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I am fascinated by intraspecific variation–by both its sources and its potential implications 

for how organisms interact with their environments. The importance of intraspecific variation for 

predicting species responses to climate change has recently become a research priority (Moran et 

al., 2016; Urban et al., 2016). Differences in the sources of intraspecific variation–genetic 

divergence, phenotypic plasticity, and drift–can have profoundly different outcomes for species 

responses. Variation in traits produced by heritable differences in genes will be sensitive to future 

selection, while variation produced by phenotypic plasticity may be buffered. Time and again, 

mechanistic studies of species responses have highlighted the importance of considering trait 

variation to predict idiosyncratic responses (Albert et al., 2010; Bolnick et al., 2011;  Buckley, 

2010), and the sources of trait variation must also be considered.  

I studied intraspecific variation in Western Fence Lizards (Sceloporus occidentalis) at 

three spatial scales and three levels of organization. In Chapter 1 I investigated species-wide 

phylogeographic patterns and demographic scenarios throughout western North America. In 

Chapter 2 I characterized clinal variation in genotypes and phenotypes and gene flow along an 

elevation gradient in Yosemite National Park. In Chapter 3 I disentangled the genetic and plastic 



	 	

constituents of divergent phenotypes in a lab rearing experiment. My dissertation research 

provides an integrative framework for studying local adaptation in a polymorphic and well-

established vertebrate system. 

Chapter 1 is the culmination of over two decades of research on phylogeographic 

structure within S. occidentalis. We sampled 108 individuals from 83 localities throughout the 

range in western North America. We used 4,555 SNPs from ddRADseq to characterize 

population structure and estimate demographic history. We found five genetically distinct 

populations including: one in the southwest, south of the Transverse Ranges; two west of the 

Sierra Nevada-Cascades cordillera, separated from north-to-south just north of San Francisco 

Bay; and two east of the Sierra Nevada-Cascades cordillera, separated from east-to-west in the 

Great Basin desert. The branching pattern of populations suggests that populations south of the 

Transverse Ranges and west of the Sierra Nevada-Cascades cordillera are divergent from 

populations east of the Sierra Nevada-Cascades cordillera. The predominant mechanism of 

population divergence is allopatric divergence and contemporary secondary contact, which 

supports Quaternary glacial cycles as drivers of intraspecific genetic divergence. 

Chapter 2 builds on foundational work by Leaché et al. (2010) to characterize genetic and 

phenotypic clines along an elevation gradient in Yosemite National Park. At high elevations 

lizards are larger and more melanistic, while at low elevations lizards are smaller and lighter-

colored. We sampled 78 individuals from a 21 km stretch of the Grand Canyon of the Tuolumne 

River in northern Yosemite. The elevation gradient spanned 1321 m from N Hetch Hetchy 

Reservoir (37.9168°N, 119.6595°W, 1167 m) in the west to E Glen Aulin (37.9076°N, 

119.4196°W, 2488 m) in the east. We used 721 SNPs from ddRADseq to characterize genetic 



	 	

clines and estimate demographic history of populations along the elevation gradient. We found 

evidence for additional population structure and genetic divergence between phenotypically 

divergent individuals; one genetically distinct population corresponds to low elevation 

individuals and another corresponds to high elevation individuals. Analyses of SNPs, maximum 

size (snout-vent length, SVL), and coloration (ventral patch area) confirm that genes and 

phenotypes vary clinally, and not discretely, along the elevation gradient. Genetically distinct 

populations diverged in allopatry, but contemporary gene flow between populations is 

asymmetric. Genes flow uphill, with five times as many migrants entering the high elevation 

population from low elevation than the converse.  

Chapter 3 delves into the underlying sources of trait divergence between low and high 

elevation individuals from the Grand Canyon of the Tuolumne River elevation gradient. While 

low and high elevation lizards mature at the same age (ca. 20 months; Jameson & Allison, 1976), 

high elevation lizards are larger and more melanistic than low elevation lizards. We disentangled 

the genetic and environmental constituents of phenotypic variation by rearing hatchling lizards 

under controlled lab conditions. We collected five gravid females from low elevation (N Hetch 

Hetchy Reservoir [37.96°N, -119.78°W, ca. 1200 m]) and eight gravid females from high 

elevation (Glen Aulin [37.91°N, -119.42°W, ca. 2400 m]), who produced 36 and 51 hatchling 

lizards, respectively. We evenly distributed hatchlings from both populations among two 

treatments that varied in potential activity time: short activity period (6 hrs) and long activity 

period (12 hrs). We varied activity time by limiting access to heat-lamp-produced thermal 

gradients, which are necessary for thermoregulation. We found evidence that differences in size 

are genetically-based; high elevation hatchlings were larger than low elevation hatchlings, 



	 	

regardless of treatment. We found evidence that differences in color are at least partially 

produced by phenotypic plasticity; high elevation hatchlings were capable of plastically 

lightening to a color that was lighter than low elevation hatchlings. We found evidence that 

differences in behavior are genetically-based; high elevation hatchlings spent more time engaged 

in active behaviors. Overall, our findings are suggestive of local adaptation of high elevation 

hatchlings to restricted activity periods at high elevation.  
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Introduction 

The ecological and evolutionary processes that generate intraspecific diversity have long 

been of interest. Species traits mediate responses to environmental conditions and can diverge 

under a multitude of scenarios (Zamudio, Bell, & Mason, 2016). Geographic variation in traits 

that have an underlying genetic component can reflect differences in selective regimes across a 

species range (Endler, 1977). In a well-known example, coat color of rock pocket mice 

(Chaetodipus intermedius), which is controlled by the MC1r locus, is under strong selection to 

reduce conspicuousness to predators on high contrast substrates (Barrett et al., 2019; Hoekstra, 

Drumm, & Nachman, 2004). Alternatively, variation in traits can be produced by phenotypic 

plasticity in gene expression (DeWitt & Scheiner, 2004; Pigliucci, 2001). Selection might favor 

phenotypic plasticity in populations that are exposed to variable or unpredictable conditions if 

plasticity broadens the range of conditions a single genotype can tolerate (Ghalambor et al., 

2007; Crispo, 2007). For example, plasticity in growth rates and age of maturity helps the 

montane vole (Mictroctus montanus) cope with unpredictable durations of winter and drought 

(Negus, Berger, & Pinter, 1992). Similarly, plasticity in behavior and physiology enable invasive 

cane toads (Rhinella marina) to reduce the costs of colonizing new environments and thrive in 

arid conditions (Brown et al., 2011).  
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Demographic history also contributes to intraspecific variation. Demographic events like 

population subdivision can limit gene flow and produce genetic divergence with or without a 

corresponding change in phenotype (Bickford et al., 2007). Populations separated by physical or 

environmental barriers accumulate genetic differences over time and may develop different traits 

if selective regimes differ between them (Zamudio, Bell, & Mason, 2016; Lande, 1980). In the 

classic example of ring species, the degree of genetic divergence within salamanders in the genus 

Ensatina is linked to the duration of geographic isolation, with populations in different 

environments exhibiting divergent phenotypes and populations in similar environments 

exhibiting conserved phenotypes (Pereira & Wake, 2009). 

In addition to elucidating processes that produce genetic and phenotypic divergences 

between populations, studies of intraspecific variation can improve predictions of species 

responses to climate change (Moran et al., 2016). However, for most species we lack key data 

concerning mechanisms of phenotypic divergence, distribution of genetic diversity, and 

estimates of gene flow between populations (Urban et al., 2016). Divergent populations within a 

species may have different responses to changes in environmental conditions and predictions can 

thus be improved by linking intraspecific variation to the environmental and demographic 

processes that shape it (Urban et al., 2016; Moran et al., 2016).   
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The combined influences of trait variation, demographic history, and gene flow on 

patterns of intraspecific variation are expected to impact species differently. Within low mobility 

or specialist species that are reliant on specific habitat types, initial divergences are primarily due 

to restricted gene flow (Avise, 2000; Jansson & Dynesius, 2002). Processes that drive 

intraspecific divergence within dispersive and generalist taxa are more complex. Widespread 

taxa inhabiting differing environments are likely to contain locally adapted, genetically distinct 

populations (Kawecki & Ebert, 2004; Felsenstein, 1976), even though gene flow among 

populations acts to homogenize genetic variation and can swamp out alleles underlying locally 

adapted phenotypes if selection is not sufficiently strong (Lenormand, 2002). Species in the 

process of or having recently undergone expansions may contain highly phenotypically plastic 

populations that are capable of adopting traits that increase fitness in novel environments 

(Ghalambor et al., 2007; Shine, 2012). Vicariance due to historical climatic and geologic events 

can promote genetic differentiation via genetic drift by temporarily isolating populations, and 

signatures for these demographic events are recorded in patterns of population genetic diversity 

(Gottscho, 2016; Calsbeek et al., 2003; Gutenkunst et al., 2009). The relative contribution of 

each of these four processes—selection, phenotypic plasticity, gene flow, and vicariance—to 

intraspecific variation depends on both the extrinsic properties of the species’ geographic range 
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(e.g., climate, topographic barriers) and the intrinsic properties of the species (e.g., dispersal 

ability).  

