regardless of whether two samples are separated by 10 generations or 1 

million generations (see also 21). In other words, short-term, fluctuating evolution 

occurs, but the changes fail to accumulate with time. This pattern predicts that closely 

related species should be as different as less related species, a conclusion seriously at 

odds with comparative studies, which often detect strong phylogenetic signal for traits 

related to organism size (22-25). This incongruence suggests that we need a more 
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extensive compilation of data to get a full picture of how evolutionary patterns scale 

up over time. 

Many studies have examined large-scale patterns of body-size evolution using 

either fossil (5, 19, 26, 27) or comparative data (13, 14, 28). Such studies have yielded 

many important insights, but no studies have yet combined paleontological and 

comparative data in the same modeling framework, and the puzzling inconsistencies 

that seem to exist between these types of studies remain. Resolving these 

inconsistencies is made more challenging by the different timescales, traits and taxa 

analyzed in different studies. To achieve a much needed synthesis, we combine 

microevolutionary and fossil timeseries data with phylogeny-based comparative data 

and analyze these data with a set of evolutionary models that extends the analysis of 

Estes and Arnold (19). We base our analysis on a dataset that spans the broadest range 

of timescales yet examined (0.2 years to 357 million years) by combining historical 

and contemporary field studies, fossil timeseries and comparative data.  

RESULTS AND DISCUSSION 

Consistent with previous studies (19, 21) we find a complete absence of a 

time-span effect up to about a million years, but this pattern then yields to a pattern of 

increasing divergence on timescales above 1-10 million years (Figure 3.1). While the 

dominant pattern of bounded, but fluctuating changes on shorter timescales is 

consistent with a common paleobiological concept of stasis (7, 12), the long-term 

evolutionary pattern is consistent with observations of phylogenetic correlation and 

cumulative evolutionary change. The union of these seemingly contradictory patterns 



 

 

 

 

 

 

 

59 
generates a remarkably continuous visual pattern reminiscent to the flared barrel of a 

blunderbuss gun. We show that this “blunderbuss pattern” is consistent regardless of 

the method of trait standardization and whether timescale is expressed in generations 

or years (Appendix B , Figures B1 & B2). Because biases introduced by including 

different taxa and traits at different timescales may cloud our interpretation of the 

pattern, we examined subsets of data on divergence in the body size of mammals, 

squamates, and birds, as well as molar dimensions in primates (Figure 3.2). The 

general pattern and timing are strikingly consistent across traits and taxa. While the 

continuity of pattern is clear, it is less obvious what evolutionary processes can 

account for divergence across all timescales.  

To describe these patterns more precisely, we fit four stochastic models to the 

data. The first model describes bounded evolution (BE), and was designed to fit the 

pattern of short-term fluctuations observed in the data. This model assumes that the 

amount of trait divergence over any time interval is an independent draw from a 

 P 
2 

normal distribution with mean zero and variance, . Because this model does not 

allow for increasing divergence on longer timescales, we combined it with three other 

time-dependent stochastic models that capture this aspect of divergent evolution. The 

first of these unbounded model components is the well-known Brownian-motion (BM) 

model, which is often used to describe phylogenetic correlations. In this model the 

variance in trait means among replicate lineages increases linearly with time. In the 

single-burst (SB) model, we assume that the optimum can undergo a single large 
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normally-distributed change after a random (exponentially-distributed) time interval. 

A special case of this model, in which the change was immediate, had the best fit to 

the data in Estes and Arnold (19). Finally, in the multiple-burst (MB) model, we allow 

multiple normally-distributed changes in the optimum to occur over time according to 

a Poisson process. 

The multiple-burst model was the best-fitting model, although all unbounded 

models capture the expansion of variance that occurs after one-million years of 

stationary fluctuations (Figures 3.1 & 3.3, Table 3.1). The multiple-burst model was 

preferred over the Brownian-motion model primarily because it better explained the 

overdispersion of divergence values found in the data at intermediate time intervals 

(106-108 years) in both the fossil data and the phylogenetic data. The three models 

including unbounded components (BM, SB, MB) all estimate ߪො ൎ 0.10 , which 

means that one standard deviation in the central band of data corresponds to about a 

10% difference in linear size traits. Some of this change reflects measurement error, 

but much of it probably reflects evolutionary change (see Appendix B). The time-

dependent component of the models leads to noticeable departures from the central 

band only after about a million years of evolution (Table 3.1, Figure 3.3). For 

example, the expected waiting-time to a displacement of the optimum in the multiple-

burst model is more than ten million years (107.3976). This implies that the distribution 

of divergence changes very little over the first million years, with only a modest 10% 

increase in the width of the 95% prediction interval for the central band occurring over 

this interval. By contrast, the prediction interval doubles after 5 million years. For 
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each displacement of the optimum, the estimated burst-size distribution predicts a size 

ratio between ancestor and descendant population means of 1.28.  

The patterns we observe are not simple consequences of sampling bias 

introduced by using different data sources. While fossil data could be biased by the 

hesitancy of paleontologists to assign ancestor-descendent relationships to highly 

divergent samples, we observe the opposite pattern in the dataset. When we fit models 

to microevolutionary and fossil data alone and compare these with models fit to 

phylogenetic data, we find that the fossil series begin to diverge more rapidly than the 

phylogenetic data, with otherwise remarkably similar parameter estimates (Table 3.1, 

Figure 3.3). This pattern is not expected if fossil series are biased against evolutionary 

change, but may be explained, for example, by increasing probability of extinction in 

more rapidly evolving lineages. Alternatively, this pattern could be a consequence of 

the known tendency of molecular phylogenies to estimate older divergence times than 

the fossil record (29). 

The transition from bounded evolution to steadily increasing divergence is 

illuminated by using linear regressions to model the relationship between absolute 

divergence and time. We compared a segmented regression with a single breakpoint to 

a model with separate regressions for each of the three subsets of data (Figure 3.4, 

Appendix B). A segmented regression with a breakpoint at 66,000 years has a lower 

AIC than a model in which independent regressions are fit to each of the three major 

subsets of the data. This success indicates that the change in slope is not an artifact 
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arising from differences in data sources, but instead indicates a pattern common to 

both phylogenetic and paleontological data (Figures 3.4 & B4, Appendix B). 

One potential explanation for a central, bounded band of divergence that lasts 1 

million years is that the tendency to study rapid evolution on microevolutionary 

timescales might mask a pattern of ever-increasing divergence in the data. In 

particular, evolutionary responses to disturbances such as introductions, anthropogenic 

disturbance or island isolation may be especially rapid and bias microevolutionary 

data toward higher divergence values. To test for such bias, we examined the 

evolution of body size according to whether a particular study represented 

disturbance-mediated evolution, or in situ divergence (defined as in 6). Disturbance-

mediated evolution is clearly more prevalent in field and historical studies (Figure 

3.5), and also appears elevated in two fossil timeseries that are arguably influenced by 

novel selective factors: the transition of Bison antiquus to B. bison, which is 

hypothesized to have been driven by community change and anthropogenic selection 

(30), and the evolution of a dwarf form of Cervus elaphus on the Isle of Jersey (31). 

Clearly, we can often identify the many causal processes that generate divergence in 

body size, and these are likely to be overrepresented in our microevolutionary dataset. 

While these types of causal phenomena may be overrepresented in intervals spanning 

1-100 years, these same phenomena are likely to occur naturally over timescales of 

1,000-100,000 years, and yet we see little accumulation of divergence across these 

timescales.  
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We have taken a phenomenological approach to modeling the stable, central 

band of data apparent in Figure 3.1 and have not attempted to account for that band 

with alternative models. Nevertheless, because that band is similar to a stable band 

analyzed by Estes and Arnold (19), we can conclude that none of the several 

alternative models considered by Estes and Arnold (19) can fully account for the band 

in Figure 3.1. Those models include Brownian motion of the trait mean; Brownian and 

white-noise motion of an intermediate optimum (including a stationary optimum as a 

special case); steady directional movement of an intermediate optimum; and shifts of 

the trait mean between alternative adaptive peaks. All of these models fail either 

because they require unrealistic values for microevolutionary processes or bounded 

evolution is difficult to achieve under any set of parameter values. We conclude that 

some unspecified process of bounded evolution is responsible for the band we observe 

in our data (Figure 3.1). This process may include short-term movements of adaptive 

peaks corresponding to more or less regular, recurring fluctuations in the local 

environment (cf. Figure 3.5, 32) as well as bounded displacements of adaptive peaks 

within adaptive zones. The process resembles Simpson’s depiction of the bounded 

evolution of lineages as they radiate within an adaptive zone (33, 34). Under this 

interpretation, the slower time-dependent component of divergence commonly 

estimated from phylogenetic comparative data (13, 14) could then be due to the 

accumulation of rare, dramatic changes in the niche (or “primary”) optimum (16, 33, 

35, 36). However, this interpretation does not address the issue of what controls the 
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macroevolutionary dynamics of niches and results in departures from bounded 

evolution over longer timescales (17, 19, 36, 37). 

It is tempting to turn to climate for an explanation of evolutionary bursts and 

suppose that the 1 million year boundary on bounded evolution reflects limits on long-

term rates of climatic and environmental change. However, substantial changes in 

global climate over timescales of much less than a million years appear to result in 

bounded divergence characteristic of microevolutionary timescales, rather than 

dramatically hastening phenotypic evolution (38). Although habitat tracking by 

migration may mitigate the effects of such climate shifts, the data nonetheless do not 

strongly support a primary role for climate in driving phenotypic change.  

What then, allows divergence to accumulate above a million years, but not below? A 

particularly elegant explanation is provided by Futuyma’s ephemeral divergence 

model. Futuyma argues that while continuous, rapid evolution often occurs in local 

populations, the mosaic of niches and diverse adaptive optima of wide-ranging species 

prevent local evolutionary changes from spreading across the entire range (7, 39-43). 

 P 
2 

Consequently, the variance of the stationary fluctuations, , that we estimate in our 

models could be interpreted as measuring the among-population geographic variation 

that results from ephemeral divergence in phenotypes responding to local selective 

pressures. Selective pressures that cause displacement of the optimum at the species-

level could reflect the same kind of disturbances that we observe occurring at the 

population-level, but spread across a species’ entire range. Such significant, range
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wide changes in selective optima may be sufficiently rare as to explain the observed 

pattern of bounded evolution on timescales less than 1 million years. Note that range-

wide changes in adaptive optima can be accomplished by two means: either by the 

global spread of a selective factor across a species’ range, or by the contraction of the 

species’ range itself (7, 40). Consequently, any process that reduces the range of a 

species, including speciation and taxon cycles, can potentially result in a displacement 

in phenotype by subsampling from the set of previously occupied adaptive niches (e.g. 

 P 
2 

sampling from the distribution estimated by ). Species lifespans are typically 

identified as spanning 1-5 million years (44-47) and taxon cycles have been described 

as spanning from 10 thousand to 10 million years (48, 49), providing a suggestive 

correspondence to the rate of accumulation in phenotypic evolution that we observe in 

the data. 

Our results are qualitatively consistent with recent analyses of body-size 

evolution that have fit phenomenological models to data on a more limited time scale 

and with more taxonomic constraint than the data that we examine here. Gillman (26) 

identified the striking regularity with which body-size range increases with time on 

macroevolutionary timescales, but did not observe this phenomenon’s relationship to 

bounded microevolutionary divergence due to limited sampling on short timescales. 

Other studies used various large comparative datasets to compare the fit of Brownian 

motion, an Ornstein-Uhlenbeck process, and an early-burst model in which a 

Brownian motion rate parameter declined exponentially with time (13, 14). The early
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burst model fit best on large groups such as the mammals or birds taken as a whole 

(14). This success indicates that the rate of evolution may be faster early in a radiation, 

but within subclades the early-burst model was usually outcompeted by the other 

models. Although Ornstein-Uhlenbeck models often are the best-fitting models in 

these studies in some clades and subclades, the restraining force is generally very 

weak (13,14). Consequently, the qualitative picture of linearly increasing variance we 

observe over most macroevolutionary timescales is consistent with these results (13, 

14, 26). Our analysis and treatment of the data does not allow for inferences as to the 

possible role of speciation and extinction events. These processes may or may not be 

important components to generating the patterns we observe, and  our models and 

conclusions allow for the existence of positive correlations between evolutionary 

change and speciation and extinction events (28). 

We believe the path forward will involve explicit microevolutionary 

interpretations of the phenomenological stochastic models employed in this and 

similar studies (13, 14, 28). In addition, combining data across micro- and 

macroevolutionary timescales should facilitate interpretation of model results in terms 

of adaptive landscapes and ecological processes. Finally, understanding how 

landscape dynamics scale across species ranges is a neglected step that needs to be 

taken. We may need more sophisticated models that bridge between population and 

range-wide evolution to understand the striking patterns of divergence that we have 

documented. 
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MATERIALS AND METHODS 

Measurement of divergence and interval 

We log-transformed all trait measurements so that divergence between any two 

samples is a unitless measure of the proportional change in a phenotypic trait in 

factors of e. Divergence between the means of two samples a and b is then measured 

as 

d = ( ln z b  ln z a ) / k , 

where za and zb are untransformed observations in each sample. Although the 

difference in mean log-scaled trait values is unitless, it is not dimensionless. 

Consequently, we divided by k, where k is the dimensionality of the data (e.g. k=3 for 

mass, k=2 for area and k=1 for linear measurements). We calculated divergence from 

timeseries data, tree-based comparative data, and longitudinal and cross-sectional 

microevolutionary studies and calculated the total time for evolution as the total 

duration of independent evolutionary change separating population samples (Appendix 

B). In order to minimize potential biases in trait representation across different 

datasets, we examine only a single trait class: morphometric traits correlated with 

body size on the log-linear scale. Therefore, the entire dataset approximates the 

evolution of a single trait: body size. Alternative standardizations are analyzed in the 

supplementary material (Figure B1, Appendix B). 

For each measure of divergence, we calculated a corresponding time interval. 

A generation time scale for these intervals is natural in the sense that many 

evolutionary models predict evolutionary change in generations.  On the other hand, 
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long-term trends in divergence may reflect responses to natural events that occur on 

timescales that cut across differences in generation time (e.g., tectonic processes, 

climate change). Consequently, divergence is of interest on both timescales. 

Preliminary analysis indicated that divergence patterns are more coincident on the 

absolute timescale and that estimation of generation times apparently adds some 

systematic bias to the overall pattern (Figure B2). Consequently, we primarily present 

figures using the absolute timescale and provide generation scaling in the 

supplementary material (Appendix B). 

Database 

We compiled datasets that measure evolutionary divergence in size-related 

traits from three types of data: 1) contemporary field and historical studies 2) fossil 

timeseries and 3) phylogenetic comparative data. For the first two categories, we have 

drawn from the original databases of Gingerich (5) and Hendry et al. (6), which also 

include the entirety of the size-related data used in Estes and Arnold (19). We also 

added 29 additional microevolutionary and paleontological studies to the dataset 

(Appendix B, Table B1). We have supplemented these with comparative data by using 

databases of bird, mammal and squamate body sizes and obtained time intervals from 

time-calibrated phylogenies by summing the branch lengths separating species 

(Appendix B, Table B2). The final database includes 5,369 morphometric divergence 

measurements from 169 microevolutionary and paleontological studies and 2,627 

node-averaged divergence estimates obtained from 37 time-calibrated phylogenies. 

The total time span of the complete dataset ranges from 0.2 years to 357 million years.  
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Because the datasets combine many types of data across many different taxa, 

we risk comparing traits and taxa for which the evolutionary process is not 

comparable. Consequently, we examined patterns in the dataset for specific taxonomic 

groups (mammals, birds, squamates and primates). For squamates, we used data on 

body-size divergence between mainland and land-bridge island populations, using the 

age of last connection between populations to estimate the time interval. For primates, 

we examined a single trait, first molar size. By measuring a homologous trait in a 

single clade across the range of timescales included in the full dataset, we reduce the 

complications resulting from standardization. The first molar size is ideal for this 

purpose as it is among the most abundant fossilized remains in primates and has 

among the lowest sampling variance among dental traits (50). 

To visualize the effect of time on evolutionary divergence in each dataset, we 

plotted divergence against time interval. We scaled interval on the log10 scale to obtain 

resolution from microevolutionary to macroevolutionary timescales. 

Stochastic model-fitting 

We fitted four stochastic evolutionary models to the combined 

microevolutionary, fossil and node-averaged phylogenetic data by maximum 

likelihood. These are 1) bounded evolution  (BE) 2) Brownian-motion (BM) 3) single-

burst (SB) and 4) multiple-burst (MB) models (Figure B3). In the bounded evolution 

model, divergence is modeled as independent draws from a stationary normal 

 P 
2 

distribution, N(0, ), so that there is no time-span effect on the size of evolutionary 

changes. All three of the remaining models include this time-independent component 
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of divergence, as well as a process that causes cumulative evolutionary change, 

resulting in increasing variance in divergence among lineages with time. In the 

Brownian-motion model, the distribution of replicate trait means is normally

 2 

distributed random deviate, N(0, bm t), where t is the length of the interval. In the 

single-burst model, evolution is episodic. The optimum is displaced from its original 

position just once with a displacement magnitude that is a normally-distributed 

deviate, N(0,  D 
2 ). The timing of the displacement is not constrained as in (19), but 

instead is modeled with an exponential distribution with rate parameter λ. In the 

multiple-burst model, we allowed multiple displacements to occur according to a 

Poisson process with rate parameter λt (as in 15). As in the single-burst model, we 

modeled the magnitude of individual displacements as a normally-distributed random 

 D 
2 

deviate, N(0, ). The distribution of phenotypes for a given number of 

 P 
2  D 

2 

displacements, m, is then N(0, +m ). Note that all models include a randomly

 P 
2 

distributed normal deviate that is time-independent, . More detail on models is 

provided in Appendix B. 

For each model, we derived a likelihood equation and estimated parameters 

using the functions nlm and nlminb in R (Appendix B, 51). In data analysis, we 

assumed independence of the data, common parameters and no autocorrelation. 

Developing models to deal with the complex covariance structure of this diverse 

dataset is beyond the scope of this paper. However, while these assumptions are 

clearly violated in our dataset, the exceptional size of the database should allow us to 
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determine what types of models can explain the pattern and the associated parameter 

values; even if the exact differences in AIC between models are inaccurate (Appendix 

B). We compared parameter estimates and AIC scores across models fit to the full 

dataset with models fit to subsets of data including 1) microevolutionary and fossil 

data only and 2) phylogenetic data only to determine to what extent the different 

datasets differ in pattern. To compare our results to phylogeny-based model fitting, we 

fitted Brownian-motion models to the largest comparative dataset in our database 

(mammals) using the fitContinuous function in the Geiger package (52). 

To determine how much of the estimated time-independent variance could be 

due to sampling error, we simulated comparisons between populations with equal 

means, a within-population standard deviation of 0.055 and sample sizes drawn from a 

geometric distribution to match the sampling distribution of typical studies found in 

the database (Appendix B). 

Linear regressions 

We calculated linear regressions of divergence on time. We log-transformed 

the absolute value of divergence, d, and regressed this against the log10 time interval 

using the combined dataset of microevolutionary, fossil and node-averaged 

phylogenetic data. Each of the following regressions was fitted to these data: 1) a 

single linear regression to the entire dataset 2) separate linear regressions for each 

dataset (microevolutionary, fossil and phylogenetic) and 3) a segmented regression 

with a single breakpoint. We compared the fits of these regressions using AIC to 
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determine the best fitting model and whether different patterns exist between datasets 

(Appendix B). 

ACKNOWLEDGEMENTS 

We thank Phil Gingerich for access and help with his evolutionary-rate 

database and two anonymous reviewers for comments. We thank Lee-Hsiang Liow, 

Trond Reitan and Tore Schweder for helpful discussions. JCU thanks the Centre for 

Ecological and Evolutionary Synthesis at the University of Oslo for hosting his visit. 

We are also grateful to Sonya Clegg for providing unpublished data. We thank Hal 

and Dee Ann Story for permission to use Mr. Story’s artwork and Jesse Meik, A. 

Michelle Lawing and Andre Pires-daSilva for use of their photograph. This research 

was supported by a joint research grant from National Science Foundation (DGE

0802268) and Research Council of Norway (194945/V11; JCU). 

REFERENCES 

1. 	Houle D (1992) Comparing evolvability and variability of quantitative traits. 
Genetics 130:195-204. 

2. 	 Hansen TF, Pélabon C, Houle D (2011) Heritability is not evolvability. Evol Biol 
Online early. 

3. 	Hereford J, Hansen TF, Houle D (2004) Comparing strengths of directional 
selection: How strong is strong? Evolution 58:2133-2143. 

4. 	Bell, G. 2010. Fluctuating selection: the perpetual renewal of adaptation in 
variable environments. Phil Trans Soc B 365: 87-97. 

5. 	 Hendry AP, Kinnison MT (1999) Perspective: The pace of modern life: Measuring 
rates of contemporary microevolution. Evolution 53:1637-1653. 

6. 	Kinnison MT, Hendry AP (2001) The pace of modern life II: from rates of 
contemporary microevolution to pattern and process. Genetica 112-113:145-164. 

7. 	Gingerich PD (2001) Rates of evolution on the time scale of the evolutionary 
process. Genetica 112-113:127-144. 

8. 	Hendry AP, Farrugia TJ, Kinnison MT (2008) Human influences on rates of 
phenotypic change in wild animal populations. Mol Ecol17:20-29. 



 

 

 

 

 

 

 

 

 

 
 

 

 

 

73 
9. 	 Gould SJ (2002) The Structure of Evolutionary Theory (Belknap Press of Harvard 

University Press, Cambridge, MA). 
10. Eldredge N et al. (2005) The dynamics of evolutionary stasis. 	Paleobiology
 31:133-145. 
11. Lynch M (1990) The rate of morphological evolution in 	mammals from the 

standpoint of the neutral expectation. Am Nat 136:727. 
12. Hunt G (2006) Fitting and comparing models of phyletic evolution: random walks 

and beyond. Paleobiology 32:578-601. 
13. Hunt G (2008) Gradual or pulsed evolution: when should punctuational 

explanations be preferred? Paleobiology 34:360-377. 
14. Hunt G (2007) The relative importance of directional change, random walks, and 

stasis in the evolution of fossil lineages. Proc Natl Acad Sci USA 104:18404 
18408. 

15. Harmon LJ et al. (2010) Early bursts of body size and shape evolution are rare in 
comparative data. Evolution 64:2385-2396. 

16. Cooper N, Purvis A (2010). Body size evolution in mammals: complexity in  
tempo and mode. Am Nat 175:727-738. 

17. Hansen TF, Martins EP (1996) Translating between microevolutionary process 
and macroevolutionary patterns: The correlation structure of interspecific data. 
Evolution 50:1404-1417. 

18. Hansen TF, Houle D (2004) in Phenotypic integration, eds Piggliucci M, Preston 
K (Oxford University Press, Oxford), pp 130-150. 

19. Arnold SJ, Pfrender ME, Jones AG (2001) The adaptive landscape as a conceptual 
bridge between micro- and macroevolution. Genetica 112-113:9-32. 

20. Schluter D (2000) The ecology of adaptive radiation (Oxford University Press, 
Oxford). 

21. Estes S, Arnold SJ (2007) Resolving the paradox of stasis: Models with stabilizing 
selection explain evolutionary divergence on all timescales. Am Nat 169:227-244. 

22. Gingerich, PD (1983). Rates of evolution: effects of time and temporal scaling.  
Science 222:159-161. 

23. Smith FA et al. (2004) Similarity of mammalian body size across the taxonomic 
hierarchy and across space and time. Am Nat 163:672-691. 

24. Freckleton RP, Harvey PH, Pagel M 	(2002) Phylogenetic analysis and 
comparative data: A test and review of evidence. Am Nat 160:712-726. 

25. Ashton 	KG (2004) Comparing phylogenetic signal in intraspecific and 
interspecific body size datasets. J Evol Biol 17:1157-1161. 

26. Blomberg SP, Garland T, Ives AR (2003) Testing for phylogenetic signal in 
comparative data: behavioral traits are more labile. Evolution 57:717-745. 

27. Gillman MP (2007) Evolutionary dynamics of vertebrate body mass range. 
Evolution 61:685-693. 

28. Liow LH et al. (2008) Higher origination and extinction rates in larger mammals.  
Proc Natl Acad Sci USA 105:6097-6102. 

29. Mattila TM, Bokma F (2008). Extant mammal body masses suggest punctuated  



 

 

 

  
 

 

 

 

  

 
 

 

 
 

 
 

 

  

 
 

 

 

 
 

74 
equilibrium. Proc R Soc London Ser B 275:2195-2199. 

30. Benton MJ (1999). Early origins of modern birds and mammals: molecules vs.  
morphology. Bioessays 21:1043-1051. 

31. McDonald JN (1981) North American Bison: Their Classification and Evolution
 (University of California Press, Berkeley). 
32. Lister A (1990) Critical reappraisal of the Middle Pleistocene deer species.  

Quaternaire 1:175-192. 
33. Siepielski AM, DiBattista JD, Carlson SM (2009) It's about time: the temporal  

dynamics of phenotypic selection in the wild. Ecology Letters 12:1261-1276. 
34. Simpson GG (1944) Tempo and Mode in Evolution (Columbia University Press, 
 New York). 
35. Simpson GG (1953) The Major Features of Evolution (Columbia University Press,  

New York). 
36. Hansen TF (1997) Stabilizing selection and the comparative analysis of adaptation. 

Evolution 51:1341-1351. 
37. Labra A, Pienaar J, Hansen TF (2009) Evolution of thermal physiology in 

Liolaemus lizards: Adaptation, phylogenetic inertia, and niche tracking. Am Nat
 174:204-220. 
38. Hansen TF, Pienaar J, Orzack SH (2008) A comparative method for studying 

adaptation to a randomly evolving environment. Evolution 62:1965-1977. 
39. Lister AM (2004) The impact of Quaternary Ice Ages on mammalian evolution. 

Proc R Soc London Ser B 359:221-241. 
40. Futuyma DJ (1987) On the Role of Species in Anagenesis. Am Nat 130:465-473. 
41. Futuyma DJ (2010) Evolutionary constraint and ecological consequences. 

Evolution 64:1865-1884. 
42. Williams GC (1992) Natural Selection: Domains, Levels, and Challenges (Oxford 

University Press, New York). 
43. Thompson JN (2005) The Geographic Mosaic of Coevolution (University of 

Chicago Press, Chicago). 
44. Lieberman BS, Dudgeon S (1996) An evaluation of stabilizing selection as a 
 mechanism for stasis. Palaeogeogr, Palaeoclimatol, Palaeoecol 127:229-238. 
45. Liow LH, Stenseth NC (2007) The rise and fall of species: implications for 

macroevolutionary and macroecological studies. Proc R Soc London Ser B 
274:2745-2752. 

46. Alroy J, Koch PL, Zachos JC (2000) Global climate change and North American
 mammalian evolution. Paleobiology 26:259-288. 
47. Liow LH et al. (2008) Higher origination and extinction rates in larger mammals. 

Proc Natl Acad Sci USA 105:6097-6102. 
48. Foote M (2007) Symmetric waxing and waning of marine invertebrate genera. 

Paleobiology 33:517-529. 
49. Ricklefs RE, Cox GW (1972) Taxon cycles in the West Indian avifauna. Am Nat
 106:195-219. 



 

 

 
 

 
   
 

 

   

75 
50. Ricklefs RE, Bermingham E (2002) The concept of the taxon cycle in 

biogeography. Global Ecology & Biogeography 11:353-361. 
51. Gingerich PD (1977) Correlation of tooth size and body size in living hominoid 

primates, with a note on relative brain size in Aegyptopithecus and Proconsul. Am 
J Phys Anthropol 47:395-398. 

52. R Development Core Team (2009) R: A language and environment for 
statistical computing. (R Foundation for Statistical Computing, Vienna, Austria.) 

Available at: http://www.R-project.org. 
53. Harmon LJ, Weir JT, Brock CD, Glor RE, Challenger W (2008) GEIGER:
 investigating evolutionary radiations. Bioinformatics 24:129-131. 

http:http://www.R-project.org


 

 

 

 

 
 

76 

Figure 3.1. The “blunderbuss pattern”, showing the relationship between evolutionary 
divergence and elapsed time. Divergence is measured as the difference between the 

തതതതതത തതതതതത
ݖ ݈݊ andݖ ݈݊means of log-transformed size in two populations ( ) standardized by 

the dimensionality, k. Intervals represent the total elapsed evolutionary time between 
samples. Microevolutionary data include longitudinal (allochronic) and cross-sectional 
(synchronic) field studies from extant populations. Paleontological divergence is 
measured from time series, including both stratigraphically adjacent (autonomous) 
populations and averaged longer-term trends (nonautonomous). We supplement these 
data with node-averaged divergence between species with intervals obtained from 
time-calibrated phylogenies. Pairwise comparisons between species (small points) are 
also presented to give a visual sense of the range of divergence values across 
taxonomic groups. Dotted lines indicate the expected 95% confidence interval for the 
multiple-burst model fitted to the microevolutionary, fossil, and node-averaged 
phylogenetic data. 
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Figure 3.2. Divergence patterns are similar across major groups of vertebrates. 
Taxonomic levels are denoted by color. For comparative data, smaller points indicate 
pairwise divergence measures and larger points are node-averaged divergence. Data 
for primates are first molar lengths and widths only. 
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Figure 3.3. Best-fitting time-dependent stochastic models determined by fitting by 
Maximum likelihood. Each model was fitted to the complete dataset, as well as to a 
subset including only microevolutionary and fossil data and a subset including only 
node-averaged phylogenetic data. Lines show the 95% confidence intervals for the 
model fits using the estimated parameters presented in Table 3.1. (A) Multiple-burst 
(MB) model. (B) Single-burst (SB) model. (C) Brownian motion (BM) model. Also 
included is the expected 95% confidence interval for a Brownian-motion model of 
body mass evolution fitted to the mammalian phylogenetic data, accounting for 
simulated measurement error (Appendix B). Although the confidence intervals for both 
the MB and the BM model appear very similar, the MB is a better fit to the 
overdispersed distribution of divergence values that occurs at intervals >1 Myr 
(Appendix B). 
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Figure 3.4. Linear regressions of interval on the logarithm of absolute divergence, 
ln(|divergence| + 0.001). A positive linear relationship is predicted from Brownian-
motion models of evolution. (A) AIC scores for the fit of the microevolutionary, 
fossil, and node-averaged phylogenetic data to linear regressions. The fit of a single 
linear regression to the entire dataset is the most poorly fitting model (green dashed 
line, AIC = 79,520). We then performed a segmented regression to find the optimal 
breakpoint by fitting the model iteratively while increasing the breakpoint from 0 to 
8.5 log10 years with a step size of 0.01 (solid black line). The AIC for this model 
reaches a minimum with a breakpoint of 104.82 years (AIC = 79,059). Subsetting by 
datasets and fitting a regression independently to each did not improve the fit relative 
to the segmented regression (red dashed line, AIC = 79,062). (B) Best-fit segmented 
regression model provides a better fit to the data (solid line) than a model where 
independent linear regressions are fitted to each dataset (dashed lines). Datasets and 
the corresponding regression lines are indicated by color (microevolutionary, yellow; 
fossil, green; and phylogenetic, blue). 
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Figure 3.5. Divergence identifiable as natural in situ variation vs. disturbance 
mediated community change demonstrates that the majority of cases of rapid evolution 
over microevolutionary timescales are from identifiable causes such as introductions, 
anthropogenic disturbances, and island isolation. Highlighted examples include 
(clockwise, starting from left) in situ evolution of Geospiza fortis in response to 
natural climate variation, divergence in Nucella lapillus in response to an introduced 
predator, introduction of Gambusia affinis to Nevada and Hawaii, island–mainland 
divergence in Crotalus mitchelli, Holocene dwarfing of Bison antiquus to B.bison, 
dwarfing of Cervus elaphus on Jersey Island, and the introduction of Passer 
domesticus to North America and New Zealand. Most fossil time series cannot be 
assigned to either group, but are expected to record primarily in situ evolution of wide-
ranging species. Dotted lines indicate the 95% confidence interval for simulated 
measurement error given equal means, average within-population variance, and a 
distribution of sample sizes matching those found in the data (Appendix B). 
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Table 3.1. Parameter estimates and AIC scores for four model fits to the complete 
dataset and subsets. In all models, standard deviations are in units of the natural log 
size difference. The inverse of the rate parameters (1/ߣሻ for the exponential 
distribution and Poisson distribution in the single-burst and multiple-burst models, 
respectively, can be interpreted as the average number of years until a displacement. 
The lowest AIC score was for the multiple-burst model (bold). 

All datasets- Microevolutionary, Fossil and Phylogenetic: 

Model Parameter estimates AIC 

Bounded evolution ߪො ൌ 0.2026  -2940.53 

Brownian motion ߪො ൌ 0.1072 െ 5 .82݁ൌ 5 ߪො -7877.97 

Single-burst ߪො ൌ 0.0965 ߪො ൌ 0.418 1/ߣመ=107.4438 -9018.03 

Multiple-burst ෝ ൌ .  ૢૡ  ෝ ൌ .  ૠ  =107.3976 -9142.54ࣅ/1 

Multiple-burst model fit to subsets of the data: 

Dataset Parameter estimates 

Microevolutionary & Fossil ߪො ൌ 0.0874 ߪො ൌ 0.249 1/ߣመ=106.1642 

=107.3375 Phylogenetic ߪො ൌ 0.0857 ߪො ൌ 0.217 1/ߣመ
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CHAPTER 4– Body temperature evolves in mammals and is correlated with scrotal 

state 
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ABSTRACT 

Why should certain phenotypic traits exhibit strong evolutionary stasis while 

other do not? While  studies of stasis typically focus on morphology, physiological 

traits such as body temperature also demonstrate dramatic patterns of stasis. Indeed, 

stasis in mammalian body temperature has perplexed evolutionary biologists because 

it flies in the face of the vast array of habitats and conditions that mammals occupy. 

Furthermore, stasis in body temperature is intimately tied to the existence of the 

scrotum—a  peculiar and seemingly maladaptive mammalian feature. The prevailing 

hypothesis for the existence of the scrotum is that it protects spermatogenesis from the 

high temperatures found within the body cavity. Here we examine body temperature 

evolution in mammals to determine to what extent, if any, the trait diversifies and 

whether it evolves in response to environmental conditions. In addition, we test 

whether a significant correlation between body temperature evolution and scrotal state 

prevails at macroevolutionary timescales.  Contrary to expectations, we find that body 

temperature evolves considerably, albeit slowly, and shows significant phylogenetic 

signal. In addition, we show that environmental temperature has a weak but 

measurable negative phylogenetic correlation with body temperature, with increasing 

average monthly temperature corresponding to a slight decrease in body temperature 

across the mammalian radiation. We also find that higher body temperatures are 

strongly correlated with scrotal testes. Finally, using a quantitative genetic model and 

Bayesian model-fitting, we show that genetic constraints could potentially explain 

slow evolution of body temperature in mammals. 
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INTRODUCTION 

The prevalence of stasis across a wide variety of phenotypic traits has led to 

continued controversy over the ability of microevolutionary processes to explain 

macroevolutionary patterns (Eldredge and Gould 1972, Charlesworth et al., 1982, 

Hansen and Houle 2004, Estes and Arnold 2007). A number of mechanisms have been 

proposed to explain stasis, including various types of genetic or selective constraints, 

canalization and internal selection, niche tracking, metapopulation dynamics, niche 

conservatism etc. (reviewed in Hansen and Houle, 2004). Despite this wide array of 

explanations, many instances of stasis remain puzzling in the face of the near 

ubiquitous occurrence of high levels of genetic variance in phenotypic traits 

(Mousseau and Roff 1987, Houle 1992, Hansen et al. 2011) and the prevalence of 

strong, fluctuating patterns of selection in nature (Hereford et al. 2004, Bell 2010). 

Furthermore, many clades have widely diversified across a variety of environmental 

conditions (Schluter 2000), and yet often demonstrate limited evidence for 

diversification in a whole host of seemingly ecologically-relevant candidate traits 

(Eldredge and Gould 1972, Williams 1992, Hunt 2007). Why should it take millions 

of years for a trait to diversify (cf. Uyeda et al. 2011), when the conditions for 

evolution (genetic variation and natural selection) seem to be in abundant supply? 

Mammalian body temperature presents a particularly compelling example of 

enigmatic stasis. Despite remarkable diversification of mammals across the earth, 

almost all mammal body temperatures reside within a fairly narrow 10 degree 
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window, with most species having a fairly typical value of 36 or 37 °C. The famed 

evolutionary biologist George C Williams shrewdly asked why an arctic lemming and 

an African elephant, despite existing in strikingly different habitats and having 

drastically differing energetic requirements, nonetheless maintain their body 

temperature within 1 or 2 degrees of the mammalian modal temperature. Indeed, 

macroevolutionary patterns of body temperature evolution led Williams to conclude 

that the “data make no evolutionary sense” (Williams 1992).  

The paradox is compounded by the enigmatic position of the testes in a vast 

majority of mammals (Werdelin and Nilsonne, 1999; Kleisner et al. 2010). The 

adaptive significance of the scrotal testes is most commonly attributed to the “cooling 

hypothesis”, i.e. that spermatogenesis requires an approximately 1-7 oC decrease from 

core body temperature (Moore 1926). Why should mammals not be able to evolve a 

few degree increase in the optimal set point for spermatogenesis? Furthermore, birds 

provide a replicate to the experiment in which spermatogenesis occurs within the body 

cavity at core temperature without considerable fitness reduction (Beaupré et al. 

1997), although sperm storage may occur at slightly lower temperatures (Wolfson 

1954). Why should a mammal dangle its fitness in such a precarious manner?  To be 

sure, a few mammals have re-evolved internal testes, and it is clear that scrotal testes 

are plesiomorphic for all eutherian mammals, excepting the superorders Afrotheria 

and the Xenarthra (Kleisner et al. 2010). The cooling hypothesis is well supported by 

experimental and correlative studies that demonstrate decreased fitness with increasing 
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scrotal temperatures (Moore 1926, Bedford et al. 1982, Foldesy and Bedford 1982, 

Rasweiler and Bedford 1982, Wong et al. 1982, Ivell 2007). Even so, a number of 

alternatives hypotheses have been proposed (Bedford 1977, 1978; Carrick and Setchell 

1977; Freeman, 1990; Kleisner et al. 2010). Thermal adaptation of the testis to the 

cooler temperatures of the scrotum could be a secondarily derived adaptation, and at 

macroevolutionary scales may not constrain the evolution of testicular position. 

