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ABSTRACT 

EVOLUTIONARY CONSEQUENCES OF CENOZOIC CLIMATE CHANGE ON AFRICAN 
LACERTID LIZARDS (SQUAMATA: LACERTIDAE)  

 
 

CHRISTY A. HIPSLEY 

The evolutionary diversification of many terrestrial vertebrate groups is strongly linked to 

climatic events in the Cenozoic, the period from 65 Million years ago to today when 

modern animals first appeared. I investigated the effects of Cenozoic climate change on 

the taxonomic and morphological diversification of the Old World lizard family 

Lacertidae, with particular emphasis on the African radiation. African lacertids exhibit an 

unusual pattern of diversification, in which their highest species richness occurs in deserts 

north and south of the equator, despite being spread throughout the continent. This 

disparity is particularly surprising given that desert lacertids are thought to be 

evolutionarily younger than their mesic-dwelling relatives, suggesting increased 

diversification rates in arid habitats. To identify the evolutionary factors underlying this 

pattern, I use a combination of phylogenetic, morphological and ecological techniques. In 

Chapter 1, I apply Bayesian methods and fossil-based calibrations to molecular sequence 

data to construct a time-calibrated phylogeny for Lacertidae. I estimate that the family 

arose in the early Cenozoic, with the majority of their African radiation occurring in the 

Eocene and Oligocene. In Chapter 2, I describe changes in lacertid body shape across 

biomes and substrates, and find widespread morphological convergence in similar habitat 

types. I suggest that in addition to foraging demands, fluctuating and extreme climatic 

conditions, largely driven by precipitation and temperature, contribute to morphological 

convergence across independent arid-dwelling clades. Finally, I test if ancestral 

transitions in ecology, morphology, and rates of diversification temporally coincide with 

paleoclimatic events in the Cenozoic. I use High Resolution X-ray Computed 

Tomography to characterize changes in the skull related to life in arid habitats, and apply 



 viii 

maximum likelihood methods to test if the origins of those traits temporally coincide with 

significant shifts in habitat, diversification rates and climatic changes. My results show 

that African lacertids experienced three major peaks in diversification, accompanied by 

the evolution of suites of arid-adapted morphological traits. These changes coincide with 

climatic shifts in Africa, including the transition from closed forests to open grasslands 

and savanna in the late Oligocene, prior to the peak temperatures of the mid-Miocene 

Climatic Optimum, and following the formation of the Benguela current leading to hyper-

aridity in southern Africa. I conclude that deserts are important centers for reptile 

evolution, but that expected changes in climate due to global warming may outpace the 

ability of arid-dwelling species to adapt and persist in the future.  



 ix 

ACKNOWLEDGEMENTS 
 
 
 

The two people who undoubtedly deserve the most credit for getting me this far 

are my parents, Bruce and Shelly Hipsley. They never once said no to my unending pleas 

for support (financial and emotional), and I am both sorry and comforted to think that that 

will never change. I only hope that I have given something back through my 

achievements to make it all worth it. I am likewise indebted to my grandparents, Steve 

and Helen Saradin, for supporting me throughout my undergraduate years and for letting 

me know that there was a world outside of Bel Air. 

 
 

I also want to thank and acknowledge the people who have directly participated 

in this dissertation. The text of this dissertation includes a reprint of the following 

previously published material:  

CHAPTER 1.  

Hipsley, C. A., Himmelmann, L., Metzler, D. and J. Müller. 2009. Integration of  
Bayesian molecular clock methods and fossil-based soft bounds reveals early 
Cenozoic colonization of African lacertid lizards. BMC Evolutionary Biology 
9:151.  

 

The co-authors listed in this publication directed and supervised the research which forms 

the basis for the chapter. The contributions of the co-authors are as follows: Christy 

Hipsley designed the study, collected genetic sequence data, performed the sequence 

alignment and wrote the manuscript. The original idea was conceived by Johannes 

Müller, who also participated in data interpretation. Lin Himmelmann and Dirk Metzler 

designed the bioinformatics program used and Lin Himmelmann carried out the 

molecular clock analyses. All authors reviewed and approved the final manuscript.  