We investigated processes driving intraspecific divergence of fence lizards in western 

North America, a region that encompasses the California Floristic Province, is a global 

biodiversity hotspot, and one that is expected to experience species and population declines as a 

result of anthropogenic climate change (Myers et al., 2000; Sheffield & Wood, 2008; Cook et al., 

2015, Williams et al., 2015; Sinervo et al., 2010). Western North America’s topographic 

complexity, including the Sierra Nevada-Cascade mountain chain and southern California’s 

Transverse mountain ranges, has produced topographic barriers and sharp environmental 

gradients that have driven allopatric divergence within species of reptiles, amphibians, birds, 

mammals, and spiders (Calsbeek et al., 2003; Lapointe & Rissler, 2005; Satler et al., 2013). As 

recently as 14,000 years ago (14 ka), glaciation at high latitudes and altitudes limited dispersal 

and restricted species range expansions (Moore & Moring, 2013; Dubey & Shine, 2012; 

Rosenbaum & Reynolds, 2004; Hewitt, 2000). These glaciers reached their current, reduced 

extents approximately 10,000 years ago (10 ka) (Davis, 1988). Western North America’s major 

mountain ranges, the Sierra Nevada and the Cascades, remain sharp temperature and 

precipitation gradients that likely impede gene flow (Ghalambor et al., 2006). Regions at 

temperate latitudes, including western North America, are expected to experience the greatest 
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magnitude of climate change, and increases in the frequency of extreme and unpredictable 

temperature events are likely to result in population declines (Buckley & Huey, 2016; IPCC, 

2007; Williams et al., 2017). In addition to impacting temperatures, climate change has made 

drought a recurring feature of the climate of western North America that is driving aridification 

of the California Floristic Province (Sheffield & Wood, 2008; Cook et al., 2015, Williams et al., 

2015). As a result, we expect the following phenomena to characterize species with large ranges 

in western North America: 

1a. Intraspecific phenotypic variation will have resulted from spatially variable selection 

across heterogeneous environmental conditions. 

1b. Phenotypic plasticity, manifested as multiple phenotypes within a single genotype 

with, has facilitated rapid colonization of recently glaciated mountain ranges and northern 

latitudes. 

2. Intermittent isolation of populations by Quaternary glacial cycles drove  divergence in 

allopatry, yet the magnitudes and directions of gene flow determined whether population 

boundaries are being maintained or eroded. 

3. Gene flow across a continuous species range has been impeded by sharp environmental  

 clines (e.g., of elevation and aridity).  
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Here, we test the above hypotheses within a widespread terrestrial ectotherm, the western 

fence lizard (Sceloporus occidentalis). Terrestrial ectotherms rely on environmental temperatures 

for basic biological functions and will be inordinately impacted by climate change (Deutsch et 

al., 2008; Adolph & Porter, 1993; Huey & Stevenson, 1979). In temperate regions, terrestrial 

ectotherms use broad physiological tolerances and behavioral plasticity to cope with seasonal 

and daily variation in temperature (Deutsch et al., 2008; Huey et al., 2012; Kearney et al., 2009). 

Sceloporus occidentalis occurs in every major ecoregion in California with few apparent barriers 

to gene flow, and has colonized high latitude and high elevation regions that were glaciated 

during the Quaternary within the last 10–15,000 years (Bell & Price, 1996; Leaché et al., 2010).  

Previous studies of S. occidentalis have reported phenotypic variation, plasticity in growth rates 

and morphology, thermal sensitivity of performance, and acclimatization of metabolic rates and 

energy stores, though the processes responsible for this intraspecific variation are unclear (Bell & 

Price, 1996; Buckley et al., 2009; Jameson & Allison, 1976; Leaché et al., 2010; Sinervo & 

Adolph, 1994; Tsuji, 1988; van Berkum, 1988; but see Sinervo & Huey, 1990). We test whether 

intraspecific phenotypic variation can be attributed to genetic variation or plasticity by 

comparing the distributions of morphologically distinct subspecies with phylogeographic 

structure inferred from genome-wide single nucleotide polymorphism (SNP) data. Using the 

genetically distinct populations inferred from SNPs as a guide, we evaluate simple two-
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population demographic models to test if allopatric divergence is a key factor in population 

histories. We contrast the magnitudes and directions of gene flow across populations to 

determine whether genetic variation is expected to be swamped out with continued gene flow, or 

if population boundaries will be maintained. Finally, we identify barriers to gene flow, and 

potential environmental stressors, by reconstructing patterns of effective migration across the 

continuous range. We discuss our results in the context of phylogeographic and biogeographic 

patterns reported for other North American taxa and conclude by highlighting research directions 

that can further elucidate processes responsible for producing intraspecific variation.  

 

Materials and methods 

Morphological subspecies 

Bell and Price (1996) describe six subspecies of Sceloporus occidentalis based on 

morphological characters and geographic range. Subspecies were grouped into two major 

“exerges”: the occidentalis exerge has smaller body sizes, divided or absent gular patches, and 

white to cream venters; the biseriatus exerge has larger size, singular gular patches, and darker 

venters (Smith et al., 1992). The two subspecies within the occidentalis exerge [S. o. bocourtii 

(Coast Range Fence Lizard) and S. o. occidentalis (Northwestern Fence Lizard)] generally occur 

along the Pacific coast from Point Conception in southern California to the Pacific Northwest 
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(Fig. 1a). The four subspecies within the biseriatus exerge [S. o. longipes (Great Basin Fence 

Lizard), S. o. biseriatus (San Joaquin Fence Lizard), S. o. taylori (Sierra Fence Lizard), S. o. 

becki (Island Fence Lizard)] occupy a larger proportion of the range, and generally occur inland 

from the southeastern corner of Washington and eastern Oregon to southern California, the 

Channel Islands, and Baja California. The hypothesis that S. occidentalis subspecies represent 

unique lineages has been evaluated only using genetic data for the Sierra Fence Lizard (S. o. 

taylori; Leaché et al., 2010), which was found to be paraphyletic with respect to other, deeply 

divergent populations. In the context of describing intraspecific genetic variation, we briefly 

discuss the concordance of Bell and Price’s (1996) subspecies diagnoses with the major genetic 

groups we infer using SNP data (see Results). 

 

Genetic data 

We sampled 108 Sceloporus occidentalis from throughout their range in western North 

America (Fig. S1; Table S1). We used NaCl extraction (MacManes, 2013) or a Qiagen DNeasy 

kit to extract whole genomic DNA from liver tissue. We collected ddRADseq data following 

Peterson et al., (2012). We double-digested 500 ng of genomic DNA for each sample with 20 

units each of a rare cutter SbfI (restriction site 5'-CCTGCAGG-3') and a common cutter MspI 

(restriction site 5'-CCGG-3') in a single reaction with the manufacturer recommended buffer 
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(New England Biolabs) for 8 hr at 37°C. Fragments were purified with SeraPure SpeedBeads 

before ligation of barcoded Illumina adaptors onto the fragments.  Eight individuals with unique 

barcodes were combined into each pool, and each pool was given its own Illumina adapter, 

giving each individual a unique barcode-adapter combination. Oligonucleotide sequences used 

for barcoding and adding Illumina indexes during library preparation are provided in Peterson et 

al., (2012). Libraries were size-selected (between 415 and 515 bp after accounting for adapter 

length) on a Blue Pippin Prep size fractionator (Sage Science). The final library amplification 

used proofreading Taq and Illumina's indexed primers. The fragment size distribution and 

concentration of each pool was determined on an Agilent 2200 TapeStation, and qPCR was 

performed to determine sequenceable library concentrations before multiplexing equimolar 

amounts of each pool for sequencing on a single Illumina HiSeq 2500 lane (50-bp, single-end 

reads) at the Vincent J. Coates Genomics Sequencing Laboratory at UC Berkeley. 