Despite the widespread acceptance of the cooling hypothesis, a statistical association 

at the macroevolutionary timescale between increased body temperature and scrotal 

state has never been demonstrated.  

The recent availability of large datasets and phylogenies has enabled 

researchers to analyze macroevolutionary patterns much more thoroughly. In 

particular, the recent explosion of data has been followed by a dramatic increase in the 

number of statistical models used to analyze them (Felsenstein 1985, Harvey and 

Pagel 1991). Still, these models remain largely statistical descriptors of patterns and 

are disconnected from microevolutionary processes. The few attempts to connect these 

models to microevolution are generally met with failure, because these models often 

fail to account for patterns if realistic parameter estimates for population size, 

selection and inheritance are employed (Estes and Arnold 2007). Simple stochastic 

models such as Brownian motion and Ornstein –Uhlenbeck (OU) models are often fit 

to phylogenetic comparative data (Butler and King 2004). These models have 

microevolutionary interpretations, such as genetic drift (one kind of Brownian motion) 
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and stabilizing selection (OU models) (Lande, 1976, Hansen 1997, Butler and King 

2004). Yet when modeled using realistic parameter values estimated from natural 

populations, these models usually fail to produce the types of macroevolutionary 

patterns we observe in comparative datasets (Estes and Arnold 2007, Hansen 1997, 

Uyeda et al. 2011). However, these failures have primarily been examined in 

morphometric traits, and it remains to be seen whether the same situation applies to 

physiological traits. Alternatively, models of Brownian motion and OU processes can 

represent stochastic drift in the location of the adaptive optimum (θ) through time 

rather than genetic drift of the mean phenotype (Estes and Arnold 2007). This study 

will examine macroevolutionary patterns of body temperature evolution with the 

specific goal of bridging between microevolutionary processes and macroevolutionary 

patterns.  

METHODS 

Phylogeny & Data 

We obtained temperature data from the literature for as many mammal species 

as possible, relying especially on the compilation of White and Seymour (2003). Taxa 

were matched to a time-calibrated supertree of mammal species, which we 

subsequently pruned of extra taxa (Bininda-Emonds et al. 2007, 2008). Additional 

data on climate, including body mass and climate variables such as average monthly 

temperature and precipitation across the range of each species were obtained from the 

PanTheria database (Jones et al. 2009). Information on scrotal state was obtained for 
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all species from a variety of sources, including Werdelin and Nilsonne (1999), 

Kleisner et al. (2010), and Hayssen et al. (1993). Scrotal state was scored as one of 

three states, as in Werdelin and Nilsonne (1999): 1)  undescended testicles, located 

high in the abdomen (testicondy),  2) descended testicles not housed in a scrotum 

(ascrotal), and 3) fully scrotal testicles (scrotal).  

We expected measurement error to be a significant component of variation in 

body temperatures as a result of the relatively limited variance that is expressed across 

taxa. Consequently, we included estimates of measurement error in all analyses. To 

estimate measurement error, we searched the literature for estimates of variation 

within species mean body temperature. Different sources reported different 

components of within-species measurement error, such as intra-individual variation, 

inter-individual error; or reported ranges. Our goal was to estimate the observational 

and biological species mean measurement error for active, normothermic (healthy, 

active, unstressed) individuals. Many studies, however, did not report measurement 

error of this type, and consequently we attached a “mammalian mean” measurement 

error to each data point when direct estimates were unavailable. We used all well-

sampled studies that measured inter-individual variation in body temperature to 

calculate a pooled variance of body temperature. This pooled variance was used to 

calculate measurement error for estimates for which only sample sizes were available. 

If no sample size was available but standard deviations or ranges were estimated, we 

used the median N from the entire dataset to calculate measurement error. If neither 
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sample sizes nor variation could be found, we used the pooled variance from across 

well-sampled studies divided by the square root of the median sample size across 

studies. 

Testing for phylogenetic signal 

The degree to which phenotypic values of traits among species covary as a 

result of shared evolutionary ancestry is defined as phylogenetic signal. We expect 

that traits that show high levels of stasis will be unlikely to show strong phylogenetic 

signal, because most variation will result from measurement error rather than 

evolutionary relatedness. We estimated phylogenetic signal using three different 

metrics: Pagel’s λ (Pagel 1999), Blomberg’s K (Blomberg et al. 2003) and 

phylogenetic half-life (Hansen et al. 2008). Pagel’s λ is a scaling parameter that 

measures the effect of phylogeny in explaining trait correlations between species 

relative to what is expected under a Brownian motion model of trait evolution, with a 

value of 0 indicating no phylogenetic signal and a value of 1 indicating phylogenetic 

signal equivalent to expectation under Brownian motion. Blomberg’s K, by 

comparison, is the ratio of the mean squared error of the tip data and mean squared 

error after accounting for the variance-covariance matrix of the phylogeny, 

standardized by the ratio expected under a Brownian motion model of trait evolution. 

To estimate λ and K, we used the function phylosig from the package phytools 

(Revell, 2011), which implements Maximum Likelihood estimation of Blomberg’s K 

and Pagel’s λ with known measurement error (Ives et al., 2007). Phylogenetic half-life 
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has also been proposed as a measure of phylogenetic signal (Hansen et al., 2008). We 

fit a single-optimum OU-model of trait evolution to estimate the phylogenetic half-life 

for body temperature. The phylogenetic half-life estimates the amount of time it takes 

the covariance between phenotypic traits between two sister species to decrease by 

half. Larger values indicate stronger phylogenetic signal, whereas smaller values 

indicate that phylogenetic signal is quickly eroded by evolutionary processes. For 

comparative purposes, the phylogenetic half-life under Brownian motion is infinite 

(the covariance between species never decays), and half-lives larger than the height of 

the tree indicate very little deviation from Brownian expectation. 

Testing for association between body temperature and scrotal state 

We tested for an association between scrotal state and body temperature using 

a stochastic linear modeling framework using the software package SLOUCH (Hansen 

et al. 2008, Labra et al. 2009).  We extended SLOUCH to accommodate a 

combination of fixed factors and random covariates in a mixed model, as well as 

measurement error. We assumed that body temperature evolved toward an optimal 

state under an OU-model. The modeling framework accommodates fixed factors as 

adaptive regimes specific to particular regions of the phylogenetic tree (i.e. painted 

onto specific branches, Hansen 1997, Butler and King 2004). Consequently, we 

painted adaptive regimes onto branches based on the scrotal state of the tips using 

ancestral state reconstruction, which was accomplished via Fitch parsimony (Ronquist 

1998). Where ambiguities existed, we assumed the character polarization of testicondy 
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 ascrotal  scrotal. We then fit a series of models and compared these using 

Akaike Information Criterion (AIC) (Akaike 1974; Butler and King 2004). The 

models tested included: 1) pure Brownian motion, in which trait variance increases 

linearly with time (BM),  2) a single-optimum OU model, in which a combination of 

stochastic drift in the trait mean and adaptation to a globally optimal state (θ) results in 

an asymptotic, stationary variance over time (OU1),  3) a two-optima OU model with 

a separate optimum modeled for eutherians vs. marsupials/monotremes (OrdOU2) 4) 

a three-optimum OU model with separate optima for each of the mammalian orders 

eutheria, marsupials and monotremata (OrdOU3) 5) a two-optimum OU model with 

separate optima for external vs. internal (testicondy and ascrotal) testes (OU2) 6) a 

three-optimum OU model with separate optima for testicondy, scrotal and ascrotal 

character states (OU3) 7) a four-optimum OU model with separate optima for all 

pairwise combinations of external vs. internal testes and eutherian vs. non-eutherians 

(OrdOU4) 8) a four-optima OU model with the same optima as model 7, but including 

body mass as a random covariate.   

Threshold model 

Because the method used above assumes that scrotal state is the independent 

variable, we used an alternative method based on the threshold model of quantitative 

genetics to test for a correlation between body temperature and scrotal state (Wright 

1934; Felsenstein 2012). The model assumes that a discrete character trait such as 

scrotal state is determined by an underlying, normally-distributed trait called a 
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liability. In Felsenstein’s model, the liability is assumed to evolve by Brownian 

motion on the phylogenetic tree. When the liability crosses a fixed threshold within a 

lineage, the character state of the trait changes from one state to another. We used a 

Bayesian implementation of the threshold model using the function threshBayes in the 

package phytools (Revell, 2012). Scrotal state was coded as a binary character (0 = 

ascrotal/testicondy, 1 = scrotal). Liabilities of the tip species are assumed to evolve by 

Brownian motion and are sampled using a Bayesian Markov Chain Monte Carlo. The 

likelihood of each sampled set of liabilities is computed based on the character 

distribution of the observed scrotal state. The correlation coefficient is then sampled 

between the sampled liabilities and the empirical predictor variable (body 

temperature). We ran the two chains of the Markov Chain Monte Carlo model until 

convergence was obtained in all parameters, which was assessed using the R package 

coda (Plummer et al. 2006). 

Climate variables and body temperature 

Williams (1992) claimed that mammalian body temperature did not evolve in 

response to changing climate or thermal niche. To test whether this claim was true, we 

again fit models by stochastic linear modeling in a model-selection framework using 

SLOUCH (Hansen et al. 2008). We included the fixed factors of the best-fitting 

models described above by using all pairwise combinations of eutheria vs. noneutheria 

and external vs. internal testes represented as unique optima. The states of the 

optimum are indicated by the variables eutheria and testes. In addition, climate 
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variables were accommodated as random covariates (Hansen et al. 2008). In the 

model, climate variables evolved by Brownian motion with a fixed effect on 

phenotype. The model also accounts for phylogenetic inertia, i.e. it incorporates 

resistance in evolution toward the optimal state, and estimates a relationship between 

response and predictor variables if evolution were given sufficient time to adapt fully 

to environmental conditions (Hansen 1997). Although using environmental predictor 

variables on a phylogenetic tree is more controversial than using phenotypic characters 

(Garland et al. 1992), geographic range can be treated as a heritable trait (Hunt et al. 

2005). Furthermore, we could not reject Brownian motion as a model for evolution of 

the climate variables we examined, indicating that our predictor variables do not 

significantly violate our assumptions. That is to say, an infinite phylogenetic half-life 

could not be rejected for either environmental temperature or monthly precipitation 

(Escudero et al. 2012). Climate variables were available for a reduced set of 530 

species after domesticated and aquatic species were eliminated from the dataset. We 

tested all models starting with the full model: 

Tb ~ eutheria + testes + Tenv + precip + log(mass), 

where eutheria and testes indicate the 4-optima fixed factor described above and the 

other variables are continuous predictor variables describing body mass, log(mass), 

average monthly environmental temperature (Tenv), and average monthly precipitation 

(precip) of species averaged over their geographic range. Models were compared 

using AIC and R2 values. Resulting AIC values were used to calculate Akaike weights 
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among the set of models tested, and parameter importance were estimated from those 

weights (Burnham and Anderson 2002). 

Testing models of genetic drift and stabilizing selection 

We developed a Bayesian method for fitting a Brownian motion and OU-

model to the data using a Metropolis-Hastings Markov Chain Monte Carlo (MCMC) 

method in the statistical software program R. We parameterized a single-optimum 

OU-model as in Lande (1976) to model genetic drift around a stationary optimum.  Let 

the change per generation in average body temperature be 

మൌ	∆ܶ
ఠమା 

where h2 is trait heritability, Vp is phenotypic trait variance within a population, ω2 is 

the width of a Gaussian fitness function, Ne is the effective population size, ್்ߠis the 

phenotypic optimum, and X is the value of the trait mean.  When selection is 

sufficiently weak (ω2 is sufficiently large), this model collapses to a Brownian motion 

model of trait evolution. To implement the MCMC, we used the function mcmc using 

a Metropolis-Hastings sampler in the R package mcmc (Geyer, 2012). We used an 

informative beta prior for heritability based on published estimates of heritability for 

body temperature.  These estimates suggest that the heritability of body temperature is 

low, but non-zero (Table 4.3). Based on the empirical data on body temperature, we 

chose to set a beta prior in which the 99% CI for heritability is 0.01-0.20, resulting in a 

mean of 0.073. For phenotypic variance, we used the pooled variance calculated from 
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95 
the empirical data to set a strong prior using a truncated normal distribution with mean 

of 0.25 and a standard deviation of 0.06, giving a 95% confidence interval of 0.13

0.37. We assumed that all parameters were constant and made the simplifying 

assumption that the average generation time of mammals was 1 year. For all other 

parameters, we used uninformative uniform priors over broad ranges of realistic 

parameter space. Two chains were run for 20 million generations sampled every 1,000 

generations and with 0.15% of the samples discarded as burnin. Convergence was 

assessed by measuring autocorrelation. Stationarity was assessed using the coda 

package in R. 

RESULTS 

Data 

Body temperature estimates were obtained for a total of 566 species across the 

mammalian phylogeny, including all 3 monotremes, 61 marsupials and 502 eutherians 

(Appendix C, Table C1). For 530 of these taxa, we were able to obtain data on body 

mass and climate variables from the PanTheria database. The 36 species that were 

excluded from this smaller dataset included primarily domesticated species and 

aquatic species, such as whales and seals. The average body temperature across all 

mammals was 36.4 ○C (Figure 4.1, median = 36.7 ○C; 95% CI: 32.7 – 40.1 ○C). 

Without phylogenetic correction, testicond mammals had the lowest mean body 

temperature (34.5 ○C) followed by ascrotal (35.7 ○C) and scrotal mammals (36.9 ○C, 



 

 

 

 

 

 

96 
Figure 4.2A). Averaging by order gave average body temperatures of 31.1 ○C for 

monotremes, 35.2 ○C for marsupials and 36.6 ○C for eutherians (Figure 4.2B). 

Measurement error 

We obtained estimates of measurement error for a total of 47 out of 566 data 

points. The studies providing those estimates reported either standard errors or 

estimates of standard deviations and sample sizes. Other studies reported sample sizes 

but did not report standard deviations or errors. Thirteen studies (including 4 

eutherians and 9 marsupials) that captured most components of measurement error 

(intra-individual on both circadian and annual scales, inter-population and inter-

individual variation) were pooled to obtain a global mammalian estimate for 

temperature variance of 0.249 ○C2 (pooled N = 349, range within species: σ2 = 0.16 – 

0.81). The median number of individuals sampled across studies was 6 (range: 1 – 

157). Consequently, if no measurement was provided of either sample size or variance 

of body temperature, we assigned the data point a measurement error of √(0.249/6) = 

0.204 ○C. 

Body temperature has moderately strong phylogenetic signal 

We estimated significant phylogenetic signal in the dataset using both Pagel’s 

lambda (λ = 0.898, p < 0.01) and Blomberg’s K (K = 0.831, p < 0.01). Measurement 

error decreases the power to detect a significant phylogenetic signal, but even when 

accounting for conservatively high values of measurement error (SE = 1.0○C), both 

measures of phylogenetic signal remain significant (λ = 1.0, p < 0.01, K = 2.01, p < 
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0.05). An alternative measurement of phylogenetic signal proposed by Hansen et al. 

(2008), the phylogenetic half-life of a single-optimum OU model was estimated to be 

t1/2 = 64.5 my, accounting for measurement error. This estimate corresponds to a 

proportion of 0.39 of the total tree height of 166.2 my, indicating moderate to strong 

phylogenetic signal for body temperature.  

It has long been acknowledged that marsupials and eutherians differ in average 

body temperature. Therefore, we examined phylogenetic signal within-order to 

determine if between-order differences were driving phylogenetic signal. We found 

very similar estimates of λ within both eutherians (λ = 0.832, p < 0.01) and marsupials 

(λ = 0.877, p < 0.01). Estimates of Blomberg’s K decreased from the mammal-wide 

estimate within subclades, but remained significant. Eutherians had an estimated K of 

0.518 (p < 0.01), while the value for marsupials were estimated to be 0.634 (p < 0.01).   

Body temperature has a significant association with scrotal state 

Reconstructions of ancestral selective regimes using Fitch parsimony for the 8 

models tested are given in Figure 4.3. The best fits (lowest AIC) were achieved with 

the two models with four optima, accounting for both separate optima for eutherians 

vs. noneutherians and external vs. internal testes (Table 4.1). The addition of body 

mass as a random covariate significantly improved the fit of the models, decreasing 

the AIC by 5 log-likelihood units and the R2 to 9.12%. Optima for external testes were 

much higher than optima for internal testes (38.8 ○C vs. 35.9 ○C in eutherians, and 

from 35.9 ○C to 30.7 ○C in noneutherians). Note that the optimum for eutherians with 
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internal testes is nearly identical to the optimum for noneutherians with external testes. 

This similarity means that a three optimum model with these two categories combined 

would almost certainly have a lower AIC, but given the unusual nature of this 

combination of taxa, we conclude that this similarity in optima is merely a 

coincidence. We found that body mass has a positive effect on body temperature, with 

each doubling of body mass coinciding with an approximate 0.1 ○C increase in body 

temperature. Phylogenetic half-lives for each of the models suggest that adaptation 

toward an optimal state and erosion of phylogenetic signal is a very slow process, 

taking tens of millions of years (Table 4.1).  

In addition to the analysis using stochastic linear models, we tested for a 

correlation between testicular state and body temperature using the Felsenstein (2012) 

threshold model. We ran two Markov Chains for a total of 2.5 million generations, 

sampling every 1000 generations. The first 5000 (25%) of the samples were discarded 

as burnin, and the resulting set of samples was combined to obtain a posterior sample. 

The average of the posterior sample for the correlation between the liabilities and body 

temperature was 0.634 (95% credible interval: 0.465-0.747, Figure 4.4). 

Consequently, we can conclude that the correlation between body temperature and 

scrotal state is significantly bounded away from zero, and quite high.  

Climate has a significant effect on body temperature evolution 

For the reduced set of 530 species for which climate data were available, we 

found that the best-fitting models included eutheria and testes selective regimes, as 
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well as body mass and environmental temperature (Table 4.2). Environmental 

temperature significantly improved the fit of the model, as did body mass (Table 4.2). 

Parameter importance weights were 1 for the four-optima fixed factor of eutheria and 

testes, and were high for both body mass and environmental temperature (Importance 

weights: Tenv = 0.933, log(mass) = 0.925). These values were higher than the 

importance weight for precipitation (0.430). Despite a moderate empirical correlation 

between precipitation and environmental temperature (r = 0.55), our analysis suggests 

that environmental temperature is 2.17 times more plausible as an explanation for 

body temperature evolution than precipitation.  For the best-fitting model, we found 

that an increase in the environmental temperature by 10 ○C corresponded to a decrease 

in the optimal body temperature by 0.346 ○C. The best-fitting models explained about 

11% of the variation in the data. 

Lande model-fitting 

We tested whether a model of drift-stabilizing selection balance could be a 

feasible explanation for the macroevolutionary patterns of body temperature evolution 

by fitting Lande’s (1976) model in a Bayesian framework. Using Lynch et al.’s (1988) 

estimate of heritability of body temperature to set a strong prior distribution to the 

data, we find that the mean value of effective population size in the posterior 

distribution is 1.8 million (Figure 4.5; 95% credible interval: 675,000-35,000,000) 

while the average strength of selection is extremely weak ( ෝ߱ 2 = 2.5 x 109; 95% 

credible interval = 2.4 x 107 to 4.5 x 1010). These values of ω2 are many orders of 



 

 

 

 

 

 

100 
magnitudes larger than estimates from empirically published studies and essentially 

amount to no selection (Kingsolver et al., 2001; Estes and Arnold, 2007). Values for 

effective population size are not beyond the range of published values for some 

mammals (e.g. Murinae were estimated to have female effective sizes of 730,000 

under an equal rates model using mtDNA, Piganeau and Eyre-Walker 2010), but are 

on the high end for most groups of mammals (Charlesworth, 2009).  However, in our 

model we assume that 1 generation is equivalent to 1 year. This assumption is 

unrealistic for larger mammals with smaller effective sizes, suggesting that some of 

the increase in genetic drift that can be expected with smaller effective sizes may be 

offset by having longer generation times (a 10-fold increase in generation time would 

exactly compensate for a 10-fold decrease in effective population size in a model of 

మpure genetic drift, as variance accumulates proportionally to  ݐ , where t is in
ே 

generations). Interestingly, we cannot clearly reject a model of drift around a 

stationary optimum as a possible model for macroevolutionary patterns on the basis of 

egregiously unrealistic parameter values for genetic variation, effective population 

size and selection. This contrasts the results of previous studies examining 

morphological traits (Lynch 1990, Estes and Arnold 2007). Genetic constraints could 

certainly be playing a major role in limiting macroevolutionary patterns in body 

temperature. However, this result largely arises from our inability to reject the 

possibility of extremely weak selection or extremely low heritabilities, owing to a lack 
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of sufficient data on both of these values for physiological traits such as body 

temperature. 

DISCUSSION 

We find significant phylogenetic signal in body temperature, indicating that the 

trait does evolve in the mammal radiation, albeit very slowly. We show body 

temperature evolves even when we conservatively account for measurement error. 

Consequently, we can reject the hypothesis of complete stasis, even within orders. 

Nevertheless, we do find that body temperature does evolve very slowly. In addition, 

we find a significant correlation between scrotal state and body temperature even after 

accounting for phylogeny. Ours is the first statistical evidence at a macroevolutionary 

timescale that supports the cooling hypothesis for scrotal descent.  

We find that the best models have separate optima for eutherians vs. 

noneutherians and external vs. internal testes, and infer a strong correlation between 

body temperature and scrotal characters using the threshold model. Using stochastic 

linear models, we find that in both eutherians and noneutherians, the optimal body 

temperature in species with scrotal testes is about 3 ○C higher than those with internal 

testes. Kleisner et al.’s (2010) analysis of scrotal state changes concluded that the 

initial descent of the testes into the scrotum occurred coincidentally with an increase in 

temperature in the Eurachontoglires and Laurasiatheria, and that the scrotal condition 

of marsupials evolved independently. The observation that noneutherian species with 

external testes occupy an optimum nearly the same as eutherian species with internal 
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testes suggests that the temperature at which spermatogenesis occurs has evolved in 

mammals, and that eutherian spermatogenesis on average can occur at a higher 

temperature than marsupials. In other words, the temperatures that allowed a reversion 

to ascrotal state from the scrotal state in the eutheria are equivalent to the temperatures 

that led to the independent evolution of the scrotal condition in marsupials (Kleisner et 

al. 2010). It appears that reversals to internal testes become more likely when body 

temperature decreases, suggesting that adaptation of spermatogenesis to a higher 

thermal environment lags behind slowly evolving body temperature, but still does 

evolve. This suggests that, given enough time, weak and persistent against the scrotum 

could eventually eliminate the trait. 

We also demonstrate a significant association between environmental 

temperature and body temperature optima, but not between precipitation and body 

temperature. Thus, contrary to Williams (1992) contention that body temperature is 

insensitive to the environment, we find that with more comprehensive dataset body 

temperature does in fact evolve in response to changing environmental conditions. 

Interestingly, the direction of evolutionary change in body temperature is opposite to 

Williams’ (1992) expectation. Instead of conserving energy by lowering temperature 

set points in cold climates, we instead find that colder environmental temperatures are 

associated with increased body temperature. One hypothesis that could explain this 

relationship is that in extreme temperature climates, the optimal body temperature 

should be buffered against the prevailing environmental temperature. Thus, a mammal 
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in the arctic must buffer against extreme cold and therefore keeps its body 

temperature, when possible, at a high temperature despite energetic costs. Conversely, 

an equatorial species may have higher fitness with a body temperature set point below 

the mammalian average to help buffer against overheating. Note that environmental 

temperature explains only an extremely small fraction of body temperature variation. 

Even the most richly parameterized model (~eutheria + testes + Tenv + log(mass) + 

precip) we tested only explained 11.7% of the variation in body temperatures (Table 

4.2), leaving over 88% of the variation in temperatures unexplained. Consequently, 

despite showing a statistically measurable effect; we conclude that environmental 

conditions have only a small effect on overall body temperature evolution.  

For most traits that exhibit stasis (such as body size), a model of genetic drift 

around a stationary optimum can be rejected on the basis of the unrealistic parameter 

values needed to explain macroevolutionary patterns (Hansen and Houle, 2004; Estes 

and Arnold, 2007; Uyeda et al., 2011). However, few published records exist for 

microevolutionary parameters related to body temperature. Estimates of effective 

population size under the Lande model for body temperature did overlap with higher 

estimates of the empirical distribution of effective population sizes (Piganeau and 

Eyre-Walker 2010), although generally they were higher than expected (Figure 4.5). 

Lower values of effective population size that are more in line with commonly 

estimated values would correspond to lower values of heritability and/or longer 

generation times (Figure 4.5). Traits such as body size reject genetic drift as a possible 
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mechanism for divergence because high values of ω2 (corresponding to weak selection 

pressures) are contradicted by the observation of strong stabilizing selection in natural 

populations (Kingsolver 2001, Estes and Arnold 2007). Such measures of selection are 

unavailable for traits such as body temperature, although our estimates under the drift-

stabilizing selection model seem unrealistically high. However, it should be noted that 

such selection coefficients are estimated for single populations. It is unclear how 

heterogenous selection across the geographic range of a species will affect patterns of 

stabilizing selection and coefficients estimated at the scale of a species. This exercise 

draws attention to the need for theory that connects microevolutionary patterns and 

parameters estimated at the level of populations to patterns of evolution across a 

species range. If movement of adaptive peaks is uncorrelated among populations then 

even strong stabilizing selection in local populations could results in weak patterns of 

selection at the species level (Futuyma 1987, 2010).  

Evolutionary constraints almost certainly play a role in the limited 

diversification of body temperatures in mammals. However, which type of constraints 

is responsible is even less clear. Generally, constraints can be broken into two 

categories: genetic constraints and selective constraints (Arnold 1992). Genetic 

constraints result when a population fails to have sufficient genetic variation to 

respond in the direction of selection. Consequently, species remain maladapted owing 

to a failure of the population to carry sufficient genetic variation. Genetic constraints 

as an explanation for macroevolutionary stasis can frequently be rejected on the basis 
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of the almost ubiquitous observation that most populations have large amounts of 

genetic variance, and the results of selection experiments, which frequently show 

artificial responses to selection at much greater rates than what is observed over 

macroevolutionary time (Hendry and Kinnison1999; Kinnison and Hendry 2002). 

However, simple univariate measures of genetic variation such as heritability or 

evolvability may not capture all of genetic constraints, as body temperature will be 

genetically correlated to a wide variety of other traits. For example, the activity of 

nearly every enzyme in an organism will be affected by an organism’s core body 

temperature. Such multivariate genetic constraints have the capacity to drastically 

slow or halt an organism’s response to selection.  

Hansen and Houle (2008) proposed the useful metric of conditional 

evolvability, or the amount that a population can evolve in one trait, without evolution 

in any other trait. Conditional evolvabilities are typically much lower than 

unconditional evolvabilities, and thus may explain the prevalence of stasis despite 

high levels of univariate genetic variance. Still, it would be surprising if the 

conditional evolvability of body temperature were zero. Complex traits influenced by 

many loci almost certainly carry genetic variation, and even constraints such as 

enzyme activity appear to have considerable flexibility. Consider the fact that some 

mammals such as reindeer have legs that operate at extremely low temperatures, and 

seemingly have adapted to enzymatically deal with such pressures (Hansen and Houle 

2004). Alternatively, selective constraints would suggest that the external environment 
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favors little to no change in the trait, despite adequate genetic variation. However, 

given the vast range of environments that mammals inhabit, it seems remarkable that 

there could be such a constant requirement of thermal stability. Certainly these two 

alternatives are not mutually exclusive.   

Very few studies have measured genetic variation in body temperature directly. 

Gordon and Rezvani (2001) demonstrated in rats that body temperature can respond to 

artificial selection on body temperature. Furthermore, the heritability of body 

temperature has been measured in a few instances, but generally is difficult to bound 

away from zero. In a series of well-sampled studies, Carol Lynch and colleagues failed 

to detect non-zero heritability in laboratory mice despite considerable power to do so 

(Lacy and Lynch 1979, Lynch and Sulzbach 1984, Lynch et al. 1988). Only in one 

study were Lynch and colleagues able to detect significant heritability (Lynch et al. 

1988), in a breeding colony derived from four recently admixed populations. Even this 

population, however, had a limited heritability, despite considerable phenotypic 

variation (Table 4.3, mean 0.11 ± 0.04 SE). Consequently, while limited genetic 

variation is an unlikely explanation for stasis in characters such as body size, it seems 

at least plausible that limited genetic variation may be able to explain variation in 

body temperature, especially when considering genetic correlations. We call attention 

to the critical need to conduct quantitative genetic studies and selection experiments 

on physiological traits that may limit adaptation to changing environments. 
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CONCLUSION 

We provide the first quantitative evidence that body temperature in 

mammals has a strong phylogenetic signal, even within the eutherians, a group 

traditionally presumed to exhibit extreme evolutionary stasis. We find a statistically 

significant effect of environmental temperature on body temperature across the 

mammalian radiation. By contrast, we do not find evidence for an effect of 

precipitation on body temperature. We provide the first statistical support for a 

phylogenetic correlation between body temperature and scrotal state, and 

demonstrate that reversals to internal testes are associated with lower body 

temperatures. Our results demonstrate that in fact, body temperature does evolve, 

and that genetic constraints could potentially explain the lack of diversity in 

organisms as diverse as elephants and lemmings.   
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Figure 4.1. Body temperature and scrotal state data for 566 mammals mapped onto the 
Bininda-Emonds et al., (2007) supertree. Body temperature is indicated on the 
branches, with red and narrow branches indicating high temperatures, and wide and 
yellow branches indicating cool temperatures. Pie charts at the nodes indicate 
ancestral state reconstruction of scrotal states: blue – testicondy; green – ascrotal; red 
–scrotal. Major groups of mammals are indicated, as well as some groups of note, such 
as the Manidae (derived ascrotal condition and low body temperature), the 
hystricomorph rodents (diverse scrotal states), and the marsupial mole (the only 
ascrotal marsupial in the dataset, with quite low body temperature). 
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Figure 4.2. Distribution of body temperatures among two classification schemes of 
either scrotal state (left) or taxonomic order (right).  
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Figure 4.3. Selective regimes for Ornstein-Uhlenbeck models fit to the complete 
dataset of 566 species. Selective regimes are colored and indicated for each model: A) 
Global optimum (OU1) B) Eutherian optimum (OrdOU2) C) regimes by order 
(OrdOU3) D) external vs. internal testes (OU2) E) scrotal vs. ascrotal vs. testicondy 
(OU3) F) Eutherian vs. noneutherian and external vs. internal testes (OrdOU4). In 
addition, we fit a model including log(mass) as a continuous predictor to OrdOU4 
model. This final model was the best-fitting model among the eight tested (Table 4.1).  
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Figure 4.4. Posterior distribution of the correlation between the simulated liabilities 
underlying scrotal state and body temperature, estimated using the threshold model. 

).തܺAverage of the posterior distribution is indicated by the labeled dotted line ( 
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Figure 4.5. Posterior distributions for Bayesian model-fitting of Lande’s (1976) drift-
stabilizing selection model to 566 mammal species body temperature data. (Left) 
Univariate posterior distributions for the heritability (h2), phenotypic variance (σ2), 
effective population size (Ne) and strength of stabilizing selection (ω2). Red lines 
indicate the prior distribution. Note that strong priors were set for heritability and 
phenotypic variance, with the former being taken from the literature and the latter 
from the empirical data. Uniform priors were set for the strength of stabilizing 
selection and effective population size. (Right) Bivariate posterior distributions and 
contour plots for pairwise combinations of parameters. Parameters are strongly 
correlated with one another. 
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Table 4.1. Model comparisons among models of different body temperature selective regimes fit using the program SLOUCH. 
See text for details of the particular models and selective regimes. Phylogenetic half-life (t1/2) and the stationary variance (vy) 
are given for each model fit except Brownian motion, which has a variance that scales with time. The best-fitting model is 
given in bold. 

Model AIC Model variable	 Optima t1/2 (my) vy R2 

estimates (○C) 
Brownian motion 2004.8 - - - 0.0732 x tmy -
Global θ (OU1) 1979.6 Global 35.03±0.58 64.5 4.48 -
Eutherian θ (OU2) 1977.3 Eutheria 

Noneutheria 
37.07±1.51 
33.54±1.01 

57.7 4.12 0.82 

Order θ (OU3) 1975.7 Monotremata 
Eutheria 

31.39±1.65 
37.73±1.40 

53.7 3.90 1.55 

Marsupials 35.89±1.71 
External testes θ (OU2) 1962.4 External testes 

Internal testes 
37.69±0.67 
33.20±0.80 

52.0 3.74 3.54 

Testicular state θ (OU3) 1963.2 Scrotal 
Ascrotal 

37.46±0.90 
34.29±1.05 

49.6 3.62 3.88 

Testicondy 33.38±0.81 
Eutherian & external 1950.8 Eutheria ext. testes 38.79±1.01 38.6 3.04 7.64 
testes θ (OU4) Eutheria int. testes 

Noneutheria ext. testes 
35.93±0.72 
35.93±0.97 

Noneutheria int. testes 30.74±1.21 
Eutheria θ, testes θ + 1945.9 Eutheria ext. testes 37.17±0.51 37.0 2.90 9.12 
ln(mass) Eutheria int. testes 

Noneutheria ext. testes 
34.85±0.68 
34.77±0.68 

Noneutheria int. testes 30.20±1.11 
Δ○C per doubling of body mass (slope) 0.095±0.05 
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Table 4.2. Model fits to reduced set of 530 species for which climate data were available. Models are ranked by lowest AIC to 
highest. Phylogenetic half-life (t1/2) and the stationary variance (vy) are given for each model fit except Brownian motion, 
which has a variance that scales with time.  

Model AIC Model variable Optima estimates (○C) & t1/2 (my) vy R2 

regression coefficients 
~eutheria + testes + Tenv + log(mass) 1834.3 

~eutheria + testes + Tenv + log(mass) + precip 1835.0 

~eutheria + testes + Tenv 1839.1 

~eutheria + testes + log(mass) + precip 1839.1 

Eutheria ext. testes 
Eutheria int. testes 
Noneutheria ext. testes 
Noneutheria int. testes 
Δ○C per doubling of body mass 
Δ○C per 10○C increase in Tenv 

Eutheria ext. testes 
Eutheria int. testes 
Noneutheria ext. testes 
Noneutheria int. testes 
Δ○C per doubling of body mass 
Δ○C per 10○C increase in Tenv 

Δ○C per 10 cm increase in precip 

Eutheria ext. testes 
Eutheria int. testes 
Noneutheria ext. testes 
Noneutheria int. testes 
Δ○C per 10○C increase in Tenv 

Eutheria ext. testes 
Eutheria int. testes 
Noneutheria ext. testes 
Noneutheria int. testes 
Δ○C per doubling of body mass 
Δ○C per 10 cm increase in precip 

37.47±0.54 35.6 2.90 11.00 
35.23+0.50 
35.16+0.69 
30.62+1.13 
0.104±0.05 
-0.346±0.11 

37.48±0.52 34.1 2.81 11.66 
35.27±0.48 
35.18±0.66 
30.67±1.10 
0.106±0.05 
-0.301±0.12 
-0.192±0.17 

38.21±0.48 36.5 2.95 9.62 
35.84+0.45 
35.77+0.67 
31.34+1.10 
-0.337±0.12 

37.27±0.58 35.7 2.93 10.16 
34.98±0.48 
34.90±0.68 
30.31±1.12 
0.110±0.05 
-0.341±0.17 
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~eutheria + testes + Tenv + precip 1840.4 Eutheria ext. testes 
Eutheria int. testes 
Noneutheria ext. testes 
Noneutheria int. testes 
Δ○C per 10○C increase in Tenv 

Δ○C per 10 cm increase in precip 

38.24±0.47 
35.88±0.45 
35.81±0.66 
31.39±1.10 
-0.304±0.12 
-0.140±0.18 

35.8 2.94 9.92 

~eutheria + testes + log(mass) 1841.2 Eutheria ext. testes 
Eutheria int. testes 
Noneutheria ext. testes 
Noneutheria int. testes 
Δ○C per doubling of body mass 

37.18±0.57 
34.84±0.51 
34.76±0.72 
30.13±1.16 
0.104±0.05 

38.2 3.10 8.85 

~eutheria + testes + precip 1844.5 Eutheria ext. testes 
Eutheria int. testes 
Noneutheria ext. testes 
Noneutheria int. testes 
Δ○C per 10 cm increase in precip 

38.08±0.50 
35.62±0.46 
35.55±0.69 
31.01±1.13 
-0.289±0.17 

38.0 3.10 8.33 

~eutheria + testes 1845.3 Eutheria ext. testes 
Eutheria int. testes 
Noneutheria ext. testes 
Noneutheria int. testes 

37.85±0.48 
35.42±0.44 
35.34±0.68 
30.86±1.12 

37.9 3.11 7.87 

~ Tenv 1867.6 Δ○C per 10○C increase in Tenv -0.374±0.15 60.1 4.29 1.13 

~ log(mass) 1868.1 Δ○C per doubling of body mass -0.078±0.05 63.2 4.50 1.10 

~precip 1872.7 Δ○C per 10 cm increase in precip -0.260±0.22 64.1 4.60 0.25 

~1 1872.1 Global 35.02±0.59 64.7 4.65 -

Brownian motion 1895.7 - - - 0.756*tmy -
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Table 4.3. Estimates of the heritability of mammalian body temperature  

Species h2 ± SE P value Reference Notes 
Mus domesticus -0.20 ± 0.14 Lacy and Lynch, 

1979 

Mus domesticus 0.03 ± 0.02 Lynch and 
Sulzbach, 1984 

Mus domesticus 0.11 ± 0.04 Lynch et al., 1988 

Phyllotis 0.40 0.19 Nespolo et al., 2003 
darwini 

Phyllotis 0.68 0.08 Nespolo et al., 2003 
darwini 

Bos primigenius 0.17 Burrow, 2001 

Sus scrofa 0.23 (95% Varona et al., 2005 
HPD: 0.02
0.58)
 

Parent-offspring regression of 
laboratory population derived 
from a cross of 8 inbred lines, 
males only 
Diallel analysis of 4 inbred 
strains 
Parent-offspring regression of 
intercrossed population of 4 
inbred strains from Lynch and 
Sulzbach, 1984 
Full sib/half sib ANOVA on 
daytime temperature in a wild 
population 
Full sib/half sib ANOVA on 
nighttime temperature in a wild 
population 
Pedigree analysis of cattle 
population’s rectal temperature 
under moderate heat stress (3 hrs 
in sun, above 30 C) 
Heritability of rectal temperature 
60 minutes after birth 
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CHAPTER 5 - A multi-locus nuclear species tree reveals rampant mitochondrial 
introgression across a widespread clade of garter snakes (the Thamnophis 

elegans-couchii complex) 

Josef C. Uyeda, Michael E. Pfrender, Robin Lawson, Alan De Queiroz and Stevan J 

Arnold 
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ABSTRACT 

The western garter snakes have long posed a challenge to systematists, 

particularly the placement and species boundaries of the highly diverse Western 

Terrestrial Garter Snake (Thamnophis elegans). Previous studies using mitochondrial 

markers have placed this species in different clades depending on the population 

sampled. We sampled from across the range of T. elegans using both mitochondrial 

and nuclear markers and find strong evidence for geographic structure in T. elegans 

that transcends species and subspecies boundaries. Clade boundaries tend to run along 

North-South suture zones, likely resulting from Pleistocene range expansion from 

southern refugia. Mitochondrial sequences show a strong signal of demographic 

expansion or selective sweeps in several clades. Furthermore, we find rampant 

mitochondrial introgression between T. elegans and two divergent sister clades: an 

aquatic group containing the species T. atratus, T. couchii, T. ordinoides and related 

species and a terrestrial group containing T. radix, T. brachystoma and T. butleri. 