 



 x 

Of course, this journey would have never even begun without the inspiring and 

stimulating influence of the many teachers and mentors from my past. In this regard, I 

want to thank Staffan Bensch and Jean Secondi from Lund University in Sweden for 

introducing me to research in the lab and in the field, and for allowing me to make so 

many mistakes in both. Donald Miles from Ohio University has also been a major 

supporter of my work, by offering advice, time and friendship. His help with the second 

chapter in particular and collecting data in the field were invaluable. 

 

The person to whom I am most grateful for shaping my scientific mind over the 

past five years is Johannes Müller from the Museum für Naturkunde Berlin, Germany. 

Becoming a member of Johannes’ group was a pivotal point in my graduate career, and 

has led me on paths that I never thought were possible. I came to Berlin with no 

knowledge of paleontology or morphology, yet I leave with experience and interest in 

both. Our endless conversations about evolution and science gave me the confidence to 

share my ideas, and more importantly to ask questions when I didn’t understand others’. I 

hope that my presence at the Museum has also contributed to his scientific growth, and I 

look forward to future collaborations in Berlin and hopefully beyond. 

 

I also want to thank Barry Sinervo, who took a chance on me despite me turning 

up over an hour late to our first meeting. My first outing to Los Baños is still a 

memorable experience, and I remember being afraid of the big, open space. Since then 

deserts have become my habitat of choice, and looking for lizards under a boiling sun has 

become a pleasure. I am also eternally grateful to Barry for supporting my move to 

Germany. My two years of work at Santa Cruz were a perfect warm up to what lay ahead. 

Seeing Barry’s dedication to research and stamina in the field has been an inspiration. 



 xi 

Although I’ll never be able to noose as many lizards in a day, I hope that I can at least 

endure as many field seasons in my career. 

 

My fellow labmates at Santa Cruz, especially Lesley Lancaster, Mitchel Mulks, 

Ammon Corl, and Alison Davis, are also partially responsible for my scientific 

achievements. Lesley has been the ideal academic big sister, by showing me how to train 

undergraduates, teach, do research and still have fun at the same time. It’s been great to 

see our research interests intersect over the past few years and I hope that I have 

contributed to her academic growth as much as she has influenced mine. I also enjoyed 

many conversations with Ammon about evolution and research, and I’m glad and grateful 

that he helped me collect data in Namibia. Mitch and Alison were also great companions 

in the lab, and a fun distraction outside of it. 

  

Finally, I have to thank the person who has been with me since the beginning and 

has supported me in every way possible, Staffan Persson. His influence as a scientist and 

a person has been overwhelmingly positive and has played a role in everything I have 

done. Det är omöjligt att beskriva hur tacksam och lycklig jag är att ha dig. Tack! 

 



 1 

INTRODUCTION 

 

 Understanding the factors underlying patterns of biological diversity has remained 

an active endeavor for over a century (e.g., Wallace 1876, Currie 1991, Gaston 2000, 

Currie et al. 2004), but has recently gained particular attention as a result of global 

climate change. Biotic responses to global warming have been observed at increasing 

rates over the past century, including shifts in species ranges, migration routes and 

reproductive timing (for a review, see Parmesan 2006). The overwhelming consensus is 

that climate change has already impacted natural systems and will continue to do so in the 

future (Parmesan and Galbraith 2004). Much less understood, however, are the long-term 

impacts of climate change on the evolutionary processes underlying biodiversity (i.e. 

speciation and extinction). Since the majority of climate impact studies are limited to 

small temporal and spatial scales, extrapolating their results to a macroevolutionary level 

has been difficult (Walther et al. 2002). Therefore, in order to predict the long-term 

consequences of current and future climate change on diversification, an understanding of 

their interactions in the past is required. 