 

Bioinformatics 

We used PyRAD v.3.0.3 (Eaton, 2014) to de-multiplex Illumina sequence reads based on 

their unique barcode-adapter sequence combinations. Each read was reduced from 50 to 39 bp 

after the removal of the 5 bp barcode and the 6 bp restriction site overhang. To filter out low 
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quality reads, we changed sites with Phred quality scores under 99% (Phred score = 20) into “N” 

characters; and reads with ≥ 10% N's were discarded. 

Trimmed reads from PyRAD were processed in the program Stacks (Catchen et al., 

2011), interfaced through a custom Python pipeline (https://github.com/dportik/Stacks_pipeline). 

Reads were aligned into stacks, or sets of similar sequences, with a minimum depth of coverage 

of 5 sequences. A maximum of 2 nucleotide differences was allowed between stacks, meaning 

that only stacks with ≤ 2 differences could be combined and assembled into loci. As a result, loci 

can have more than 2 haplotypes. We dropped stacks with unusually high coverage prior to 

assembling loci to avoid retaining highly repetitive and/or non-orthologous regions in the final 

dataset. We removed loci that were invariant, non-biallelic, or that contained more than 2 

haplotypes per individual. We assembled multiple datasets that varied in the percentage of 

individuals required to process a locus. Generally, the higher the proportion of individuals 

needed, the lower the number of loci that were retained in the final dataset (Table S2). To retain 

a higher number of loci, and have more power for demographic modeling, we required at least 

25% of samples (27 of 108 total individuals) to have sequence data at a locus for the locus to be 

processed in downstream analyses. With this threshold, we compiled two datasets allowing a 

maximum of either 50% or 70% missing data per sample, respectively, which limited the number 

of samples retained in the final datasets. For example, in the case of 50% missing data per 
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sample, all samples with more than 50% of their loci missing would be discarded. To retain a 

larger proportion of the original 108 samples for phylogeographic analyses, we allowed for a 

higher percentage of missing data per sample. In the final two datasets, we sampled one random 

SNP per 39bp locus. 

 

Population structure 

Population structure provides a characterization of genetic variation, some of which could 

represent locally adapted populations (D’Amen et al., 2013; Serra-Varela et al., 2017). Here, we 

refer to ‘populations’ within S. occidentalis as major genetically-distinct groups of individuals; 

‘demes’ as subsets of individuals within genetically-distinct groups; and ‘localities’ as the 

specific localities from which individuals were sampled. We used two methods to estimate 

population structure. The first is parametric:  ADMIXTURE (Alexander et al., 2009), which 

relies on the model implemented in the program STRUCTURE (Falush et al., 2003; Pritchard et 

al., 2000), but uses a maximum likelihood framework and cross-validation error to choose the 

optimal value for the number of populations (K). We ran ADMIXTURE for K = 1–10 and 

compared the cross-validation error from each analysis to determine which K minimized group 

assignment error. However, parametric methods for estimating population structure are likely 

sensitive to the violations of model assumptions prevalent in natural populations, including 
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demographic processes like selection and/or migration that could result in allele frequencies that 

fall outside of Hardy Weinberg proportions and linkage disequilibrium (Waples, 2015). To 

evaluate the robustness of our population structure analysis, we also used a non-parametric 

method that should be less sensitive to these model assumptions: k-means clustering, followed 

by a discriminant analysis of principle components (DAPC), in the “find.clusters” and “dapc” 

commands, respectively, from the R package adegenet (Jombart, 2008). First, we transformed 

the data using PCA to reduce dimensionality using 20 dimensions, which explained 26.3% of the 

variation in the dataset and speed up the analysis. We ran k-means clustering on values of K = 1–

10 and used the Bayesian Information Criterion (BIC) to select the K value that maximized the 

variation between groups. Finally, we performed DAPC using the original data to visualize 

genetic groups in ordination space and assign group membership probabilities. 

 

Species tree estimation 

We used a coalescent analysis of SNP data with SNAPP v1.3.0 (Bryant et al., 2012), 

implemented in BEAST v2.4 (Bouckaert et al., 2014), to estimate phylogenetic relationships 

among populations of S. occidentalis. To increase computation speed and reduce the analysis run 

time, we down-sampled to 4–5 evenly geographically spaced individuals from each genetically-

distinct population, estimated under the K = 5 population model (see Results). We estimated 
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mutation rate priors (u and v) from the 70% missing dataset (1.066 and 0.942, respectively) and 

set the Yule birth rate prior (λ) to 10. We set a diffuse prior on the expected divergence between 

populations (θ) using a gamma distribution with alpha and beta shape parameters (1.0 and 250, 

respectively) corresponding to a mean of 0.004. We ran two independent analyses, each for 

500,000 generations, sampling every 1,000 generations. We used DensiTree (implemented in 

BEAST) to visualize the posterior distribution of trees and the uncertainty in topology and 

branch length, then we used TreeAnnotator (BEAST) to calculate a maximum clade credibility 

(MCC), discarding the first 10% of trees as burn in. To provide a time frame for population 

divergence, we used a mutation rate of 1.0 × 10-8 substitutions per site per generation to time-

calibrate the branch lengths of the MCC tree. This mutation rate is based on one estimated for 

humans (Lynch, 2010), but we converted the rate to substitutions per site per million years by 

adjusting for the shorter generation time of fence lizards (ca. 2 years; Tinkle & Ballinger, 1972).  

 

Demographic models 

The major features of demographic history that we modeled included the relative timing 

of gene flow and divergences between populations (e.g., continuous gene flow with divergence 

versus secondary contact post-divergence) and the relative magnitude and direction of gene flow 

(e.g. symmetric versus asymmetric gene flow). We only compared populations that are 
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geographically contiguous, meaning that their current geographic distributions are directly 

adjacent to one another, which could facilitate an exchange of migrants. We used the program 

moments (Jouganous et al., 2017) to evaluate competing models of population demographic 

history. Similar to the commonly used program δaδi (diffusion approximation for demographic 

inference; Gutenkunst et al., 2009), moments simulates the evolution of site frequency spectra 

(SFS) under user-specified demographic scenarios (Jouganous et al., 2017).  

We optimized demographic parameters for 21 two-dimensional (2D) candidate models, 

originally described in Portik et al. (2017) and converted into a Python pipeline for moments 

(https://github.com/dportik). The 21 models are relevant for divergences in western North 

American taxa that are known to have been impacted by climatic instability and refugia (Waltari 

et al., 2007; Swenson & Howard, 2005). The optimized parameters include effective population 

size (nu), migration rates (m), and time since the major demographic event (e.g. population size 

change) (T). We conducted model fitting over three independent rounds of analysis, using 30, 50, 

and 100 replicates per round, respectively. At the end of the third and final round of 

optimizations, we ranked candidate demographic models for each pairwise comparison of 

populations according to the Akaike information criterion (AIC; Akaike, 1973). We selected the 

model with the lowest AIC value as the most well supported hypothesis to explain recent 

demographic history and further evaluated this choice using Akaike weights. Akaike weights 
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incorporate both the deltaAIC and the relative log likelihoods of candidate models to assign a 

measure of statistical confidence in the selected model relative to alternative models 

(Wagenmakers & Farrell, 2004). The most heavily weighted models carry the highest probability 

of being the correct model, given the dataset and candidate models.   

 

Effective migration and landscape connectivity 

We used the program EEMS (Estimating Effective Migration Surfaces; Petkova et al., 

2016) to assess connectivity between individuals and identified barriers to gene flow. EEMS 

estimates effective migration, and not actual migration (i.e., the number of migrants per 

generation), by comparing empirical dissimilarities in genetic structure to those expected under 

an isolation-by-distance (IBD) model. Georeferenced samples are assigned to one of a specified 

number of demes, and dissimilarities are calculated between adjacent demes, with the 

assumption that an infinite number of demes would approach a continuous estimate of gene flow 

across the landscape. We used EEMS for our 70%-missing-individual-cutoff dataset with 500 

demes, run for 10 million iterations, discarding the first 10% of samples as burnin. We sampled 

every 9,999 iterations and summarized results from three independent chains. To visualize 

geographic features corresponding with higher- and lower-than-expected rates of change of 

genetic dissimilarity, we overlaid the m rates raster with a 1 km-resolution digital elevation 
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model (DEM; Jarvis et al., 2008) in QGIS v2.18 (QGIS Geographic Information System). We 

extracted the m rates raster, which is the estimate of effective migration, from the EEMS 

companion R package rEEMSplots (https://github.com/dipetkov). The combination of the m 

rates and the DEM allowed us to identify geographic features, which we confirmed using Google 

Earth (https://earth.google.com). We defined features overlaid by lower than expected under IBD 

m rates as barriers and features overlaid by higher than expected under IBD as corridors.  