Furthermore, we find some suggestive evidence of introgression at nuclear loci. Even 

so, coalescent-based species tree analysis of nuclear loci strongly supports the 

monophyly of T. elegans and places the taxon sister to the aquatic group snakes. The 

three major subspecies of T. elegans align only roughly with major divisions in 

population structure, and we find that ecoregional boundaries more effectively capture 

independent genealogical ancestry of clades within the complex. Overall, we find that 

T. elegans has a complex history of range expansion, contraction and interactions with 

closely related species that has resulted in a highly diverse polytypic species. These 
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interactions suggest complex evolutionary processes have shaped the western garter 

snake diversification. 

INTRODUCTION 

The advent of multi-locus phylogeography has resulted in an increased ability 

to disentangle complex evolutionary histories, and a new appreciation of the 

evolutionary processes shaping lineage diversification has emerged. It is now apparent 

that complex patterns of range expansion and contraction during the Pleistocene can 

result in repeated cycles of divergence and introgression and produce complex 

phylogeographic patterns across a species complex. These patterns of pre- and post-

glacial expansion are often shared across a wide-variety of species, as has been 

demonstrated in the herpetofauna of western North America (Lapointe & Rissler 2005, 

Rissler et al. 2006). The repeated expansion and contraction of species ranges, 

followed by secondary contact, can create complex patterns of divergence and may be 

important evolutionary processes for generating divergence, or in slowing it (Hewitt 

2001). Processes that have recently generated intraspecific phylogenetic divergence 

may also have generated interspecific divergence in the past, resulting in the complex 

patterns of sympatry. One group with such complex patterns is the western garter 

snakes known as the Thamnophis couchii-elegans complex. This complex provides a 

rich study system for examining interactions at multiple scales, because it contains 

considerable geographic, genetic, ecological, and phenotypic diversity both within 

species, as well as divergence and sympatric associations between closely related 

species. 
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Garter snakes in genus Thamnophis are among the most widespread and 

ecologically diverse of North- and Mesoamerican snakes (Rossman 1996). Members 

of the genus have been the subject of a wide range of research in physiology, behavior, 

evolution, and ecology. Nevertheless, our understanding of the Thamnophis couchii-

elegans complex has had a long and convoluted taxonomic history (Van Denberg and 

Slevin 1918, Fitch 1940, Mayr 1942, Fox 1951, Lawson and Dessauer 1979; de 

Queiroz and Lawson 1994; Alfaro and Arnold 2001; de Queiroz et al. 2002). Even 

today our understanding of the systematics of this western North American complex is 

incomplete because the complex has been poorly sampled in recent molecular studies. 

In Fitch’s (1940) and Fox’s (1948, 1951) treatments, nearly a dozen taxonomic units 

were assigned to sub-specific rank within a single species (Thamnophis ordinoides) 

despite the fact that this taxonomy resulted in the widespread occurrence of sympatric 

subspecies. The existence of widely sympatric conspecific subspecies was justified by 

postulating that gene flow that connected all subspecies through a series of 

intergradation zones, localized in specific localities across the geographic range of the 

species. These connections extended the concept of a ring species to what essentially 

amounted to a "spiral species" (Fox 1951). This taxonomy drew sharp criticism from 

Mayr (1942), who argued that "strict adherence to the intergradation principle led to 

an absurd nomenclature." Much of the resulting taxonomic confusion dissipated with 

molecular phylogenetic examinations of the relationships among most species in the 

genus, including those in the T. couchii-elegans complex (Lawson and Dessauer 1979, 

Alfaro and Arnold 2001, de Queiroz et al. 2002). Despite these clarifications, the 
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relationships among subspecies subsumed in T. elegans (e.g., elegans, vagrans, 

terrestris) and their relationships to other species (T. couchii and relatives, T. 

ordinoides, and T. radix and relatives) have remained problematic. The inability to 

resolve the placement of T. elegans has resulted from a lack of comprehensive multi-

locus treatment, but – as we will show –it also may reflect the complex evolutionary 

processes that have occurred in the T. couchii-elegans complex. 

At a broad scale, molecular phylogenetic studies have resolved the genus 

Thamnophis into three distinct clades; a basal clade comprising the ribbon snakes and 

the widespread North American species T. sirtalis, a diverse Mexican clade, and a 

widespread clade containing both North and Mesoamerican species (Alfaro and 

Arnold 2001, de Queiroz et al 2002). The high species diversity in Mexico suggests 

that the genus may have originated in this region (Ruthven 1908) and subsequently 

radiated northwards. This view is supported by the phylogenetic patterns of 

diversification, with more derived species occurring in eastern and western North 

America (Alfaro and Arnold 2001).  

Thamnophis elegans is a wide-ranging species occupying a large area in 

western North America. The taxon has been alternatively placed with an eastern 

“terrestrial group” of species (T. radix, T. brachystoma and T. butleri) (Alfaro and 

Arnold 2001), or with a western “aquatic group” of species (T. atratus, T. couchii, T. 

hammondii, T. ordinoides and T. gigas) (de Queiroz et al. 2002). These conflicting 

placements could result from sampling different populations of the highly diverse T. 
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elegans, incomplete lineage sorting, or (as early authors hypothesized) hybridization 

and introgression. 

Beyond this species-level uncertainty, Bronikowski and Arnold (2001) found 

that the molecular phylogeny within T. elegans did not match the subspecific 

classifications based on phenotypic traits. Eight or nine subspecies have been 

described in T. elegans, reflecting the extremely large geographic range of this species 

and the exceptional range of ecological conditions encountered by its races.  Only 

three major subspecies are usually recognized (e.g., Rossman, 1996; Figure 5.1); the 

Mountain Garter Snake (T. e. elegans), the Coast Garter Snake (T. e. terrestris) and 

the Wandering Garter Snake (T. e. vagrans). A fourth major subspecies has alternately 

described as a distinct species inhabiting Mexico, Thamnophis errans, as a distinct 

subspecies, or as simply a disjunct population of T. e. vagrans. In addition to these 

major subspecies, 5 minor subspecies have been described (T. e. arizonae; T. e. 

biscutatus, T. e. hueyi, T. e. nigrescens, and T. e. vascotanneri). Most of these 

subspecies are considered geographic variants of T. e. vagrans by most authors (T. e. 

arizonae, T. e. nigrescens and T. e. vascotanneri) or in the case of the Klamath Garter 

Snake, T. e. biscutatus, an intergrade between T. e. elegans and T. e. vagrans 

(however, see Fitch 1980). Evaluating the validity of these subspecies is difficult, 

because the phenotypic traits used to define them vary from treatment to treatment. 

Furthermore, no study has adequately sampled across the range of T. elegans at 

multiple loci, making it difficult to infer phylogeographic patterns and to clearly 

demarcate sub-species or species-level boundaries. Consequently, the purpose of this 
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study is to examine the phylogenetic structure of the entire T. elegans complex using 

multi-locus sampling across its complete geographic range. Our analysis reveals a 

level of complexity in phylogeographic patterns that suggests a dynamic history of 

range expansion and contraction, as well as interactions between clades and species. 

Much of this complexity in evolutionary process would not have been apparent if our 

geographic sampling had been sparser or if we had relied only on mtDNA markers. 

MATERIALS AND METHODS 

Sampling and DNA sequencing 

We sampled a total of 296 individuals representing T. elegans from 272 sites 

covering the described range of the species in western North America and Mexico 

(Figure 5.1). In addition, we included 31individuals from outgroup taxa that may be 

paraphyletic with respect to T. elegans, according to our preliminary results and 

conflicting phylogenetic placement of T. elegans in the literature (de Queiroz and 

Lawson 1994; de Queiroz et al. 2002). These outgroup taxa included species from the 

aquatic group (T. atratus, T. couchii, T. hammondii, T. ordinoides, and T. gigas) and 

the terrestrial group (T. brachystoma, T. butleri, and T. radix). In addition, we 

included five more distantly related outgroup species: T. eques, T. cyrtopsis, T. eques, 

T. marcianus, and T. sirtalis. Specific locality data and voucher specimen information 

are given in Table D1. 

Genomic DNA was obtained from muscle, scale or liver tissue by either 

standard pro-K digestion, a chelex extraction protocol, or phenol/chloroform/isoamyl 

alcohol extraction. Primers were used to amplify one mitochondrial gene (cytochrome 



 

 

 

 

128 
b) and four nuclear loci: a 559 bp fragment of the R35 coding sequence (R35), an 552 

bp fragment of intron 2 from the myosin heavy chain gene (MYH2), 635 bp from 

intron 3 from in the TATA Box gene (TBP), and a 351 bp fragment from intron 5 in 

the Vimentin gene (VIM; Table 5.1). Entire sequences of the cytochrome b gene were 

obtained for tissues taken from across the range of T. elegans. These sequences were 

obtained by using multiple primer sets to generate overlapping fragments (Table 5.1). 

This dataset is the complete cytochrome b dataset that was used to identify the 

sampling scheme for the nuclear sequencing. A smaller sample of specimens were 

sequenced at all 4 nuclear loci. Some additional specimens that were not included in 

the original cytochrome b sequencing project were sequenced for a smaller fragment 

of the cytochrome b gene (~700 bp). Amplifications were conducted in 12.5 µL or 50 

µL reactions. PCR reaction parameters for each locus are described in Table 5.1. 

Negative controls were performed with all reactions, and PCR products were purified 

with an EXO/SAP cleanup protocol. All PCR products were directly sequenced on an 

ABI 377 or 3100 using Dye Terminator Cycle Sequencing. PCR products were 

sequenced in both forward and reverse directions and assembled using Sequencher 

4.2.2 (Gene Codes, Ann Arbor, MI) and CodonCode Aligner v. 4.0.3 (LI-COR inc.). 

Each sequence was checked by eye for heterozygous bases and indels. Bases were 

called as heterozygotes if two peaks were present in both forward and reverse 

directions at a peak intensity of at least 40% of the primary peak. Genotypic phase was 

determined computationally using PHASE 2.1.1 (Stephens et al. 2001). When 

possible, examination of heterozygous indels was used to infer phase using the method 
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of Flot (2007). Results were accepted with probability higher than 0.9, but were 

otherwise left as ambiguous bases. We tested for recombination of nuclear loci using 

the RDP, MaxChi, DSS and GENECONV methods as implemented in the software 

program RDP4 Beta 4.16 (Martin et al. 2010). Sequences were aligned using 

MUSCLE (Edgar 2004) and checked by eye for consistency. Additional sequences for 

each gene obtained from Natricine species, when available, were downloaded from 

GenBank and added to the alignment.  

Patterns of genetic variation and range expansion 

Genetic diversity within species and subspecies was delimited using the 

program Arlequin 3.5 (Excoffier & Lischer 2010). Individuals were assigned to 

species and subspecies based on Rossman’s (1996) geographic range map for T. 

elegans with intergrades excluded. As previously described, we defined a group that 

included all of the aquatic group species as well as a group that included all terrestrial 

group species for comparison. Within T. elegans, we divided individuals into the three 

major subspecies, T. elegans terrestris, T. e. elegans and T. e. vagrans. Measures of 

genetic diversity were calculated both within subspecies and the entire species 

complex. 

We examined all major clades recovered in the phylogenetic analyses of T. 

elegans for evidence of demographic expansion by analyzing mtDNA with three 

approaches: i) distribution of pairwise differences (mismatch distribution), ii) Tajima’s 

D-statistic (Tajima 1989), and iii) a Markov chain Monte Carlo approach (Kuhner et 

al. 1998). The distribution of pairwise sequence differences at equilibrium is expected 
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to yield a multimodal distribution, while sudden demographic expansions are expected 

to produce a star phylogeny and yield a unimodal distribution of pairwise differences 

(Slatkin and Hudson 1991; Rogers and Harpending 1992).  Mismatch distributions of 

pairwise differences among haplotypes were generated with 1000 randomizations of 

the data using ARLEQUIN 3.5 software (Excoffier & Lischer 2010).  We calculated 

the probability of observing by chance a higher value of the sum of squared deviations 

between the observed and expected mismatch distribution under a model of 

demographic expansion.  An alternative approach using Tajima’s D-statistic (Tajima 

1989) compares the population genetic parameter theta (=2Ne), based on pairwise 

nucleotide differences (), with an estimate based on the number of segregating sites 

(S), where Ne is the effective population size and  is the mutation rate. Assuming 

neutrality, the D-statistic can be used to infer demographic history. For stable 

populations at equilibrium the expected values of S and  are equal. Since  takes 

into account the frequency of polymorphisms, it is more sensitive to recent changes in 

effective population size. Negative values of Tajima’s D suggest recent demographic 

expansion. Significance of Tajima’s D was evaluated by comparison to a distribution 

generated from 10,000 random permutations of the data using ARLEQUIN 3.5 

(Excoffier & Lischer 2010). Finally, the likelihood growth parameter g was estimated 

with a Metropolis-Hastings algorithm (Kuhner et al. 1995) as implemented in 

FLUCTUATE 1.3 (Kuhner et al. 1998). For each run we used the Waterson (1975) 

estimate of theta (W), empirical base frequencies, and an initial value of g=1. We 
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obtained an estimate of g using 10 short chains (sampling increments of 100: 2000 

steps per chain), 2 long chains (sampling increment 100: 50,000 steps per chain). A 

value of g > 3SD(g) was taken as evidence of population growth (Lessa et al. 2003). 

Gene tree estimation 

For each locus, gene trees were constructed using both likelihood and Bayesian 

methods. Models of sequence evolution were determined using jModeltest 0.1.1 

(Posada 2008) among 24 possible models from the 3 substitution scheme using the 

Akaike Information Criterion (AIC). Models were implemented in MrBayes3.12 

(Ronquist and Huelsenbeck 2003). Some loci had phylogenetically informative gaps. 

We coded phylogenetically informative gaps as a binary character matrix in each gene 

tree and included these matrices as a separate data partition in the Bayesian analysis. 

Gene trees were estimated using 4 chains for 100 million iterations of the Markov 

chain with sampling every 1000 iterations. Convergence of the Markov chain was 

assessed using the online software AWTY (Nylander et al. 2007). In addition to 

Bayesian analysis, we ran Maximum Likelihood analyses in RaxML using the 

GTRGAMMA model for each data partition, and ran 1000 rapid bootstraps using the 

GTRCAT model to assess support for each gene tree (Stamatakis 2006; Stamatakis et 

al., 2008). Computations for most analysis were conducted on the CIPRES Science 

Gateway (Miller et al. 2010). For protein-coding genes (R35 and cytochrome b), 

optimal partitioning schemes were determined by running an analysis on one of three 

partitioning schemes: a 1 partition model (all positions have the same model), a 2 

partition model (1st and 2nd codon positions share the same model), and a 3 partition 

http:MrBayes3.12
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model (each position has a unique model). Each partition was assigned a unique model 

of molecular evolution using jModeltest 0.1.1, analyzed in MrBayes for 10 million 

generations, and compared using Bayes Factors obtained from Tracer v1.5.0 (Rambaut 

and Drummond, 2009). 

Preliminary runs of several analyses revealed convergence issues and 

insufficient mixing of chains resulting from inaccurate branch length estimates 

(Brown et al 2009, Marshall 2010). Therefore we modified the branch length prior for 

each run by using the formula of Brown et al (2009). To do these modifications, we 

constructed a distance matrix using a maximum composite likelihood in MEGA5 

(Kumar et al. 2008). Average branch lengths were obtained from a neighbor-joining 

tree using the package ape (Paradis et al. 2004). 

Test for biogeographic discordance 

Discordance between gene trees and species trees is expected from two natural 

processes, incomplete lineage sorting and hybridization. These two phenomena are 

notoriously difficult to tease apart, especially when only a few loci are used. However, 

the two processes leave different biogeographic signatures.  Incomplete lineage sorting 

is not expected to leave a predictable biogeographic pattern, but hybridizing taxa will 

tend to share alleles in sympatry (Funk and Omland, 2003; Toews and Brelsford, 

2012). To determine if shared haplotypes between T. elegans and other species were 

preferentially found in geographic proximity, we devised a randomization test to 

determine whether or not the distribution of shared haplotypes was random with 

respect to the geographic distribution of the two putatively hybridizing species.  
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First, we selected a well-supported focal clade from a given gene tree that 

contained both putatively hybridizing species (in our case, aquatic group species T. 

atratus, T. couchii, T. ordinoides and T. hammondii putatively hybridizing with T. 

elegans). We then calculated the minimum convex polygons (MCP) covering the 95% 

confidence interval for geographic range for each species within that clade using the R 

package adehabitat (Calenge 2006). We then simulated a null distribution by 

randomly selecting n gene copies (with the same number of heterozygotes and 

homozygotes as the original sample) from the sampled localities of the entire sampled 

geographic range of the recipient species, where n is the number of gene copies of 

recipient species found in the putatively hybridizing clade. The geographic locations 

of these gene copies within the focal clade for both the donor and the resampled 

recipient species were used to calculate MCPs and the overlap between the two MCPs 

was obtained. This procedure was repeated for 10,000 replicates to generate a null 

distribution of the average geographic overlap expected under incomplete lineage 

sorting given our sampling design. The observed test statistic was then compared to 

the null distribution to obtain a p-value. 

Our method makes a number of simplifying assumption. The method will 

perform poorly if a species has been only sparsely sampled in the study, because the 

test statistic will not accurately reflect the amount of geographic overlap between taxa. 

Consequently, we chose to test only well-supported clades in which at least 5 gene 

copies from both species were present. Additionally, we tested only those taxa in 

which both allopatric and sympatric populations were available for the hypothesized 
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recipient species. Second, the frequency of a given haplotype is expected to be 

spatially autocorrelated, whereas our simulation of the null distribution assumes 

independence of populations. Since the amount of overlap is expected to vary 

depending on the size of the simulated MCP, we also recorded the total area of each 

MCP generated during the simulation. We then calculated a second p-value from a 

reduced set of MCPs that were within +/-25% of the geographic size to our observed 

MCP. Note that this null distribution does not account for shared biogeographic 

boundaries and dispersal barriers, but instead tests the null hypothesis that there is a 

random association between the geographic locations of haplotypes shared between 

two clades. 

Genealogical sorting index 

We used the Genealogical Sorting Index (GSI, Cummings et al., 2008) to 

provide a means to quantify the degree of monophyly among different gene trees for 

particular groups of garter snake. The GSI is measures exclusive genealogical ancestry 

on a scale of 0 to 1, where 0 indicates no exclusive ancestry and 1 indicates complete 

monophyly. Simulation studies suggest that the GSI has much higher power to detect 

exclusive ancestry compared to other measures, such as monophyly or FST (Cummings 

et al., 2008). The GSI uses only topological information from estimated gene trees, 

can be used across several different gene trees, and uses a permutation test to assess 

significance. We used the consensus phylogenies obtained from the Bayesian analysis 

of gene trees pruned of outgroup taxa to estimate the GSI. The weighted average GSI, 

GSIT, was calculated for two datasets:  1) the combined nuclear gene trees and 2) the 
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combined nuclear and mitochondrial gene trees. GSI values for all tests were obtained 

using the website www.genealogicalsorting.org. Significance was assessed by 

conducting a permutation test with 10,000 replicates. 

We assigned individual specimens to groups according at two different 

hierarchical levels: First, we wanted to assess the level of exclusive ancestry of T. 

elegans relative to the other species examined in this study. This dataset included all 

the well-represented species in our study. Our second goal was to assess the degree of 

structure within T. elegans. Consequently, we pruned out all species except T. elegans, 

as well as alleles that were obtained from individuals in intergrade zones between the 

major subspecies, including the probable hybrid subspecies, T. e. biscutatus. In 

addition, we pruned out T. e. hueyi from Baja California, and isolated populations of 

T. elegans from the San Bernadino mountains in California. The subspecific identity 

of these isolates is uncertain and we had insufficient data to test their placement. We 

used two grouping schemes to assign individuals with T. elegans based on either 1) 

subspecies assignment or 2) ecoregion. These alternative groupings were used to test 

whether current subspecific classifications captured cohesive genetic groups more 

effectively than populations determined by ecoregion boundaries. The first grouping 

scheme assigned individuals to one of the three major subspecies of T. elegans (T. e. 

elegans, T. e. terrestris, and T. e. vagrans). The second scheme assigned individuals to 

one of six major ecoregions 1) the Sierras and Siskiyou mountain ranges, which 

encompasses most of the range of T. e. elegans, 2) coastal California and extreme SW 

coastal Oregon, which spans the range of T. e. terrestris, 3) the Northern Rocky 

http:www.genealogicalsorting.org
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Mountains, which covers Northern Idaho, Western Montana, inland Canada, Northern 

Montana, and Eastern Washington, 4) the Great Basin desert, which covers Eastern 

Oregon, Nevada, and Northern Utah and finally 5) the Colorado Plateau, which covers 

the southern half of Utah, Colorado, Arizona and New Mexico. 

Species tree estimation 

Species trees were estimated using the method of Heled & Drummond (2010) 

as implemented in *BEAST. We eliminated all sequences from species not a 

represented by at least 1 gene sequence at every locus. The three major subspecies of 

T. elegans were assigned based on geographic range according to the range map of 

Rossman (1996). Individuals found in intergrade zones were eliminated from the 

analysis. We ran the same analysis on two different datasets. First, we included both 

nuclear and mitochondrial DNA together in a single analysis. Second, we tested a 

dataset with only nuclear loci. For each analysis, we divided T. elegans into the three 

major subspecies to allow for assortment into distinct lineages. In substitution site 

models, clock models and trees, we treated all loci as unlinked. We assigned the same 

models of molecular evolution as we did in the gene tree analysis.  We set a lognormal 

relaxed clock for each partition, and ran preliminary analysis to determine if this clock 

was appropriate following the recommendations of Heled & Drummond (2010). We 

set a lognormal prior on the mean root age of 16 million years, based on the oldest 

fossil Thamnophis (Holman, 2000) with a standard deviation of 0.15, resulting in a 

95% CI of 12-20 mya as in Guo et al., (2012). We ran the analysis until stationarity, 

and effective sample sizes of over 200 were obtained for all parameters, which we 
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assessed using Tracer 1.5.0 (Rambaut and Drummond, 2009). Trees were summarized 

after removing the burn-in using TreeAnnotator v1.7.2 (Rambaut and Drummond, 

2012). 

Concatenated gene tree estimation 

Concatenating genes is problematic in phylogeographic studies because each 

gene is assumed to have an evolutionary history that is independent of other genes 

(Kubatko and Degnan, 2007). Consequently, coalescent methods such as species tree 

estimation provide a more robust framework for analyzing species relationships than 

methods based on concatenation. However, the coalescent methods require a priori 

definition of species. Consequently, we complement our species tree estimation with 

an analysis of the complete concatenated nuclear dataset, as well as a combined 

nuclear and cytochrome b dataset. The advantage of this concatenation approach is 

that it does not require a priori species designations. Since heterozygotes were fairly 

common in our nuclear loci, we used two methods to account for this within-

individual allelic diversity. First, we combined each phylogeny into a concatenated 

phylogeny with all heterozygous SNPs being coded using an IUPAC ambiguity code. 

We conducted these analyses using the program RaxML and for each tree we 

conducted 1000 rapid bootstraps. 

RESULTS 

Cytochrome b phylogeny 

For the complete cytochrome b dataset, a total of 292 unique specimens were 

sequenced for the full 1117 bp of the cytochrome b gene, and an additional 102 
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individuals were sequenced for a ~750 bp fragment of the gene. Nine individuals 

could not be sequenced. Among the sequences examined were 157 unique haplotypes. 

A preliminary test of partitioning schemes supported a 3 partition model (2logBF: 180 

vs. 1 partition model, 2logBF: 8 vs. 2 partition model). Each partition was fit to the 

GTR+G model and run for 10 million generations in MrBayes, because our 

preliminary analyses demonstrated that this many generations was sufficient for 

convergence of parameters, topology, and likelihood.  

A total of five clades were recovered from the analysis that correspond loosely 

with the three main subspecies T. elegans terrestris (haplogroup I), T. elegans elegans 

(haplogroup III), and T. elegans vagrans (haplogroups II, IV, and V; Figure 5.2). 

Haplogroup I is shared between some T. elegans and the aquatic group species of 

garter snakes (especially T. atratus and T. ordinoides), and is paraphyletic to the other 

haplogroups of T. elegans. The geographic distribution of this haplogroup is highly 

fragmented, overlapping primarily with the Coast Garter Snake (T. elegans terrestris), 

but also having disjunct distributions in Oregon (Willamette Valley), Washington, 

Southern California, and Baja California Norte. The three haplogroups that comprise 

the currently recognized subspecies T. elegans vagrans are not monophyletic. The 

mitochondrial sequences of T. radix, T. brachystoma and T. butleri are all nested 

within haplogroup II of T. e. vagrans, which is sympatric with T. radix along the 

eastern edge of the range of T. e. vagrans. Several localities were identified in which 

multiple mitochondrial haplotypes were apparently segregating in the same 

population. 
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For the T. elegans complex as a whole, the mismatch distribution of observed 

mitochondrial haplotypes (mean 14.61, variance 51.76) failed to reject the model of 

sudden demographic expansion (sum of squared deviations 0.0063; P(simulated ssd 

>= observed ssd =0.27)). This expansion result was consistent with a positive 

exponential growth parameter from the likelihood analysis (g=562.095, 

SD(g)=68.415). The value of Tajima’s D for the entire range was -1.246. While this 

value was not statistically different from zero, the negative value was consistent with a 

demographic expansion event or a selective sweep in these clades.  Evidence of recent 

demographic expansion is also apparent within clades. Clades III and Clade IV appear 

to have diverged most recently.  These two clades have the lowest sequence diversity 

among the five clades recovered in the analysis (Table 5.2). Furthermore, the value of 

Tajima’s D for both of these clades is negative and significantly different than zero 

using a randomization test (Table 5.3). The data are therefore consistent with sudden 

demographic expansion of these clades or a selective sweep.  

Nuclear gene trees 

We obtained nuclear gene sequences for a smaller subset of the data. A total of 

83 individuals were sequenced for every locus, including cytochrome b. We were able 

to unambiguously infer gametic phase above the 0.95 level for all but four individuals 

(T. elegans 20698, 23777, and 16631, T. sirtalis 22262) for the nuclear locus MYH2 

and two individuals for R35 (T. radix 22262, T. elegans 16634). With the exception of 

T. sirtalis 22262, all of these involve only a single heterozygous SNP with unknown 
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phase with probabilities above 0.75. No evidence of recombination was found for any 

of the four loci using the RDP, MaxChi, DSS, or GENECONV tests.  

Nuclear genes tended to have much less nucleotide diversity within the T. 

elegans complex than does the cytochrome b gene (average π for nuclear loci = 0.0061 

vs. 0.0264 for cytochrome b, Table 5.4).  For the protein-coding gene R35, we chose 

the two partition model for gene tree estimation because the Bayes Factor 2logBF of 

42 favored a two partition model over the 1 partition model. However, a Bayes Factor 

of 2logBF = 0.99 between the 2 partition to a 3 partition model did not justify an 

increase in number of parameters. Consequently, we partitioned the sequences into 1st 

and 2nd versus 3rd codon positions using the GTR + G model as selected by jModeltest.  

Models identified for VIM, TBP and MYH2 using jModeltest were the models GTR + 

G, GTR + G and SYM + G, respectively. These models were implemented in all 

subsequent Bayesian analyses. The three intron sequences, VIM, TBP and MYH2 also 

had indels. Phylogenetically informative (present in more than one individual) indels 

were coded as binary characters for gene tree construction, with 2 being present in 

TBP, 4 in MYH2, and 5 in VIM. 

Nuclear gene trees demonstrated considerable discordance with the predicted 

species trees based on mtDNA. However, clear geographic patterns were nonetheless 

apparent for most loci. Topologies were similar for both Maximum Likelihood and 

Bayesian analyses. MYH2 had the highest nucleotide diversity and the most 

phylogeographic signal (Table 5.4, Figure 5.3). A total of 5 major haplogroups were 

identified that included T. elegans, but only two of these haplogroups contained 
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exclusively T. elegans (III and IV). Haplogroup I was characterized by a 7 bp deletion, 

and was only found in heterozygotes in Northern California and Oregon, including in 

one T. atratus from Northern California. Haplogroup II was found primarily in aquatic 

group garter snakes, and was represented in the majority of the T. hammondii, T. 

ordinoides, T. couchii and T. atratus gene sequences sampled. T. elegans sequences 

within this haplogroup tended to correspond with the Western populations of the 

species, including several T. e. terrestris from coastal Oregon and California, as well 

as other subspecies of T. elegans found in coastal Washington and inland samples 

from western Oregon, the Sierra Nevadas in California and southern New Mexico. 

Haplogroup III contained only T. elegans and corresponded largely to a northern T. e. 

vagrans clade that roughly mirrors the geographic range of haplogroup IV in the 

mitochondrial data in eastern Oregon, northwest Idaho, Washington and extending up 

into inland British Columbia and Alberta. Within this region samples tended to be 

somewhat uniform in haplotype diversity. Haplogroup IV of MYH2 was found only in 

T. elegans, and was found only in inland populations of T. e. vagrans or along contact 

zones with T. e. elegans. Clade V was extremely widespread, and was present in all 

three subspecies. This clade was also found in T. atratus, T. ordinoides, and T. 

couchii. Two sequences of T. elegans did not clade with any other sequence from T. 

elegans. One gene copy from T. elegans from Southern Alberta, and one gene copy 

from an individual in Eastern Colorado. Both of these sequences appear more similar 

to terrestrial group garter snakes species. Suggestively, these two alleles both came 

from localities where T. elegans is sympatric with T. radix. 
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Similar patterns were found in the nuclear intron TBP, although the lower 

levels of divergence made resolution of phylogeographic patterns more difficult 

(Table 5.4). All of the aquatic group species fell into a single clade, which also 

included three homozygous T. elegans (Figure 5.3). Many sequences could not be 

resolved into a clear ingroup clade, and instead the resolved clade included many 

outgroup sequences from divergent natricines. Two haplogroups contained primarily 

terrestrial group species sequences T. radix, T. brachystoma and T. butleri, and also 

included two gene copies from eastern T. e. vagrans. In addition, a large Northeastern 

haplogroup of T. elegans (and 1 T. ordinoides) is suggestive of the pattern found in 

haplogroups III of MYH2 and haplogroup IV of cytochrome b, but the TBP 

haplogroup appears to cover a larger geographic area.  

The intron sequence VIM also shows similar patterns, with a large aquatic 

group clade that includes numerous sequences of T. elegans from Western Oregon and 

California. Furthermore, the specimen from eastern Colorado again groups with T. 

radix and T. brachystoma (Figure 5.3). Other clades are smaller than in MYH2 and 

TBP, but these small clades also show some geographic patterns. R35 displayed much 

less phylogeographic pattern than other loci, probably resulting from the fact that it 

had the lowest nucleotide diversity of all the loci examined (Table 5.4).  

Test for biogeographic discordance 

Three clades were candidates for tests of biogeographic concordance between 

T. elegans and the aquatic group garter snakes (T. atratus, T. ordinoides, T. 

hammondii and T. couchii) (Figure 5.3, indicated in red in MYH2, TBP and VIM). In 
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all three cases, the aquatic group garter snakes were assumed to be the donors, because 

all four aquatic group species sequenced were present in each of these clades. The 

amount of overlap was therefore measured as the percentage of overlap with the 

aquatic group’s minimum convex polygon for that clade. For MYH2, the aquatic 

group was represented by 29 aquatic group gene copies and 27 T. elegans gene copies 

(15 heterozygotes and 6 homozygotes). The percent overlap for these two clades was 

nearly the entire range of the aquatic group (0.99999), which is significant among the 

entire 10,000 geographic subsamples (p = 0), including the set of 5,121 samples that 

were of similar size (within 25% of the original sample’s geographic size, p = 0). In 

VIM, a similar pattern held, with 24 gene copies of the aquatic group species and 25 T. 

elegans (11 homozygotes and 3 heterozygotes). The observed overlap percentage of 

94.9% was marginally significant among 10,000 simulated replicates (p = 0.0534), 

and significant among the marginal distribution of samples of similar geographic size 

(+/- 25%, null sample size = 3,196, p = 0.0382). For TBP, the candidate clade for this 

test contained only a few T. elegans (6 gene copies, 3 homozygotes and 0 

heterozygotes) and 24 aquatic group gene copies, consequently the power to detect 

overlap was more limited the low allele frequency of this haplotype in T. elegans. The 

percent overlap of 18.0% was not significant among the 10,000 simulated replicates (p 

= 0.159) and was even less so among replicates of similar geographic area (+/- 25%, 

n=1,621, p = 0.199). Together, 3 of the 5 loci (MYH2, VIM and cytb) contain a clade 

with primarily aquatic group snakes with some sequences of T. elegans nested within 

it. In these three cases, there is a significant overlap between the distribution of these 
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T. elegans sequences and the aquatic group species geographic range relative to 

random expectation. 

Genealogical Sorting Index 

The GSIT was significant for all species examined for the combined nuclear 

and mtDNA datasets and most of the nuclear datasets, with the exception of T. 

ordinoides and T. butleri (Table 5.5). None of the species examined were fully 

monophyletic at all loci. Values ranged from 0.175 in T. ordinoides to 0.675 in T. 

marcianus. T. elegans was on the high end of values, with a GSIT =0.548 for the 

combined dataset and a GSIT  = 0.530 for nuclear gene trees only. This indicates that 

T. elegans has similar levels of unique genealogical ancestry as other species within 

the western garter snake complex.   

Including the 3 major subspecies of T. elegans, analysis of the combined 

mtDNA and nuclear datasets rejected the hypothesis of completely mixed ancestry 

(Table 5.6), but only T. e. elegans and T. e. vagrans were significantly different from 

null expectation when using the nuclear dataset alone (Table 5.6). Partitioning T. 

elegans by ecoregion yielded higher values of GSIT than using the traditional 

subspecific classification. The highest values were found for the Northern Rockies and 

Colorado Plateau ecoregions, using both the nuclear and the combined nuclear and 

mitochondrial datasets (Figure 5.3, Table 5.6). All values were either significant or 

nearly significant, except when testing the nuclear dataset for the coastal population of 

T. e. terrestris. The results suggest that despite a lack of sorting, there are significant 

biogeographic patterns of exclusive ancestry within each of the major ecoregions 
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occupied by T. elegans, suggesting considerably more population structure than is 

identified in current subspecific classifications. 

Species tree analysis 

We assigned each sequence of T. elegans to one of the three subspecies of T. e. 

terrestris, T. e. vagrans and T. e. elegans based on geographic origin and subspecific 

geography using both nuclear and combined nuclear and mitochondrial analysis. 

Analyses of the nuclear datasets using *BEAST reached stationarity after 

approximately 25 million generations. We conservatively discarded the first 40 million 

generations as burn-in and ran until the effective sample size for all parameters was 

over 200 (~700 million generations). We thinned the sample to one tree every 10,000 

generations and pooled a total of 69,984 trees. The combined nuclear loci strongly 

support the monophyly of all three of the subspecies of T. elegans (posterior 

probability = 0.99; Figure 5.4) and strongly supported the placement of T. elegans in 

the aquatic group of garter snakes (posterior probability = 0.98). All other nodes were 

poorly supported, with posterior probabilities below 0.8. Placement of T. brachystoma 

with T. sirtalis in this tree conflicts strongly other mitochondrial phylogeny, but does 

not have high posterior support. The combined nuclear and mitochondrial data 

supports the monophyly of the terrestrial and aquatic groups. Combining nuclear and 

mitochondrial sequences provided more equivocal support for the monophyly of T. 

elegans, with T. elegans terrestris being pulled toward the aquatic group garter snakes 

and lowering the posterior support for the elegans clade (from 0.99 to 0.86). 

Furthermore, the node height of the aquatic group is considerably shortened in the 
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combined data from the nuclear data alone, even after accounting for the four-fold 

difference in effective population size between nuclear and mitochondrial loci (Figure 

5.4). Given the apparent introgressive origin of T. elegans terrestris and terrestrial 

group mitochondria, this result was expected as gene flow following divergence 

violates the assumptions of the *BEAST method (Heled and Drummond 2010). 

Divergence dating using the nuclear data only suggests that T. elegans has diversified 

within the last 2 million years, while the entire aquatic group has diversified within the 

last 3 million years (Figure 5.4). By contrast, the combined mitochondrial and nuclear 

data suggests that the entire diversification of the terrestrial and aquatic group garter 

snakes occurred in the last 3 million years.  

Concatenated gene tree analysis   

The concatenated gene tree analyses were obtained from RaxML using 

heterozygotes coded with ambiguities (Figure 5.5). In general, all analyses of the 

nuclear data produced 5-6 clades that included T. elegans, while the combined 

mitochondrial and nuclear data recovered primarily the same 5 clades as were found in 

the mitochondrial gene tree. Broadly speaking, the patterns are suggestive of a coastal 

clade that includes some T. e. terrestris and aquatic group species (as well as some 

individuals of T. e. elegans, red, Figure 5.5), a clear Northern Rocky mountain clade 

(green, Figure 5.5), and an eastern clade with shared ancestry with the terrestrial group 

species (yellow, Figure 5.5). 
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DISCUSSION 

Our analysis reveals a complex pattern of divergence in mitochondrial 

sequences across the range of Thamnophis elegans that does not closely match current 

subspecific designations. In general, these clades of T. elegans appear to be arrayed 

along parallel, primarily North-South suture zones. This geographic pattern may 

reflect post-Pleistocene range expansion from Southern refugia. The non-monophyly 

of T. elegans mitochondrial genes contrasts with the strong support for monophyly 

found in the nuclear loci (Figure 5.5). Mitochondrial introgression appears to have 

occurred between T. elegans and both aquatic and terrestrial group garter snakes. This 

pattern of mito-nuclear discordance appears commonly in animals, often resulting 

from selection on mitochondrial haplotypes (Toews and Brelsford 2012). In T. 

elegans, previous studies have identified a number of physiological and life-history 

traits under selection along a “fast-growth” and “slow-growth” axis (Bronikowski and 

Arnold, 1999; Bronikowski, 2000). Mitochondrial function is intimately tied to these 

traits, as the hypothesized effect of aging based on free-radical damage could be 

affected by variation in mitochondrial genes, making them likely targets of selection 

(Robert et al. 2007, Bronikowski, 2008). Consistent with this interpretation, mtDNA 

sequences support a hypothesis of demographic expansion or a selective sweep in 

several clades. 