 

 Global patterns of biodiversity have been shown to vary significantly with nearly 

every climatic factor studied, including temperature, precipitation, and evapotranspiration 

(Currie 1991). Some of the best known examples come from terrestrial vertebrates, whose 

species richness increases from high to low latitudes in nearly every taxonomic group 

studied (Hillebrand 2004). While most efforts to explain this pattern have focused on 

identifying contemporary environmental correlates, few studies have examined historical 

variation in the evolutionary processes that directly affect species richness: speciation (or 

cladogenesis) and extinction. Fortunately, recent advances in the statistical modeling of 

evolution based on molecular phylogenies now allow the estimation of diversification 
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rates over time. This is commonly done using molecular clock models to derive clade 

ages from phylogenetic data and, in conjunction with clade size, modeling speciation and 

extinction of those lineages based on a stochastic birth-death process (e.g., Rabosky 2006, 

Ricklefs 2007). By comparing variation in diversification rates to paleoclimatic records, 

recent studies have shown that historical climatic events have shaped diversification 

patterns of groups as widespread as cetaceans (Steeman et al. 2009), xenarthrans (Delsuc 

et al. 2004), boreal birds (Weir and Schluter 2004), leaf-nosed bats (Stevens 2006), and 

rodents (Mercer and Roth 2003).  

 

 In contrast to the many investigations of evolutionary diversification in birds and 

mammals, only a handful of studies have examined diversity-climate relationships in 

squamate reptiles, the clade including snakes, lizards, and amphisbaenians (e.g., Harmon 

et al. 2003, Rabosky et al. 2007, Ricklefs et al. 2007, Tolley et al. 2008). This is 

particularly surprising given that squamates are among the largest groups of terrestrial 

vertebrates, with an evolutionary history extending back to the Triassic and significant 

variation in clade size, ecology and morphology. Part of this bias is due to the unresolved 

nature of squamate relationships (Townsend et al. 2004, Ricklefs et al. 2007). Convergent 

morphologies among independent clades (e.g., limblessness in snakes, some lizards and 

amphisbaenians) have long confounded phylogenetic analyses, and the availability of 

molecular data is relatively low due to the inherent difficulties of sampling in some 

groups (e.g., fossorial taxa). Squamate reptiles also have a remarkably poor fossil record 

for the Cenozoic from which molecular clock calibrations can be derived (Evans 2003). 

This lack of paleontological material has seriously hampered our ability to date the 

origins of specific clades, which is necessary for testing hypotheses on their evolutionary 

radiations. 
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 In addition to the taxonomic bias in climate impact studies, there is also a large 

geographical gap in the literature. Most records of biological responses to climate change 

come from North America and Europe, while very few have focused on climate impacts 

on African taxa (Parmesan 2006). This is unfortunate as it precludes the opportunity to 

explore diversification patterns across a broader range of habitats, including desert, 

tropical rainforest, montane grassland, and moist and arid savannas. African fauna are 

also well suited for molecular-based studies of evolution, since most of the continent was 

not affected by episodes of severe glaciation that can erase genetic signatures through 

population bottlenecks (Tolley et al. 2008). In this regard, the investigation of 

paleoclimatic effects on the diversification of a widely spread clade of African squamates 

would be highly desirable, both for comparisons with other terrestrial vertebrates and for 

filling gaps in our knowledge of general biodiversity patterns.  

 

 Here I to use lizards from the Old World family Lacertidae as a model system to 

study the evolutionary effects of climate change on squamate reptiles in Africa. Lacertids 

are excellent candidates for climate-driven diversification as they are widespread, 

evolutionarily old, and show considerable variation in species richness, morphology and 

ecology. They are also appropriate for comparative studies, since at least three lineages 

show independent colonization of arid habitats (Mayer and Pavlicev 2007, Hipsley et al. 

2009), providing a unique case for ecological, functional, and morphological 

comparisons. I use a combination of statistical and phylogenetically based approaches to 

test if geographic patterns of species richness are explained by variation in diversification 

rates, and if shifts in those rates are associated with historical climatic events. 

Specifically, I test if changes in rates of speciation and extinction coincide with 

paleoclimatic shifts during the Cenozoic, and if radiations into arid environments promote 

ecological and morphological diversification in the African clades. 
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 Applying these methods to Lacertidae first requires a robust, time-calibrated 

phylogeny from which to derive patterns of taxonomic and morphological evolution. So 

far this has been challenging due to widespread morphological convergence, variability in 

molecular markers, and lack of an adequate fossil record from which to derive molecular 

clock calibrations (Arnold 1989a, Harris et al. 1998a, Fu 2000, Pavlicev and Mayer 

2009). My first step was therefore to perform a phylogenetic analysis of Lacertidae using 

recent advances in evolutionary modeling and divergence dating methods.  