 

Results 

Genetic data 

The prefiltered ddRADseq dataset contained 6,517 loci, of which 1,362 were invariant, 

591 had more than 2 haplotypes per individual, and 17 were non-biallelic. After filtering, the 

final dataset contained 4,555 SNPs (one randomly sampled SNP for each locus) for 65 and 105 

samples, while allowing for 50% and 70% missing data per sample, respectively. The 

characteristics of the ddRADseq data are provided in Table S2.  

 

Population structure 

Parametric and non-parametric population structure estimation did not unequivocally 

support the same value for K. For ADMIXTURE, the amount of missing data (or number of 



	

	
23	

SNPs) changed the optimal value for K. For example, the 50% and 70% missing datasets 

supported K = 4 and K = 5, respectively (Fig. S3). The differences between the cross-validation 

error scores from ADMIXTURE were only slightly different, which suggests that the optimal 

value of K is uncertain. The adegenet results were more stable and favored K = 5 based on BIC 

results (Fig. S3). Because the non-parametric population structure estimation method is 

insensitive to missing data and within the realm of reasonable choices for K according to the 

parametric method, we selected K = 5 for downstream analyses. The five populations are 

Southern California (S CA), West Sierra (W Sierra), West Great Basin (W GB), East Great Basin 

(E GB), and Pacific Northwest (PNW) (Fig. 1b). We visualized admixture between genetic 

populations by comparing barplots of individuals separated by mountain ranges that are known 

biogeographic barriers, the Transverse Ranges in southern California and the Sierra Nevada-

Cascade mountain chain (Gottscho, 2016; Calsbeek et al., 2003) (Fig. 2b).  

A principle components analysis of 4,555 SNPs without a priori population assignments 

revealed three major groupings in ordination space of genetically distinct populations (Fig. 2c). 

The first two principle components explained 26.3% of the variation in the dataset, and the third 

and fourth principle components explained an additional 5.1% and 4.7%, respectively. In 

general, geographically proximate genetic populations occupied adjacent ordination space (Fig. 

2). 



	

	
24	

We detected individuals with >5% admixture in six different geographic areas (Fig. 1b). 

First, between the PNW and W GB populations in central Oregon. Second, between the PNW 

and W Sierra populations in the western portion of the range from the San Francisco Bay to 

northern California. Third between the PNW, W Sierra, and W GB populations in the central 

range in northeastern California. Fourth, between the W Sierra and W GB populations in the 

central range. Fifth, between W GB and E GB populations in the eastern portion of the range in 

Nevada. Sixth, between the S CA, W Sierra Nevada, and W GB populations in the south of the 

range near the Transverse mountain range. 

 

Morphological subspecies 

Morphologically divergent subspecies of Bell and Price (1996) share few concordant 

geographic boundaries with genetically distinct populations diagnosed here. The three subspecies 

S. o. taylori, S. o. biseriatus, and S. o. bocourtii, which are divergent from each other in both 

body size and coloration, all correspond to the W Sierra Nevada (genetic) population. The 

widespread and polymorphic S. o. longipes subspecies is composed of three genetically distinct 

populations: W GB, E GB, and S CA. The disjunct and sexually dimorphic portion of S. o. 

longipes that extends from southern California into Baja California corresponds to the S CA 

genetic population. The remaining portion of S. o. longipes in the Great Basin is sexually 
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monomorphic and corresponds to the W GB genetic population in the west and to the E GB 

genetic population in the east. The S. o. occidentalis subspecies roughly corresponds to the PNW 

population, although individuals in the northern Central Valley belong to the W Sierra Nevada 

population. We did not obtain samples from the Channel Islands, and can therefore not assign S. 

o. becki to a population or comment on its genetic distinctness. 

Areas of intergradation between morphological subspecies did not necessarily correspond 

to genetic population boundaries. Within the W Sierra Nevada genetic population, S. o. taylori 

and S. o. biseriatus phenotypes intergrade on the western slopes of the Sierra Nevada near 2100 

m elevation (Bell & Price, 1996; Leaché et al., 2010). Also, within the W Sierra Nevada genetic 

population, S. o. occidentalis, S. o. biseriatus, and S. o. bocourtii phenotypes intergrade in the 

Coast Ranges, west of the Central Valley. At the boundary between the W Sierra Nevada and S 

CA genetic populations near the Transverse mountain range, S. o. biseriatus and S. o. bocourtii 

phenotypes intergrade with the S. o. longipes phenotype. At the boundary between the PNW and 

W GB genetic populations in northeastern California and south-central Oregon, the S. o. 

occidentalis phenotype intergrades with the S. o. longipes phenotype. 
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Species tree estimation 

The MCC species tree for Sceloporus occidentalis suggested an initial divergence ca. 

200,000 years ago followed by three divergences within the last 23,000 years (Fig. 3). All 

divergences were well supported with posterior probabilities (PP) equal to 1.0 (Fig. 3b), though 

estimates for the age of the deep divergence (95% highest posterior density (HPD) 0.097–0.325 

Mya). Fig. 3a) varied considerably. The deepest divergence split the five populations on either 

side of the Sierra Nevada Mountains: the western group included populations S CA, W Sierra 

Nevada, and PNW, and the eastern group included W GB and E GB. The three more recent 

divergences in order from oldest to youngest were between S CA and W Sierra Nevada-PNW, W 

Sierra Nevada and PNW, and W GB and E GB, respectively. Of the recent divergences, the 

estimate for the age of the split between S CA and W Sierra Nevada-PNW held the most 

uncertainty (95% HPD = 0.003–0.023 Mya). 

 

Demographic modeling 

We evaluated six pairwise comparisons of area of contiguous populations identified with 

adegenet and the PCA using JSFS. For each area grouping pair, we evaluated 21 demographic 

models and used AIC to select the optimal model to infer the likely mechanisms of population 

divergence (Table 1). Model parameters present across all models were effective population size 
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before (nu1a, nu2a) and after (nu1b, nu2b) the demographic event, migration rate (m), and the 

time interval of demographic change (T) (Fig. 4). We focused on the timing and direction of gene 

flow between areas and on the relative change in effective population size, which is analogous to 

genetic diversity (Nei & Takahata, 1993). The S CA and W Sierra comparison supports a 

secondary contact with symmetric gene flow model in which the effective size of W Sierra 

becomes larger than S CA (wAIC=0.9970). The S CA and W GB comparison supports a 

continuous contact model in which the direction of gene flow is asymmetric from S CA into W 

GB and the relative effective sizes of both populations remain constant (wAIC=0.9612). The W 

Sierra and W GB comparison supports a secondary contact model in which the direction of gene 

flow is asymmetric from W Sierra into W GB and the effective size of W Sierra is larger 

(wAIC=1.00). The W Sierra and PNW comparison supports a secondary contact and subsequent 

isolation model in which the direction of gene flow was asymmetric from W Sierra into PNW 

prior to current isolation, and the effective size of W Sierra is larger (wAIC=1.00). The W GB 

and PNW comparison supports a secondary contact model in which the direction of gene flow is 

asymmetric from W GB into PNW, and the effective size of W GB becomes larger than PNW 

(wAIC=0.9865). The W GB and E GB comparison supports a secondary contact model in which 

the direction of gene flow is asymmetric from W GB into E GB, and the effective size of W GB 

is larger (wAIC=0.5141). 
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Effective migration and landscape connectivity 

To test whether sharp environmental clines (namely elevation and aridity gradients) 

impeded gene flow, we estimated effective migration surfaces and genetic diversity based on the 

70% missing dataset containing 105 samples. The estimates for mean migration rates highlight 

that several barriers to gene flow for S. occidentalis are primarily in arid regions. We refer to 

relevant geographic features in Figure 5. The most prominent barrier corresponds to the southern 

Sierra Nevada and the eastern escarpment and rain shadow of the Sierra Nevada range, rather 

than the mountains themselves. (Fig. 5) Another barrier is located due north of the first, at the 

junction of California, Nevada, and Oregon. This region corresponds to the Black Rock Desert in 

Nevada and the rain shadow of the Warner Mountains in northeastern California. The Black 

Rock-Warner barrier extends northward into the high desert of the Harney Basin (Harney Co., 

OR) and curves in a U-shape southward through semi-arid steppe in southeastern Oregon and 

northern Nevada. In north and south central Nevada, two other barriers overlap with high 

elevation arid regions, including the Amargosa range on the California-Nevada border. The 

barrier roughly corresponds to the Mojave Desert in California and Nevada. Less prominent 

barriers overlap with other arid regions, for example the south Central Valley, the Colorado and 

Mojave Deserts in southern California, and the rain shadow of the Cascade Mountains in western 
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Washington. Only two moderately prominent barriers do not correspond with somewhat arid 

regions, Siskiyou National Forest in northwestern California and southwestern Oregon, and 

Lassen National Forest and Volcanic Park in northern California.  