The pattern of mtDNA divergence strongly suggests that northern populations 

of T. elegans terrestris has captured the mitochondrial haplotype of the aquatic group 

garter snakes via hybridization. Examination of the cytochrome b gene tree shows that 
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there is little sorting between T. elegans, T. atratus and T. ordinoides in clade I. 

Interestingly, a number of the isolated populations of T. elegans, including T. elegans 

from the San Bernadino Mountains in Southern California, and T. e. hueyi from the 

Sierra San Pedro Matir of Baja California Norte, share this haplotype, forming a 

monophyletic group sister to all other T. elegans with this haplotype (Figure D1). 

These two montane populations are sympatric with populations of T. hammondii, but 

do not appear to share the haplotype found in this species, at least among the samples 

we examined. Instead, the introgression appears to have been from T. atratus into the 

ancestor of these isolates. These geographic patterns suggest that multiple 

introgressive hybridization events between aquatic group garter snakes and T. elegans 

have occurred in the past, and may be ongoing.  

The directionality of transfer between the terrestrial group garter snakes and 

mitochondrial clade II, however, is more difficult to discern. Given that T. elegans is 

geographically separated from both T. butleri and T. brachystoma, and overlaps with 

T. radix only slightly, it seems likely that mitochondrial gene capture predates the 

divergence of the species in three terrestrial group species. Given that the radix-

butleri-brachystoma clade is nested within the other haplogroups of T. elegans, the 

directionality of introgression is likely from T. elegans to the terrestrial group. The 

nuclear species tree does not suggest that T. elegans and the terrestrial group species 

are closely related, and consequently supports that the shared haplotypes have resulted 

from mitochondrial introgression, rather than from primary divergence.  
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In addition to mitochondrial capture, there is some support for the idea that 

nuclear loci have been affected by gene flow across species boundaries. For 2 of the 3 

clades that met our testing criteria, we found that there was a significant geographic 

overlap between shared haplogroups between the aquatic group species and T. 

elegans. This overlap, combined with the observation of mitochondrial introgression 

in many of these same localities, suggests that hybridization is likely a significant 

component to the process generating gene discordance, although clearly lineage 

sorting has not had sufficient time to result in monophyly at any of the loci we have 

examined (Table 5.5). Additionally, sequences that are shared between T. elegans and 

the terrestrial group species (T. radix, T. butleri and T. brachystoma) appear often on 

the eastern border of the geographic range, again suggesting gene flow between these 

divergent species (Figure 5.3). This complex pattern of gene flow between species 

may be historic or ongoing. It should be noted that in certain geographic areas, species 

can be extremely difficult to distinguish; while the same species pair at another 

locality are very easily distinguished. For example, along the southern limit of T. 

elegans range in coastal California, T. e. terrestris and T. atratus can be extremely 

difficult to distinguish. Similarly, along the southern coast of Oregon, sympatric of 

populations of T. elegans terrestris and T. ordinoides can overlap in ecology and 

phenotype to a striking degree. Thus, complex patterns of both convergence and 

hybridization may vary across the landscape between sympatric species no doubt and 

may have contributed to instability in previous treatments of the genus.  
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The three major subspecies of T. elegans, which have been recognized 

primarily using phenotypic characters, do appear to have relatively high levels of 

exclusive ancestry (Table 5.6), although we find relatively low evidence for 

genealogical sorting in the phenotypically distinctive major subspecies, T. e. terrestris. 

This subspecies is characterized by frequent presence of red coloration and 

morphological and behavioral characteristics associated with a slug-eating diet 

(Drummond and Burghardt, 1983; Arnold 1977, 1981a, 1981b). In fact, most of the 

unique genealogy of this lineage results from its affinity to the aquatic group garter 

snakes (as in the mitochondria) rather than a distinctive nuclear background from T. e. 

elegans (Table 5.5, Figure 5.5). Whether or not the introgression of selectively-

favored alleles facilitated the divergence of T. e. terrestris in a novel ecological niche 

is an intriguing hypothesis worthy of further study. Interestingly, one of the species in 

the aquatic group, T. ordinoides, occupies a very similar slug-eating niche as coastal T. 

elegans terrestris, and the two clades have only a small region of sympatry, where the 

two clades can be difficult to distinguish (Fox 1948, Rossman 1996). Similarly, 

southern coastal T. elegans terrestris converge phenotypically with another aquatic 

group species, T. atratus, but genetically has a clear affinity towards T. e. elegans at 

both mitochondrial and nuclear loci (Bellemin and Stewart 1977).  

We also find that there is considerably more biogeographic structure in the T. 

elegans complex than current subspecific designations suggest. We found highly 

significant levels of genealogical sorting for all of the eco-region groupings we 

analyzed (Table 5.6). Two particularly strongly recovered clades from the Northern 
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Rockies and the Colorado Plateau showed levels of genealogical sorting on par with 

that observed within species (Table 5.4 & 5.5) and were identified as broadly distinct 

in the concatenated dataset as well (Figure 5.5). The Colorado plateau grouping is 

most often considered to be T. e. vagrans, although two subspecies have been 

proposed that overlap our defined ecoregion, T. e. vascotanneri and T. e. arizonae. 

The Northern Rocky mountain cluster has never been identified as a distinct 

subspecies, and instead has been folded into T. e. vagrans. Nevertheless, this Northern 

Rocky group consistently appeared to be among the most genetically homogenous and 

distinct groups in each of the gene trees we examined. Given its northerly distribution, 

it seems likely that this clade has recently expanded into its existing range, as 

evidenced by the significant negative Tajima’s D at the mitochondrial cytochrome b 

gene (Table 5.2). 

The concatenated dataset suggests that the nuclear background of this Northern 

Rocky mountain clade extends westward into Western Washington and the Willamette 

Valley of Oregon. Interesting, both of these populations of T. elegans are unique 

ecomorphs with distinct ecology (St. John 2002). T. elegans from western Washington 

is at times considered a unique subspecies T. e. nigrescens, while at other times is 

considered merely a form of T. e. vagrans. The “nigrescens” form is actually quite 

similar phenotypically to the “Willamette Valley morph” of T. elegans, which has 

been considered part of the subspecies of T. e. elegans. The “Willamette Valley 

morph” is divergent from the typical form of T. e. elegans, and differs by the fact that 

it is blotched, frequently has a bluish coloration and a black venter (as is often the case 
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in T. e. vagrans, but not in T. e. elegans) and appears highly associated with riverine 

habitats, while T. e. elegans is more commonly associated with mountain meadows 

(Fitch, 1980; St. John, 2002). Many of these characters share more in common with 

the wandering garter snake (T. e. vagrans) rather than the mountain garter snake T. e. 

elegans, despite most individuals from this region sharing T. e. elegans mitochondrial 

haplotype. It seems likely that this population represents an introgressed mixture of the 

two subspecies. More sampling with more loci will undoubtedly shed light on the 

distinctiveness of these populations. 

We base most of our conclusions on the of monophyly of T. elegans on the 

species tree analysis of the nuclear gene sequences (Figure 5.4), because the clear 

evidence for introgression in the mitochondrial genome violates the assumption of no 

gene flow (Heled and Drummond, 2010). However, we also find evidence for nuclear 

gene transfer in the patterns of biogeographic discordance. If these results hold in 

future tests with more loci, it would suggest that gene flow between sympatric species 

may have played an important role in the evolution of the western garter snake 

radiation. Our current dataset and available methods are inadequate to deal with this 

complex pattern of gene flow and incomplete lineage sorting across multiple 

interacting species. Although the isolation-with-migration models provide a potential 

solution to this problem, these models require datasets with very large numbers of loci 

and/or simple demographic histories with only a few interacting populations (Hey, 

2010), conditions that are strongly violated in our current dataset. Future examination 
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of this clade both within and between clades promises to shed considerable light on 

the complex patterns of divergence. 

The patterns we observe suggest spatially and/or temporally dynamic 

interactions between species, as well as a recent and rapid adaptive radiation across 

the western United States. The frequent occurrence of mitochondrial introgression 

across species boundaries suggests that gene flow may play an important role in the 

diversification of this group. If this pattern holds across the genome, it could indicate 

that genetic leakage between species could potentially have evolutionary 

consequences. Indeed, such genetic exchange has been identified as an increasingly 

important evolutionary process (Arnold 2006). It is informative to examine the within-

species effects of gene flow in the T. elegans complex, particularly the subspecies of 

T. e. biscutatus. This subspecies was originally described by Cope (1883) as “the most 

distinct species of the garter snake genus”. Furthermore, many authors placed it as 

highly distinct subspecies of T. elegans (Fitch 1940, 1948, Fox 1951, Fitch 1980). Yet 

allozyme and morphological data (tooth counts) eventually resulted in this subspecies 

being demoted to intergrade status (Lawson and Dessauer, 1979; Rossman 1979). Our 

results demonstrate that T. e. biscutatus is clearly an intergrade with T. e. vagrans 

mitochondria but sharing a very similar nuclear background with many T. e. elegans 

(although with our limited number of loci, this is by no means a unique condition in 

the T. e. vagrans clade, cf. Figure 5.5 and Lawson and Dessauer 1979). Even so, Fitch 

(1980) argued forcefully that the T. e. biscutatus represents a unique subspecies based 

on its highly distinctive ecology and morphology. A cohesive phenotypic suite of traits 
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is apparent across the range of T. e. biscutatus, spanning nearly 200 km (Figure 5.1), 

suggesting that this subspecies is in fact a hybrid swarm between two subspecies, T. e. 

vagrans and T. e. elegans. Similar interactions could easily have existed at 

intermediate stages in the speciation of T. elegans and the aquatic clade of garter 

snakes, and potentially led to lineages that were a mixture of the parental forms. No 

doubt, such a process would lead to complicated patterns of divergence, and may very 

well explain the patterns of mito-nuclear discordance, and biogeographic discordance, 

we observe in our analysis. Future studies using phylogenomic markers would greatly 

elucidate these finer scale questions. 

CONCLUSIONS 

We find complex patterns of divergence and mito-nuclear discordance between 

T. elegans and related species in the aquatic group garter snakes (T. atratus, T. 

couchii, T. ordinoides and T. hammondii) as well as the terrestrial group species (T. 

radix, T. butleri and T. brachystoma). Nuclear loci, when viewed as a whole using 

species tree analysis, support the monophyly of T. elegans, suggesting that the cause 

of mito-nuclear discordance is mitochondrial introgression. Biogeographic patterns 

demonstrate significant geographic structure in T. elegans that does not match current 

subspecific designations, and warrants further investigation. Furthermore, we find 

evidence for potential introgression at nuclear loci as well across terrestrial and 

aquatic species with T. elegans, as evidenced by significant biogeographic patterns of 

discordance in nuclear gene trees. Should these patterns hold under examination of 

more loci, our results suggest that gene flow and complex patterns of divergence and 
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interactions with sympatric species across a wide geographic range may play an 

important role in the diversification of the western garter snake complex.  
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Table 5.1. List of primer sequences and references used in this study.  

Primer Sequence Reference 
Cytochrome b

 L14910 5’-GACCTGTGATMTGAAAAACCAYCGTTG-3’ de Queiroz et al., 2002 
 H16064 5’-CTTTGGTTTACAAGAACAATGCTTTA-3’ Burbrink et al., 2000 
 L15324 5’-CCATGAGGACAAATATCATTC-3’ de Queiroz et al., 2002 
 L15584 5’-TCCCATTYCACCCATACCA-3’ de Queiroz et al., 2002 
Cytb3h 5’-GAATGATAYTTCCTATTCGC-3’ Palumbi et al., 1991 

Myosin Heavy Chain intron 2 
 MYH2F 5’-GAACACCAGCCTCATCAACC-3’ Lyons et al., 1997 
  MYH2R 5’- TGGTGTCCTGCTCCTTCTTC-3’ Lyons et al., 1997 

Vimenton Intron 5
 VIM5F_2 5’- CAACCAGCCAAGCCAGTC-3’ Wood et al., 2011 
 VIM6R_2 5’- GGCGAGCCATTTCTTCTT-3’ Wood et al., 2011 

TATA box intron 3
  TBP-5-6-F 5’-TGTGATGTMAAATTCCCTATCMGACTTGA-3’ Wood et al., 2011 
  TBP-5-6-R 5’-ACAATTCTTGGTTTGATCATTCTGTA-3’ Wood et al., 2011 

R35
  R35F 5’-GACTGTGGAYGAYCTGATCAGTGTGG-3’ Leache, 2009 
  R35R 5’-GTAGTGATCCAAGTGACAGTA-3’ Leache, 2009 
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Table 5.2. Summary of sampling and genetic diversity within major 
clades in the Thamnophis elegans complex. Number of individuals 
(N), number of haplotypes (NH), number of polymorphic sites (P), 
nucleotide diversity with Jukes-Cantor distance correction (JC), and 
average number of nucleotide differences (k). Only individuals 
sequenced at all 1117 bp of the cytb locus are included. 

Clade N NH P (JC)  SD() k 

1 33  22  42 0.0060 0.0009 6.686 

2 45  28  51 0.0076 0.0009 8.454 

3 122  50  58 0.0031 0.0002 3.526 

4 25  13  46 0.0041 0.0019 4.513 

5 62  44  96 0.0108 0.0006 11.901 

Total 287 157 232 0.0264 0.0007 28.792 
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Table 5.3. Molecular population-genetic tests of range expansion within 
major clades in the Thamnophis elegans complex using the mtDNA gene 
cytochrome b. Sum of squared deviations (SSD) of observed mismatch 
distribution from the prediction under a population expansion model and its 
associated p-value (P(sim>obs)), Tajima’s D statistic based on the difference 
between () and (S) and the associated p-value (P(rand<obs)), and the 
exponential growth parameter (g) from the coalescent and the associated . 
standard deviation (SD(g)). See text for details on how significance for each 
statistic was obtained. Significant P-values in bold face. 

Clade SSD P(sim>obs) Tajima's D P(rand<obs) g SD(g) 

1 0.0140 0.490 -1.269 0.103 413.03 108.06 

2 0.0297 0.192 -0.977 0.174 449.14 101.90 

3 0.0030 0.292 -2.182 0.004 2212.23 88.17 

4 0.0006 0.996 -1.814 0.024 -4.31 45.21 

5 0.0055 0.632 -1.345 0.086 437.70 54.92 
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Table 5.4. Summary of genetic diversity and sampling for each of the 4 nuclear loci 
examined in this study.  Number of gene copies (N), number of haplotypes (NH), 
number of polymorphic sites (P), nucleotide diversity with Jukes-Cantor distance 
correction (JC), and average number of nucleotide differences (k). Only individuals 
sequenced at all 1117 bp of the cytb locus are included. 

Gene Group Length 
(bp) 

N NH P (JC) SD() k 

MYH 

R35 

VIM 

TBP 

T. elegans (all ssp) 
T. e. elegans 
T. e. vagrans
T. e. terrestris 
Aquatic group 
Terrestrial group 

T. elegans (all ssp) 
T. e. elegans 
T. e. vagrans
T. e. terrestris 
Aquatic group 

 Terrestrial group 

T. elegans (all ssp) 
T. e. elegans 
T. e. vagrans 
T. e. terrestris 
Aquatic group 

 Terrestrial group 

T. elegans (all ssp) 
T. e. elegans 
T. e. vagrans
T. e. terrestris 
Aquatic group 
Terrestrial group 

552 

559 

351 

635 

208
69

 115 
24
38
16

200 
64 
110 
26 
33
16 

190 
66
98

 26 
32
14 

142 
24 
104 
14 
28
12

 138
 53

77 
20

 30
 10

23 
7 
13 
7 
12
6 

22 
13

 17
7 
14
7 

40 
9 
32 
7 
13

 12

 34 
34 
26 
24 
23 
102 

15 
6 
8 
4 
10 
5 

22 
11 
17 
6 
4 
9 

45 
15 
42 
17 
19 
15 

0.0153 
0.0135 
0.0145 
0.0145 
0.0087 
0.0202 

0.000633 
0.000750 
0.000522 
0.000855 
0.00415 
0.00345 

0.00370 
0.00292 
0.00366 
0.00450 
0.00257 
0.00775 

0.00472 
0.00375 
0.00451 
0.00650 
0.00422 
0.00611 

0.008 
0.007 
0.008 
0.008 
0.005 
0.011 

0.0007 
0.0008 
0.0006 
0.00087 
0.0026 
0.0025 

0.0026 
0.0022 
0.0026 
0.0031 
0.0021 
0.0049 

0.0028 
0.0024 
0.0027 
0.00390 
0.0026 
0.0039 

6.326 
5.501 
6.026 
5.963 
3.886 
8.861 

0.345 
0.396 
0.284 
0.450 
2.274
1.447 

1.272 
1.006 
1.257 
1.545 
0.793
2.666 

2.917 
2.245 
2.788 
3.872 
2.661 
2.866 
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Table 5.5. Genealogical sorting index for clades of garter snake species and 
Thamnophis elegans for combined mitochondrial (mtDNA) and nuclear datasets 
(nuDNA), as well as nuclear datasets alone. The range of the number of gene copies 
for each gene tree is given as N. 

Combined 
Species N (range) nuDNA nuDNA + 

mtDNA 

T. elegans 140-208 0.530*** 0.548*** 

T. atratus 6-12 0.570*** 0.495*** 

T. couchii 5-8 0.256* 0.253* 

T. hammondii 4 0.329* 0.464*** 

T. ordinoides 12-14 0.161NS 0.175* 

T. radix 4-6 0.193* 0.304*** 

T. butleri 2-4 0.315NS 0.452*** 

T. brachystoma 4-6 0.446* 0.557*** 

T. sirtalis 8-10 0.517*** 0.614*** 

T. cyrtopsis 5-7 0.549*** 0.639*** 

T. marcianus 8 0.593*** 0.675*** 

NS Not Significant, * P < 0.05, *** P <0.001 
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Table 5.6. Genealogical sorting index for two partitioning schemes within T. elegans. 
The first divides individuals into the three major subspecies, T. e. elegans, T. e. 
terrestris and T. e. vagrans. The second partitioning scheme divides individuals into 
six ecoregions. The range of the number of gene copies for each gene tree is given as 
N. 

Partition scheme N (range) nuDNA Combined nuDNA 
+ mtDNA 

Major subspecies 
T. e. elegans 

T. e. terrestris 
36-64
12-30

 0.222*

 0.170NS
 0.284*** 

 0.254*** 

T. e. vagrans 82-98 0.209* 0.288*** 

Ecoregion 
Sierras 28-56 0.198* 0.260*** 

Coastal 12-38 0.170 NS 0.254*** 

Northern Rockies 41-50 0.266*** 0.306*** 

Great Basin 18-28 0.217* 0.250*** 

Colorado Plateau 18-44 0.262*** 0.362*** 

Pacific Northwest 8-18 0.182* 0.179* 

NS Not Significant, * P < 0.05, *** P <0.001 
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Figure 5.1. Range-wide distribution of Thamnophis elegans in western North America (after Fitch (1983) and Rossman et al. 
(1996)). Sample localities are indicated by dots. Color of the range corresponds to one of the three major subspecies of T. 
elegans (left). Location of the minor subspecies are roughly indicated on the map. 
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Figure 5.2. Bayesian cytochrome b phylogeny and geographic distribution of the 5 major clades of T. elegans complex. T. 
elegans are indicated by circles, aquatic group species are indicated by triangles, and terrestrial group species are indicated by 
squares. Other outgroup species are left off the map for visual clarity. Clade labels are given to facilitate discussion in the text.  
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Figure 5.3. Maximum clade credibility trees for nuclear loci obtained from MrBayes. T. elegans is depicted as circles, aquatic 
group snakes are indicated by triangles, and terrestrial group snakes are indicated by squares. Other outgroup species are not 
depicted on the maps. Branch labels indicate posterior probabilities/bootstrap support. Not all values are shown to aid 
visualization. Gene trees and geographic extent of major clades are shown for A) MYH2 nuclear intron (Roman numerals are 
referred to in the results section of the text) B) R35 coding fragment C) TBP nuclear intron 6 D) VIM intron. 
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Figure 5.4. Species tree analysis using *BEAST (Heled and Drummond, 2010) based 
on nuclear loci only and combined nuclear and cytochrome b. Branch labels indicate 
posterior support for a particular node. Depth of the tree is indicated in millions of 
years. Node bars indicate the 95% HPD for the divergence date of that clade. Nuclear 
loci strongly indicate that T. elegans is monophyletic, despite conflicting signal in the 
mitochondrial gene tree. 
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Figure 5.5. Concatenated gene trees for the T. elegans complex, determined using 
RaxML for all individuals with greater than 40% sequence coverage for both 
combined nuclear and mitochondrial datasets and nuclear datasets only. Heterozygotes 
at nuclear loci were coded as ambiguities. Colored clades indicate clades containing T. 
elegans. Map depicts geographic locations of major clades in the two trees. Larger 
circles indicate the location of the nuclear loci only. Smaller circles indicate the 
combined genotypic clade (those lacking the larger circle are represented by the 
mitochondrial cytochrome b gene only). Circles indicate T. elegans, triangles indicate 
the aquatic group species, and squares indicate the terrestrial group species. Circles for 
T. elegans are left off of the phylogeny for visual clarity. 
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CHAPTER 6 – Conclusion 

In this dissertation, I have examined four different aspects of the connection 

between micro and macroevolution. These aspects include 1) using quantitative 

genetic models to bridge between sexual selection and speciation 2) using stochastic 

models fit to divergence data across all scales of time 3) analyzing paradoxical 

macroevolutionary patterns of body temperature in mammals in a microevolutionary 

context, and 4) using phylogeographic methods to bridge between intraspecific and 

interspecific patterns of divergence in a widespread complex of garter snakes. In each 

of these chapters, I demonstrate the utility and limitations of current methods in 

providing a connection between microevolutionary data and macroevolutionary 

patterns.  

First, in chapter 1, I demonstrate that a general method for uniting quantitative 

genetic models of sexual selection with models of sexual isolation. This method 

enables predictions about speciation using quantitative genetic theory. I show that 

when combined with genetic drift, quantitative genetic models of sexual selection can 

predict large amounts of divergence and elaboration of male trait ornamentation, even 

when preferences are costly. Furthermore, the chapter demonstrates a general method 

for connecting models of sexual selection with models of reproductive isolation. 

Future research should compare the extent to which alternative models of sexual 

selection can contribute to speciation. In addition, I show that data on reproductive 

isolation between populations can be connected to the analysis of phenotypic 
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evolution by sexual selection. A recent study by Hohenlohe and Arnold (2010) 

demonstrates the utility of using reproductive isolation data for determining the 

effective number of so-called latent traits, affecting sexual isolation. This study 

suggests that it should be possible to directly connect geographic variation in sexual 

preference and ornamentation to the macroevolutionary process of speciation. 

Chapter 2 also highlights the importance of using model parameters that are 

estimable quantities in nature, thereby grounding models in empirical reality. This is 

important, as it becomes easy to be misled by models and explore unrealistic regions 

of parameter space if the model’s parameters are abstracted from empirical data. 

Finally, I demonstrate the importance of considering stochastic versions of 

deterministic models, as the outcomes can differ dramatically. While often considered 

a much weaker force than natural selection, genetic drift can still have significant 

macroevolutionary consequences when coupled with stronger forces such as sexual 

selection, and potentially drive speciation in the span of a few thousand generations.  

The use of such stochastic models is essential in evolutionary biology, as 

evolutionary outcomes are probabilistic. Despite the ubiquity of such stochastic 

variation, in chapter 3 I visualize for the first time a remarkably continuous and 

cohesive pattern that unifies observations of evolution from micro to 

macroevolutionary timescales: the so-called “evolutionary blunderbuss”. Across 

animal taxa, there seems to be a strikingly consistent pattern of bounded divergence, 

or stasis that lasts for a million years. Only after a million years of such stasis does 
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divergence begin to accumulate among lineages. This pattern clearly quantifies the 

problem of stasis, and demonstrates the power of analyzing data from different scales 

and sources under a single analytical framework.  

While the pattern is unified, models suggest that the blunderbuss pattern results 

from a hierarchical evolutionary process. We find that most microevolutionary 

divergence, while substantial, is time-independent. That is, the amount of divergence 

expected between populations is the same regardless if the time separating them is 10 

generations or 100,000 years. We find that the magnitude of “bursts” that happen on 

the million year timescale is scarcely larger than the amount of divergence that 

regularly happens in individual populations on microevolutionary timescales. This 

quantification of the scale of evolutionary stasis reframes debate away from one of 

gradualism vs. punctuated equilibrium. The question is not “what causes 

punctuations?”, but instead “what keeps divergence from accumulating below a 

million years?” A number of possibilities exist, but we highlight two mutually 

reinforcing models: 1) Simpson’s adaptive zones (Simpson 1944, 1953) and 2) 

Futuyma’s ephemeral divergence model (Futuyma 1987, 2010). Both of these verbal 

models show promise in explaining the hierarchical nature of evolutionary stasis, and 

are fertile grounds for mathematical model development and model-fitting to diverse 

sources of data. 

The range of taxa and timescales in chapter 3 is the broadest compilation of 

data ever used to examine evolutionary patterns in a unified framework; yet it 
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examines only morphological traits, as these are the traits that can easily be compared 

across timescales. Nonetheless, arguably more important for many aspects of survival 

are physiological traits. These traits too, often demonstrate paradoxical stasis. In 

chapter 4, I explore patterns of stasis in mammalian body temperature, and 

demonstrate that the trait does evolve considerably and responds on 

macroevolutionary timescales to the environment. Furthermore, it has a significant 

effect on the enigmatic existence of the scrotum, validating the hypothesis that the 

scrotum exists to cool the temperature of the testes. Furthermore, I find evidence that 

body temperature acts as a constraint on retention of internal testes over 

macroevolutionary timescales. I also demonstrate that limited amounts of genetic 

variation for this trait could explain macroevolutionary stasis. This study highlights 

the potential behind applying a combined quantitative genetic and comparative 

framework to physiological traits. The importance of developing these methods, and 

understanding the reasons behind failures of populations to adapt, is particularly dire 

considering climate change and anthropogenic disturbances. These challenges 

underscore the pressing need to understand traits affected by climate and 

environmental temperature.  

It is important to not only consider the temporal aspect of scaling between 

microevolution and macroevolution, but also the scaling between populations and 

species. From chapter 3, we found strong signature of a hierarchical evolutionary 

process and evaluated two existing frameworks for interpreting these results: 
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Simpson’s adaptive zones and Futuyma’s ephemeral divergence model. While 

conceptually appealing, application of Simpson’s model is hindered by a lack of a 

clear understanding of what limits the boundaries of adaptive zones, and why adaptive 

zones themselves should evolve so slowly. By contrast, Futuyma’s model provides an 

intrinsic force for understanding why evolution should operate in bursts in population, 

but slow down over longer timescales (Futuyma 1987, 2010). In fact, the million-year 

timescale of evolution, both in terms of speciation and phenotypic evolution, emerges 

simply out of the dynamics of evolution being played out over a broad geographic 

range (Chapter 3). 

Previous studies of diversification in Garter snakes have indicated a strong 

signature of stasis, and limited diversification, given quantitative genetic parameters 

(Hohenlohe and Arnold 2008). In chapter 5, I demonstrate that this radiation has a 

complex history of introgression and interactions with closely related species. Despite 

maintaining distinctiveness over broad areas of sympatry, I show that two sister 

clades, the T. elegans complex and the aquatic group (T. couchii-atratus-ordinoides 

complex) show evidence of introgression that has left a signature in geographic 

patterns of genetic variation. Species-tree analysis of these groups suggests that 

primary divergence occurred between these two clades around 3 million years ago. 

While certainly introgression may affect only a few loci, its existence at all indicates 

potential for genetic interactions between species despite millions of years of 

divergence and broad sympatry. Furthermore, introgressive events may be localized in 
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space and time, and can wax and wane with evolving sexual preferences (Chapter 2). 

These same interspecies interactions can also be found within the major lineages of the 

polytypic T. elegans complex. Given that geographic variation and gene flow are 

ubiquitous in this system, it is important to ask how these affect our understanding of 

the evolutionary processes involved in diversification and divergence. 

Gene flow and hybridization have been placed at varying levels of importance 

to the evolutionary process, from the extreme of primary importance to evolutionary 

innovation (Margulis 2011) to evolutionary noise (Wagner 1970). While these extreme 

views are certainly not the norm, the study of hybridization and gene flow has 

captivated biologists because of its capability of producing either of two opposing 

effects: 1) speeding up divergence by increasing genetic variation and evolvability and 

2) slowing divergence, through homogenization of distinct lineages and genetic 

swamping (Alleaume-Benharira et al. 2006). Which of these effects prevails at 

macroevolutionary scales is an important theoretical and empirical question. 

Theoretical work on the effect of migration on genetic variance suggests that indeed, 

high-levels of migration between populations can increase genetic variation and 

therefore increase the multivariate trait evolvability of hybrid populations (Guillaume 

and Whitlock 2007). However, the added genetic variance is biased along the axis of 

divergence between species (the line of divergence) and consequently enhances 

evolvability most along the axis separating parental species. Since this axis is already 

likely to be populated by the radiation of parental populations, gene flow can enhance 



 
 

 

 

 

 

 

177 

short-term evolvability, but may not enhance divergence into new areas of the 

phenotypic landscape (Guillaume and Whitlock 2007, Guillaume 2011). 

Consequently, there is a tendency for the direction of maximal genetic variance, and 

the direction of weakest  stabilizing selection, to align as the result of the combined 

effects of selection, mutation and drift affecting the orientation of genetic variation 

and lineage diversification (Arnold et al. 2010). The genetic correlations that result 

can limit diversification across the landscape substantially, despite rapid evolution 

along occupied regions of phenotypic space (Duputie et al. 2012). It therefore should 

not be surprising that within populations, we will often observe rapid evolution of 

traits, but little overall increase in the overall phenotypic space occupied by a species. 

This fits well with our observations of phenotypic evolution in chapter 3, in which 

populations evolve rapidly within bounds, but the overall rate of phenotypic evolution 

at the species-level is slow and on the million-year timescale. Indeed, it appears that 

this geographic mosaic of interacting populations adapting to spatially varying 

selection could play a central role in setting the constancy of the million-year 

timescale for phenotypic divergence, and reproductive isolation (Chapters 2, 3 and 5).  

This dissertation only scratches the surface of connecting micro and 

macroevolution. Theoretical work on the scaling between population-level to species-

level to make macroevolutionary predictions is a neglected area of research. Future 

theoretical and empirical studies should utilize diverse data sources, as done in this 

dissertation, to combine our knowledge of the evolutionary process observed at 
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different scales. A multi-faceted approach is required that bridges across evolutionary 

scales, including: 1) Understanding how the genetic architecture of organisms 

contributes to genetic constraints, especially in a multivariate context 2) 

Understanding the dynamics of the adaptive landscape over space and time 3) 

Development of the emerging field of “evo-demo”, which combines genetic and 

demographic models of evolution across heterogenous landscapes and 4) Development 

of hierarchical models for use in phylogenetic comparative methods that can combine 

microevolutionary, fossil and comparative data. Combining data from different 

sources presents a whole host of additional challenges, and statistical modeling must 

keep abreast of these challenges. Many of these approaches are well on their way to 

being developed, and promise to continue to build on the legacy of the Modern 

Synthesis. 
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APPENDIX A –Supplementary material for Chapter 2 

Probability density function for ߨ 

Let zA be the mean male trait value from population A and zB be the mean 

male trait value from population B. Approximating evolutionary divergence from an 

ancestor as a Gaussian diffusion process, the male trait means at generation t  are 

normally distributed with mean of zero and a time-dependent variance equal to the 

first element in the dispersion matrix, eq. (2.3), 

H (1 r 2 )t
Dz (t)= g 

2
.

Ne ( 1 B / G) 

Consequently, Z  zA  zB is normally distributed with a mean of zero and a variance 

approximately equal to 2Dz(t). If we assume that the difference between male and 

female trait values within a population are negligible compared to between 

populations (dAA=dBB=0), then equation (2.4) becomes, 

 AA  cAA 

  cBB BB 

 BA  cBA exp(Z 2 /(2 2 )) 

 AB  cAB exp(Z 2 /(2 2 )) , 
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Thus, we can derive a formula for the cumulative distribution function of  AB  (and 

consequently of  BA as well) by solving for the cumulative distribution function, 

F (x)  P[exp(Z 2 /(22 ))  x]  P[Z  
AB 

])ln(2 2 x . 

Substituting the cumulative distribution function for Z yields, 

F (x)  1 FZ [AB 
])ln(2 2 x . 

where FZ is the cumulative distribution function of the random variable Z. Taking the 

derivative of both sides with respect to x and substituting in the probability density 

function (PDF) of Z yields the PDF for  AB at generation t, 

2 2 2Dz (t ) x
f (x)  , for 0  x  1 , and 0 elsewhere.

AB 

x  2Dz (t)
2 ln(x) 

The expected value of  AB at generation t can be determined by integrating x f AB 
(x) 

over x, 

1 2 2 2D (t )z x
E[ ]  AB 

0  2Dz (t)
2 ln(x) 

dx . 

Note that this probability of inter-population mating depends on two variances, Dz(t) 

and  2 . The first variance represents the dispersion among replicate populations in 
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2 2 2 2mean male trait value at generation t. The second variance is      , a 

constant (Arnold et al. 1996).  Assuming that  AB =  BA and  AA =  BB =1, then the 

expected value of JI at generation t is E(JI(t)) = 2(1-E( AB (t))). 

Testing Lande’s Diffusion Approximation and the Probability Density Function 

In addition to implementing the simulation model, we used Lande’s diffusion 

approximation (Lande 1981, eq. (2.3)) in a simplified simulation to verify its accuracy. 

This verification is important because we need to know whether ignoring deviations 

from the line of equilibria (as in eq.(2.3)) underestimates divergence in trait means. 

We used the same 324 parameter combinations as in the full simulations. For each of 

500,000 replicate population pairs at each generation t, we drew values of z and y 

from a bivariate normal distribution with  means of zero and variance-covariance 

matrix described by Lande’s dispersion matrix (eq. (2.3)). Once z  and y  were 

determined for each population at 1,000 and 10,000 generations, we proceeded as in 

the full simulation model and calculated JI for each replicate pair.  We then compared 

the mean and variance of JI and the proportion of pairs with JI > 1.6 to the results of 

the full simulation to determine the accuracy of the diffusion approximation. 

Additionally, for all 324 parameter combinations we performed numerical integration 

in R (R Core Development Team 2007) using the probability density function of  AB , 

eq. (2.6), to determine the expected value of  , E[ , t] , at generation t. From this AB AB 

value we approximated JI as 2(1 E[ AB , t]) . In addition, we used numerical 
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integration to calculate the probability of obtaining a value of  AB < 0.2, which 

corresponds to the probability of obtaining a value of JI > 1.6. 

Results for Diffusion Approximation and Probability Density Function 

We compared the simulation results (Table 2.1) to results using two other 

approaches (Tables A1 and A2, Appendix A). First, we sampled pairs of populations 

from Lande’s (1981) diffusion approximation (DA) described by equation (2.3) and 

calculated JI for each pair. Mean JI and proportion of pairs with JI > 1.6 for each 

parameter combination in table 2.1 was estimated from 500,000 such replicate 

samples.  Second, we applied a few additional assumptions to create a probability 

density function (PDF) for JI and used this function to calculate directly the mean JI 

and proportion of population pairs with JI > 1.6. 

All three methods yielded very similar results in both measures of sexual 

isolation. The largest discrepancies between mean JI values, observed for the 

parameter values that we examined, occurred between the simulation results on the 

one hand and the DA and PDF results on the other. The key parameter affecting 

deviations between methods was the leading eigenvalue () of the matrix describing 

evolutionary movement (eq. (11b) in Lande 1981).  This rate parameter determines 

how rapidly populations evolve towards the line of equilibrium.  Both the DA and the 

PDF are based on the dispersion matrix, eq. (2.3), which assumes that -1 <  < 0 and t 

>> -1/ (Lande 1981). As  approaches 0, selection is weak and drift away from the 

line of equilibrium causes the stochastic simulations to predict less reproductive 
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isolation than the DA and PDF models, in which all evolution occurs along a single 

axis (the line of equilibrium).  This discrepancy erodes, however, as t increases, and 

the difference was only substantial in our results for the few parameter sets in which  

≈ 0 and in which JI was substantial after only 1,000 generations (Figure A1, tables A1 

and A2). The PDF method performs as well as the DA on small to intermediate time 

scales, but consistently underpredicts JI, especially at longer timescales. This 

difference might be expected given that the simplifying assumption that within 

population trait means were equal was used to derive the PDF results. Nevertheless, 

the disparity is relatively minor and qualitative predictions from all three models are 

identical. While the simulation method carries the fewest assumptions, both the DA 

and the PDF simplify computations by orders of magnitude at a small cost in accuracy.  
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Figure A1. Difference in mean JI between the diffusion approximation (DA) and the 
full simulation model for all 324 parameter combinations. The key parameter 
determining the difference between the DA and simulation methods is the leading 
eigenvalue (λ) of the matrix describing evolutionary movement, scaled by the 
expected value of JI. As the value of λ approaches 0, the strength of selection back 
towards the line of equilibrium weakens, resulting in more drift off the line of 
equilibrium and more discordance between the full simulation model and the DA 
(which assumes evolutionary motion only along the line of equilibrium). Thus, when 
the mean JI is predicted to be high and λ is small, the discrepancy between the two 
methods increases. However, this effect erodes with time and reaches substantial 
levels for relatively few parameter combinations. 
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Table A1. The percentage of replicate population pairs evolving substantial isolation by drift as a function of 
population size, inheritance, and selection simulated using the diffusion approximation. 