 

 In Chapter 1, I construct a phylogenetic tree for the family using a combination of 

mitochondrial and nuclear genes, and apply several evolutionary models and fossil-based 

calibrations within a Bayesian framework. Based on the best-fit relaxed molecular clock 

model, I estimate the crown clade of Lacertidae arose shortly after the Cretaceous–

Paleogene (K–Pg) boundary, approximately 60 Mya. The subclade Eremiadini is 

estimated to have split from its palearctic sister group (and potentially invaded Africa 

concurrently) in the mid-Eocene, and continued to diversify into the Oligocene and mid-

Miocene, some 10 Mya.   

 

 Although the main clade ages are significantly greater than previous estimates (e.g., 

Carranza et al. 2004, Arnold et al. 2007), older dates for the African radiation are 

supported by independent evidence from paleontological, geological and climatic records. 

In contrast to suggestions that lacertids entered Africa in the Miocene via a land bridge 

from the Middle East (e.g., Mayer and Benyr 1994, Arnold et al. 2007), my results 

corroborate a primarily western migration across what was then the southern European 

archipelago (Popov et al. 2004). Generally longer branch lengths in the African clades 

compared to their palearctic sister taxa also suggest that they experienced accelerated 
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rates of evolution after entering Africa, possibly due to selective pressures of extreme 

environments. I hypothesize that 'r-selected' strategies (e.g., reproducing and dying 

quickly) were favored in arid habitats such as aeolian deserts, leading to shortened 

generation times and thus faster evolutionary rates for arid-dwelling taxa (also, see 

Arnold et al. 2007). Indeed, many desert lacertids appear to be short-lived compared to 

their mesic-dwelling relatives (Branch 1998), indicating that adaptations to arid 

environments may underlie their rapid diversification.  

 

 To investigate if specific characteristics of arid environments are associated with 

increased diversification, I looked for patterns of morphological adaptation that are 

expected to accompany rapid radiations (Simpson 1953, Foote 1997, Schluter 2000). In 

Chapter 2, I collected external measurements from ethanol-preserved museum specimens 

and live animals in the field to compare body shapes across biomes and substrates. Across 

the family, I found morphological convergence within arid and mesic biomes, indicating 

that similarities in habitat drive covariation in head and limb proportions. In general, arid-

dwelling forms tended to have longer hindlimbs than forelimbs and relatively wide and 

deep heads. Mesic-dwelling forms in temperate, tropical and subtropical forests were 

slightly longer bodied, with longer forelimbs than hindlimbs and flatter, narrower heads. 

These patterns persisted even after adjusting for phylogenetic relationships, and are in 

line with expectations related to foraging mode and diet of species inhabiting different 

environments.   

 

 Within arid-dwelling clades in Africa, morphological variation was also found to 

covary with site-specific climatic variables. Factors related to climatic fluctuations and 

extremes, including precipitation seasonality and mean temperature of the wettest quarter, 

accounted for a quarter of the morphological variation observed. The most extreme 



 6 

climatic values occurred across multiple substrate types, suggesting that climate itself, 

particularly related to moisture and the interaction between extreme temperatures and 

precipitation, has direct effects on lacertid body shape. Widespread convergence across 

arid-dwelling clades was also supported by morphological overlap between distantly 

related species in similar habitats in northern and southern Africa. Results of Pagel’s 

lambda test for phylogenetic signal support this view, since nearly every trait measured 

failed to show phylogenetic structure. Overall, these patterns suggest that arid 

environments exert a strong selective pressure overriding the effects of shared ancestry, 

and that independent colonizations of similar arid regions in Africa underlie convergent 

morphological evolution in African lacertids. 