 

Corridors with higher gene flow than expected under an IBD model, the converse of 

barriers highlighted by mean effective migration rates, generally correspond to regions of 

Mediterranean climate that receive more rainfall, though there are exceptions. Some prominent 

corridors along the Pacific Coast are the Columbia River Valley and Coast Ranges in western 

Oregon and Washington; the Coast Range in northwestern California at the Mendocino Triple 

Junction (Gottscho, 2016); the region surrounding Monterrey Bay; the western Transverse 

Ranges in Santa Barbara County, southern California; and the eastern San Gabriel Mountains 

and Peninsular Ranges in Orange, Riverside, and San Bernardino Counties, also in southern 

California. Other, less prominent corridors occur on the western slopes and foothills of the Sierra 

Nevada, Plumas National Forest in northeastern California, and the Panamint Mountains in 

southern California. Corridors in eastern and western Nevada, southeastern Oregon, and 

southwestern Idaho occur in arid regions in the Great Basin, interspersed by small mountain 

ranges. 
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Genetic diversity is estimated relative to the expected dissimilarity between adjacent 

demes under an IBD model. Regions in which demes that are geographically proximate are more 

dissimilar than expected are considered regions of high diversity. Two major regions of high 

genetic diversity include: 1) the Peninsular Ranges of southern California and northeast through 

the Panamint Mountains to southwestern Nevada, and 2) southwestern and central Oregon, 

through to south-central Washington and south into northwestern Nevada. (Fig. S4b). 

 

Discussion 

Our study synthesizes distributions of phenotypic variation, SNP-based population 

demographic modeling, and estimates of gene flow to understand the processes that have shaped 

intraspecific variation in Sceloporus occidentalis. We find evidence for five genetically distinct 

populations phenotypic variation within genetically distinct populations, and correspondence 

between phylogeographic and phenotypic breaks. Allopatric divergence with secondary contact 

appears to be the primary mode of population divergence: this is consistent with isolation during 

Quaternary glacial cycles, which might have facilitated phenotypic divergence. The relative 

timing of genetic divergences suggests that Quaternary glaciation of the Sierra Nevada 

temporarily isolated populations to the west and east of the mountain range. The general trend in 
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the magnitude and direction of gene flow between populations is northward and eastward, with 

the most recently diverged populations occupying the northern and eastern range edges (Fig. 3b).  

Arid geographic features, most notably the eastern escarpment of the Sierra Nevada, 

impede gene flow. Genetic diversity in the northern extreme of the range is low, though 

secondary contact between genetically distinct populations in the north has created a region of 

unexpectedly high genetic diversity (Fig. S4b). The pattern of low genetic diversity is the 

northern extreme of the range is consistent with expectations of expanding populations. Here, we 

discuss intraspecific patterns of phenotypic and genetic variation, mechanisms of divergence, 

and gene flow in the context of other North American taxa. We conclude by highlighting 

promising avenues of research that, using S. occidentalis as a model, would shed light on the 

process of adaptation to past and future environmental conditions. 

 

Phenotypic variation both within and between genetically distinct populations 

Intraspecific variation in phenotypes can be due to either differences in the alleles 

underlying traits or due to plasticity (Pigliucci, 2001; Endler, 1977). To determine which 

mechanism is more likely to be responsible for the variation within S. occidentalis, we quantified 

phylogeographic structure across the species range and compared patterns from SNPs with 

observed phenotypic variation. We identified five genetically distinct populations that span large 
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geographic regions (Fig. 1b), which may be partially linked to the species’s  high dispersal 

ability (Massot et al., 2003).  

Another highly dispersive reptile, the common garter snake (Thamnophis sirtalis), 

contains genetically distinct groups that occupy large geographic regions but have little 

population substructure (Janzen et al., 2002). Taxa with more limited dispersal, like California 

slender salamanders, northern alligator lizards, and trapdoor spiders exhibit considerably more 

phylogeographic structure (Lavin et al., 2018; Highton, 2014; Satler et al., 2013). We identified 

cases of both phenotypic variation within a genetically distinct population and phenotypic 

uniformity among multiple genetically distinct populations, a pattern similar to that found in the 

closely related eastern fence lizards (Sceloporus “undulatus"; Leaché and Reeder 2002). The 

considerable phenotypic variation within the W Sierra genetic population may reflect either fine-

scale, clinal variation in alleles that were not sampled in our dataset or phenotypic plasticity or 

both. Lizards in the W Sierra genetic population live in multiple habitat types: moist scrub and 

forests along the north and central California coast, arid woodlands in the Central Valley, and 

highly seasonal montane forests in the Sierra Nevada (Bell & Price, 1996). The distinctive 

phenotype of high elevation Sierra Nevada lizards has multiple independent origins and is 

associated with multiple mitochondrial haplotypes (Leaché et al., 2010). High elevations in the 

Sierra Nevada were fully glaciated until as recently as 14,000 years ago, shrinking to their 
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current extents 10,000 years ago, meaning that colonization and phenotypic divergence occurred 

relatively recently (Davis, 1988; Dubey & Shine, 2012; Moore & Moring, 2013). To cope with 

cooler temperatures and seasonal activity restrictions, colonizing S. occidentalis may have 

plastically developed adaptive phenotypes (Chevin & Lande, 2011; Ghalambor et al., 2007). 

Grasshoppers in the Melanoplus sanguinipes/devastator complex are distributed along the same 

elevation gradient from the Central Valley to the Sierra Nevada and exhibit developmental 

plasticity in behavior and physiology to cope with environmental challenges at high elevation 

(Samietz, Salser, & Dingle, 2005).  

Phylogeographic structure in the absence of morphological divergence is common in 

North American taxa and may reflect genetic divergence across populations occupying similar 

environments (Zamudio, Bell, & Mason, 2016). Members of the W GB, E GB, and S CA S. 

occidentalis genetic populations are phenotypically similar and together occupy a large 

latitudinal range. Examples of North American taxa exhibiting genetic divergence without 

phenotypic divergence include black salamanders, brown creepers, trapdoor spiders, and 

southwestern springsnails, to name a few (Reilly & Wake, 2015; Manthey, Klicka, & Spellman, 

2011; Liu, Hershler, & Clift, 2003, Satler et al., 2013). Despite phenotypic similarity, previous 

studies have demonstrated that S. occidentalis at the northern and southern ends of this 

latitudinal range are divergent in physiology and thermoregulatory behavior (McTernan, 2017; 
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Sinervo, 1990; Tsuji, 1988). The lack of corroboration between the morphological subspecies 

and genetic population boundaries, and from evidence of contemporary gene flow between 

populations, suggests that S. occidentalis is a single, polymorphic species, with a potentially 

large number of locally adapted demes.   

 

Population demographic events and divergences reflect glacial history 

Mountains were impassible to terrestrial taxa during Quaternary glaciation and remain 

formidable ecological barriers (Dubey & Shine, 2012; Ghalambor et al., 2006). Until 14,000 

years ago, glaciers covered high elevations in California’s Sierra Nevada and Trinity Alps and 

Washington and Oregon’s Cascade and Klamath mountains, but shrank to their current extents 

10,000 years ago (Sharp, 1960; Porter, 1976; Davis, 1988; Rosenbaum & Reynolds, 2004; 

Moore & Moring, 2013). During glacial periods, glaciers expanded to lower elevations and 

‘locked-up’ terrestrial water sources, resulting in drier conditions (Hewitt, 2000; Guyton, 1998). 