After 1,000 generations After 10,000 generations 

G=H=0.2 G=H=0.6  G=H=0.2 G=H=0.6 

Ne Ne Ne Ne 

γ ω2 ν2 α 5000 1000 500 5000 1000 500 5000 1000 500 5000 1000 500 

0.6 25 20 0.8 0 0 0 0 0 0 0 0 0 0 0 0 
0.6 50 20 0.4 0 0 0 0 0 0 0 0.01 0.61 0 2.35 9.59 
0.6 25 10 0.4 0 0 0 0 0 0.02 0 0.41 3.91 0.02 8.48 16.9 
0.6 100 20 0.2 0 0 0 0 0 0.01 0 0.33 3.65 0.01 8.66 22.1 
0.6 50 10 0.2 0 0 0 0 0.01 0.51 0 2.91 12 0.49 20.3 35.5 
0.6 25 5 0.2 0 0 0.02 0 0.25 3.19 0.02 9.46 23 3.15 32.2 45.1 
0.6 100 10 0.1 0 0 0 0 0.07 1.61 0 6.22 18.7 1.58 27.9 44.1 
0.6 50 5 0.1 0 0 0.15 0 0.92 6.55 0.14 15.3 31.1 6.59 40.6 55.1 
0.6 100 5 0.05 0 0 0.34 0 1.71 9.25 0.35 19.1 35.5 9.14 44.9 59.2 
0.7 25 20 0.8 0 0 0 0 0 0 0 0 0 0 0 0 
0.7 50 20 0.4 0 0 0 0 0 0 0 0.02 0.71 0 2.63 10.1 
0.7 25 10 0.4 0 0 0 0 0 0.03 0 0.48 4.28 0.03 9.06 17.3 
0.7 100 20 0.2 0 0 0 0 0 0.04 0 0.6 5.09 0.04 10.9 25.1 
0.7 50 10 0.2 0 0 0 0 0.02 0.9 0 4.17 14.7 0.89 23.2 38.4 
0.7 25 5 0.2 0 0 0.05 0 0.47 4.47 0.06 11.8 26.1 4.48 35.1 46.5 
0.7 100 10 0.1 0 0 0.02 0 0.23 3.09 0.02 9.42 23.5 3.13 33.2 48.8 
0.7 50 5 0.1 0 0.01 0.42 0 2.02 9.83 0.42 20.1 36.2 9.98 45.4 59.1 
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0.7 100 5 0.05 0 0.03 1.1 0 3.78 14.1 1.1 25.5 41.9 14.3 51 64 
0.9 25 20 0.8 0 0 0 0 0 0 0 0 0 0 0 0 
0.9 50 20 0.4 0 0 0 0 0 0 0 0 0.16 0 0.97 6.13 
0.9 25 10 0.4 0 0 0 0 0 0 0 0.11 1.88 0 5.21 14.1 
0.9 100 20 0.2 0 0 0 0 0 0.05 0 0.71 5.57 0.05 11.5 25.9 
0.9 50 10 0.2 0 0 0 0 0.03 0.99 0 4.5 15.3 0.99 23.9 38.9 
0.9 25 5 0.2 0 0 0.07 0 0.54 4.76 0.07 12.4 26.9 4.82 35.9 46.9 
0.9 100 10 0.1 0 0 0.23 0 1.24 7.71 0.23 17 33 7.66 42.4 56.6 
0.9 50 5 0.1 0 0.1 1.97 0 5.54 17.6 1.95 29.4 45.4 17.6 53.7 65.2 
0.9 100 5 0.05 0 1.16 7.43 0.12 14.5 30.2 7.38 42.4 56.9 30.3 64.2 73.9 

Note: The proportion of replicate pairs of populations with substantial isolation (JI > 1.6) shown in each cell represent the summary of 500, 
000 pairs of replicate populations after 1,000 or 10,000 generations of evolution  
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Table A2. The percentage of replicate population pairs evolving substantial isolation by drift as a function of 
population size, inheritance, and selection estimated using the probability density function. 

After 1,000 generations After 10,000 generations 

G=H=0.2 G=H=0.6 G=H=0.2 G=H=0.6 

Ne Ne

 N

e Ne 

γ ω2 ν2 α 5000 1000 500 5000 1000 500 5000 1000 500 5000 1000 500 

0.6 25 20 0.8 0 0 0 0 0 0 0 0 0 0 0.03 1 
0.6 50 20 0.4 0 0 0 0 0 0 0 0 0.29 0 1.51 8.58 
0.6 25 10 0.4 0 0 0 0 0 0.01 0 0.19 2.8 0.01 7.28 20.5 
0.6 100 20 0.2 0 0 0 0 0 0 0 0.16 2.57 0 6.85 19.8 
0.6 50 10 0.2 0 0 0 0 0 0.26 0 1.98 9.94 0.26 17.8 34.1 
0.6 25 5 0.2 0 0 0.01 0 0.12 2.16 0.01 7.51 20.8 2.16 30.4 46.7 
0.6 100 10 0.1 0 0 0 0 0.04 1.22 0 5.21 17 1.22 26.2 42.8 
0.6 50 5 0.1 0 0 0.09 0 0.68 5.55 0.09 13.8 29.4 5.55 39.2 54.5 
0.6 100 5 0.05 0 0 0.28 0 1.48 8.48 0.28 18.2 34.5 8.48 44.1 58.6 
0.7 25 20 0.8 0 0 0 0 0 0 0 0 0 0 0.02 0.81 
0.7 50 20 0.4 0 0 0 0 0 0 0 0 0.35 0 1.73 9.22 
0.7 25 10 0.4 0 0 0 0 0 0.01 0 0.23 3.13 0.01 7.86 21.4 
0.7 100 20 0.2 0 0 0 0 0 0.01 0 0.32 3.72 0.01 8.9 22.9 
0.7 50 10 0.2 0 0 0 0 0.01 0.5 0 2.96 12.4 0.5 20.9 37.4 
0.7 25 5 0.2 0 0 0.02 0 0.24 3.19 0.02 9.66 24 3.19 33.7 49.8 
0.7 100 10 0.1 0 0 0.01 0 0.15 2.46 0.01 8.18 21.8 2.46 31.5 47.7 
0.7 50 5 0.1 0 0 0.3 0 1.52 8.61 0.3 18.4 34.7 8.61 44.3 58.7 
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0.7 100 5 0.05 0 0.02 0.93 0 3.37 13.3 0.93 24.5 41.1 13.3 50.2 63.4 
0.9 25 20 0.8 0 0 0 0 0 0 0 0 0 0 0 0.04 
0.9 50 20 0.4 0 0 0 0 0 0 0 0 0.06 0 0.53 4.88 
0.9 25 10 0.4 0 0 0 0 0 0 0 0.04 1.17 0 3.96 14.6 
0.9 100 20 0.2 0 0 0 0 0 0.02 0 0.38 4.06 0.02 9.45 23.7 
0.9 50 10 0.2 0 0 0 0 0.01 0.58 0 3.25 13 0.58 21.7 38.3 
0.9 25 5 0.2 0 0 0.03 0 0.29 3.5 0.03 10.2 24.8 3.5 34.6 50.5 
0.9 100 10 0.1 0 0 0.14 0 0.92 6.57 0.14 15.4 31.3 6.57 41 56 
0.9 50 5 0.1 0 0.06 1.49 0 4.68 16 1.49 27.6 44.1 16 53 65.7 
0.9 100 5 0.05 0 0.98 6.78 0.09 13.6 29.2 6.78 41.4 56.4 29.2 63.7 73.9 

Note: The proportion of replicate pairs of populations with substantial isolation (JI > 1.6) shown in each cell expected value of JI solved by 
numerical integration of the probability density function (eq. (2.6)). 
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APPENDIX B- Supplementary Material for Chapter 3 

Measures of divergence and time intervals 

We compiled datasets that measure evolutionary divergence in phenotypic 

traits from the following types of data: 1) contemporary field and historical studies 2) 

microgeographic divergence data where it can be inferred that there has been little to 

no gene flow between populations 3) fossil timeseries and 4) pairwise divergence 

between species on a phylogenetic tree. In each case, we standardized measures of 

divergence to compare data across traits, taxa and time. We log-transformed all trait 

measurements so that divergence between any two samples is a unitless measure of the 

proportional change in a phenotypic trait in factors of e. Divergence between the 

means of two samples a and b is then measured simply as,          

d = ( ln zb  ln za )/ k , 

where ln zi is the mean of sample i. We corrected for dimensionality by dividing the 

difference in mean of the log-scaled trait values by k, where k is the dimensionality of 

the data (e.g. k=3 for mass, k=2 for area and k=1 for linear measurements). 

Timeseries data are commonly in the form 

[(lnz1 ,t ),(lnz2 ,t ),...,(lnzn1 ,t ),(lnzn ,t )],1 2 n1 n 

where the subscripts denote samples from earliest (i=1) to the last (i=n), and ti is the 

time elapsed between the ith and (i+1)th sample. We measured autonomous 

divergence (1) as the difference between successive means in the series, 

d = ( ln zi1  ln zi ) / k , 
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The corresponding time interval is of length ti. Some information is lost if only 

autonomous divergence is plotted, as longer trends in time series will not be 

represented. Consequently, we also calculated non-autonomous divergence  (1) as the 

difference between sample means further apart in the series, so that 

d = ( ln zi j  ln zi ) / k , 

is associated with a time interval of length:  

i  j

 t l 
l  i , 

where 1<j<n. Non-autonomous divergence measures from the same series are not 

independent because they may be nested within one another or overlap, but they have 

the virtue of revealing trends in the mean over longer time intervals. Although this 

non-independence can affect the significance of our model fits, it is unlikely to 

introduce a systematic bias in our parameter estimates or the visual appearance of the 

pattern given the large number of studies used.  Consequently, whenever raw 

measurements were available, we included all pairwise comparisons between samples 

for a given time series, resulting in n (n-1)/2 measures of non-autonomous divergence 

for a time series with n samples. We then averaged divergence values by binning the 

timeseries into n – 1 equally spaced intervals spanning the entire length of the series, 

and averaging divergence values within each bin. Consequently, a maximum of n – 1 

averaged non-autonomous data points were plotted for each time series and used in 

subsequent model fitting. 
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For the tree-based data, divergence was measured as:  

d = ( ln zb  ln za ) / k , 

where ln z a  and ln zb are the log-transformed means for species a and b. Associated 

with d is the time interval, tab, calculated as the sum of the branch lengths from the 

most recent common ancestor to species a and b. We calculated d for all pair-wise 

comparisons of species on the tree to give a visual sense of the range of divergence 

values. Because of the non-independence of pair-wise measures, we also averaged d 

and tab over comparisons spanning each node on the tree to reduce the influence of 

outlier species.  In the case of contemporary longitudinal data (allochronic), we 

calculated d, where a and b represent two samples from a lineage separated by some 

known interval of time, tab. For contemporary cross-sectional data (synchronic), we 

measured d for two population samples and measured tab as twice the time since the 

most recent common ancestor of both population a and b. We include only data in 

which we can infer limited to no gene flow between populations. 

In a many cases only trait means on an arithmetic scale were available. In those 

cases we approximated the mean of measurements on the log scale by taking the 

natural logarithm of the mean on the arithmetic scale. This approximation is good for 

symmetric distributions such as the normal distribution when the coefficient of 

variation is small, as is expected for most body size traits on the log scale. 

Furthermore, even if the distribution of log-scaled measurements is non-symmetric 

and/or the standard deviation is large, the distribution of divergence values will still 
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closely approximate the true divergence value as long as the distributions of the traits 

in the two populations are similar. 

An alternative measure of divergence is calculated as h=d/σab (corresponding 

to the haldane numerator), where σab is the pooled within-population standard 

deviation of the log-transformed measurements from samples a and b, which can be 

approximated by the coefficient of variation. Gingerich (2) argued for standardization 

by σab to remove the dimensionality of the data even for traits with unknown 

allometric scaling (e.g. shape traits, behavioral and life-history traits), since σab is itself 

proportional to the dimensionality of the data whereas standardization by k assumes a 

constant proportionality. However, standardization by σab comes at the cost of 

standardization by an evolving and often poorly estimated quantity, and the exact 

dimensionality correction factor depends on the covariance structure of the lower-

dimensional measurements (2, 3). Furthermore, for most morphometric variables 

proportionality changes are expected to be minimal for within-genus comparisons. 

Since linear divergence in size-related traits used in fossil timeseries and 

contemporary data reflect primarily a change in body size, the entire dataset 

approximates the evolution of a single trait (linear body mass), and the drawbacks of 

standardization by k are minimal. For simplicity, we present only data measured by 

divergence in d (Figures 3.1 & 3.2) and present divergence in h for all traits in Fig B1. 
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Datasets 

We used the databases of Gingerich (3) and Hendry et al. (4), which included 

all of the data points used in Estes and Arnold (5), as well as additional studies (Table 

B1). We included the Gingerich (1) dataset, which measures standardized, 

autonomous divergence, ha, in units of change per generation over timescales spanning 

a single generation to ten million generations. Since we wanted to avoid biasing 

patterns by including traits only observed over one timescale and not the other, we 

restricted our analysis to only traits related to body size of known dimensionality. In 

some instances we were able to convert some time series in this dataset to full sets of 

autonomous and non-autonomous divergence by using published raw data. However, 

because some of the timeseries in the Gingerich dataset were only available in terms 

of h, we had to approximate σab to convert these values to d to obtain autonomous 

divergence values (for these datasets we did not estimate nonautonomous divergence). 

We estimated σab for log-scaled linear measurements related to body size across 

mammalian taxa to determine the range of biologically realistic values. We collected 

measurements of variation from both fossil time series and contemporary populations 

to determine whether there are systematic differences between the estimates of 

variation in the two types of data. To supplement the fossil data, we utilized an online 

paleontology database (www.paleodb.org) and searched for mammalian taxa for 

which measures of variation were available. Estimated within-population standard 

deviations did not differ between population samples of extant species (mean SD ± 1 

http:www.paleodb.org
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standard deviations = 0.059 ± 0.03 ; 446 populations, 63 species) and fossil 

populations (mean SD ± 1 standard deviations = 0.055 ± 0.03; 592 populations, 44 

species), indicating that potential bias introduced by the different population sampling 

methods is minimal. We used these estimates to convert between the two 

standardizations for time series and comparative data for which measured standard 

deviations were not obtainable using a median value of 0.055. While ideally 

measurements would be obtained from the actual populations for which the trait was 

measured, it has long been known that these values do not vary considerably for 

functional traits across mammalian taxa, even when evolutionary rates differ (6). 

Furthermore, the general pattern and identity of outlier taxa is consistent whether or 

not datasets are standardized by σab or k (Figures 3.1 and B1). 

We supplemented these data with comparative, tree-based data on body-size 

divergence in mammals, birds and squamates (Table B2). Measurements on body 

mass were taken from databases of body masses for extant birds and mammals to be 

matched to time-calibrated phylogenies (7, 8). Where multiple measurements were 

available for a single species, these were averaged to obtain a species-wide mean 

value. Divergence times for pairs of extant species were estimated as the sum the 

branch lengths separating taxa from their most recent common ancestor. For 

mammals, we used Bininda-Emonds et al.’s (9, 10) time-calibrated phylogeny to 

measure divergence time intervals. To obtain divergence between mammals in terms 

of generations rather than years, we obtained average generation times for 923 species 
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from the PanTHERIA database and converted branch lengths by the mean of the 

generation time for the two species being compared (11). We also used a comparative 

dataset of molar size in 52 species of extant primates to compare to microevolutionary 

and paleontological studies of the same traits (mesio-distal length and trigonid breadth 

of the first molar, 12). When data on both male and female trait values are available, 

we assumed equal proportions of males and females to obtain an estimate of the 

species mean. For birds, we obtained intervals from phylogenies from McPeek’s 

compilation of family and genus-level time-calibrated phylogenies (13) and a 

supertree of the order Charadriiformes (14). For higher-level comparisons, we used the 

family-level phylogeny of Sibley and Ahlquist (15) scaled to a root age of 90 million 

years. We then averaged body masses of all bird species within each family to use as 

the tip values and calculated the node-averaged divergence at each node in the 

phylogeny, which is equivalent to averaging all pairwise divergences for species 

means in monophyletic groupings. For squamate comparative data, we used Wiens et 

al.’s time-calibrated phylogeny and snout-to-vent length (SVL) measurements for a 

sample of 259 species (16). 

We present divergence on the generation timescale (Figure B2) in order to 

compare with divergence plotted on an absolute timescale (Figure 3.1). Although 

qualitatively the pattern is consistent regardless of whether generations or years are 

used, the pattern of divergence is more consistent across taxa when measured on the 

raw timescale (Figure 3.1), rather than generations (Figure B2). There is a systematic 
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bias for longer-lived organisms to diverge faster on the generation timescale than 

shorter-lived organisms (Figure B2). However, there is no such obvious relationship 

between generation time and divergence patterns on the raw timescale. These results 

suggest that divergence over longer intervals scales with years rather than generations. 

Stochastic Model fitting 

We fitted stochastic-process models to the combined datasets of node-averaged 

divergence values, the autonomous and averaged non-autonomous divergence values 

from fossil time-series data, and synchronic and allochronic microevolutionary 

divergence data. In addition, all models were fitted to subsets of the data including 1) 

microevolutionary and fossil data and 2) phylogenetic data only. Our intent is to 

quantitatively elucidate features of the overall pattern by 1) evaluating the types of 

models that can explain the pattern and 2) determining what parameter estimates are 

needed to explain the pattern. Accounting for the complex covariance structure of the 

data is beyond the scope of this paper and consequently we treated all data as 

independent. Violations of the assumption of independence are unlikely to 

systematically bias the conclusions we drew given the large and diverse nature of the 

dataset, although they will affect the magnitude of differences in AIC values for each 

model, and consequently these differences should be interpreted with caution. We 

further assume that all taxa have the same parameter values for each model. While this 

assumption is clearly unrealistic, this preliminary modeling exercise is primarily 

aimed at identifying key general patterns that future models should account for, and as 
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with Estes and Arnold (5), can be thought of as a screening procedure to synthesize 

data across a broad range of timescales and sources. The four models we tested are:  

1) Bounded evolution (BE) model – We fitted a bounded evolution model in which 

evolutionary changes are modeled as the differences between independent variables 

drawn from a normal distribution with zero mean and a constant variance, (ߪଶ ), 

corresponding to a Gaussian white-noise process. This model is a special case of the 

models that follow, and also corresponds to a special case of an Ornstein-Uhlenbeck 

process with an infinitely strong restraining force resulting in no serial autocorrelation 

between samples. Ornstein-Uhlenbeck processes are commonly used in comparative 

methods to model evolution toward an intermediate optimal state (17, 18). The 

probability distribution of divergence (x) contains only a single parameter, the 

variance of the stationary normal distribution (ߪଶ), 

ܲሺݔሻ ൌ 
1 ଶఙ

మ

మ௫ି
݁
ଶ
2ߪߨඥ 

2) Brownian motion (BM) model combined with white-noise – This model describes 

the evolution of mean phenotypes by a random-walk, but also has a time-independent 

component of variance, ߪଶ, as in the bounded evolution model. This time-independent 

variance could have contributions from multiple sources, including measurement 

error, phenotypic plasticity, genetic drift around a stationary optimum, or fluctuating 

selective pressures. The additional component of a random walk is modeled as 

Brownian motion with a step-wise infinitesimal variance parameter, ߪ
ଶ . The 
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variance among replicate lineages of the Brownian motion process increases linearly 

with time according to the equation 

௧ଶߪ ൌ 	 ߪ 
ଶ ݐ 

where t is elapsed time.  Under the influence of both constant white noise and random 

walk, the probability of a given level of divergence after elapsed time ݐ is a Gaussian 

probability density function with variance ߪ
ଶ ݐ   ଶ. The likelihood for this modelߪ

then follows as the product of independent normal distributions, which yields the log-

likelihood equation 
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3) Single-burst (SB) model with white-noise – This model describes the process of 

evolution as a step function in which the mean of a lineage closely tracks an optimum 

that is displaced once, and remains stationary thereafter.  Under this model, most 

evolution occurs under a regime of stasis. We included this model because a 

displaced-optimum model was the best of several models examined by Estes and 

Arnold (5). In their model, the optimum was displaced in the first generation, and 

remained stationary thereafter.  We relaxed the constraint that the displacement occurs 

in the first generation, and instead model the waiting time to displacement as an 

exponential distribution with parameter λ. Under this generalization of the model, 

displacements of the optimum are time-dependent. Longer intervals are more likely 
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experience a displacement of the optimum, and therefore the variance in the 

magnitude of divergence values increases with time, as we will now show. Let I be an 

indicator variable so that I =0 when no displacement has occurred, and I =1 when a 

displacement has occurred. Thus, for a single lineage the probability that a 

displacement has occurred in elapsed time ݐ is given by the cumulative probability 

distribution of an exponential distribution: 

ିఒ௧݁ ൌ 1 െ  ሻܫ ൌ 1ሺܲ 

Once the displacement occurs, the magnitude of the optimum’s displacement, D, is 

drawn from a normal distribution with mean 0 and variance ߪ
ଶ. Mean phenotypes are 

normally-distributed about the expected optimum with variance ߪଶ. Consequently, the 

distribution of divergence values can be obtained by conditioning on I: 

ሺൌݔ|| ܲሻݔሺܲ ܫ ൌ 1ሻ  ܲሺݔ ܫ ൌ 0ሻ 

ି௫మ ି௫మ
൯ିఒ௧݁ ൫1 െ మ

ଶఙ
൯ିఒ௧൫݁

	ሻವ
మାఙమଶሺఙ݁ൌሻݔሺܲ ݁

ଶ
2ߪߨඥሻଶ ଶߪ

2ߨሺߪට

The likelihood for this model is calculated as the product of the marginal densities, 

resulting in the log-likelihood equation: 
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4) Multiple-bursts model with white noise – This model relaxes the assumption of a 

single displacement of the single-burst model and allows displacements to occur 

according to a Poisson process with rate parameter λ. According to this model, 

evolution consists predominantly of stasis interspersed with burst-like evolutionary 

events. If these burst events are sufficiently frequent over the interval examined, this 

model resembles the Brownian-motion model. If bursts are infrequent enough that the 

expected number of displacements is less than 1, then this model resembles the single-

burst model. Under this model, the expected number of displacements, m, increases 

linearly with time and is equal to λt. The magnitudes of the displacements are drawn 

from N(0, ߪ
ଶ). As with the other models, we allowed for time-independent, bounded 

evolution that follows a normal distribution with variance, ߪଶ . Consequently, the 

probability distribution of divergence after m displacements is itself a normal 

distribution with mean 0 and variance, ߪଶ ݉ߪ
ଶ. The PDF can be obtained for this 

model by conditioning on the number of displacements, m, which follows a Poisson 

distribution: 
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The likelihood function is then: 
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Each model was fitted to the data by minimizing the negative log-likelihood function 

using the function nlm or nlminb in the R statistical computing environment (19). 

Because the number of data points provided by different studies varies widely and a 

single well-sampled study could substantially alter the overall model fit and parameter 

values, we bootstrapped over studies with 2000 replicates for the best-fitting model 

(the multiple-burst model) to obtain a distribution of parameter values (Figure B6). 

Results and interpretation of model fitting 

For all datasets, the best-fitting model was the multiple-burst model. Note that 

this model is very similar to a Brownian-motion model for most of the time period 

examined. For the parameters examined, both the Brownian-motion and multiple-burst 

models predict nearly identical normal distributions of divergence measures up until 

about a million years. Furthermore, the two processes have the same covariance 

structure (20). Consequently, the signal driving the improved support for the multiple-

burst model in both the fossil and the comparative data is the overdispersed 

distribution of divergence between one and 100 million years. However, a Brownian-

motion model could potentially produce such a distribution if modeled with a 

distribution of parameter values rather than a single parameter value. The single-burst 



 
 

 

 

 

 

 

 

 

 

 

 

 

218 

model performs better than the Brownian-motion model for the same reason. 

However, this fitted single-burst model bears little resemblance to the best-fitting 

displaced-optimum model of Estes and Arnold (5). The difference arises because in 

their model, displacement of the optimum was constrained to occur in the first 

generation; thereafter the optimum remains stationary. In contrast, our model fit 

estimates that the mean time to displacement is over 25 million years. In other words, 

the two models capture different phenomena in the data. The displaced-optimum 

model of Estes and Arnold (5) explains the central band of data that we model here as 

consequence of a white-noise process, and not the pattern of divergence observed on 

longer timescales that was fitted by our multiple-burst model (these longer timescales 

were not visible in the dataset examined by Estes and Arnold). In fact, when fit to only 

the data with intervals below 500,000 years, our displaced optimum model estimates 

the expected time to displacement as approximately 200 years and is the best fitting 

model among the four models we examined (Table B3). It is worth noting that Estes 

and Arnold (5) reject a white-noise process for their data because the level of 

stochasticity in the optimum needed to obtain a reasonable fit would likely drive a 

population to extinction. Consequently, we use the white-noise process as a 

phenomenological model for the more complex processes that rapidly result in a static 

bounded distribution of divergence over microevolutionary timescales (below a 

million years). The Ornstein-Uhlenbeck process is an obvious modeling alternative 

that does not require high levels of stochasticity in the optimum (17, 18). 
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Measurement error 

We obtained reasonable estimates of the expected variance resulting from 

measurement error by using the median value for within population standard 

deviations for linear body size traits and the sample sizes taken from the data. Sample 

sizes, however, were not available for much of the data. Consequently, we simulated 

sample sizes from a shifted geometric distribution with parameter 0.1 (giving a mean 

sample sample size of 10). We then drew sample means for two populations from a 

normal distribution with mean 0 a standard deviation equal to 0.055. The 95% 

confidence interval was then obtained from the simulated distribution of measurement 

error. Our simulated distribution of sample sizes is a conservative estimate for 

microevolutionary studies, but a reasonable fit to the fossil data sample sizes. 

Although very few samples are represented by a single specimen, none of the 

divergence values we used were obtained from less than 4 total specimens. We 

obtained an estimate of measurement error of ߪ = 0.04, giving measurement 

variance of 0.0016. This value is nearly an order of magnitude less than the time-

independent variance estimated from the data (ߪොଶ ൎ 0.01, Table 3.1). In order to 

obtain a variance of 0.01, assuming equal means, samples would have to consist of a 

single individual with within-population standard deviations of 0.07, a value higher 

than what is observed for most populations (median = 0.055). Since none of the data 

are represented by comparisons of such small samples, we reject the notion that 
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measurement error alone is responsible for this significant time-independent 

component to variation in divergence.  

Systematic bias resulting from differences in measurement error among data 

sources is unlikely to affect the observed pattern and alter our conclusions. As already 

noted, the variation in error from fossil and contemporary samples are often quite 

similar despite the diversity of taxa examined and the effects of time- and geographic 

averaging, as has been found by previous authors (21-23). Consequently, differences 

in measurement error among sources will result primarily from systematic differences 

in sample sizes. For example, it is possible that measurement error could result in the 

appearance of stasis if there is an inverse relationship between the amount of 

measurement error and the length of the interval, where measurement error decreases 

with increasing intervals. Such an inverse relationship is unlikely since contemporary 

field studies have the highest sample sizes in the dataset, and are least affected by 

measurement error.  Similarly, the expansion of variance that occurs after one million 

years could result if phylogenetic comparative data was significantly more variable 

than paleontological data. However, this difference is likewise highly unlikely since 

the magnitude of the effect is so large, and estimates of divergence are based on 

contemporary measurements that have reasonable sample sizes (median N = 12 and N 

= 11 per species for reported values in Dunning (8) and Swindler (12), respectively). 

Furthermore, variance in divergence in phylogenetic data is less than paleontological 

data collected over the same time intervals (Figure B4).  
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Linear regressions of absolute divergence on time 

To determine whether the pattern between datasets was better explained by a 

sub-dividing by dataset or by designating a specific breakpoint, we compared separate 

linear regressions fit to each dataset with a segmented regression with a single 

breakpoint. We log-transformed the absolute value of the response variable, |d| and 

added a small fixed deviate (0.001) to obtain an approximately normal distribution of 

divergence values. All of the data points included in the stochastic modeling analysis 

were also analyzed here. The transformed data is expected to have a linear relationship 

with log interval under a Brownian motion model. We then compared three models 1) 

A single linear regression fit to the combined dataset (2 parameters), 2) a model in 

which each dataset was fit independently (resulting in 3 independent linear regressions 

and 6 parameters) and 3) a segmented regression model with a single breakpoint (4 

parameters). The segmented regression model allowed for a change in slope, but 

constrained the lines to connect, resulting in four parameters (two slope parameters for 

before and after the breakpoint, the initial intercept, and the breakpoint itself). We 

determined the optimal breakpoint by iteratively fitting the segmented regression 

model to the data by increasing the breakpoint value from 0 to 8.5 log10 years, with a 

step value of 0.01. The lowest AIC value is obtained at a breakpoint of approximately 

66,000 years (Figure B4). Models were compared using AIC calculated from the 

residual sum of squares. Care should be taken in interpreting the AIC scores, as 

violations of independence in the data will exaggerate the differences between models. 
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Nonetheless, we found that the hybrid nature of the dataset contributes less to the 

change in pattern of divergence than the change in timescale.  
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Figure B1. Divergence between populations in all types of traits standardized by their 
pooled within-population SD for log-scaled trait values (corresponding to the Haldane 
numerator). Size traits are indicated by circles, and all others are indicated by triangles 
(including shape, behavior, life history traits, coloration, etc.). Datasets are colored 
according to data type: microevolutionary, yellow; fossil, green; and comparative, 
blue. All measurements of divergence for comparative data are standardized by a 
median value of the SD of log-scaled linear body size traits of σab = 0.055. 
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Figure B2. Body-size divergence as a function of generations rather than years. Colors 
are the same as in Fig. B1. The size of the points is proportional to the log of 
generation time. Generation times for comparative data are estimated as the mean 
generation time of the two species being compared (available for mammals only, 
pairwise only). Note that in all datasets, there is a tendency for more rapid divergence 
in organisms with longer generation times and delayed divergence for organisms with 
shorter generation times. This apparently systematic difference in divergence patterns 
suggests that divergence does not scale with generations, but rather scales with years 
(compare with Fig. 3.1). 
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Figure B3. (A) Among-lineage variance through time plot for each dataset 
individually (microevolutionary, yellow; fossil, green; phylogenetic, blue) and all 
three categories combined (black line). Variance is calculated from the data binned at 
every 0.1 unit on the log10 interval scale. The size of the data points is proportional to 
the natural log of the number of data points included in that bin. Note that the fossil 
data appear to accumulate variance faster than the phylogenetic data. (B) Same plot as 
before, but variance is ln-transformed. Note the nearly linear accumulation of variance 
after ~105–106 y. 
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Figure B4. Simulated realizations of each model that we fitted to the data displayed on 
both the raw timescale (Left) and the log-transformed timescale (Right). The models 
are a bounded-evolution model (BE), a Brownian-motion model with white noise 
(BM), single-burst model (SB), and a multiple-burst model (MB). Shaded lines are the 
bounded-evolution process (BE) around each underlying process model, which is the 
solid line. Parameter values chosen for these simulations are arbitrary, but a common 
white-noise parameter, σ2

p, is used in each model. Note that when time is on the log 
scale, divergence is primarily described by the white-noise parameter over much of the 
timespan, whereas at longer timescales it is primarily described by the underlying 
stochastic process model. 
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Figure B5. Parameter distributions from the Poisson process model (MB) obtained by 
bootstrapping over studies (2,000 replicates). Dashed lines indicate the position of the 
estimated parameter from the full dataset (Table 3.1). Strong positive correlations exist 
between all parameter values, with correlations ranging from 0.68 to 0.87. 
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Table B1. Parameter estimates and AIC scores for three model fits to the data. Models 
tested include a bounded evolution model (BE), a Brownian motion model (BM), a 
single-burst model (SB) and a multiple-burst model (MB). In all models, standard 
deviations are in units of the natural log size difference. The inverse of the rate 
parameters (1/ߣ) for the exponential distribution and Poisson distribution in the single-
burst and multiple-burst models, respectively, can be interpreted as the average 
number of years until a displacement. Details of each model may be found in 
Appendix B. 

Dataset Model Parameter estimates AIC 

Microevolution & 
Fossil 

BE 

BM 

SB 

MB 

 ො = 0.1417ߪ

ො = 0.0974ߪ

ො = 0.0885ߪ

ෝ0.0874 =  

ො ൌ1.60e-4ߪ

 ො ൌ 0.396ߪ

ෝ ൌ 0.249 

 መ=106.2990ߣ/1

 =106.1642ࣅ/1

-5740.28 

-8298.53 

-8687.00 

-8793.06 

Phylogenetic only BE 

BM 

SB 

MB 

ො = 0.2986ߪ

ො = 0.1000ߪ

ො = 0.1182ߪ

ෝ0.0857 =  

ො ൌ4.61e-5ߪ

 ො ൌ 0.4451ߪ

ෝ ൌ 0.2166 

 መ=107.7344ߣ/1

 =107.3375ࣅ/1

 1106.31 

0.66 

-171.30 

-363.26 

All data less than 
500,000 years 

BE 

BM 

SB 

MB 

ො = 0.0976ߪ

ො = 0.0976ߪ

ෝ0.0260 = 

 ො = 0.0872ߪ

ො ൌ1.94e-7ߪ

ෝ ൌ 0.106 

 ො ൌ 0.327ߪ

 =102.276ࣅ/1

 መ=106.337ߣ/1

-8493.74 

-8491.74 

-8960.72 

-8758.38 

All data greater than 
500,000 years 

BE 

BM 

SB 

MB 

 ො = 0.2997ߪ

 ො = 0.1946ߪ

ො = 0.1558ߪ

ෝ0.1480 =  

ො ൌ3.99e-5ߪ

 ො ൌ 0.508ߪ

ෝ ൌ .  

 መ=107.8724ߣ/1

 =107.7482ࣅ/1

1417.48 

599.30 

105.76 

45.82 
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Table B2. Data sources for microevolutionary and paleontological data used in this 
study. Most data come from Hendry et al. (2008) and Gingerich (2001). A “field 
study” is defined as any study involving the collection of data on extant organisms. 
Synchronic studies are cross-sectional studies (“field-syn”) while allochronic studies 
are longitudinal (“field-allo”). Number of divergence points is the total number of 
autonomous data points that were plotted for each type of divergence measure, with 
those data points for which h alone was measured in parentheses. Number of traits is 
the total number of different measurements that were used to obtain divergence, and 
number of population is the number of samples. Original databases indicate either 
Hendry et al. 2008 or Gingerich 2001. 

Taxa Source Species Original Type of No. of No. of No. of 
Database study diver‐ measured pops; 

gence traits in d (h 
points; d study; d only) 
(h only) (h only) 

Aves Baker, 1980 Passer domesticus Hendry field‐syn 312 2 13 

Aves Baker, 1990 Fringilla coelebs Hendry field‐syn 336 12 8 

Rodentia Berry, 1964 Mus musculus Hendry field‐syn 2 (1) 2 (1) 2 

Salmonidae Bielak & Powers, Salmo salar Hendry field‐allo 2 1 4 
1986 

Salmonidae Bigler et al., 1996 Oncorhynchus Hendry field‐allo 55 (11) 2 (1) 64 
gorbuscha (22) 

Insecta Carroll et al., 1997 Jadera haematoloma Hendry field‐syn 50 (16) 3 (1) 9 

Insecta Carroll et al., 1998 Jadera haematoloma Hendry field‐syn 20 (16) 2 (2) 9 

Aves Clegg et al., 2002 Zosterops lateralis Hendry field‐syn 40 10 5 

Salmonidae Cox & Hinch, 1997 Oncorhynchus nerka Hendry field‐allo 20 1 20 

Poecilidae Endler, 1980 Poecilia reticulata Hendry field‐syn 2 (2) 2 (2) 1 

Aves Grant & Grant, 1995 Geospiza fortis Hendry field‐allo 12 6 4 

Salmonidae Haugen & Vøllestad, Thymallus thymallus Hendry field‐syn 36 (18) 12 (6) 3 
2001 

Salmonidae Haugen, 2000 Thymallus thymallus Hendry field‐syn 25 (23) 4 (3) 15 (5) 

Salmonidae Hendry & Quinn, Oncorhynchus nerka Hendry field‐syn 16 2 3 
1997 

Salmonidae Hendry et al., 1998 Oncorhynchus nerka Hendry field‐syn 0 (2) 0 (2) 0 (2) 

Insecta Hill et al., 1999 Pararge aegeria Hendry field‐syn 4 1 4 

Insecta Huey et al., 2000 Drosophila subobscura Hendry field‐syn 2 1 2 

Aves Johnston & Selander, Passer domesticus Hendry field‐syn 126 3 17 
1964 

Salmonidae Kinnison, 1998 Oncorhynchus Hendry field‐syn 6 (6) 3 (6) 7 
tshawytscha 

Gasterosteodae Klepaker, 1993 Gasterosteus Hendry field‐syn 44 1 (21) 1 (2) 
aculeatus 

Aves Larsson et al., 1998 Branta leucopsis Hendry field‐allo 8 2 4 

Poecilidae Magurran et al., Poecilia reticulata Hendry field‐syn 0 (2) 0 (1) 0 (2) 
1992 

Poecilidae Magurran et al., Poecilia reticulata Hendry field‐syn 0 (2) 0 (1) 0 (2) 
1995 

Mollusca McMahon, 1976 Physa virgata Hendry field‐syn 0 (3) 0 (3) 0 (2) 

Rodentia Pergams & Ashley, Peromyscus Hendry field‐allo 48 16 6 
1999 maniculatus 
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Poecilidae Reznick & Bryga, Poecilia reticulata Hendry field‐syn 3 (2) 2 (2) 2 
1987 

Poecilidae Reznick et al., 1990 Poecilia reticulata Hendry field‐syn 8 (11) 6 (6) 4 

Poecilidae Reznick et al., 1997 Poecilia reticulata Hendry field‐syn 6 (6) 1 (1) 5 

Aves Smith et al., 1995 Vestiaria coccinea Hendry field‐allo 5 5 2 

Aves St.Louis & Barlow, Passer domesticus Hendry field‐syn 32 16 2 
1991 

Poecilidae Stearns, 1983b Gambusia affinis Hendry field‐syn 45 (30) 2 (1) 1 

Poecilidae Stearns, 1983a Gambusia affinis Hendry field‐syn 808 3 (1) 36 
(277) 

Poecilidae Stockwell & Leberg, Gambusia affinis Hendry field‐syn 12 (6) 2 (1) 4 
2000 

Mollusca Trussell & Smith, Littorina obtusata Hendry field‐syn 10 2 8 
2000 

Mollusca Vermeij, 1982 Nucella lapillus Hendry field‐allo 8 2 8 

Lagoamorpha Williams & Moore, Oryctolagus cuniculus Hendry field‐syn 0 (24) 0 (4) 0 (3) 
1989a 

Lagoamorpha Williams & Moore, Oryctolagus cuniculus Hendry field‐syn 27 9 3 
1989b 

Aves Zink, 1983 Passerella iliaca Hendry field‐allo 31 31 2 

Gasterosteodae Bell et al., 2004 Gasterosteus Hendry field‐allo 0 (4) 0 (1) 0 (5) 
aculeatus 

Diptera Bradshaw & Wyeomyia smithii Hendry field‐allo 0 (2) 0 (1) 0 (4) 
Holzapfel, 2001 

Squamata Campbell & Anolis sagrei Hendry field‐allo 10 2 6 
Echternacht, 2003 

Insecta Carroll et al., 2001 Jadera haematoloma Hendry field‐syn 3 (2) 2 (1) 2 

Insecta Carroll et al., 2005 Jadera haematoloma Hendry field‐syn 14 4 2 

Artiodactyla Coltman et al., 2003 Ovis canadensis Hendry field‐allo 2 2 2 

Aves Conant, 1988 Telespyza cantans Hendry field‐syn 18 3 3 

Aves Cooch et al., 1991 Anser caerulescens Hendry field‐allo 4 3 8 

Diptera Gilchrist et al., 2001 Drosophila subobscura Hendry field‐allo 48 3 16 

Diptera Gilchrist et al., 2004 Drosophila subobscura Hendry field‐syn 6 3 2 

Salmonidae Handford et al., 1977 Coregonus Hendry field‐allo 2 (1) 2 (1) 2 
clupeaformis 

Centrarchidae Holland et al., 1974 Lepomis macrochirus Hendry field‐syn 0 (9) 0 (1) 0 (9) 

Salmonidae Kinnison et al., 2003 Oncorhynchus Hendry field‐syn 5 4 2 
tsawytscha 

Oligochaeta Levinton et al., 2003 Limnodrilus Hendry field‐allo 0 (1) 0 (1) 0 (2) 
hoffmeisteri 

Poecilidae Meffe et al., 1995 Gambusia holbrooki Hendry field‐syn 0 (2) 0 (2) 0 (2) 

Artiodactyla Milner et al., 1999 Ovis aries Hendry field‐allo 12 3 6 

Aves Moller & Szep., 2005 Hirundo rustica Hendry field‐allo 2 1 2 

Rodentia Pergams & Ashley, Mus musculus Hendry field‐syn 29 13 8 
2001 

Anura Phillips & Shine, 2005 Bufo marinus Hendry field‐allo 2 1 (1) 1 (1) 

Aves Postma & van Parus major Hendry field‐syn 0 (2) 0 (2) 0 (2) 
Noordwijk, 2005 

Aves Rasner et al., 2004 Junco hyemalis Hendry field‐syn 4 2 2 

Cichlidae Streelman et al., Cynotilapia afra Hendry field‐syn 0 (15) 0 (1) 0 (6) 
2004 

Crustacea Tessier et al., 1992 Daphnia galeata Hendry field‐allo 4 (3) 4 (3) 2 
mendotae 

Aves Clegg et al., 2008, Zosterops lateralis Hendry field‐syn 7 7 2 

Artiodactyla Smith et al. 2003 Introduced Australian This paper field‐syn 13 1 4 
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Carnivora Simberloff 2000 Herpestes javanicus This paper field‐syn 98 2 8 

Xenarthra Anderson & Handley Bradypus This paper field‐syn 7 1 8 
2002 

Rodentia Smith et al. 1998 Neotoma This paper field‐allo 8 1 1 

Primates Cuozzo & Sauther, Lemur catta This paper field‐allo 27 9 1 
2006. 