 

 The final chapter of the thesis attempts to temporally link shifts to arid habitat and 

the origins of adaptive traits with changes in diversification rates and paleoclimatic 

events. In African lacertids, adaptations to arid environments have often been used to 

establish a scenario for the rapid diversification of desert lineages (Arnold 1989a, Arnold 

et al. 2007). However, this has never been tested within a phylogenetic framework, as 

rigorous methods for estimating increases in speciation rates have only recently become 

available (e.g., Rabosky 2006). In Chapter 3, I use maximum likelihood approaches to 

reconstruct the temporal origins of habitat transitions and adaptive cranial traits in 

Lacertidae, and test if they temporally coincide with shifts in diversification rates and 

climatic events in the Cenozoic. I focus on features of the skull, since a large number of 

derived traits (>10) related to arid habitats are found there (e.g., Arnold 1983, 1989a, 

1991, Arnold et al. 2007). I use qualitative rather than quantitative traits (such as 

head/limb length proportions reported in Chapter 2), as the statistical properties of ratios 

can be misleading regarding relative changes in body parts (Atchley et al. 1976). 
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 For cranial examinations, I used High Resolution X-ray Computed Tomography 

(CT), a nondestructive technique for visualizing bone. This approach circumvents the 

need to disarticulate (and thus destroy) museum specimens, and prevents fragile 

structures such as osteoderms and processes from being lost. Based on the CT images of 

ethanol-preserved museum specimens, I characterized 46 species of Lacertidae for 19 

morphological traits. Species were also scored for habitat type as mesic or arid, based on 

described distributions. Habitat optimization onto the phylogenetic tree revealed up to 6 

independent shifts to arid environments in the African radiation, supported by both 

parsimony and maximum likelihood. In tests for correlated evolution among traits, shifts 

to arid habitat were accompanied by evolutionary transitions in 11 of the 19 examined 

osteological characters. Among those, approximately two-thirds exhibited significant 

evolutionary correlations with each other, indicating functional and/or adaptive 

complexes. For example, narrow frontal bones were strongly associated with frontal 

fusion, which may act to strengthen the thin interorbital area. Likewise, some traits were 

typically lost together during reversals to mesic habitat, such as a complex septomaxilla 

and large, dorsally exposed nasal openings, both traits assumed to be adaptive for 

breathing hot, dusty air (e.g., Arnold 1989a). 

 

 Finally, I examined rates of speciation and extinction in Lacertidae using several 

different yet complementary approaches. First, I constructed lineage-through-time plots to 

visualize patterns of species accumulation over time. Second, net rates of diversification 

(speciation-extinction) were estimated for the family and its subclades by applying a 

pure-birth model to the ultrametric tree. Lastly, I tested for the effects of incomplete taxon 

sampling on observed patterns of diversification by computing the gamma statistic (!), 

which describes the distribution of branching times across the tree assuming a constant 

rate of diversification (Pybus and Harvey 2000). The observed gamma was compared to a 
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simulated set of randomly pruned trees to test if it falls outside of the null distribution.  

  

 Results of all three tests showed a decrease in diversification rates towards the 

present, indicative of an early and rapid radiation (see McPeek 2008). Incomplete taxon 

sampling does not affect this pattern. Lacertids appear to have undergone three major 

peaks in diversification during their evolutionary history. The family as a whole 

experiences its greatest diversification at the end Oligocene (~27 Mya) as it diverged into 

its African clades. This coincides with a significant habitat transition in Africa from 

closed tropical forests to dry, open savanna and grassland (Lunt et al. 2007, Strömberg 

2011). Eremiadini and the Ethiopian radiation experience their highest diversification 

rates just prior to the mid-Miocene Climatic Optimum (~18 Mya), when temperatures 

reached the highest levels of the Neogene (Flowers and Kennett 1994). The final major 

peak in diversification occurs in the late Miocene (~9-11 Mya), following the 

development of the Benguela current along the southwest coast of Africa (Siesser 1980). 

The expansion of the Benguela current is responsible for the extreme xeric conditions of 

the Namib Desert and has been linked to rapid evolutionary radiations of its many 

endemic taxa, including plants, arachnids, insects, amphibians and other reptiles 

(Simmons et al. 1998, Steckel et al. 2010). I conclude that historical climate change has 

played an important role in lacertid evolution, and that increasing aridity and the 

expansion of open habitat in Africa has led to the evolution of suites of adaptive traits and 

convergent morphologies among independent clades.  
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