Species persisted in glacial refugia in North American Mediterranean regions and warm and 

cold-deserts during glacial periods and came into secondary contact during warmer and wetter 

interglacial periods (Wilson & Pitts, 2012; Hewitt, 2011; Waltari et al., 2007; Swenson & 

Howard, 2005).  
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To test whether intermittent isolation-and-expansion events have driven genetic 

divergence, we compared two-population divergence scenarios for contiguous populations. We 

find support for allopatric divergence with secondary contact as the predominant mode of 

divergence in all pairwise population comparisons except for one. The only instance of 

parapatric divergence with continuous gene flow occurs between the S CA and W GB 

populations in the southern part of the range. Low elevation and low latitude regions were likely 

less impacted by glaciation, which may have facilitated divergence with gene flow between the S 

CA and W GB populations (Dubey & Shine, 2012). Phylogeographic studies of many North 

American taxa have revealed signatures of population isolation and secondary contact, 

suggesting this mode of divergence is common (Lavin et al., 2018; O’Connell et al., 2017; 

Pereira & Wake, 2009; Leaché, 2009; Swenson & Howard, 2005).  

Glacial history is supported as a driver of intraspecific genetic variation based on 1) the 

locations of contact zones, 2) the phylogenetic relationships among populations, and 3) recent 

colonization of previously glaciated regions. Until recently (ca. 10 ka), glaciation precluded 

colonization of high elevation in the Sierra Nevada and the Puget Sound in western Washington 

(Hill, 2006; Porter, 1976). Glaciation also prevented east-west dispersal across the Sierra 

Nevada, potentially driving phylogeographic breaks within amphibians, reptiles, and mammals, 

in addition to the ancient (ca. 200,00 years; HPD = 97,000–325,000 years) divergence between 
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S. occidentalis populations to the east and west (Lavin et al., 2018; Calsbeek et al., 2003). The 

phenomenon of northward expansion following Quaternary glaciation is well documented and 

supported by relatively low levels of genetic diversity in recently established northern 

populations and by relatively high levels of genetic diversity in older southern populations 

(Lavin et al., 2018; Potter et al., 2015; Hewitt, 2004; Hewitt, 2000).  

Considering that the order of divergences on the species trees (Fig. 3), and that the PNW 

population must have dispersed to Puget Sound no earlier than 10 ka,  S. occidentalis probably 

colonized regions west of the Sierra Nevada from south (southern and Baja California) to north 

(California, Oregon, then Washington). East of the Sierra Nevada, the common ancestor of the 

W GB and E GB populations (W GB-E GB) diverged from S CA-W Sierra-PNW prior to the 

divergence between S CA and W Sierra-PNW. Considering that low latitude and low elevation 

regions were less impacted by glaciation, and that the S CA and W GB genetic populations 

diverged with continuous gene flow, we expect that S. occidentalis colonized regions east of the 

Sierra Nevada from south to north (eastern Washington) and east (E GB in western Utah). A 

center of high genetic variation in the southern extreme of the range, where S. occidentalis might 

have persisted throughout Quaternary glaciation, supports this expectation (Fig. S4b).  

Higher than expected effective genetic diversity in central Oregon and southern 

Washington coincides with a contact zone between distantly divergent genetic populations, PNW 
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and W GB (Fig. 1b: 1). Near this contact zone, at the Oregon-Washington border, an east-west 

trending low elevation trough, formed during the orogeny of the Cascades, could have served as 

a conduit for bringing distantly divergent genetic populations into secondary contact (Newcomb, 

1967).  

The trajectories of expansion from south to north with allopatric divergence on either side 

of the glaciated and impassable Sierra Nevada and secondary contact between distantly diverged 

populations in the north is reminiscent of a ring species, with several key differences. Two ring 

species, Ensatina salamanders and dusky-footed woodrats (Neotoma fuscipes), colonized regions 

of suitable habitat, including the Coast ranges and Sierra Nevada, on either side of an impassable 

barrier, the Central Valley (Pereira & Wake, 2009; Matocq, 2002; Moritz et al., 1992). Ensatina 

colonized from north to south, while Neotoma colonized from south to north (like S. 

occidentalis) and both exhibit lower genetic diversity in more recently established populations 

(Kuchta et al., 2009; Matocq, 2002). Unlike S. occidentalis, Ensatina in the southern terminus of 

the ring are unable to interbreed (Pereira & Wake, 2009). This reproductive isolation may be 

related to the time needed to complete the ring; Ensatina have extremely limited dispersal 

abilities, while S. occidentalis, as evidenced by its colonization of recently glaciated regions, is 

capable of rapid dispersal (Leaché et al., 2010; Staub et al., 1995). Sceloporus occidentalis offers 

an interesting generalist contrast to known ring species in that it has colonized previously 
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impassable regions and populations diverged by 200,000 years (HPD = 97,000–325,000 years) 

remain capable of interbreeding. Contrary to expectations of lower genetic diversity at northern 

latitudes following post-Quaternary-glaciation expansion, S. occidentalis’s status as an 

ephemeral ring species has produced centers of high genetic diversity in both the north and south 

of the range.  

 

Gene flow has potential to swamp out alleles and is impeded by arid regions 

Gene flow between genetically distinct populations of S. occidentalis is mostly 

asymmetric and may homogenize divergences over time if not opposed by selection 

(Lenormand, 2002; Kirkpatrick & Barton, 1997). The boundary between the S CA, W Sierra, 

and W GB genetic populations coincides with the Transverse Ranges in southern California, a 

prominent biogeographic barrier in terrestrial taxa, and a junction of three S. occidentalis 

phenotypes (Fig. 1b: 6) (Gottscho, 2016). Although the Transverse Ranges were not were not 

fully glaciated during the Quaternary, glaciers were present on the easternmost and highest 

points in the Range as recently at 15-16 ka (Owen, Finkel, & Minnich, 2003). During periods of 

glacial advance, S. occidentalis might have persisted in low elevation regions like the southern 

Central Valley, Mojave Desert, and San Fernando Valley, accumulating genetic variation in 

allopatry before secondary contact across the Transverse Ranges. Contemporary gene flow is 
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symmetric between S CA and W Sierra and could be homogenizing these populations. 

Divergence between S CA and W GB occurred in the presence of continuous asymmetric gene 

flow trending northeast from S CA to W GB. The S CA and W GB genetic populations are 

phenotypically similar (both categorized as S. o. longipes), though S CA is sexually dimorphic, 

whereas W GB is sexually monomorphic (Bell & Price, 1996).  

Two possible mechanisms could be driving genetic divergence between S CA and W GB: 

selection for different alleles in the Mediterranean climate of the Peninsular Ranges than in the 

arid climate of the Mojave Desert and Great Basin could maintain genetic divergence despite 

gene flow; or social interactions between sexually dimorphic and monomorphic individuals 

could be driving divergence (Cooper & Burns, 1987; Kirkpatrick & Barton, 1997). The Mojave 

Desert and Joshua Tree National Park are highlighted as barriers to gene flow, but deserts are 

expected to be replaced by herbaceous grasslands and woodlands as climate change increases 

precipitation, which may increase asymmetric gene flow from S CA into W GB (Bachelet et al., 

2016). East-west divergences between W Sierra and W GB and between PNW and W GB also 

coincide with arid regions, the eastern escarpment and rain shadow of the Sierra Nevada and the 

eastern rain shadow of the Cascades range, respectively. The populations located west of Sierra 

Nevada experience a Mediterranean climate with hot summers and rainy winters (Myers et al., 

2000), while their eastern counterparts experience a more arid climate. Gene flow is asymmetric 
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from W Sierra into W GB and likely began relatively recently, after Sierra Nevada glaciers 

receded.  

We detect very few admixed individuals between W Sierra and W GB, which suggests 

that populations are either adapted to different environments (montane western and arid eastern 

conditions) and selection against hybrids is strong; or that the recent timeframe for this contact 

zone has not allowed enough time for gene flow between populations to form a contact zone. In 

the former case, if populations on either side of the Sierra Nevada are locally adapted, 

asymmetric gene flow could introduce maladapted W Sierra alleles into the W GB population 

(Lenormand, 2002). With the exception of gene flow from W GB into PNW, the net flow of 

migrants appears to be north- and eastward. We discuss a possible scenario explaining secondary 

contact between the distantly divergent PNW and W GB populations in central Oregon above. 

Contrary to patterns in the rest of the species range, asymmetric gene flow trends westward, from 

the W GB into the PNW population. W GB and E GB animals are substantially larger in body 

size than PNW animals, which may explain this gene flow trend if larger individuals are also 

more dispersive.  