Primates DeGusta et. al. 2003 Aluoatta palliata This paper field‐allo 6 1 4 

Rodentia Milien 2004 Apodemus argentatus This paper field‐syn 5 1 6 

Primates O'Rourke & Crawford Homo sapiens This paper field‐syn 52 26 2 
2004 

Squamata Pregill, 1986 Anolis bimaculatis This paper field‐syn 6 6 2 

Squamata Meiri, 2007† Island‐mainland lizards This paper field‐syn 25 1 29 

Squamata Meik et al., 2010 Crotalus mitchelli This paper field‐syn 12 1 14 

Insecta Santos et al., 1992 Drosophila buzzatii This paper field‐allo 8 2 4 

Rodentia Bouteiller‐Reuter & Crocidura russula This paper field‐allo 6 2 3 
Perrin, 2005 

Amphibia Wagner & Sullivan, Bufo valliceps This paper field‐allo 3 1 3 
1995 

Squamata Olsson & Madsen, Lacerta agilis This paper field‐allo 1 1 2 
2001 

Squamata Herrel et al., 2008 Podarcis sicula This paper field‐syn 20 10 2 

Condricthyes DiBattista et al., 2007 Negaprion brevirostris This paper field‐allo 0 (22) 4 6 

Rodentia Hester, n.d.. Peromyscus Gingerich field‐allo 9 1 10 

Perissodactyla Gingerich, 1991. Hyracotherium Gingerich fossil ts 42 2 22 
grangeri 

Perissodactyla Forsten, 1990. Equus germanicus Gingerich fossil ts 204 34 7 

Rodentia Lich, 1990. Cosomys primus Gingerich fossil ts 27 3 10 

Proprimates Gingerich & Gunnell, Phenacolemur praecox Gingerich fossil ts 40 2 21 
1995. 

Primates Gingerich & Gunnell, Tetonius steini‐T. Gingerich fossil ts 26 2 14 
1995. homunculus 

Primates Gingerich & Gunnell, Teilhardina amer.‐T. Gingerich fossil ts 18 2 10 
1995. tenuicula 

Primates Clyde & Gingerich, Cantius torresi‐C. Gingerich fossil ts 78 2 40 
1994. trigonodus 

Creodonta Gingerich & Gunnell, Arfia junnei‐A. Gingerich fossil ts 24 2 13 
1995. opisthotoma 

Condylarthra Gingerich, 1994. Haplomylus speir.‐H. Gingerich fossil ts 70 2 36 
scott. 

Condylarthra Gingerich, 1994. Hyopsodus loomisi Gingerich fossil ts 52 2 27 

Condylarthra Gingerich, 1994. Hyopsodus latidens Gingerich fossil ts 32 2 17 

Condylarthra Gingerich & Gunnell, Hyopsodus lo:la Gingerich fossil ts 2 2 2 
1995. 

Condylarthra Gingerich & Gunnell, Thryptacodon Gingerich fossil ts 28 2 15 
1995. antiquus 

Condylarthra Gingerich & Gunnell, Ectocion osbornianus Gingerich fossil ts 46 2 24 
1995. 

Condylarthra Gingerich & Gunnell, Phenacodus vortmani Gingerich fossil ts 42 2 22 
1995. 

Condylarthra Gingerich & Gunnell, Phenacodus n. sp. Gingerich fossil ts 52 2 27 
1995. 

Condylarthra Gingerich & Gunnell, Phenacodus Gingerich fossil ts 22 2 12 
1995. intermedius 

Tillodontia Gingerich & Gunnell, Azygonyx xenicus‐A. Gingerich fossil ts 22 2 12 
1995. grangeri 
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Tillodontia Gingerich & Gunnell, Esthonyx spat.‐E. Gingerich fossil ts 36 2 19 
1995. bisulcatus 

Artiodactyla Gingerich & Gunnell, Diacodexis metsiacus Gingerich fossil ts 58 2 30 
1995. 

Perissodactyla Gingerich & Gunnell, Cardiolophus radinskyi Gingerich fossil ts 24 2 13 
1995. 

Perissodactyla Gingerich & Gunnell, Homogalax Gingerich fossil ts 20 2 11 
1995. protapirinus 

Rodentia Jacobs & Lindsay, Potwarmus prim.‐Mus Gingerich fossil ts 54 2 28 
n.d.. auctor 

Rodentia Flynn, 1986. Kanisamys indicus‐K. Gingerich fossil ts 38 2 20 
sival. 

Rodentia Jacobs, n.d.. Karnimata sp.‐K. Gingerich fossil ts 18 2 10 
huxleyi 

Rodentia Jacobs, n.d.. Karnimata sp.‐ Gingerich fossil ts 12 2 7 
Parapelomys rob. 

Artiodactyla Morgan, n.d.. Bramatherium Gingerich fossil ts 12 1 13 
megacephalus 

Artiodactyla Morgan, n.d.. Giraffokeryx Gingerich fossil ts 15 1 16 
punjabiensis 

Condylarthra Gingerich, 1994. Apheliscus chydaeus Gingerich fossil ts 26 2 14 

Proprimates Gingerich, 1996. Pronoth. jepi‐Ples. Gingerich fossil ts 6 2 4 
churchilli 

Proprimates Gingerich, 1996. Ples. churchilli‐Ples. Gingerich fossil ts 18 2 10 
dubius 

Proprimates Gingerich, 1996. Ples. churchilli‐Ples. Gingerich fossil ts 24 2 13 
cookei 

Proprimates Bloch & Gingerich, Carpolestes spp. Gingerich fossil ts 24 2 13 
1998. 

Proprimates Bloch & Gingerich, Carpolestes spp. Gingerich fossil ts 26 2 14 
1998. 

Proprimates Bloch & Gingerich, Carpolestes spp. Gingerich fossil ts 24 2 13 
1998. 

Perissodactyla Gingerich, 1991. Hyracotherium Gingerich fossil ts 22 2 12 
aemulor 

Perissodactyla Gingerich, 1991. Hyracotherium pernix Gingerich fossil ts 6 2 4 

Perissodactyla Gingerich, 1991. Hyracotherium Gingerich fossil ts 6 6 2 
sa:gr:ae:pe 

Proboscidea King & Saunders, Mammut americanum Gingerich fossil ts 8 4 3 
1984. 

Artiodactyla McDonald, 1981. Bison antiquus‐B. Gingerich fossil ts 171 74 3 
bison 

Artiodactyla Lister, 1990. Cervus elaphus Gingerich fossil ts 10 10 2 

Primates Clyde & Gingerich, Cantius torresi‐C. Gingerich fossil ts 22 2 12 
1994. trigonodus 

Mammalia Gingerich, 1994. Haplomyous palust.‐H. Gingerich fossil ts 2 2 2 
simpsoni 

Mammalia Gingerich, 1994. Haplomyous si:sp Gingerich fossil ts 8 1 9 

Foraminifera Malmgren et al., Globorotalia Gingerich fossil ts 8 1 9 
1983. plesiotumida 

Foraminifera Malmgren et al., Globorotalia Gingerich fossil ts 43 1 44 
1983. plesiotumida 

Foraminifera Malmgren et al., Globorotalia tumida Gingerich fossil ts 43 1 44 
1983. 

Foraminifera Malmgren et al., Globorotalia tumida Gingerich fossil ts 29 1 30 
1983. 

Foraminifera Malmgren et al., Globorotalia tumida Gingerich fossil ts 29 1 30 
1983. 
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Foraminifera Malmgren et al., Globorotalia tumida Gingerich fossil ts 11 1 12 
1983. 

Foraminifera Malmgren et al., Globorotalia tumida Gingerich fossil ts 11 1 12 
1983. 

Foraminifera Malmgren et al., Globorotalia tumida Gingerich fossil ts 16 2 9 
1983. 

Artiodactyla Klein, 1995. Gazella sp. Gingerich fossil ts 7 1 8 

Artiodactyla Klein, 1995. Gazella sp. Gingerich fossil ts 96 (26) 41 4 

Proboscidea Maglio, 1973. Primeleph. gom.‐ Gingerich fossil ts 50 (37) 20 (15) 5 
Loxodonta afr. 

Proboscidea Maglio, 1973. Primeleph. gom.‐ Gingerich fossil ts 31 (23) 15 (11) 4 
Elephas iolen. 

Proboscidea Maglio, 1973. Primeleph. gom.‐ Gingerich fossil ts 71 (53) 24 (18) 5 
Elephas hysud. 

Proboscidea Maglio, 1973. Primeleph. gom.‐ Gingerich fossil ts 12 1 13 
Mammuth. prim. 

Artiodactyla Prothero & Heaton, Miniochoerus chad.‐ Gingerich fossil ts 57 1 58 
1996. M. gracilis 

Rodentia Heaton, 1993. Ischyromys parvidens‐ Gingerich fossil ts 70 1 71 
I. typus 

Rodentia Heaton, 1993. Ischyromys parvidens‐ Gingerich fossil ts 42 2 22 
I. typus 

Carnivora Polly, 1998. Viverravus acutus Gingerich fossil ts 158 1 (11) 1 (15) 

Mollusca Hester, n.d. Peromyscus m. gracilis Gingerich fossil ts 9 1 10 

Mollusca Geary, 1990. Melanopsis impressa Gingerich fossil ts 7 1 8 

Mollusca Geary, 1990. Melanopsis fossilis Gingerich fossil ts 1 1 2 

Perissodactyla Geary, 1990. Melanopsis Gingerich fossil ts 6 2 4 
impressa:fossilis 

Perissodactyla Haldane, 1949. Hyracotherium‐ Gingerich fossil ts 0 (3) 0 (1) 0 (4) 
Neohipparion 

Dinosauria Haldane, 1949. Hyracotherium‐ Gingerich fossil ts 2 1 3 
Neohipparion 

Dinosauria Colbert, 1948. Protoceratops‐ Gingerich fossil ts 1 1 2 
Triceratops 

Dinosauria Colbert, 1948. Camptosaurus‐ Gingerich fossil ts 1 1 2 
Trachodon 

Dinosauria Colbert, 1948. Polacanthus‐ Gingerich fossil ts 1 1 2 
Ankylosaurus 

Dinosauria Colbert, 1948. Coelophysis‐ Gingerich fossil ts 1 1 2 
Tyrannosaurus 

Dinosauria Colbert, 1948. Scelidosaurus‐ Gingerich fossil ts 1 1 2 
Stegosaurus 

Hominidae Ruff et al., 1997. Homo Gingerich fossil ts 36 4 40 

Rodentia Barnosky, 1990. Microtus Gingerich fossil ts 7 1 8 
pennsylvanicus 

Rodentia Barnosky, 1990. Microtus Gingerich fossil ts 8 1 9 
pennsylvanicus 

Rodentia Barnosky, 1990. Microtus Gingerich fossil ts 5 1 6 
pennsylvanicus 

Radiolaria Kellogg, 1975 Pseudocubus verna This paper fossil ts 33 1 34 

Carnivora Kurten, 1959 Ursus sp. This paper fossil ts 10 1 11 

Carnivora Kurten, 1959 Felis silvestris ssp. This paper fossil ts 4 1 5 

Carnivora Kurten, 1959 Felis lynx This paper fossil ts 1 1 2 

Carnivora Kurten, 1959 Vulpes vulpes This paper fossil ts 2 1 3 

Carnivora Kurten, 1959 Canis lupus This paper fossil ts 1 1 2 

Carnivora Kurten, 1959 Putorius putorius This paper fossil ts 1 1 2 
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Carnivora 

Carnivora 

Carnivora 

Carnivora 

Rodentia 

Total 

‐

Kurten, 1959 

Kurten, 1959 

Kurten, 1959 

Kurten, 1959 

Kurten, 1959 

Martes martes 

Gulo gulo 

Meles meles 

Lutra lutra 

Apodemus sylvaticus 

This paper 

This paper 

This paper 

This paper 

This paper 

fossil ts 

fossil ts 

fossil ts 

fossil ts 

fossil ts 

3 

1 

2 

2 

1 

5087 
(663) 

1 

1 

1 

1 

1 

645 (137) 

4 

2 

3 

3 

2 

1631 
(96) 
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Table B3. Data sources for across species comparative data. Typically, traits and 
phylogenies were obtained from different sources and combined by matching taxon 
names between datasets. The number of taxa that could be matched between sources 
are displayed as well as the number of nodes in the dataset over which divergence was 
averaged. 

Taxa Interval Source Divergence Original Number Number Trait 
source Database of Taxa of Nodes 

Squamates Wiens et al., 2006. Wiens et al., 2006. This paper 259 258 SVL 
Bininda-Emonds et al., 

Mammalia 2007. Smith et al., 2004. This paper 3264 1770 (Mass)^1/3 
Bininda-Emonds et al., 

Primates 2007. Swindler, 2002. This paper 47 42 M/1 (MD) 
Bininda-Emonds et al., 

Primates 2007. Swindler, 2002. This paper 47 42 M/1 (TriB) 

Aves Sibley & Ahlquist Dunning, 2008. This paper 121* 119 (Mass)^1/3 

Aves Thomas et al. 2004 Dunning, 2008. This paper 286 217 (Mass)^1/3 
Filardi and Smith. 

Aves 2005. Dunning, 2008. McPeek, 2008. 12 11 (Mass)^1/3 

Aves Pérez-Emán 2005. Dunning, 2008. McPeek, 2008. 5 4 (Mass)^1/3 
Eberhard & 

Aves Bermingham. 2005. Dunning, 2008. McPeek, 2008. 4 3 (Mass)^1/3 
Eberhard & 

Aves Bermingham. 2005. Dunning, 2008. McPeek, 2008. 10 9 (Mass)^1/3 

Aves Lijtmaer et al. 2004. Dunning, 2008. McPeek, 2008. 20 13 (Mass)^1/3 

Aves Austin, J. J. 1996. Dunning, 2008. McPeek, 2008. 10 9 (Mass)^1/3 

Aves Chesser, R. T. 2000. Dunning, 2008. McPeek, 2008. 7 6 (Mass)^1/3 
Garcia-Moreno et al. 

Aves 2001. Dunning, 2008. McPeek, 2008. 20 17 (Mass)^1/3 
Garcia-Moreno et al. 

Aves 1999. Dunning, 2008. McPeek, 2008. 9 8 (Mass)^1/3 
Groombridge et al. 

Aves 2004. Dunning, 2008. McPeek, 2008. 7 6 (Mass)^1/3 

Aves Joseph et al. 2004. Dunning, 2008. McPeek, 2008. 11 8 (Mass)^1/3 

Aves Klicka et al. 2003. Dunning, 2008. McPeek, 2008. 6 5 (Mass)^1/3 

Aves Lee et al. 2003. Dunning, 2008. McPeek, 2008. 3 2 (Mass)^1/3 

Aves Lucchini et al.  2001.  Dunning, 2008. McPeek, 2008. 12 11 (Mass)^1/3 

Aves Omland et al. 1999. Dunning, 2008. McPeek, 2008. 22 18 (Mass)^1/3 

Aves Randi. 1996. Dunning, 2008. McPeek, 2008. 5 4 (Mass)^1/3 

Aves Randi et al. 2001.  Dunning, 2008. McPeek, 2008. 5 4 (Mass)^1/3 

Aves Ribas & Miyaki. 2004. Dunning, 2008. McPeek, 2008. 5 4 (Mass)^1/3 
Weibel & Moore. 

Aves 2002. Dunning, 2008. McPeek, 2008. 19 18 (Mass)^1/3 
Whittingham et al.  

Aves 2002. Dunning, 2008. McPeek, 2008. 8 7 (Mass)^1/3 
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Aves Sorenson et al. 2004. Dunning, 2008. McPeek, 2008. 18 11 (Mass)^1/3 

Aves Kimball et al. 2001. Dunning, 2008. McPeek, 2008. 4 3 (Mass)^1/3 

Aves Cheviron et al. 2005. Dunning, 2008. McPeek, 2008. 6 5 (Mass)^1/3 

Aves Gill et al. 2005. Dunning, 2008. McPeek, 2008. 23 21 (Mass)^1/3 

Aves Given et al. 2005. Dunning, 2008. McPeek, 2008. 9 7 (Mass)^1/3 
Lovette & 

Aves Bermingham. 1999.   Dunning, 2008. McPeek, 2008. 23 22 (Mass)^1/3 

Aves Mooers et al. 1999. Dunning, 2008. McPeek, 2008. 11 10 (Mass)^1/3 

Aves Price et al. 2000. Dunning, 2008. McPeek, 2008. 3 1 (Mass)^1/3 

Aves Ruolonen et al. 2000. Dunning, 2008. McPeek, 2008. 7 6 (Mass)^1/3 

Aves Weckstein, 2005. Dunning, 2008. McPeek, 2008. 6 5 (Mass)^1/3 

Aves Sato et al. 1999. Dunning, 2008. McPeek, 2008. 12 10 (Mass)^1/3 
*Taxa for this phylogeny are the family means rather than species-level means, with average values 
being calculated from Dunning (2008) for all taxa assigned to a given family. The phylogeny was 
scaled to a root age of 90 million years. 
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APPENDIX C –Supplementary material for chapter 4 

Table C1. Body temperature data and references used in this study. 

Species Scrotal Tb (○C) ME N Mass (g) Precipitation Env. Ref 
state (mm) Temp. 

(○C) 
Tachyglossus testicondy 30.68 ‐ ‐ 4499.99 44.83 20.99 1,3 
aculeatus 
Zaglossus bruijni testicondy 29.90 ‐ ‐ 8950.86 238.35 20.44 1,3 

Ornithorhynchus testicondy 32.68 ‐ ‐ 1482.13 76.73 15.65 1,3 
anatinus 
Pedetes capensis ascrotal 35.90 ‐ ‐ 2549.63 59.83 20.36 1 

Dipus sagitta scrotal 36.80 ‐ ‐ 89.00 17.71 5.79 1 

Jaculus jaculus scrotal 37.50 ‐ ‐ 59.80 12.16 23.99 1 

Jaculus orientalis scrotal 37.00 ‐ ‐ 138.13 7.23 20.97 1 

Napaeozapus insignis scrotal 37.00 ‐ ‐ 22.23 70.31 4.02 1,9 

Zapus hudsonius scrotal 36.90 ‐ ‐ 18.42 58.16 2.51 1,9 

Zapus princeps scrotal 37.80 ‐ ‐ 27.20 39.73 3.30 1 

Acomys cahirinus scrotal 37.50 ‐ ‐ 41.18 18.25 23.94 1 

Acomys russatus scrotal 37.30 ‐ ‐ 42.38 9.20 21.44 1 

Acomys spinosissimus scrotal 36.40 ‐ ‐ 26.50 73.43 21.86 1 

Acomys subspinosus scrotal 37.40 ‐ ‐ 21.91 30.22 15.59 1 

Apodemus speciosus scrotal 34.20 ‐ ‐ 43.73 132.24 9.06 1 

Apodemus chevrieri scrotal 36.50 ‐ ‐ ‐ 99.99 10.93 1 

Apodemus scrotal 35.50 ‐ ‐ 43.87 53.31 10.36 1 
mystacinus 
Apodemus flavicollis scrotal 36.70 ‐ ‐ 31.60 54.15 6.15 1,2 

Apodemus sylvaticus scrotal 36.70 ‐ ‐ 21.90 57.22 9.08 1,2 

Chiropodomys scrotal 35.87 0.04 21 23.69 177.02 21.03 14 
gliroides 
Conilurus penicillatus scrotal 35.90 ‐ ‐ 175.01 89.82 27.10 1 

Uromys scrotal 34.60 ‐ ‐ 644.21 231.39 23.50 1 
caudimaculatus 
Notomys alexis scrotal 38.00 ‐ ‐ 32.32 20.79 21.46 1 

Notomys cervinus scrotal 38.50 ‐ ‐ 34.80 15.84 20.08 1 

Pseudomys scrotal 36.80 ‐ ‐ 79.57 89.69 19.19 1 
gracilicaudatus 
Pseudomys scrotal 37.80 ‐ ‐ 13.84 20.96 21.72 1 
hermannsburgensis 
Hydromys scrotal 36.60 ‐ ‐ 626.09 79.10 21.01 1,2 
chrysogaster 
Thallomys paedulcus scrotal 36.70 ‐ ‐ 77.70 72.41 22.47 1 
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Lemniscomys griselda scrotal 36.90 ‐ ‐ 55.89 99.38 21.40 1 

Leopoldamys sabanus scrotal 36.54 0.02 157 349.31 204.74 23.97 14 

Mastomys natalensis scrotal 38.00 ‐ ‐ 48.98 65.35 20.68 1 

Maxomys rajah scrotal 37.25 0.06 21 150.00 243.54 24.85 14 

Maxomys surifer scrotal 37.40 0.02 55 150.24 202.80 24.55 14 

Maxomys whiteheadi scrotal 38.20 0.03 19 56.77 243.11 24.86 14 

Micromys minutus scrotal 38.00 ‐ ‐ 7.00 57.71 4.43 1,9 

Mus macedonicus scrotal 37.20 ‐ ‐ ‐ 43.61 12.18 1 

Mus musculus scrotal 36.30 ‐ ‐ 19.30 ‐ ‐ 1 

Mus spretus scrotal 36.60 ‐ ‐ 16.69 39.35 14.78 1 

Mus minutoides scrotal 36.30 ‐ ‐ 6.44 54.53 18.96 1 

Niviventer scrotal 36.80 0.07 9 71.42 240.57 24.84 14 
cremoriventer 
Otomys irroratus scrotal 37.60 ‐ ‐ 114.73 49.97 16.39 1 

Parotomys brantsii scrotal 35.10 ‐ ‐ 129.75 18.58 17.93 1 

Rattus colletti scrotal 36.20 ‐ ‐ 146.24 100.53 27.11 1 

Rattus fuscipes scrotal 37.50 ‐ ‐ 124.79 75.52 15.75 1 

Rattus lutreolus scrotal 36.70 ‐ ‐ 106.00 77.00 14.47 1 

Rattus villosissimus scrotal 35.90 ‐ ‐ 221.88 35.29 23.81 1 

Rattus annandalei scrotal 37.10 0.22 2 197.75 195.77 25.91 14 

Rattus tiomanicus scrotal 37.80 0.35 6 119.15 237.71 24.86 14 

Rattus norvegicus scrotal 37.63 ‐ ‐ 282.95 ‐ ‐ 9 

Rhabdomys pumilio scrotal 37.00 ‐ ‐ 40.72 55.38 19.50 1 

Sundamys muelleri scrotal 37.04 0.03 26 356.24 245.45 24.77 14 

Akodon azarae scrotal 37.70 ‐ ‐ 25.29 76.67 17.75 1 

Auliscomys boliviensis scrotal 36.30 ‐ ‐ 70.96 54.21 7.17 1 

Phyllotis darwini scrotal 38.50 0.06 125 49.86 29.86 8.99 12 

Phyllotis xanthopygus scrotal 37.30 ‐ ‐ 54.67 49.37 8.31 1 

Graomys griseoflavus scrotal 36.10 ‐ ‐ 68.36 59.10 17.53 1 

Calomys musculinus scrotal 36.20 ‐ ‐ 20.20 51.57 14.57 1,2 

Chelemys macronyx scrotal 36.80 ‐ ‐ 72.15 74.44 5.46 1 

Eligmodontia typus scrotal 36.40 ‐ ‐ 17.39 26.64 11.60 1 

Oligoryzomys scrotal 37.30 ‐ ‐ 27.57 76.68 6.42 1 
longicaudatus 
Oxymycterus roberti scrotal 38.30 ‐ ‐ 83.76 119.68 21.16 1 

Sigmodon hispidus scrotal 38.10 ‐ ‐ 110.83 84.64 18.56 1 

Baiomys taylori scrotal 36.00 ‐ ‐ 7.44 55.48 18.87 1,9 

Scotinomys teguina scrotal 37.60 ‐ ‐ 11.60 158.13 22.28 1 

Scotinomys scrotal 36.20 ‐ ‐ 15.09 253.24 25.53 1 
xerampelinus 
Ochrotomys nuttalli scrotal 36.40 ‐ ‐ 22.81 99.50 16.67 1 
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Megadontomys scrotal 37.80 ‐ ‐ 110.76 107.66 20.94 1,9 
thomasi 
Peromyscus scrotal 36.70 ‐ ‐ 42.69 31.03 12.51 9,1 
californicus 
Peromyscus crinitus scrotal 36.37 ‐ ‐ 16.31 20.16 9.59 9,1 

Peromyscus eremicus scrotal 36.40 ‐ ‐ 22.72 25.18 16.88 1,9 

Peromyscus scrotal 37.50 ‐ ‐ 27.69 103.39 18.09 1 
gossypinus 
Peromyscus leucopus scrotal 36.70 ‐ ‐ 18.09 64.42 13.03 1 

Peromyscus scrotal 36.68 ‐ ‐ 20.04 51.30 6.17 1,2 
maniculatus 
Peromyscus megalops scrotal 37.80 ‐ ‐ 66.20 100.12 19.21 1 

Peromyscus scrotal 37.20 ‐ ‐ 14.29 105.85 18.55 2 
polionotus 
Peromyscus sitkensis scrotal 36.00 ‐ ‐ 28.30 188.32 2.54 9 

Peromyscus truei scrotal 36.93 ‐ ‐ 27.00 36.64 11.74 1,9 

Isthmomys pirrensis scrotal 37.60 ‐ ‐ 137.86 216.88 25.19 1 

Reithrodontomys scrotal 36.75 ‐ ‐ 10.71 40.68 11.24 1,9 
megalotis 
Neotoma albigula scrotal 37.60 ‐ ‐ 208.09 30.34 15.84 1 

Neotoma lepida scrotal 36.78 ‐ ‐ 143.94 20.02 11.53 1,2 

Neotoma cinerea scrotal 37.70 ‐ ‐ 285.95 40.78 3.33 1 

Neotoma fuscipes scrotal 36.60 ‐ ‐ 218.63 50.62 10.80 2 

Cricetus cricetus scrotal 39.50 ‐ ‐ 428.98 37.91 3.56 1,2 

Cricetulus migratorius scrotal 38.10 ‐ ‐ 30.60 24.91 6.40 1 

Mesocricetus auratus scrotal 38.10 ‐ ‐ 98.60 41.84 10.77 1,9 

Phodopus campbelli scrotal 35.70 ‐ ‐ 27.08 23.24  ‐0.71 1 

Phodopus sungorus scrotal 36.50 ‐ ‐ 30.42 26.18 1.16 1 

Arborimus scrotal 37.30 ‐ ‐ 22.10 95.78 8.31 1 
longicaudus 
Phenacomys scrotal 37.90 ‐ ‐ 25.20 51.33 4.11 1 
intermedius 
Arvicola terrestris scrotal 37.50 ‐ ‐ 120.00 39.14 1.03 2 

Chionomys nivalis scrotal 38.00 ‐ ‐ 48.01 63.35 7.06 1 

Dicrostonyx scrotal 38.45 ‐ ‐ 58.57 20.12  ‐12.96 1,9 
groenlandicus 
Lasiopodomys scrotal 36.20 ‐ ‐ ‐ 22.02  ‐1.78 1 
brandtii 
Lemmiscus curtatus scrotal 37.10 ‐ ‐ 28.29 27.94 5.55 1 

Lemmus lemmus scrotal 37.80 ‐ ‐ 67.61 35.35  ‐1.54 1 

Lemmus sibiricus scrotal 38.30 ‐ ‐ 58.56 20.78  ‐10.97 1 

Myopus schisticolor scrotal 39.00 ‐ ‐ 30.00 31.17  ‐7.27 1 

Microtus agrestis scrotal 37.60 ‐ ‐ 35.89 43.09 0.45 1,2 



 
 

 

     

     

 
 

     

     

     

     

     

     

     

     

 
 

 

   

     

     

     

     

     

     

 
 

 

     

 
 

 

     

     

     

     

     

     

     

     

     

 
 

 

 
 

 

     

     

   

241 

Microtus cabrerae scrotal 37.30 ‐ ‐ 52.50 50.22 13.00 1 

Microtus richardsoni scrotal 38.70 ‐ ‐ 91.85 43.56 3.50 1 

Microtus scrotal 38.00 ‐ ‐ 92.68 26.08  ‐6.98 1 
xanthognathus 
Microtus longicaudus scrotal 38.00 ‐ ‐ 44.80 43.04 2.15 1 

Microtus mexicanus scrotal 37.90 ‐ ‐ 34.89 58.45 16.95 1 

Microtus arvalis scrotal 37.00 ‐ ‐ 26.90 49.57 5.41 1,2 

Microtus guentheri scrotal 38.30 ‐ ‐ 50.00 40.50 12.96 1 

Microtus californicus scrotal 38.80 ‐ ‐ 57.41 43.86 11.10 1 

Microtus canicaudus scrotal 37.80 ‐ ‐ 29.92 106.39 9.75 1 

Microtus montanus scrotal 35.30 ‐ ‐ 42.88 31.01 5.96 1 

Microtus breweri scrotal 37.30 ‐ ‐ ‐ ‐ ‐ 1 

Microtus scrotal 38.50 ‐ ‐ 42.52 49.44 0.06 1 
pennsylvanicus 
Microtus oeconomus scrotal 38.40 ‐ ‐ 33.10 31.17  ‐5.53 1,2 

Microtus ochrogaster scrotal 37.90 ‐ ‐ 42.50 53.29 8.29 1 

Microtus pinetorum scrotal 38.30 ‐ ‐ 25.98 87.16 13.53 1 

Neofiber alleni scrotal 37.10 ‐ ‐ 265.19 111.09 21.87 1 

Ondatra zibethicus scrotal 37.47 ‐ ‐ 991.66 52.25 3.06 1,9 

Meriones hurrianae scrotal 36.10 ‐ ‐ 71.06 26.56 24.50 1 

Meriones crassus scrotal 37.20 ‐ ‐ 69.92 7.01 21.93 1 

Meriones scrotal 38.20 ‐ ‐ 57.73 20.99 0.34 1,2 
unguiculatus 
Sekeetamys calurus scrotal 37.50 ‐ ‐ 56.61 3.26 21.40 1 

Desmodillus scrotal 35.90 ‐ ‐ 54.86 26.00 18.35 1 
auricularis 
Gerbillurus paeba scrotal 38.70 ‐ ‐ 25.91 31.08 19.07 1,2 

Gerbillurus setzeri scrotal 37.60 ‐ ‐ 38.30 2.92 14.06 1 

Gerbillurus tytonis scrotal 36.90 ‐ ‐ 29.80 2.17 12.52 1 

Gerbillurus vallinus scrotal 37.40 ‐ ‐ 35.27 9.88 17.98 1 

Gerbillus andersoni scrotal 36.30 ‐ ‐ 27.20 6.23 20.02 1 

Gerbillus gerbillus scrotal 37.20 ‐ ‐ 27.00 17.95 23.35 1 

Gerbillus nanus scrotal 38.80 ‐ ‐ 25.50 14.14 22.47 1 

Gerbillus pusillus scrotal 34.60 ‐ ‐ 26.18 54.03 23.45 1 

Gerbillus pyramidum scrotal 36.10 ‐ ‐ 42.80 2.59 23.69 1 

Cricetomys scrotal 35.60 ‐ ‐ 1268.76 100.10 24.27 1 
gambianus 
Saccostomus scrotal 35.30 ‐ ‐ 50.32 61.49 20.66 1 
campestris 
Cannomys badius scrotal 36.00 ‐ ‐ 472.04 159.67 21.36 1 

Rhizomys sumatrensis scrotal 36.10 0.50 1 2500.00 161.82 23.91 14 

Tachyoryctes scrotal 36.10 ‐ ‐ 227.07 79.35 18.16 1,9 
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splendens 

Steatomys pratensis scrotal 34.10 ‐ ‐ 34.04 103.74 22.78 1 

Malacothrix typica scrotal 37.00 ‐ ‐ 17.01 38.38 18.62 1 

Mystromys scrotal 33.00 ‐ ‐ 86.83 50.96 15.80 1 
albicaudatus 
Nannospalax scrotal 36.00 ‐ ‐ 180.00 19.91 18.98 2 
ehrenbergi 
Castor canadensis scrotal 36.75 ‐ ‐ 18112.21 52.36 3.99 10 

Perognathus flavus scrotal 34.60 ‐ ‐ 7.98 34.25 13.77 1 

Perognathus scrotal 34.70 ‐ ‐ 8.08 20.68 11.48 1,9 
longimembris 
Chaetodipus scrotal 36.00 ‐ ‐ 15.72 24.36 16.07 1 
intermedius 
Chaetodipus fallax scrotal 32.60 ‐ ‐ 18.75 16.49 14.49 1 

Chaetodipus scrotal 38.00 ‐ ‐ 22.51 34.72 11.70 1,2 
californicus 
Chaetodipus baileyi scrotal 32.50 ‐ ‐ 27.37 20.99 19.40 1 

Chaetodipus hispidus scrotal 36.80 ‐ ‐ 34.62 44.13 14.92 1 

Dipodomys ordii scrotal 34.60 ‐ ‐ 50.40 31.17 11.14 1 

Dipodomys scrotal 36.90 ‐ ‐ 73.67 32.89 9.83 1,9 
panamintinus 
Dipodomys agilis scrotal 37.00 ‐ ‐ 60.21 26.66 13.60 1,9 

Dipodomys microps scrotal 35.00 ‐ ‐ 56.28 20.55 8.81 1 

Dipodomys merriami scrotal 37.10 ‐ ‐ 37.76 24.88 17.20 1,9 

Dipodomys deserti scrotal 36.80 ‐ ‐ 107.82 16.06 15.61 1 

Dipodomys scrotal 37.40 ‐ ‐ 124.81 26.65 15.33 2 
spectabilis 
Microdipodops scrotal 32.80 ‐ ‐ 12.30 21.26 7.19 1 
megacephalus 
Microdipodops scrotal 38.90 ‐ ‐ 13.38 18.04 8.77 1,9 
pallidus 
Thomomys bottae scrotal 36.00 ‐ ‐ 122.85 26.71 13.99 1 

Thomomys umbrinus scrotal 34.60 ‐ ‐ 125.78 46.02 16.50 1 

Thomomys talpoides scrotal 36.20 ‐ ‐ 104.82 33.07 4.75 1 

Geomys bursarius scrotal 35.00 ‐ ‐ 178.88 56.10 11.65 1 

Geomys pinetis scrotal 36.20 ‐ ‐ 201.08 106.58 19.68 1,9 

Heteromys scrotal 33.80 ‐ ‐ 73.25 167.46 23.17 1 
desmarestianus 
Liomys salvini scrotal 37.05 ‐ ‐ 42.00 152.01 22.20 9,1 

Liomys irroratus scrotal 36.80 ‐ ‐ 48.98 65.55 18.66 1,9 

Heteromys anomalus scrotal 36.00 ‐ ‐ 69.08 85.60 24.38 1 

Octodon degus ascrotal 37.60 ‐ ‐ 203.14 26.48 6.35 1 

Tympanoctomys ascrotal 35.70 ‐ ‐ 86.01 31.67 14.59 1 
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barrerae 

Octomys mimax ascrotal 36.70 ‐ ‐ 124.72 14.59 5.98 1 

Ctenomys opimus ascrotal 36.00 ‐ ‐ 327.03 39.30 1.61 1 

Ctenomys talarum ascrotal 36.10 ‐ ‐ 140.92 67.75 14.54 1 

Ctenomys maulinus ascrotal 36.20 ‐ ‐ 234.50 60.56 6.11 1 

Ctenomys australis ascrotal 37.30 ‐ ‐ 403.16 61.85 13.93 1 

Ctenomys fulvus ascrotal 36.20 ‐ ‐ 279.94 12.75  ‐2.00 1 

Hydrochaeris ascrotal 37.10 ‐ ‐ 47500.00 147.51 23.77 2 
hydrochaeris 
Kerodon rupestris ascrotal 38.20 ‐ ‐ 799.58 107.26 23.97 1 

Cavia porcellus ascrotal 39.00 ‐ ‐ 728.00 ‐ ‐ 1 

Galea musteloides ascrotal 37.30 ‐ ‐ 386.82 50.95 12.34 1,2 

Myoprocta acouchy ascrotal 35.40 ‐ ‐ 949.44 160.78 25.41 1 

Dasyprocta leporina ascrotal 38.30 ‐ ‐ 3015.00 149.15 24.24 1 

Dasyprocta azarae ascrotal 37.50 ‐ ‐ 2978.41 127.73 21.46 1 

Thrichomys scrotal 37.60 ‐ ‐ 297.77 113.16 23.03 1 
apereoides 
Proechimys scrotal 37.90 ‐ ‐ 356.16 218.21 24.65 1 
semispinosus 
Capromys pilorides ascrotal 35.70 ‐ ‐ 5200.00 103.29 25.23 1 

Dolichotis salinicola ascrotal 38.40 ‐ ‐ 1608.80 60.17 19.99 1 

Hystrix ascrotal 37.50 ‐ ‐ 14918.01 76.85 21.12 1 
africaeaustralis 
Heterocephalus ascrotal 32.10 ‐ ‐ 39.38 34.35 23.91 1 
glaber 
Heliophobius ascrotal 35.05 ‐ ‐ 159.73 85.47 22.65 1,9 
argenteocinereus 
Cryptomys ascrotal 35.20 ‐ ‐ 112.10 59.70 21.19 1 
damarensis 
Cryptomys ascrotal 34.40 ‐ ‐ 74.47 61.61 19.87 1,2 
hottentotus 
Cryptomys mechowi ascrotal 34.00 ‐ ‐ 271.77 98.05 21.47 1 

Cryptomys bocagei ascrotal 33.70 ‐ ‐ 93.87 93.91 20.93 1 

Georychus capensis ascrotal 36.40 ‐ ‐ 188.68 51.45 15.19 1 

Bathyergus suillus ascrotal 35.30 ‐ ‐ 803.69 31.42 15.89 1 

Bathyergus janetta ascrotal 34.70 ‐ ‐ 388.85 7.72 16.50 1 

Erethizon dorsatum scrotal 37.60 ‐ ‐ 7419.73 44.71 0.90 1 

Coendou prehensilis scrotal 36.70 ‐ ‐ 4118.10 144.37 24.16 1 

Lagostomus maximus ascrotal 36.80 ‐ ‐ 4660.47 57.73 16.35 1 

Chinchilla lanigera ascrotal 35.70 ‐ ‐ 480.14 11.48 7.22 1 

Lagidium viscacia ascrotal 37.70 ‐ ‐ 1540.00 43.07 3.34 1 

Spalacopus cyanus ascrotal 36.50 ‐ ‐ 100.93 30.41 8.13 1,2 
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Octodontomys ascrotal 37.20 ‐ ‐ 153.89 43.03 3.99 1 
gliroides 
Aconaemys fuscus ascrotal 37.30 ‐ ‐ 129.98 67.68 6.00 1 

Aplodontia rufa scrotal 38.00 ‐ ‐ 806.11 80.70 6.62 1,2 

Marmota monax scrotal 37.00 ‐ ‐ 3880.47 58.82 2.67 1 

Marmota flaviventris scrotal 36.50 ‐ ‐ 3709.87 30.39 5.95 1 

Marmota caligata scrotal 38.30 ‐ ‐ 2251.86 48.31  ‐5.28 2 

Spermophilus scrotal 37.50 ‐ ‐ 742.96 24.18  ‐5.14 1,9 
undulatus 
Spermophilus parryii scrotal 37.00 ‐ ‐ 747.05 28.63  ‐10.36 1 

Spermophilus scrotal 35.50 ‐ ‐ 325.05 34.09 3.42 1 
richardsonii 
Spermophilus scrotal 35.70 ‐ ‐ 306.74 27.61 3.07 1 
armatus 
Spermophilus scrotal 36.85 ‐ ‐ 174.96 46.70 8.04 1,9 
tridecemlineatus 
Spermophilus scrotal 35.20 ‐ ‐ ‐ 32.51 2.96 1 
dauricus 
Spermophilus scrotal 36.10 ‐ ‐ 106.82 32.64 14.25 1 
spilosoma 
Spermophilus scrotal 37.60 ‐ ‐ 597.91 49.14 10.35 1 
beecheyi 
Spermophilus citellus scrotal 37.50 ‐ ‐ 395.99 51.36 8.70 1,2 

Spermophilus beldingi scrotal 35.50 ‐ ‐ 272.27 30.29 6.97 1 

Spermophilus scrotal 35.60 ‐ ‐ 207.15 21.33 9.93 1 
townsendii 
Spermophilus scrotal 36.30 ‐ ‐ 147.79 17.01 18.04 1 
tereticaudus 
Spermophilus scrotal 37.00 ‐ ‐ 213.09 28.05 11.50 1 
mohavensis 
Spermophilus lateralis scrotal 36.30 ‐ ‐ 175.05 33.72 5.68 1 

Cynomys ludovicianus scrotal 36.70 ‐ ‐ 797.03 35.98 10.88 2,1 

Ammospermophilus scrotal 37.00 ‐ ‐ 103.96 20.15 10.19 1,9 
leucurus 
Tamias striatus scrotal 38.20 ‐ ‐ ‐ 74.79 8.41 1,2 

Tamias amoenus scrotal 37.00 ‐ ‐ 50.67 41.42 4.88 1,2 

Tamias merriami scrotal 37.00 ‐ ‐ 74.79 39.04 11.07 1 

Tamias minimus scrotal 37.00 ‐ ‐ 42.89 35.40 0.75 1 

Epixerus ebii scrotal 36.00 ‐ ‐ 559.48 189.60 25.32 1 

Paraxerus cepapi scrotal 39.10 ‐ ‐ 222.93 74.65 21.66 1 

Paraxerus palliatus scrotal 39.30 ‐ ‐ 365.69 75.25 24.10 1 

Xerus inauris scrotal 36.80 ‐ ‐ 572.30 32.64 18.97 1 

Xerus princeps scrotal 37.60 ‐ ‐ 625.45 22.45 17.25 1 

Tamiasciurus scrotal 38.70 ‐ ‐ 200.12 49.99 0.08 1,2 
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hudsonicus 

Sciurus carolinensis scrotal 38.70 ‐ ‐ 545.70 78.26 11.40 1 

Glaucomys volans scrotal 39.00 ‐ ‐ 71.95 85.84 13.72 1,2 

Callosciurus caniceps scrotal 40.65 0.16 4 264.96 183.70 24.90 14 

Callosciurus notatus scrotal 38.58 0.55 6 209.75 237.33 24.86 14 

Sundasciurus tenuis scrotal 39.44 0.06 10 74.89 240.93 24.84 14 

Callosciurus scrotal 40.50 0.20 1 208.65 238.90 24.83 14 
nigrovittatus 
Muscardinus scrotal 35.80 ‐ ‐ 29.20 59.66 7.94 1 
avellanarius 
Graphiurus murinus scrotal 36.00 ‐ ‐ 20.09 67.55 21.71 1 

Graphiurus ocularis scrotal 34.40 ‐ ‐ 68.80 27.53 16.58 1 

Brachylagus scrotal 38.70 ‐ ‐ 437.10 23.12 6.90 1 
idahoensis 
Sylvilagus audubonii scrotal 38.30 ‐ ‐ 881.94 31.66 13.06 1 

Lepus alleni scrotal 37.90 ‐ ‐ 3930.00 31.17 19.93 1 

Lepus californicus scrotal 39.20 ‐ ‐ 2421.24 38.32 13.42 1 

Lepus americanus scrotal 39.43 ‐ ‐ 1569.21 48.45  ‐1.26 1 

Lepus arcticus scrotal 38.90 ‐ ‐ 4421.37 23.80  ‐13.15 1 

Lepus timidus scrotal 39.70 ‐ ‐ 3112.71 32.60  ‐5.16 1 

Lepus townsendii scrotal 38.20 ‐ ‐ 3375.82 37.00 5.30 1 

Oryctolagus cuniculus scrotal 39.00 ‐ ‐ 1590.29 55.03 10.39 1 

Ochotona princeps ascrotal 40.10 ‐ ‐ 157.82 39.59 4.36 1 

Ochotona curzoniae ascrotal 37.70 ‐ ‐ 159.74 49.51  ‐4.76 1 

Cercopithecus mitis scrotal 37.50 ‐ ‐ 5040.65 102.48 22.25 1 

Erythrocebus patas scrotal 39.30 ‐ ‐ 7988.15 73.39 26.36 1 

Colobus guereza scrotal 37.00 ‐ ‐ 9962.94 108.92 23.16 1 

Homo sapiens scrotal 36.80 0.03 148 58620.32 ‐ ‐ 11 

Pan troglodytes scrotal 37.05 0.22 8 45050.00 149.72 24.17 1 

Aotus trivirgatus scrotal 38.00 ‐ ‐ 912.20 178.60 24.77 1 

Callithrix jacchus scrotal 38.70 ‐ ‐ 290.61 99.39 24.99 1 

Leontopithecus scrotal 36.50 ‐ ‐ 592.76 128.32 20.65 1 
rosalia 
Saguinus oedipus scrotal 38.80 ‐ ‐ 463.02 120.29 26.34 1 

Saimiri sciureus scrotal 38.00 ‐ ‐ 749.74 186.86 25.30 1 

Tarsius syrichta scrotal 33.80 ‐ ‐ 115.96 196.76 23.35 1 

Cheirogaleus medius scrotal 38.00 ‐ ‐ 196.88 85.08 24.05 1,2 

Eulemur fulvus scrotal 36.50 ‐ ‐ 2383.50 144.59 21.74 1,2 

Perodicticus potto scrotal 36.10 ‐ ‐ 1080.91 139.00 24.38 1 

Loris tardigradus scrotal 35.50 ‐ ‐ 249.11 129.72 25.81 1 

Nycticebus coucang scrotal 35.15 0.35 2 947.78 216.61 24.42 1 
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Galago senegalensis scrotal 37.90 ‐ ‐ 215.60 80.08 24.99 1 

Otolemur scrotal 36.60 ‐ ‐ 1228.31 87.47 21.96 1 
crassicaudatus 
Ptilocercus lowii scrotal 36.50 ‐ ‐ 42.50 232.38 25.11 1 

Tupaia belangeri scrotal 37.40 ‐ ‐ 200.00 153.29 19.74 1 

Tupaia glis scrotal 37.50 0.43 4 132.22 216.09 25.21 14 

Tupaia minor scrotal 39.10 0.35 2 70.00 241.37 24.86 14 

Oryx leucoryx scrotal 38.60 ‐ ‐ 75244.12 ‐ ‐ 1 

Ovis aries scrotal 38.50 0.19 7 36648.95 ‐ ‐ 16 

Capra hircus scrotal 39.18 0.25 4 47143.24 ‐ ‐ 16 

Antidorcas scrotal 39.05 0.20 17 33385.62 24.01 19.01 1 
marsupialis 
Raphicerus scrotal 39.40 ‐ ‐ 11630.77 52.18 19.86 1 
campestris 
Kobus ellipsiprymnus scrotal 38.70 0.29 3 203196.74 92.00 23.77 16 

Bos taurus scrotal 38.48 0.20 6 615821.21 174.94 22.87 16 

Bubalus bubalis scrotal 38.00 ‐ ‐ 924250.49 154.04 22.36 2 

Taurotragus oryx scrotal 38.70 0.35 2 561796.35 76.46 22.14 16 

Alces alces scrotal 38.60 ‐ ‐ 471450.38 38.35  ‐4.43 1,2 

Odocoileus scrotal 39.00 ‐ ‐ 75450.63 80.45 12.76 1 
virginianus 
Rangifer tarandus scrotal 38.85 0.22 5 108544.25 29.21  ‐9.05 16 

Giraffa scrotal 38.50 ‐ ‐ 959827.37 64.96 23.86 2 
camelopardalis 
Tragulus javanicus scrotal 38.40 ‐ ‐ 1879.97 169.24 25.26 1 

Phocoena phocoena ascrotal 36.15 ‐ ‐ 52715.47 ‐ ‐ 10 

Tursiops truncatus ascrotal 37.05 ‐ ‐ 281020.28 ‐ ‐ 10 

Globicephala ascrotal 35.75 ‐ ‐ 726000.00 ‐ ‐ 10 
macrorhynchus 
Orcinus orca ascrotal 36.85 ‐ ‐ 5629379.3 ‐ ‐ 10 

Stenella longirostris ascrotal 37.40 ‐ ‐ 50500.00 ‐ ‐ 8 

Monodon monoceros ascrotal 36.10 ‐ ‐ 938063.22 ‐ ‐ 10 

Physeter catodon ascrotal 36.30 ‐ ‐ 14520480 ‐ ‐ 10 

Balaena mysticetus ascrotal 38.80 ‐ ‐ 79695590 ‐ ‐ 10 

Balaenoptera ascrotal 34.70 ‐ ‐ 5588546.8 ‐ ‐ 5 
acutorostrata 
Balaenoptera ascrotal 35.50 ‐ ‐ 15416065 ‐ ‐ 10 
musculus 2 
Balaenoptera ascrotal 36.60 ‐ ‐ 47503004 ‐ ‐ 2 
physalus 
Megaptera ascrotal 36.00 ‐ ‐ 30000000 ‐ ‐ 10 
novaeangliae 
Eschrichtius robustus ascrotal 36.50 ‐ ‐ 27312012 ‐ ‐ 10 
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Hippopotamus ascrotal 35.45 0.13 14 1528155 91.29 23.36 16 
amphibius 
Sus scrofa scrotal 39.70 0.19 7 84485.77 64.68 11.69 16 

Pecari tajacu scrotal 37.50 ‐ ‐ 21216.85 134.44 23.12 1 

Camelus dromedarius scrotal 37.80 0.29 3 490357.24 ‐ ‐ 16 

Lama guanicoe scrotal 38.70 0.15 1 95500.00 ‐ ‐ 16 

Ceratotherium simum ascrotal 36.12 0.32 2.5 2272969.7 60.61 21.64 16 

Tapirus terrestris ascrotal 36.80 ‐ ‐ 167748.32 145.25 23.33 13 

Tapirus indicus ascrotal 37.94 ‐ ‐ 309604.60 209.67 25.60 17 

Equus burchellii scrotal 38.20 0.22 5 278080.33 75.72 22.15 6 

Equus caballus scrotal 37.47 0.10 25 401799.27 ‐ ‐ 7 

Mustela putorius scrotal 39.50 ‐ ‐ 979.78 50.81 6.39 2 

Mustela erminea scrotal 39.60 ‐ ‐ 284.25 38.17  ‐2.82 1,2 

Mustela frenata scrotal 39.00 ‐ ‐ 190.52 78.21 13.09 1 

Mustela nivalis scrotal 39.60 ‐ ‐ 79.18 37.50  ‐0.69 1 

Martes americana scrotal 38.00 ‐ ‐ 877.85 48.46  ‐2.61 1 

Eira barbara scrotal 38.40 ‐ ‐ 4137.50 149.90 23.58 1 

Lutra lutra scrotal 38.10 ‐ ‐ 8864.35 57.05 5.05 1 

Enhydra lutris scrotal 37.65 ‐ ‐ 27455.47 ‐ ‐ 10 

Spilogale putorius scrotal 36.40 ‐ ‐ 567.75 61.93 12.95 1 

Taxidea taxus scrotal 38.00 ‐ ‐ 7841.08 41.62 9.15 1 

Procyon lotor scrotal 38.00 ‐ ‐ 6371.86 63.25 11.18 1,2 

Nasua narica scrotal 38.60 ‐ ‐ 4579.22 86.19 20.56 1 

Nasua nasua scrotal 36.40 ‐ ‐ 3782.75 156.33 23.92 1 

Bassariscus scrotal 38.80 ‐ ‐ 906.00 134.37 23.03 1 
sumichrasti 
Potos flavus scrotal 36.10 ‐ ‐ 2460.91 153.67 24.15 1 

Ailurus fulgens scrotal 37.60 ‐ ‐ 5170.04 131.93 4.47 1,2 

Odobenus rosmarus ascrotal 36.60 ‐ ‐ 1046498.1 ‐ ‐ 15 

Eumetopias jubatus scrotal 38.50 ‐ ‐ 383233.37 ‐ ‐ 2 

Callorhinus ursinus scrotal 37.55 ‐ ‐ 55582.41 ‐ ‐ 10 

Phoca vitulina ascrotal 36.30 ‐ ‐ 87308.33 ‐ ‐ 1 

Halichoerus grypus ascrotal 36.50 ‐ ‐ 197285.01 ‐ ‐ 10 

Erignathus barbatus ascrotal 37.20 ‐ ‐ 280000.00 ‐ ‐ 10 

Leptonychotes ascrotal 38.40 ‐ ‐ 400000.00 ‐ ‐ 1 
weddellii 
Mirounga ascrotal 36.00 ‐ ‐ 1116195.4 ‐ ‐ 10 
angustirostris 
Mirounga leonina ascrotal 37.80 ‐ ‐ 1600000 ‐ ‐ 10 

Ursus arctos scrotal 38.00 ‐ ‐ 196143.75 35.01  ‐4.66 2 

Ursus maritimus scrotal 37.30 ‐ ‐ 373351.91 ‐ ‐ 10 
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Ursus americanus scrotal 38.30 ‐ ‐ 110750.00 51.94 0.39 2 

Canis latrans scrotal 37.00 ‐ ‐ 11994.55 53.03 5.82 1 

Canis mesomelas scrotal 38.00 ‐ ‐ 8288.65 49.27 21.33 1 

Cerdocyon thous scrotal 38.20 ‐ ‐ 5740.83 118.70 23.00 1 

Vulpes vulpes scrotal 38.70 ‐ ‐ 4830.18 46.58 3.43 1,2 

Alopex lagopus scrotal 38.60 ‐ ‐ 3600.00 29.99  ‐9.04 2 

Vulpes zerda scrotal 38.80 ‐ ‐ 1318.57 3.55 24.56 1 

Panthera leo scrotal 37.90 ‐ ‐ 158811.97 84.83 24.43 1 

Panthera tigris scrotal 37.50 ‐ ‐ 162457.33 138.99 21.15 1 

Leopardus pardalis scrotal 38.00 ‐ ‐ 11890.00 137.68 22.87 1 

Leopardus wiedii scrotal 38.00 ‐ ‐ 3270.41 153.31 23.70 1 

Felis margarita scrotal 37.60 ‐ ‐ 2821.68 7.48 22.39 1 

Leptailurus serval scrotal 36.50 ‐ ‐ 11899.98 89.07 23.56 1 

Puma concolor scrotal 37.60 ‐ ‐ 53927.03 109.20 18.19 1 

Acinonyx jubatus scrotal 39.00 ‐ ‐ 50538.96 51.26 23.08 1 

Suricata suricatta scrotal 36.30 ‐ ‐ 730.00 26.55 17.58 1,2 

Herpestes javanicus scrotal 39.80 ‐ ‐ 757.50 96.01 20.82 1,2 

Galerella sanguinea scrotal 38.70 ‐ ‐ 530.42 84.94 23.33 1 

Genetta tigrina scrotal 38.50 ‐ ‐ 2068.29 54.32 17.01 1 

Paradoxurus scrotal 36.50 ‐ ‐ 3200.00 152.93 23.26 1 
hermaphroditus 
Arctictis binturong scrotal 36.70 ‐ ‐ 13000.00 194.92 22.99 1 

Arctogalidia trivirgata scrotal 36.20 ‐ ‐ 2321.90 199.26 23.21 1 

Nandinia binotata scrotal 37.40 ‐ ‐ 2168.60 130.21 24.00 1 

Fossa fossana scrotal 37.90 ‐ ‐ 1856.99 168.03 20.28 1,2 

Manis javanica ascrotal 32.30 ‐ ‐ 4860.86 206.16 24.72 1,2 

Manis crassicaudata ascrotal 33.40 ‐ ‐ 8018.78 91.59 25.42 1 

Manis pentadactyla ascrotal 33.40 ‐ ‐ 4672.50 137.03 17.53 1 

Manis tetradactyla ascrotal 33.00 ‐ ‐ 2749.99 157.99 24.57 1 

Manis tricuspis ascrotal 33.15 ‐ ‐ 1539.66 136.70 24.32 1,3 

Paranyctimene raptor scrotal 33.80 ‐ ‐ 24.82 283.61 22.69 1 

Nyctimene cyclotis scrotal 36.00 ‐ ‐ 48.62 290.96 21.75 1 

Nyctimene albiventer scrotal 35.90 ‐ ‐ 29.88 256.50 23.48 1 

Cynopterus scrotal 35.33 0.33 3 33.69 199.80 24.40 14 
brachyotis 
Rousettus scrotal 34.80 ‐ ‐ 74.19 228.98 24.24 1 
amplexicaudatus 
Eonycteris spelaea scrotal 34.00 ‐ ‐ 58.70 184.62 22.57 1 

Macroglossus scrotal 36.20 ‐ ‐ 16.30 194.34 24.80 1 
minimus 
Syconycteris australis scrotal 35.90 ‐ ‐ 17.60 198.72 22.17 1 
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Melonycteris scrotal 34.90 ‐ ‐ 47.60 214.16 25.19 1 
melanops 
Dobsonia praedatrix scrotal 37.10 ‐ ‐ 178.87 202.73 24.48 1 

Dobsonia minor scrotal 36.50 ‐ ‐ 85.88 283.43 23.17 1 

Dobsonia moluccensis scrotal 36.80 ‐ ‐ 439.32 232.82 23.96 1 

Pteropus pumilus scrotal 36.10 ‐ ‐ 184.03 200.49 24.10 1 

Pteropus scrotal 35.70 ‐ ‐ 434.31 214.40 23.61 1 
hypomelanus 
Pteropus scrotal 36.50 ‐ ‐ 702.39 70.95 15.81 1 
poliocephalus 
Pteropus rodricensis scrotal 36.50 ‐ ‐ 256.09 ‐ ‐ 1,2 

Pteropus giganteus scrotal 36.70 ‐ ‐ 821.43 105.00 24.33 1 

Pteropus vampyrus scrotal 36.90 ‐ ‐ 1033.77 217.40 25.01 1 

Pteropus scapulatus scrotal 37.00 ‐ ‐ 379.18 54.75 22.44 1 

Saccopteryx bilineata ascrotal 35.50 ‐ ‐ 8.08 153.44 24.18 1,2 

Peropteryx macrotis ascrotal 34.40 ‐ ‐ 5.64 154.23 24.31 1 

Macroderma gigas ascrotal 37.00 ‐ ‐ 124.19 65.90 25.18 1 

Rhinolophus ascrotal 39.70 ‐ ‐ 22.55 59.90 10.87 2 
ferrumequinum 
Rhinonicteris aurantia ascrotal 36.10 ‐ ‐ 9.00 59.66 26.23 1 

Hipposideros ascrotal 31.90 ‐ ‐ 10.14 134.93 25.33 1 
galeritus 
Natalus tumidirostris ascrotal 32.20 ‐ ‐ 6.28 132.59 24.70 1 

Noctilio albiventris ascrotal 32.00 ‐ ‐ 31.38 152.62 24.01 1 

Noctilio leporinus ascrotal 33.80 ‐ ‐ 45.12 142.79 23.46 1 

Mormoops ascrotal 36.90 ‐ ‐ 16.05 85.54 21.14 1 
megalophylla 
Pteronotus parnellii ascrotal 36.40 ‐ ‐ 19.55 152.61 24.01 1 

Pteronotus davyi ascrotal 38.80 ‐ ‐ 9.50 126.19 22.49 1 

Pteronotus ascrotal 37.50 ‐ ‐ 7.97 139.39 23.79 1 
personatus 
Pteronotus ascrotal 31.00 ‐ ‐ 5.62 106.77 24.60 1 
quadridens 
Diphylla ecaudata ascrotal 32.40 ‐ ‐ 28.11 141.74 23.76 1 

Desmodus rotundus ascrotal 36.15 ‐ ‐ 33.08 130.09 21.63 1,2 

Diaemus youngi ascrotal 31.10 ‐ ‐ 36.61 150.09 23.79 1 

Macrotus californicus ascrotal 35.00 ‐ ‐ 11.82 21.10 17.97 1 

Chrotopterus auritus ascrotal 37.20 ‐ ‐ 78.08 145.40 23.37 1 

Tonatia bidens ascrotal 37.00 ‐ ‐ 27.70 124.79 22.59 1 

Phyllostomus ascrotal 34.70 ‐ ‐ 91.27 151.77 23.89 1 
hastatus 
Leptonycteris ascrotal 35.70 ‐ ‐ 24.84 83.20 21.98 1 
curasoae 
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Monophyllus redmani ascrotal 34.00 ‐ ‐ 8.79 106.77 24.60 1 

Glossophaga soricina ascrotal 35.50 ‐ ‐ 9.94 141.96 23.10 1 

Glossophaga ascrotal 37.40 ‐ ‐ 13.26 105.87 25.14 1 
longirostris 
Anoura latidens ascrotal 38.10 ‐ ‐ 14.98 102.16 25.46 1 

Choeroniscus ascrotal 36.60 ‐ ‐ 7.87 148.03 23.87 1 
godmani 
Rhinophylla pumilio ascrotal 34.70 ‐ ‐ 9.56 163.68 24.48 1 

Carollia perspicillata ascrotal 36.40 ‐ ‐ 19.17 149.50 23.69 1 

Sturnira lilium ascrotal 36.40 ‐ ‐ 20.20 142.56 23.25 1 

Sturnira erythromos ascrotal 34.40 ‐ ‐ 15.47 126.41 19.74 1 

Artibeus cinereus ascrotal 34.90 ‐ ‐ 12.70 150.84 25.04 1 

Artibeus concolor ascrotal 35.30 ‐ ‐ 19.63 168.66 25.18 1 

Artibeus jamaicensis ascrotal 36.40 ‐ ‐ 42.62 147.19 23.75 1,2 

Artibeus lituratus ascrotal 37.30 ‐ ‐ 59.30 148.64 23.59 1 

Artibeus hirsutus ascrotal 34.30 ‐ ‐ 40.26 68.43 20.38 1 

Vampyressa ascrotal 33.80 ‐ ‐ 69.00 230.23 24.96 1 
nymphaea 
Uroderma bilobatum ascrotal 35.10 ‐ ‐ 16.24 152.59 23.75 1 

Platyrrhinus lineatus ascrotal 36.40 ‐ ‐ 24.22 118.26 21.11 1 

Tadarida brasiliensis ascrotal 36.00 ‐ ‐ 12.41 81.68 16.99 1 

Molossus molossus ascrotal 31.40 ‐ ‐ 13.75 136.99 22.61 1 

Eumops perotis ascrotal 32.60 ‐ ‐ 50.94 128.55 21.82 1 

Miniopterus ascrotal 37.70 ‐ ‐ 10.90 74.56 19.87 2 
schreibersi 
Antrozous pallidus ascrotal 37.00 ‐ ‐ 22.22 36.48 13.62 1 

Tylonycteris robustula ascrotal 36.64 0.34 9 7.97 183.30 23.13 14 

Histiotus velatus ascrotal 30.50 ‐ ‐ 11.31 118.76 21.46 1 

Chalinolobus gouldii ascrotal 31.10 ‐ ‐ 14.17 36.16 20.84 1 

Nyctophilus geoffroyi ascrotal 31.60 ‐ ‐ 7.27 35.11 20.84 1 

Nyctophilus ascrotal 33.00 ‐ ‐ 11.01 39.42 17.64 1 
timoriensis 
Eptesicus fuscus ascrotal 36.00 ‐ ‐ 17.40 63.98 11.51 2 

Myotis yumanensis ascrotal 37.10 ‐ ‐ 5.15 38.01 11.28 1 

Myotis myotis ascrotal 35.00 ‐ ‐ 25.65 58.21 9.10 2 

Condylura cristata ascrotal 37.70 ‐ ‐ 47.63 68.07 3.69 1 

Scalopus aquaticus ascrotal 36.00 ‐ ‐ 86.88 78.98 14.28 1 

Neurotrichus gibbsii ascrotal 38.40 ‐ ‐ 9.50 93.39 7.75 1 

Echinosorex gymnura ascrotal 32.23 0.29 3 787.27 241.40 24.89 1 

Hylomys suillus ascrotal 36.11 0.05 14 59.81 182.74 22.92 14 

Hemiechinus auritus ascrotal 34.35 ‐ ‐ 332.02 22.53 10.02 1,3 
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Erinaceus concolor ascrotal 35.20 ‐ ‐ 690.00 32.86 8.07 1 

Erinaceus europaeus ascrotal 35.07 ‐ ‐ 788.98 54.11 6.04 1,2 

Atelerix albiventris ascrotal 35.20 ‐ ‐ 311.22 71.50 25.04 1 

Crocidura ascrotal 35.70 ‐ ‐ 10.12 134.22 23.47 1 
hildegardeae 
Crocidura luna ascrotal 34.80 ‐ ‐ 13.67 88.91 21.46 1 

Crocidura olivieri ascrotal 35.30 ‐ ‐ 33.66 96.21 24.30 1 

Crocidura poensis ascrotal 35.50 ‐ ‐ 16.88 161.81 25.28 1 

Crocidura russula ascrotal 34.70 ‐ ‐ 9.68 59.06 10.05 1,2 

Crocidura suaveolens ascrotal 35.10 ‐ ‐ 7.32 46.20 7.73 1,2 

Crocidura viaria ascrotal 34.50 ‐ ‐ 16.15 39.36 25.55 1 

Suncus etruscus ascrotal 36.00 ‐ ‐ 2.23 69.01 16.39 1 

Suncus murinus ascrotal 38.70 ‐ ‐ 43.48 124.42 23.08 1,2 

Sorex alpinus ascrotal 38.60 ‐ ‐ 7.91 77.43 5.93 1 

Sorex coronatus ascrotal 37.60 ‐ ‐ 9.19 64.15 9.05 1 

Sorex minutus ascrotal 38.50 ‐ ‐ 4.23 42.88 1.64 1 

Sorex cinereus ascrotal 38.67 ‐ ‐ 4.17 49.87  ‐0.20 1,3 

Sorex palustris ascrotal 39.70 ‐ ‐ 12.99 52.33 1.70 3 

Sorex vagrans ascrotal 38.00 ‐ ‐ 5.94 49.03 6.46 1 

Blarina carolinensis ascrotal 36.80 ‐ ‐ 11.76 104.19 18.29 1 

Blarina brevicauda ascrotal 38.30 ‐ ‐ 18.48 64.11 7.09 1 

Cryptotis parva ascrotal 37.00 ‐ ‐ 4.91 81.48 15.57 1 

Neomys fodiens ascrotal 37.30 ‐ ‐ 15.03 43.41 1.77 1 

Notiosorex crawfordi ascrotal 37.60 ‐ ‐ 4.83 35.20 16.72 1 

Choloepus hoffmanni ascrotal 34.70 ‐ ‐ 5701.75 192.46 23.74 1,3 

Bradypus tridactylus ascrotal 33.15 ‐ ‐ 4327.90 157.98 25.06 3 

Bradypus variegatus ascrotal 33.00 ‐ ‐ 3998.18 164.82 24.44 1 

Tamandua ascrotal 33.50 ‐ ‐ 4725.00 148.14 23.97 1,3 
tetradactyla 
Tamandua mexicana ascrotal 32.00 ‐ ‐ 4109.26 148.02 23.50 1 

Myrmecophaga ascrotal 32.67 ‐ ‐ 28715.92 149.93 24.09 1,3 
tridactyla 
Cyclopes didactylus ascrotal 33.00 ‐ ‐ 259.48 169.65 24.90 1 

Euphractus sexcinctus ascrotal 34.20 ‐ ‐ 4755.58 109.70 21.75 1 

Zaedyus pichiy ascrotal 35.20 ‐ ‐ 1487.38 32.73 9.62 1 

Chaetophractus ascrotal 35.50 ‐ ‐ 2140.02 47.35 4.39 1 
nationi 
Chaetophractus ascrotal 34.40 ‐ ‐ 934.58 85.17 20.20 1 
vellerosus 
Chaetophractus ascrotal 35.10 ‐ ‐ 4456.40 72.15 18.07 1 
villosus 
Priodontes maximus ascrotal 33.60 ‐ ‐ 41670.95 156.50 24.27 1 
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Tolypeutes matacus ascrotal 33.00 ‐ ‐ 1321.74 86.56 21.34 1 

Cabassous centralis ascrotal 33.60 ‐ ‐ 3739.85 167.79 24.15 1 

Dasypus ascrotal 34.35 ‐ ‐ 3974.51 132.38 22.51 1,3 
novemcinctus 
Chrysochloris asiatica testicondy 34.00 ‐ ‐ 39.03 19.96 16.11 1 

Amblysomus testicondy 33.50 ‐ ‐ 65.10 55.71 14.71 1 
hottentotus 
Limnogale mergulus testicondy 32.50 ‐ ‐ 77.78 153.37 17.89 1 

Geogale aurita testicondy 30.80 ‐ ‐ 6.75 57.89 23.61 1 

Microgale dobsoni testicondy 30.90 ‐ ‐ 37.58 178.65 19.59 1 

Microgale cowani testicondy 33.00 ‐ ‐ 12.24 173.96 19.79 1 

Microgale talazaci testicondy 30.80 ‐ ‐ 45.24 169.39 20.08 1 

Tenrec ecaudatus testicondy 33.00 ‐ ‐ 893.80 123.97 22.17 3,1 

Setifer setosus testicondy 32.20 ‐ ‐ 276.61 125.02 22.12 1 

Elephantulus testicondy 37.50 ‐ ‐ 45.11 82.78 21.73 1 
brachyrhynchus 
Elephantulus intufi testicondy 37.20 ‐ ‐ 48.90 30.69 19.43 1 

Elephantulus testicondy 37.30 ‐ ‐ 52.79 54.57 23.61 1 
rufescens 
Elephantulus testicondy 37.60 ‐ ‐ 49.70 22.65 16.12 1 
edwardii 
Elephantulus myurus testicondy 36.90 ‐ ‐ 59.51 56.42 19.18 1 

Elephantulus rozeti testicondy 37.10 ‐ ‐ 43.09 24.66 17.01 1 

Macroscelides testicondy 36.20 ‐ ‐ 38.62 18.81 16.49 1 
proboscideus 
Petrodromus testicondy 37.50 ‐ ‐ 201.00 101.10 22.88 1 
tetradactylus 
Orycteropus afer testicondy 34.50 ‐ ‐ 57187.60 75.34 23.48 1 

Heterohyrax brucei testicondy 36.35 ‐ ‐ 2451.83 61.08 22.73 1,3 

Procavia capensis testicondy 38.14 ‐ ‐ 2951.24 64.24 23.63 1,2 

Elephas maximus testicondy 36.00 ‐ ‐ 3294897.1 172.63 22.56 2 

Loxodonta africana testicondy 36.46 0.17 9 3882270.0 94.62 23.48 3 

Acrobates pygmaeus scrotal 34.70 ‐ ‐ 13.87 61.57 18.57 1 

Tarsipes rostratus scrotal 36.60 ‐ ‐ 9.70 45.23 16.08 1 

Petaurus breviceps scrotal 36.40 0.29 6 119.88 111.20 21.12 3 

Petauroides volans scrotal 35.40 ‐ ‐ 1258.59 70.77 17.38 1 

Pseudocheirus scrotal 37.40 ‐ ‐ 894.61 68.75 18.03 1 
peregrinus 
Spilocuscus scrotal 34.70 ‐ ‐ 4060.23 241.71 24.01 1 
maculatus 
Trichosurus vulpecula scrotal 36.20 0.20 6 2692.70 55.54 18.27 3 

Burramys parvus scrotal 36.10 ‐ ‐ 44.29 64.13 9.87 1,2 

Cercartetus concinnus scrotal 34.40 ‐ ‐ 15.03 34.84 16.24 1 
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Cercartetus lepidus scrotal 33.70 ‐ ‐ 8.07 49.34 13.04 1 

Cercartetus nanus scrotal 35.60 ‐ ‐ 26.93 70.94 13.19 1 

Aepyprymnus scrotal 36.50 ‐ ‐ 2805.16 69.59 19.45 1 
rufescens 
Bettongia gaimardi scrotal 35.60 ‐ ‐ 1663.78 66.21 10.35 1 

Bettongia penicillata scrotal 37.20 ‐ ‐ 1222.18 69.17 17.25 1 

Dendrolagus scrotal 36.30 ‐ ‐ 8306.70 285.33 22.58 1 
matschiei 
Lagorchestes scrotal 36.00 ‐ ‐ 2820.51 47.21 24.26 1 
conspicillatus 
Macropus eugenii scrotal 36.40 0.20 6 5279.24 41.77 15.41 3 

Macropus rufus scrotal 35.90 0.20 6 38984.20 26.18 21.30 3 

Macropus robustus scrotal 36.10 ‐ ‐ 25989.46 36.44 21.61 1 

Setonix brachyurus scrotal 36.30 ‐ ‐ 3028.84 67.08 14.86 1 

Potorous tridactylus scrotal 35.90 ‐ ‐ 1072.34 76.22 13.69 1 

Lasiorhinus latifrons scrotal 35.30 ‐ ‐ 26181.90 19.98 17.04 1,2 

Phascolarctos scrotal 35.80 ‐ ‐ 6554.37 56.97 17.86 1 
cinereus 
Antechinus flavipes scrotal 35.00 ‐ ‐ 44.57 62.29 16.94 1 