Contemporary gene flow between W Sierra and PNW genetic populations in northern 

California has ceased, and gene swamping from W GB could obliterate the PNW genetic 

population if selection does not maintain genetic divergence. Asymmetric gene flow from W 
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Sierra into PNW populations, which are now isolated, may represent northward range expansion. 

The contact zone between the PNW and W Sierra genetic populations occurs in northern 

California, beginning roughly at the San Francisco Bay and ending at the California-Oregon 

border (Fig. 1a: 2). The San Francisco Bay is the outlet for several major rivers that flow from 

the Sierra Nevada, and a prominent phylogeographic break in other reptiles and amphibians 

(Lavin et al., 2018; Reilly & Wake, 2015; Feldman & Spicer, 2006). The very recent (ca. 4,000 

years; HPD = 1,000–9,000 years) divergence between the PNW and W Sierra genetic 

populations has occurred across the Trinity Alps and southern Cascade mountains, which were 

glaciated until recently ca. 14 ka (Rosenbaum & Reynolds, 2004; Sharp, 1960). During glacial 

periods that impeded dispersal across northern California mountains, S. occidentalis might have 

persisted in a proposed refugium in northwestern California, diverged in allopatry from W 

Sierra, and expanded northward following glacial receding (Swenson & Howard, 2005). 

Alternatively, S. occidentalis might have persisted in suitable habitat pockets within the Klamath 

Mountains, which have been proposed as a glacial refuge for flora (Potter et al., 2015; Sawyer, 

2007).  

Divergence between the W GB and E GB genetic populations also appears to be 

supported by allopatric divergence in glacial refugia and may represent eastward range 

expansion (Wilson & Pitts, 2012). Multiple species distributed across the Great Basin, including 
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the velvet ant (genus Dilophotopsis) and long-nose leopard lizard (Gambelia wislizenii), exhibit 

east-west divergences that are postulated to reflect isolation and allopatric divergence in cryptic 

refugia (Wilson & Pitts, 2012; Wilson & Pitts, 2010; Orange et al., 1999). A barrier to gene flow 

in central Nevada that is roughly parallel to the arid barrier in the rain shadow of the Sierra 

Nevada separates the W GB and E GB genetic populations (Fig. 5). This central Nevada barrier 

spans a series of small, north-to-south mountain ranges separated by arid lowlands which might 

have driven genetic divergence.  

Generally, within-population barriers to gene flow in S. occidentalis are environmental 

gradients of temperature and aridity that might maintain intraspecific diversity despite ongoing 

gene flow. Low rates of effective migration indicate more between-deme genetic dissimilarity 

than expected, which could result from strong directional selection for alleles that give 

individuals living in arid environments an advantage. If arid-adapted alleles suffer a cost in non-

arid environments, they could indicate local adaptation. Continued asymmetric gene flow has the 

potential to eventually homogenize populations and erode genetic variation, including variation 

in alleles responsible for adaptive phenotypes (Lenormand, 2002). Corridors are regions in which 

genetic dissimilarity between demes is lower than expected, which could be due to either high 

gene flow homogenizing adjacent populations or purifying selection in the region (Lenormand, 

2002). Corridors of gene flow in S. occidentalis correspond to wetter, more mountainous regions. 
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These regions may facilitate dispersal by providing reliable and abundant food sources, as 

precipitation is correlated with higher insect abundances (Dunham, 1978).   

 

Implications for future studies 

Future work should capitalize on the extensive genetic, phenotypic and physiological 

variation within Sceloporus occidentalis to extrapolate population responses to future climate 

change. First, local variation in phenotypes and genotypes is not adequate support for local 

adaptation (Lenormand, 2002; Merïla & Hendry, 2014). To support the hypothesis of local 

adaptation, variable traits must confer a fitness advantage in the specific environment in which 

they evolved (Merïla & Hendry, 2014). The presence of intraspecific variation might be an 

indication of past capacities for adaptation, but additional information about how mechanistically 

traits confer advantages in certain environments is needed to predict the fate of trait differences 

between S. occidentalis populations. Lab and field-based experiments using S. occidentalis have 

the potential to determine whether trait differences are a product of local adaptation. Second, a 

targeted effort to understand the genetic architectures underlying intraspecific trait variation will 

improve predictions of the nature of trait responses to environmental change. If traits are 

primarily controlled by plasticity (e.g. gene regulation), populations will compensate rapidly, but 

may be buffered by behavior from evolving traits to keep up with the pace of climate change 
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(Huey, Hertz, & Sinervo, 2003; Huey et al., 2012). Third, the large and heterogeneous range of 

S. occidentalis provides ample replication for studying the process of adaptation in situ. Targeted 

population and landscape genetic studies with dense sampling across putative selective regimes 

(e.g. habitat ecotones, elevation gradients) have the potential to track the repeated evolution of 

alleles and traits that confer fitness advantages in different environments. Regardless of the past 

conditions under which intraspecific variation evolved in S. occidentalis, current and future 

conditions have the potential to put novel pressures on populations. We provide the 

phylogeographic, demographic, and biogeographic contexts necessary to realize S. occidentalis 

as an emerging model system to study the processes of adaptation in western North America.  
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Figure 1. Comparison of phenotypic (subspecies) and genetic patterns of geographic variation 
within Sceloporus occidentalis. (a) Distribution of traditionally recognized subspecies diagnosed 
by morphology and geography, based on Bell & Price (1996). (b) Genetic-based population 
boundaries estimated using SNP data in ADMIXTURE, assuming a model with K = 5 
populations. Six distinct areas of overlap in (b) represent zones of admixture between genetically 
distinct populations, inferred by the presence of admixed individuals 
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Figure 2. Population structure results for S. occidentalis. (a) Spatial distribution of 
ADMIXTURE results. Enlarged pies represent individuals with admixture >5%. (b) Barplots 
showing population membership results from ADMIXTURE, separated north-south by the 
Transverse Ranges (South) and east-west by the Sierra Nevada-Cascade mountain change (East 
and West). Individuals are ordered vertically by latitude, and population membership is color-
coded and indicated with vertical bars. (c) PCA plot based on allele frequencies from 4,555 
SNPs. Elliptical contours represent 95% confidence levels for genetically distinct groups. 
Individuals are colored by population membership. The five populations are Southern California 
(S CA, red); West Sierra (W Sierra, orange); West Great Basin (W GB, purple); East Great Basin 
(E GB, navy); Pacific Northwest (PNW, green). 
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Figure 3. Species tree for S. occidentalis populations estimated using SNAPP. (a) Densitree plot illustrating uncertainty in the species 
tree topology and branch lengths. Densely colored regions near the tips of the tree show agreement in tree topologies and branch 
lengths, while the diffuse distribution near the root shows uncertainty in the divergence time estimate. (b) MCC tree calculated from 
the posterior distribution of topologies shown in (a). Numbers on branches are point estimates for divergence times (mean) and the 
HPD range (in brackets).
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Figure 4. 2D demographic model results for six population pairs (a-f) in S. occidentalis. The 

best-fit demographic model for each population pair is represented with all relevant population 

parameters. The vertical axis is the frequency of the allele in the first population and the 

horizontal axis is the frequency of the allele in the second population. The color in each cell 

represents the counts of alleles at certain frequencies in the two populations. The residuals 

measure the differences in model fit, where lower residuals indicate better fit. The demographic 

model parameter estimates are provided in Table 1. 
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Figure 5. Effective migration surface from EEMS overlaid with a digital elevation model (DEM) 

at 1 km resolution. Barriers to migration with effective migration rates lower than expected 

under IBD are shown in rust. Corridors of migration with effective migration rates higher than 

expected under IBD are shown in turquoise. Major rivers and lakes are shown in light blue.  
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Figure S1. Sampling localities of Sceloporus occidentalis. Detailed locality data for numbered 

sampling localities are provided in Table S1. 
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Figure S2. Cross-validation error from parametric (ADMIXTURE; a, c) and 

change in BIC from non-parametric (DAPC/k-means clustering; b, d) 

methods of population structure estimation. The top row (a, b) shows results 

from both methods for a dataset composed of 65 samples, allowing ≤50% 

missing data per sample. The bottom row (c, d) shows results from both 

methods for a dataset composed of 105 samples, allowing ≤70% missing 

data per sample.  
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Figure S3. Estimates of population structure for k=3,4,5 for the 50% and 70% missing data per 

individual datasets using Admixture. Small pies are individuals with <5% admixed identity and 

larger pies are individuals with >5% admixed identity. Color corresponds to population identity 

as follows: S California (red); W Sierra Nevada (orange); W GB (purple); Great Basin (navy); 

Pacific Northwest (green). 
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Figure S4. Effective migration and diversity estimates from EEMS. (a) Warmers colors 

represent effective migration rates lower than expected under isolation by distance, or “barriers” 

to migration. Cooler colors represent effective migration rates higher than expected under 

isolation by distance, or “corridors” of migration.  (b) Effective diversity estimates calculated 

based on pairwise within and between deme dissimilarity. Regions with higher genetic diversity 

are darker in color. 
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Table 1. Pairwise comparisons of contiguous populations of S. occidentalis. Log-likelihoods (LL) and AIC weights (wAIC) used 
to evaluate best-fit models for each comparison. Theta is the estimated mutation rate, proportional to the effective ancestral 
population size Neanc (θ=4Neancμ). nu1a, nu2a and nu1b, nu2b are effective population sizes of populations 1 and 2 before and 
after instantaneous size change. Populations 1 and 2 are the first and second populations listed in each comparison, respectively. 