Antechinus stuartii scrotal 34.40 0.37 6 29.36 83.30 15.94 4 

Antechinus swainsonii scrotal 36.00 ‐ ‐ 61.85 70.99 13.67 1 

Phascogale tapoatafa scrotal 37.40 ‐ ‐ 193.83 75.17 20.19 1 

Dasycercus scrotal 36.90 ‐ ‐ 100.27 20.59 22.62 1 
cristicauda 
Dasyurus geoffroii scrotal 36.20 ‐ ‐ 1123.31 47.24 15.43 1,2 

Dasyurus viverrinus scrotal 35.90 ‐ ‐ 1115.75 71.08 10.51 1 

Dasyurus maculatus scrotal 36.90 ‐ ‐ 3322.08 71.38 15.90 1 

Dasyurus hallucatus scrotal 35.25 ‐ ‐ 477.46 76.89 24.51 1,1 

Pseudantechinus scrotal 34.20 ‐ ‐ 37.39 25.20 23.88 1 
macdonnellensis 
Ningaui yvonnae scrotal 34.40 ‐ ‐ 9.35 21.92 17.65 1 

Sminthopsis murina scrotal 35.00 ‐ ‐ 17.00 57.43 17.02 1 

Sminthopsis scrotal 33.30 ‐ ‐ 23.78 28.20 22.02 1 
macroura 
Sminthopsis scrotal 33.80 0.33 6 16.14 28.14 19.53 3 
crassicaudata 
Planigale gilesi scrotal 35.10 ‐ ‐ 9.39 22.20 19.89 1 

Planigale tenuirostris scrotal 34.50 ‐ ‐ 6.32 23.02 19.96 1 

Planigale maculata scrotal 34.50 ‐ ‐ 12.15 74.36 23.48 1 

Myrmecobius scrotal 32.50 ‐ ‐ 516.72 58.51 14.40 1 
fasciatus 
Notoryctes caurinus ascrotal 30.80 ‐ ‐ ‐ 31.20 24.42 1 

Echymipera kalubu scrotal 35.00 ‐ ‐ 825.08 243.64 23.73 1 
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Echymipera rufescens scrotal 35.20 ‐ ‐ 1050.74 230.53 24.28 1 

Isoodon auratus scrotal 33.80 ‐ ‐ 425.00 79.91 27.91 1 

Isoodon obesulus scrotal 33.90 ‐ ‐ 824.88 64.32 14.22 1,2 

Isoodon macrourus scrotal 34.70 0.37 6 1507.89 80.16 23.25 3 

Perameles gunnii scrotal 35.20 ‐ ‐ 903.23 62.90 11.44 1 

Perameles nasuta scrotal 36.10 0.29 6 720.13 80.76 16.64 3 

Macrotis lagotis scrotal 35.00 ‐ ‐ 1229.79 24.38 23.49 1 

Caluromys derbianus scrotal 35.00 ‐ ‐ 328.36 189.71 23.46 1 

Chironectes minimus scrotal 35.00 ‐ ‐ 976.67 161.92 23.07 1 

Didelphis marsupialis scrotal 35.00 ‐ ‐ 1142.38 175.63 24.83 1,3 

Didelphis virginiana scrotal 35.00 ‐ ‐ 2456.04 83.01 16.49 1,2 

Philander opossum scrotal 35.80 ‐ ‐ 426.91 159.72 24.21 1 

Lutreolina scrotal 35.80 ‐ ‐ 555.89 105.01 19.65 1 
crassicaudata 
Metachirus scrotal 34.40 ‐ ‐ 365.39 162.56 24.30 1,3 
nudicaudatus 
Gracilinanus scrotal 35.00 ‐ ‐ 29.45 132.51 18.25 1 
microtarsus 
Marmosa robinsoni scrotal 34.00 ‐ ‐ 61.14 141.30 24.59 1 

Monodelphis scrotal 33.70 ‐ ‐ 79.37 156.31 25.08 1 
brevicaudata 
Monodelphis scrotal 32.60 ‐ ‐ 94.33 106.53 22.99 1 
domestica 

References:  
1. White, C.R. & Seymour, R.S. 2003. PNAS. 100(7):4046-4049. 
2. Dawson, T. J. 1973 in Comparative physiology of thermoregulation, ed. Whittow, G. C. Academic, 
New York, Vol. III, pp. 1-46. 
3. Hart, J. S. 1971 in Comparative physiology of thermoregulation, ed. Whittow, G. C. Academic, New 
York, Vol. II, pp. 1-149. 
4. Amos, W. & Clarke, A. 2008. Biology Letters. 4(4):399-401. 
5. Rudd, R.L. 1966. Pac Sci 20(4):472-476. 
6. Nespolo R.F. et al. 2003. Evolution 57(7):1679-1688. 
7. Irving, L. 1973 in Comparative physiology of thermoregulation, ed. Whittow, G. C. Academic, New 
York, Vol. III, pp. 47-96. 
8. Mackowiak, P.A.et al. 1992. JAMA. 268:1578-1580. 
9. Whittow, G. C. 1971 in Comparative physiology of thermoregulation, ed. Whittow, G. C. Academic, 
New York, Vol. II, pp. 191-281. 
10. Hampton, I.F.G. & Whittow, G.C. 1976. Comp. Biocehm. And Phys A, 55(2):195-197.  
11. Folkow,L.P. & Blix, A.S. 1992. Acta Physiologica Scandinavica 146:141-150. 
12. Pollock, C.G. et al. 2003. J. of Zoo and Wildlife Medicine, 34:408-410. 
13. Wolf T.M. et al. 2011. J. of Zoo and Wildlife Medicine 42:64-699. 
14. Fuller, A. et al. 2000. Experimental Physiology 85:209-217. 
15. Green, A.R. et al. 2005.  J. of Thermal Biology. 30:370-377. 
16. Seaworld.org 
17. Dawson, T.J. & Hulbert, A.J. 1970. Am . J of Phys. 218:1233-1238. 

http:Seaworld.org


 
 

 

 

      

    

    

    

    

     

   

    

     

    

    

   

    

    

    

    

    

    

255 

APPENDIX D –Supplementary material for chapter 5 


Table D1. List of tissue samples sequenced, locality information and gene sequences obtained.  


ID Genus Species Subspecies Ecoregion State/ County long lat MYH TBP VIM R35 Cytb 
Prov 

SJA17304 Thamnophis elegans vagrans NRockyV AB 	Alberta -114.672 49.629 X X X X X 


SJA18261 Thamnophis elegans vagrans NRockyV AB 	Alberta -114.151 51.063 X X X X X 


SJA18380 Thamnophis elegans vagrans NRockyV AB 	Alberta -113.451 49.719 X X X X X 


SJA18445 Thamnophis elegans vagrans NRockyV AB 	Alberta -117.419 56.161 X - X X X 


SJA13690 Thamnophis elegans vagrans PlateauV AZ 	Coconino -111.479 34.937 X X X X X 


RH57922 Thamnophis elegans vagrans PlateauV AZ 	Apache -109.580 34.063 - - - - X 


RH57921 Thamnophis elegans vagrans PlateauV AZ 	Coconino -111.304 34.550 - - - - X 


SJA13691 Thamnophis elegans vagrans PlateauV AZ 	Coconino -111.479 34.937 - - - - X 


SJA11383 Thamnophis elegans vagrans PlateauV AZ 	Graham -109.966 32.707 - - - - X 


SJA13795 Thamnophis elegans vagrans PlateauV AZ 	Navajo -110.331 34.958 - - - - X 


RH57929 Thamnophis elegans vagrans PlateauV AZ 	Yavapai -112.129 34.697 - - - - X 


SJA16638 Thamnophis elegans vagrans NRockyV BC 	British -119.116 49.063 X X X X X 

Columbia 


SJA16662 Thamnophis elegans vagrans NRockyV BC 	British -118.210 49.126 X X X X X 

Columbia 


CAS160728 Thamnophis elegans vagrans NW BC 	British -124.333 49.305 X - - X X 

Columbia 


CAS160732 Thamnophis elegans vagrans NW BC 	British -124.364 49.349 - - - - X 

Columbia 


SJA10270 Thamnophis elegans vagrans NRockyV BC 	British -119.783 50.767 - - - - X 

Columbia 


SJA12333 Thamnophis elegans vagrans NRockyV BC 	British -116.638 49.139 - - - - X 

Columbia 
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SJA12335 Thamnophis elegans vagrans NRockyV BC British -116.638 49.139 - - - - X 
Columbia 

CAS160734 Thamnophis elegans vagrans NRockyV BC British -116.638 49.139 X - - - -
Columbia 

SJA11485 Thamnophis elegans terrestris Coast CA Santa Cruz -122.209 37.036 X X X X X 

SJA15863 Thamnophis elegans terrestris Coast CA Santa Clara -122.187 37.319 X - X X X 

SJA11323 Thamnophis elegans elegans Sierras CA Modoc -121.027 41.507 X X X X X 

SJA11325 Thamnophis elegans biscutatus biscutatus CA Modoc -121.418 41.936 X - X X X 

SJA13501 Thamnophis elegans terrestris Coast CA Humboldt -124.063 40.537 X X X X X 

SJA13502 Thamnophis elegans terrestris Coast CA Humboldt -124.063 40.537 X X X X X 

SJA13678 Thamnophis elegans terrestris Coast CA San Mateo -122.189 37.315 X - X X X 

SJA13679 Thamnophis elegans terrestris Coast CA Santa Cruz -122.228 37.042 X - X X X 

SJA17110 Thamnophis elegans elegans Sierras CA Tehama -121.593 40.349 X - X X X 

SJA20418 Thamnophis elegans elegans Sierras CA Modoc -120.936 41.484 X - X X X 

SJA20518 Thamnophis elegans elegans Sierras CA Lassen -120.764 40.560 X X X X X 

SJA20698 Thamnophis elegans elegans Sierras CA Lassen -120.778 40.394 X X X X X 

SJA22242 Thamnophis elegans elegans Sierras CA Lassen -120.764 40.560 X X X X X 

SJA22276 Thamnophis elegans elegans Sierras CA Lassen -120.787 40.556 X X X X X 

SJA22331 Thamnophis elegans elegans Sierras CA Lassen -120.781 40.559 X - X X X 

SJA22332 Thamnophis elegans elegans Sierras CA Lassen -120.787 40.556 X - X X X 

SJA22334 Thamnophis elegans elegans Sierras CA Lassen -120.735 40.534 X X X X X 

SJA22338 Thamnophis elegans elegans Sierras CA Lassen -120.781 40.559 X - X - X 

SJA22965 Thamnophis elegans EVintergrade EVintergrade CA Fresno -118.964 37.285 X - X X X 

SJA22966 Thamnophis elegans EVintergrade EVintergrade CA Fresno -118.964 37.285 X - X X X 

SJA23070 Thamnophis elegans elegans Sierras CA Mono -118.965 37.636 X X X X X 

SJA23598 Thamnophis elegans elegans Sierras CA Madera -119.339 37.500 X - X X X 
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SJA23599 Thamnophis elegans elegans Sierras CA Madera -119.339 37.500 X - X X X 

SJA23604 Thamnophis elegans EVintergrade EVintergrade CA Mono -118.809 37.676 X X X X X 

SJA23620 Thamnophis elegans elegans Sierras CA Modoc -121.027 41.507 X X X X X 

SJA23759 Thamnophis elegans EVintergrade EVintergrade CA Mono -118.852 37.643 X X X X X 

SJA23769 Thamnophis elegans elegans Sierras CA Mono -118.966 37.635 X X X X X 

SJA3024 Thamnophis elegans terrestris Coast CA Humboldt -124.175 40.824 X - X X X 

SJA5301 Thamnophis elegans elegans Sierras CA Lassen -120.940 40.454 X - X X X 

SJA9001 Thamnophis elegans elegans Sierras CA Plumas -120.702 39.854 X - X X X 

CAS216642 Thamnophis elegans terrestris Coast CA San Luis -121.283 35.666 X - X X X 
Obispo 

CAS216643 Thamnophis elegans terrestris Coast CA San Luis -121.283 35.666 X - X X X 
Obispo 

CAS219646 Thamnophis elegans vagrans GreatBasinV CA Kern -118.312 35.442 X - X X X 

CAS219690 Thamnophis elegans vagrans GreatBasinV CA Kern -118.318 35.526 X - - X X 

CAS162671 Thamnophis elegans terrestris Coast CA Alameda -122.079 37.554 - - - - X 

CAS201578 Thamnophis elegans elegans Sierras CA Alpine -119.931 38.701 - - - - X 

SJA11187 Thamnophis elegans elegans Sierras CA Alpine -119.803 38.729 - - - - X 

CU12473 Thamnophis elegans terrestris Coast CA Del Norte -124.000 41.750 - - - - X 

LAW328 Thamnophis elegans terrestris Coast CA Del Norte -124.000 41.750 - - - - X 

SJA9479 Thamnophis elegans terrestris Coast CA Del Norte -124.061 41.549 - - - - X 

CAS212995 Thamnophis elegans elegans Sierras CA Fresno -119.152 37.332 - - - - X 

CAS213059 Thamnophis elegans elegans Sierras CA Fresno -119.233 37.341 - - - - X 

CASRWH2 Thamnophis elegans elegans Sierras CA Fresno -119.074 37.028 - - - - X 

SJA3026 Thamnophis elegans terrestris Coast CA Humboldt -124.106 41.016 - - - - X 

SJA3945 Thamnophis elegans terrestris Coast CA Humboldt -124.130 40.930 - - - - X 

CAS219644 Thamnophis elegans vagrans GreatBasinV CA Kern -118.315 35.445 - - - - X 
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CASRWH3 Thamnophis elegans vagrans GreatBasinV CA Kern -118.319 35.450 - -

CAS209139 Thamnophis elegans ETintergrade ETintergrade CA Lake -122.616 39.099 - -

CAS219447 Thamnophis elegans ETintergrade ETintergrade CA Lake -122.776 39.364 - -

CAS201272 Thamnophis elegans elegans Sierras CA Lassen -120.490 41.126 - -

SJA56 Thamnophis elegans elegans Sierras CA Lassen -120.808 40.579 - -

SJA967 Thamnophis elegans terrestris Coast CA Humboldt -123.716 40.512 - -

CAS209222 Thamnophis elegans elegans Sierras CA Madera -119.578 37.491 - -

CAS212940 Thamnophis elegans elegans Sierras CA Madera -119.428 37.324 - -

CAS209037 Thamnophis elegans ETintergrade ETintergrade CA Mendocino -122.990 39.936 - -

CAS219500 Thamnophis elegans ETintergrade ETintergrade CA Mendocino -122.901 39.605 - -

CAS220678 Thamnophis elegans ETintergrade ETintergrade CA Mendocino -123.064 39.905 - -

CAS220679 Thamnophis elegans ETintergrade ETintergrade CA Mendocino -123.064 39.905 - -

CASRWH7 Thamnophis elegans vagrans GreatBasinV CA Mono -118.621 37.935 - -

SJA13790 Thamnophis elegans elegans Sierras CA Mono -119.533 38.349 - -

CAS199763 Thamnophis elegans biscutatus biscutatus CA Modoc -120.243 41.469 - -

CAS199764 Thamnophis elegans biscutatus biscutatus CA Modoc -120.243 41.469 - -

CAS199796 Thamnophis elegans elegans Sierras CA Modoc -120.947 41.384 - -

CAS199797 Thamnophis elegans elegans Sierras CA Modoc -120.947 41.384 - -

CAS203124 Thamnophis elegans biscutatus biscutatus CA Modoc -120.245 41.547 - -

CAS206466 Thamnophis elegans elegans Sierras CA Modoc -120.537 41.481 - -

CAS156091 Thamnophis elegans terrestris Coast CA Marin -122.525 37.906 - -

SJA4828 Thamnophis elegans terrestris Coast CA Marin -122.714 38.121 - -

CAS165830 Thamnophis elegans terrestris Coast CA Monterey -121.594 36.078 - -

SJA94 Thamnophis elegans terrestris Coast CA Monterey -121.803 36.839 - -

SJA96 Thamnophis elegans terrestris Coast CA Monterey -121.862 36.317 - -

- - X 

- - X 
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CAS203420 Thamnophis elegans elegans Sierras CA Nevada -120.077 39.392 - - - - X 


CAS205875 Thamnophis elegans elegans Sierras CA Placer -120.776 39.145 - - - - X 


CAS205691 Thamnophis elegans elegans Sierras CA Plumas -121.052 39.615 - - - - X 


CAS205695 Thamnophis elegans elegans Sierras CA Butte -121.129 39.600 - - - - X 


CAS206101 Thamnophis elegans elegans Sierras CA Plumas -120.260 40.070 - - - - X 


CAS209288 Thamnophis elegans elegans Sierras CA Plumas -120.405 40.145 - - - - X 


CAS209289 Thamnophis elegans elegans Sierras CA Plumas -120.405 40.145 - - - - X 


CAS209704 Thamnophis elegans elegans Sierras CA Plumas -120.970 39.675 - - - - X 


CAS528 Thamnophis elegans elegans Sierras CA Sacramento -121.449 38.436 - - - - X 


CASSS1 Thamnophis elegans elegans Sierras CA Sacramento -121.152 38.491 - - - - X 


SJA12428 Thamnophis elegans BernadinoE BernadinoE CA San -116.932 34.240 - - - - X 

Bernardino
 

SJA293 Thamnophis elegans BernadinoE BernadinoE CA San -116.908 34.181 - - - - X 

Bernardino
 

Francisco
 

Obispo 


CAS218612 Thamnophis elegans terrestris Coast CA Santa Clara -121.538 37.004 - - - - X 


SJA10090 Thamnophis elegans terrestris Coast CA Santa Clara -122.110 37.259 - - - - X 


CAS198630 Thamnophis elegans terrestris Coast CA San -122.467 37.767 - - - - X 


SJA979 Thamnophis elegans elegans Sierras CA Shasta -121.505 40.812 - - - - X 


CAS202877 Thamnophis elegans elegans Sierras CA Sierra -120.967 39.512 - - - - X 


CAS203416 Thamnophis elegans elegans Sierras CA Sierra -120.300 39.491 - - - - X 


CAS203417 Thamnophis elegans elegans Sierras CA Sierra -120.164 39.584 - - - - X 


CAS207041 Thamnophis elegans elegans Sierras CA Sierra -120.905 39.436 - - - - X 


SJA12181 Thamnophis elegans terrestris Coast CA San Luis -120.623 35.032 - - - - X 


CAS204821 Thamnophis elegans terrestris Coast CA San Mateo -122.459 37.702 - - - - X 


CAS208879 Thamnophis elegans terrestris Coast CA San Mateo -122.496 37.699 - - - - X 
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CAS218662 Thamnophis elegans terrestris Coast CA Sonoma -123.106 38.437 - - - - X 

CAS437 Thamnophis elegans terrestris Coast CA Sonoma -122.826 38.401 - - - - X 

SJA8519 Thamnophis elegans terrestris Coast CA Sonoma -123.530 38.764 - - - - X 

SJA9187 Thamnophis elegans terrestris Coast CA Sonoma -123.095 38.441 - - - - X 

SJA9958 Thamnophis elegans terrestris Coast CA Sonoma -123.000 38.500 - - - - X 

CAS218609 Thamnophis elegans terrestris Coast CA Santa Cruz -121.774 36.930 - - - - X 

SJA52 Thamnophis elegans elegans Sierras CA Tuolumne -120.046 38.411 - - - - X 

CAS212838 Thamnophis elegans vagrans GreatBasinV CA Tulare -118.560 35.927 - - - - X 

CAS205668 Thamnophis elegans elegans Sierras CA Plumas -121.062 39.606 - - - - X 

SJA13500 Thamnophis elegans terrestris Coast CA Humboldt -124.063 40.537 X - - - -

SJA20516 Thamnophis elegans elegans Sierras CA Lassen -120.755 40.530 X X - - -

SJA16837 Thamnophis elegans vagrans PlateauV CO Rio Blanco -107.967 39.993 X X X X X 

SJA13789 Thamnophis elegans vagrans PlateauV CO Archuleta -107.011 37.267 - - - - X 

CAS207279 Thamnophis elegans vagrans PlateauV CO Chaffee -106.160 38.669 - - - - X 

SJA9463 Thamnophis elegans vagrans PlateauV CO Montrose -107.557 38.496 - - - - X 

CAS207277 Thamnophis elegans vagrans PlateauV CO Las -104.522 37.052 - - - - X 
Animas 

CAS208625 Thamnophis elegans vagrans PlateauV CO Moffat -107.652 40.876 - - - - X 

CAS208626 Thamnophis elegans vagrans PlateauV CO Moffat -107.652 40.876 - - - - X 

SJA11394 Thamnophis elegans vagrans PlateauV CO La Plata -107.676 37.397 - - - - X 

SJA9465 Thamnophis elegans vagrans PlateauV CO Rio Grande -106.420 37.639 - - - - X 

SJA13944 Thamnophis elegans vagrans PlateauV CO Montezuma -109.043 37.329 - - - - X 

CAS223562 Thamnophis elegans vagrans PlateauV CO Otero -103.546 37.952 X X X - -

SJA16646 Thamnophis elegans vagrans NRockyV ID Ada -116.067 43.526 X X X X X 

SJA16628 Thamnophis elegans vagrans NRockyV ID Blaine -113.833 43.422 X - X X X 

SJA16632 Thamnophis elegans vagrans NRockyV ID Clark -112.975 44.231 X X X X X 
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SJA16633 Thamnophis elegans vagrans NRockyV ID Blaine -113.833 43.422 X X X X X 

SJA16634 Thamnophis elegans vagrans NRockyV ID Bonner -116.151 48.259 X X X X X 

SJA16637 Thamnophis elegans vagrans NRockyV ID Elmore -115.320 42.938 X X X X X 

SJA16639 Thamnophis elegans vagrans NRockyV ID Lemhi -113.982 45.396 X - X X X 

SJA23064 Thamnophis elegans vagrans NRockyV ID Shoshone -116.283 47.044 X X X X X 

SJA5382 Thamnophis elegans vagrans NRockyV ID Bingham -112.266 43.255 - - - - X 

SJA9620 Thamnophis elegans vagrans NRockyV ID Custer -114.954 44.099 - - - - X 

SJA7990 Thamnophis elegans vagrans NRockyV ID Shoshone -116.260 47.281 - - - - X 

SJA16627 Thamnophis elegans vagrans NRockyV MT Lake -114.170 47.247 X X X X X 

SJA16689 Thamnophis elegans vagrans NRockyV MT Ravalli -114.115 45.926 X X X X X 

SJA11384 Thamnophis elegans vagrans NRockyV MT Missoula -114.249 46.756 - - - - X 

SJA14840 Thamnophis elegans vagrans NRockyV MT Sweet -109.961 45.802 - - - - X 
Grass 

RH48476 Thamnophis elegans hueyi hueyi MX Baja -115.483 30.900 - - - - X 
California 

ADQ621 Thamnophis elegans vagrans PlateauV MX Chihuahua -107.868 29.050 - - - - X 

ADQ627 Thamnophis elegans vagrans PlateauV MX Chihuahua -108.394 29.613 - - - - X 

SJA17298 Thamnophis elegans vagrans PlateauV NM Grant -108.204 33.180 X X - X X 

SJA17299 Thamnophis elegans vagrans PlateauV NM Grant -108.555 33.008 X X X X X 

SJA13962 Thamnophis elegans vagrans PlateauV NM Cibola -108.125 35.253 - - - - X 

CU12484 Thamnophis elegans vagrans PlateauV NM Catron -108.267 33.230 - - - - X 

SJA11379 Thamnophis elegans vagrans PlateauV NM Grant -108.205 33.040 - - - - X 

SJA12408 Thamnophis elegans vagrans PlateauV NM Lincoln -105.661 33.355 - - - - X 

SJA12873 Thamnophis elegans vagrans PlateauV NM Rio Arriba -106.330 36.563 - - - - X 

LSUMZ3964 Thamnophis elegans vagrans PlateauV NM San Miguel -105.284 35.653 - - - - X 

LSUMZ3986 Thamnophis elegans vagrans PlateauV NM San Miguel -105.685 35.659 - - - - X 
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LSUMZ3990 Thamnophis elegans vagrans PlateauV 

SJA10383 Thamnophis elegans vagrans GreatBasinV

SJA13942 Thamnophis elegans vagrans GreatBasinV

SJA13953 Thamnophis elegans vagrans GreatBasinV

SJA13954 Thamnophis elegans vagrans GreatBasinV

SJA15425 Thamnophis elegans vagrans GreatBasinV

SJA16061 Thamnophis elegans vagrans GreatBasinV

SJA16733 Thamnophis elegans vagrans GreatBasinV

SJA13915 Thamnophis elegans vagrans GreatBasinV 

SJA13938 Thamnophis elegans vagrans GreatBasinV 

SJA13964 Thamnophis elegans vagrans GreatBasinV 

SJA13989 Thamnophis elegans vagrans GreatBasinV 

SJA5389 Thamnophis elegans vagrans GreatBasinV 

CAS202942 Thamnophis elegans vagrans GreatBasinV

CAS202944 Thamnophis elegans vagrans GreatBasinV

CAS202957 Thamnophis elegans vagrans GreatBasinV

CAS202976 Thamnophis elegans vagrans GreatBasinV

SJA13956 Thamnophis elegans vagrans GreatBasinV 

SJA11008 Thamnophis elegans elegans NW 

SJA18520 Thamnophis elegans elegans Sierras 

SJA10312 Thamnophis elegans biscutatus biscutatus

SJA15842 Thamnophis elegans terrestris Coast 

SJA16481 Thamnophis elegans terrestris Coast 

SJA16630 Thamnophis elegans vagrans NRockyV 

SJA16631 Thamnophis elegans vagrans NRockyV 

NM 

NV 

NV 

NV 

NV 

NV 

NV 

NV 
NV 

NV 

NV 

NV 

NV 

NV 

NV 

NV 

NV 
NV 

OR 

OR 

OR 

OR 

OR 

OR 

OR 

San Miguel -105.489 35.718 - -

Nye -115.028 38.415 X X 

Lander -117.032 39.823 X X 

Elko -115.701 40.877 X X 

Elko -115.701 40.877 X X 

Elko -115.701 40.877 X -

Lincoln -114.187 38.027 X X 

Lander -117.394 39.160 X X 

Elko -116.582 41.229 - -

Elko -114.171 41.533 - -

Elko -115.701 40.736 - -

Elko -115.795 41.463 - -

Elko -115.711 40.877 - -

Washoe -119.518 41.501 - -

Washoe -119.518 41.501 - -

Washoe -119.454 41.523 - -

Washoe -119.462 41.524 - -

Elko -115.701 40.877 X -

Linn -122.926 44.630 X X 

Jackson -123.168 42.256 X -

Lake -120.569 42.685 X X 

Curry -124.411 42.431 X -

Curry -124.315 42.071 X X 

Wasco -120.935 45.646 X X 

Wasco -120.935 45.646 X X 

- - X 

X X X 

- X X 

X X X 

X X X 

X X X 

X X X 

X X X 

- - X 

- - X 

- - X 

- - X 

- - X 

- - X 

- - X 

- - X 

- - X 

X X X 

X X X 

X X X 

X X X 

X X X 

X X X 

X X X 
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SJA22238 Thamnophis elegans vagrans GreatBasinV OR Harney -119.000 43.300 

SJA22329 Thamnophis elegans vagrans NRockyV OR Union -118.090 45.325 

SJA22421 Thamnophis elegans elegans Sierras OR Klamath -121.816 42.235 

SJA22600 Thamnophis elegans terrestris Coast OR Curry -124.214 42.005 

SJA22660 Thamnophis elegans terrestris Coast OR Curry -124.344 42.101 

SJA22661 Thamnophis elegans terrestris Coast OR Curry -124.344 42.101 

SJA22967 Thamnophis elegans elegans Sierras OR Jackson -123.041 42.036 

SJA23605 Thamnophis elegans elegans Sierras OR Klamath -122.028 42.153 

SJA23611 Thamnophis elegans elegans Sierras OR Klamath -121.948 42.651 

SJA23632 Thamnophis elegans elegans Sierras OR Klamath -121.981 42.150 

SJA23672 Thamnophis elegans elegans NW OR Douglas -122.731 43.346 

SJA23695 Thamnophis elegans biscutatus biscutatus OR Klamath -121.399 42.198 

SJA23709 Thamnophis elegans biscutatus biscutatus OR Lake -120.777 42.299 

SJA23761 Thamnophis elegans elegans NW OR Marion -122.394 44.754 

SJA23762 Thamnophis elegans elegans NW OR Marion -122.394 44.754 

SJA23773 Thamnophis elegans elegans NW OR Douglas -122.714 43.406 

SJA23774 Thamnophis elegans elegans NW OR Douglas -122.714 43.406 

SJA23775 Thamnophis elegans elegans NW OR Linn -122.755 44.334 

SJA23777 Thamnophis elegans vagrans GreatBasinV OR Lake -120.750 42.994 

SJA23778 Thamnophis elegans vagrans NRockyV OR Jefferson -121.632 44.525 

CAS169452 Thamnophis elegans vagrans NRockyV OR Baker -117.828 44.778 

SJA8020 Thamnophis elegans vagrans NRockyV OR Jefferson -121.225 44.766 

CASMML2 Thamnophis elegans elegans Sierras OR Klamath -122.216 42.393 

SJA9188 Thamnophis elegans elegans Sierras OR Klamath -121.815 42.235 

SJA22253 Thamnophis elegans vagrans GreatBasinV OR Harney -119.000 43.300 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

-

-

-

-

X 

X 

X 

X 

-

X 

X 

-

X 

X 

X 

X 

X 

X 

-

X 

-

-

X 

X 

X 

-

-

-

-

X 

X X X 

- X X 

X X X 

X X X 

X X X 

X X X 

X X X 

X X X 

X X X 

X X X 

X X X 

X X X 

X X X 

X X X 

X X X 

X X X 

X X X 

X X X 

X X X 

X X X 

- - X 

- - X 

- - X 

- - X 

- X -
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LAW36A Thamnophis elegans vagrans NRockyV SD Lawrence -103.928 44.360 - - - - X 

SJA3152 Thamnophis elegans vagrans NRockyV SD Pennington -103.479 43.981 - - - - X 

SJA13998 Thamnophis elegans vagrans PlateauV UT Sanpete -111.254 39.646 X X X X X 

SJA13999 Thamnophis elegans vagrans PlateauV UT Sanpete -111.254 39.646 - X X X X 

SJA15412 Thamnophis elegans vagrans PlateauV UT San Juan -109.440 37.661 X X X X X 

SJA15413 Thamnophis elegans vagrans PlateauV UT Utah -111.049 39.885 X X X X X 

SJA15482 Thamnophis elegans vagrans PlateauV UT San Juan -109.469 37.894 X X X X X 

SJA10349 Thamnophis elegans vagrans PlateauV UT Emery -111.143 39.456 - - - - X 

SJA10333 Thamnophis elegans vagrans PlateauV UT Garfield -111.313 37.864 - - - - X 

SJA10350 Thamnophis elegans vagrans PlateauV UT Garfield -111.420 37.776 - - - - X 

SJA7019 Thamnophis elegans vagrans PlateauV UT Garfield -112.472 37.623 - - - - X 

CASRWH8 Thamnophis elegans vagrans PlateauV UT Kane -112.685 37.515 - - - - X 

SJA13958 Thamnophis elegans vagrans PlateauV UT Kane -112.548 37.102 - - - - X 

SJA10348 Thamnophis elegans vagrans GreatBasinV UT Millard -112.087 39.022 - - - - X 

SJA10354 Thamnophis elegans vagrans PlateauV UT San Juan -109.218 38.392 - - - - X 

SJA15971 Thamnophis elegans vagrans PlateauV UT San Juan -109.469 37.894 - - - - X 

SJA13939 Thamnophis elegans vagrans GreatBasinV UT Utah -111.580 40.353 - - - - X 

MVZ150236 Thamnophis elegans vagrans PlateauV UT Washingto -113.957 37.490 - - - - X 
n 

SJA10353 Thamnophis elegans vagrans PlateauV UT Wayne -111.383 38.255 - - - - X 

SJA16629 Thamnophis elegans vagrans NRockyV WA Grant -119.391 47.588 X X X X X 

SJA16635 Thamnophis elegans vagrans NRockyV WA Grant -119.279 47.127 - X X X X 

SJA16636 Thamnophis elegans vagrans NRockyV WA Grant -119.279 47.127 X X X X X 

SJA16686 Thamnophis elegans vagrans NRockyV WA Okanogan -119.748 48.558 X X X X X 

SJA16688 Thamnophis elegans vagrans NRockyV WA Walla -118.351 46.067 X X - X X 
Walla 
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CAS165832 Thamnophis elegans vagrans NW WA King -122.319 47.551 X -

CAS165816 Thamnophis elegans vagrans NRockyV WA Kittitas -120.573 46.990 - -

SJA12479 Thamnophis elegans vagrans NRockyV WA Kittitas -120.487 46.856 - -

SJA9258 Thamnophis elegans vagrans NRockyV WA Okanogan -120.180 48.488 - -

SJA9456 Thamnophis elegans vagrans NW WA Pierce -122.543 47.117 - -

SJA14845 Thamnophis elegans vagrans GreatBasinV WY Teton -110.798 43.291 - -

SJA23619 Thamnophis atratus 

CA 

Humboldt -123.543 40.464 X -

TatratusD Thamnophis atratus - - - - - -

SJA22451 Thamnophis atratus OR Coos -124.054 42.736 X X 

SJA22682 Thamnophis atratus OR Lane -123.353 44.070 X X 

SJA22907 Thamnophis atratus 

OR 

Jackson -122.840 42.576 X -

SJA23776 Thamnophis atratus OR Douglas -123.076 42.935 X X 

SJA22908 Thamnophis atratus OR Jackson -122.990 42.625 X -

TbrachD Thamnophis brachystoma - - - - - -

CAS163984 Thamnophis brachystoma NY Cattaraugus -78.685 42.273 X X 

CAS200833 Thamnophis brachystoma NY Cattaraugus -78.940 42.023 X X 

CAS200837 Thamnophis brachystoma NY Chemung -76.852 42.189 - -

SJA3045 Thamnophis butleri - - - - X X 

SJA3046 Thamnophis butleri - - - - X X 

TbutleriD Thamnophis butleri - - - - - -

CAS206033 Thamnophis couchii 

CA 

Plumas -120.787 39.925 X X 

CAS206386 Thamnophis couchii CA Sierra -120.964 39.512 X X 

CAS236555 Thamnophis couchii 

CA 

El Dorado -120.434 38.606 X X 

CAS213135 Thamnophis couchii 

CA 

Tulare -118.318 35.817 X -

TcouchiiD Thamnophis couchii Ca - - - - -

- - X 

- - X 

- - X 

- - X 

- - X 

- - X 

X X X 

- - X 

X X X 

X X X 

X X X 

X X X 

- - X 

X X X 

X X X 

- X -

X X X 

X X X 

- - X 

- X X 

X - X 

- X X 

X X X 

- - X 
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SJA12592 Thamnophis cyrtopsis 

AZ 

Cochise -109.135 31.690 X X - X X 


SJA12608 Thamnophis cyrtopsis AZ Cochise -109.135 31.690 X X X X X 


SJA12908 Thamnophis cyrtopsis 

AZ 

Cochise -109.449 31.477 X - X X X 


Tcyrt2D Thamnophis cyrtopsis CA - - - - - - - X 


TgigasD Thamnophis gigas CA - - - - - - - X 


SJA22727 Thamnophis hammondii 

CA 

San Luis -121.148 35.617 X X X X X 

Obispo 

SJA22625 Thamnophis hammondii 

CA 

San Luis -121.148 35.617 X - - - -
Obispo 


SJA12593 Thamnophis marcianus AZ Cochise -109.418 31.487 X X X X X 


SJA12600 Thamnophis marcianus AZ Cochise -109.418 31.487 X X X X X 


SJA12603 Thamnophis marcianus AZ Cochise -109.418 31.487 X X X X X 


SJA12612 Thamnophis marcianus AZ Cochise -109.135 31.690 X X X X X 


TmarciD Thamnophis marcianus - - - - - - - - X 


TordD Thamnophis ordinoides - - - - - - - - X 


SJA17129 Thamnophis ordinoides OR Benton -123.304 44.571 X X X X X 


SJA17134 Thamnophis ordinoides OR Benton -123.304 44.571 X X X X X 


SJA17205 Thamnophis ordinoides OR Benton -123.304 44.571 X X X X X 


SJA22464 Thamnophis ordinoides OR Douglas -123.200 43.600 X X X X X 


SJA22466 Thamnophis ordinoides OR Lane -123.100 43.630 X X X X X 


SJA22659 Thamnophis ordinoides 

OR 

Curry -124.344 42.101 X - X X X 


SJA22968 Thamnophis ordinoides OR Jackson -123.041 42.036 X X X X X 


CAS218285 Thamnophis pulchrilatus - - - - - - X X -


SJA22262 Thamnophis radix MB Manitoba -98.380 51.730 X X X X X 


TradixD Thamnophis radix - - - - - - - - X 


SJA13675 Thamnophis radix 

NE 

Cherry -100.653 42.563 X - X X X 
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SJA13677 Thamnophis radix NE Cherry -100.653 42.563 X X X X X 

SJA20813 Thamnophis sirtalis OR Benton -123.432 44.704 X X X X X 

SJA22662 Thamnophis sirtalis OR Lake -120.153 42.221 X X X X X 

SJA22821 Thamnophis sirtalis TN Jefferson -83.562 36.179 X X X X X 

SJA22823 Thamnophis sirtalis TN Jefferson -83.562 36.179 X X X X X 
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Figure D1. Bayesian all-compatible consensus phylogram of the cytochrome b gene. 
Support values are shown on the branch labels, with Bayesian posterior support values 

being shown above, and Maximum Likelihood bootstrap values shown below. 
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Figure D1. 
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(Continued) 
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Figure D2. Bayesian all-compatible consensus phylogram of the MYH2 locus. 
Support values are shown on the branch labels, with Bayesian posterior support values 

being shown above, and Maximum Likelihood bootstrap values shown below. 
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Figure D2 
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(Continued) 
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Figure D3. Bayesian all-compatible consensus phylogram of the TBP locus. Support 
values are shown on the branch labels, with Bayesian posterior support values being 

shown above, and Maximum Likelihood bootstrap values shown below. 
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Figure D3 
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Figure D4. Bayesian all-compatible consensus phylogram of the VIM locus. Support 
values are shown on the branch labels, with Bayesian posterior support values being 

shown above, and Maximum Likelihood bootstrap values shown below. 
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Figure D4 
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(Continued) 
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Figure D5. Bayesian all-compatible consensus phylogram of the R35 locus. Support 
values are shown on the branch labels, with Bayesian posterior support values being 

shown above, and Maximum Likelihood bootstrap values shown below. 
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Figure D5 
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