Comparison Model LL wAIC Theta nu1a nu2a nu1b nu2b m12 m21 T1 T2 T3 

S CA vs. W 
Sierra 

Divergence in 
isolation, continuous 

symmetric 
secondary contact 
with size change 

-232.3 1.00 324.9 7.332 2.945 0.235 0.411 1.553  1.631 0.274  

S CA vs. W 
GB 

Divergence with 
continuous 
asymmetric 

migration, size 
change 

-174.0 0.96 336.5 3.285 3.383 0.144 0.176 0.697 1.251 5.184 0.144  

W Sierra vs. 
W GB 

Divergence in 
isolation, continuous 

asymmetric 
secondary contact 
with size change 

-191.4 1.00 176.9 4.964 2.433 1.821 0.938 0.087 0.908 5.783 1.269  

W Sierra vs. 
PNW 

Divergence in 
isolation, continuous 

asymmetric 
secondary contact 
with size change, 

isolation 

-207.1 1.00 216.8 3.832 1.343 0.531 0.306 1.031 7.771 4.213 0.097 0.040 

E Sierra vs. 
PNW 

Divergence in 
isolation, continuous 

asymmetric 
secondary contact 
with size change 

-198.2 0.99 444.1 1.919 2.327 0.288 0.137 0.885 1.963 2.088 0.233  

E Sierra vs. 
E GB 

Divergence in 
isolation, continuous 

asymmetric 
secondary contact 
with size change 

-157.1 0.51 812.1 

 
 
 

0.657 
 
 
 

0.193 0.207 0.083 0.794 5.662 0.121 0.095  
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Table S1. Detailed locality data for samples used in this study. 
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Table S2. Summary of single nucleotide polymorphism (SNP) datasets. One random SNP from each locus was sampled and two 
datasets were assembled, one containing individuals with less than 50% data missing and one containing individuals with less 
than 70% data missing. Datasets vary in loci recovered based on r, the percent of samples required to share a locus for the locus 
to be retained. 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

r 
(percent 

of 
samples 
sharing 
locus) 

Raw # 
loci Invariant >2 

Haplotypes 
Non-

biallelic 

Ave. 
Perc. 

Missing 

Max. 
Perc. 

Missing 

Filtered 
# loci 

# 
Samples 
Retained 
(limited 
to <50% 
missing 

per 
sample) 

# 
Samples 
Retained 
(limited 
to <70% 
missing 

per 
sample) 

5 27419 11270 1659 55 79.6 93.2 14465 2 19 
10 15898 5198 1096 36 70.0 89.0 9584 18 49 
15 10543 2780 816 27 61.1 84.3 6932 28 80 
20 7946 1860 681 22 54.1 80.2 5394 49 94 
25 6517 1362 591 17 48.9 76.8 4555 65 105 
50 2971 413 281 7 29.4 60.2 2274 104 108 
60 2166 275 201 4 23.6 52.0 1687 107 108 
70 1428 183 131 3 17.9 41.9 1112 108 108 
75 1083 149 100 2 14.9 39.2 833 108 108 
80 781 102 76 1 12.0 38.4 603 108 108 
90 219 33 22 0 5.8 28.8 164 108 108 
100 4 2 0 0 0.0 0.0 2 108 108 



	

	68	

 
 
 
 
 
 
 

Chapter 2: Potential for local adaptation in Western Fence 
Lizards (Sceloporus occidentalis) along an elevation gradient in 

Yosemite National Park 
 

NASSIMA M. BOUZID1,2,*, LAUREN B. BUCKLEY1, & ADAM D. LEACHÉ1,2 

1Department of Biology, University of Washington, Box 351800, Seattle WA 98195–1800, USA 

 
2 Burke Museum of Natural History and Culture, University of Washington, Seattle, WA 98195, 
USA 
 
 
*E-mail: bouzidnm@uw.edu 



	

	69	

Introduction 
Intraspecific variation in species traits provides a window to processes of incipient 

ecological divergence. Widespread species often contain populations that exhibit geographic 

clines in traits structured along environmental gradients (Aitken & Whitlock, 2013; Endler, 

1977; Hereford, 2009; Huey, Gilchrist, et al., 2000; Kawecki & Ebert, 2004; Keller et al., 2013). 

Traits that contribute to increased fitness of genotypes native to specific environments are 

considered products of local adaptation, which refers to both the pattern and the process that 

produces a tradeoff between high fitness in native and low fitness in foreign environments 

(Kawecki & Ebert, 2004). Studies of local adaptation within species are an opportunity to 

identify traits that are under selection and to understand the mechanisms driving trait divergence. 

Recent colonization of a new environment with accompanying clinal variation in traits 

offers an ideal scenario to study local adaptation. However, are differences in traits produced by 

rapid genetic adaptation, or by adaptive phenotypic plasticity? Furthermore, how have the 

relative strengths of migration and selection enabled the establishment of clines? Local 

adaptation occurs when variable environments exert differential selective pressure on 

populations (Kawecki & Ebert, 2004; Lenormand, 2002). Gene flow along the environmental 

gradient can produce maladapted genotypes and erode clinal variation if it is sufficiently strong 

(Aitken & Whitlock, 2013; Lenormand, 2002). Therefore, clines can be maintained if (1) traits 

are linked to genotypes and gene flow is limited along the gradient or (2) traits are adaptively 

plastic and can be maintained under strong gene flow (Crispo, 2008; Ghalambor et al., 2007; 

Kawecki & Ebert, 2004). 

Lizards in the genus Sceloporus are a model system for studying life history evolution 

and thermal ecology, with demonstrated links between environmental temperatures and fitness 

(Adolph, 1990; Sears & Angilletta, 2004; Sinervo, 1990; Sinervo & Adolph, 1994; Sinervo et al., 
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2010). By using behavior to regulate body temperatures, these ectotherms are able to thrive in 

diverse habitats, ranging from extreme desert with ambient temperatures exceeding 38°C to 

montane forests where temperatures drop below 0°C (Adolph, 1990; Sears & Angilletta, 2004). 

Despite considerable variation in environmental temperatures, lizards maintain narrow body 

temperature ranges via behavioral thermoregulation and opt to become inactive when 

environmental temperatures become either too hot or too cold (Adolph, 1990; Adolph & Porter, 

1993; Andrews, 1998; Bogert, 1949). Consequently, cooler environments at high elevation and 

high latitudes limit activity duration, which also limits opportunities for feeding, digestion, 

growth, and reproduction (Adolph & Porter, 1993; Sears & Angilletta, 2004). Traits that enable 

extended activity or more efficient growth are thought to potentially increase fitness in 

temporally limited environments (Buckley, 2010; Clusella-Trullas et al., 2007; Levy et al., 

2016). 

High and low elevation populations of Western Fence Lizards (Sceloporus occidentalis) 

in the Sierra Nevada of California exhibit clinal variation in traits that may increase fitness in 

temporally limited environments. Cooler temperatures and seasonality at high elevation limit 

both daily and seasonal activity periods, meaning lizards may be inactive due to snow for up to 9 

months (Jameson & Allison, 1976). Reduced activity periods constrain fitness by limiting 

opportunities for feeding, digestion, and assimilation, which in turn limit growth and 

reproduction (Adolph & Porter, 1993). Selection on traits that facilitate increased activity in 

environments that limit activity periods can increase fitness (Buckley, 2010; Levy et al., 2016). 

With increasing elevation, S. occidentalis achieve larger body sizes and darker, more melanistic 

coloration (Camp, 1916; Leaché et al., 2010). Larger body sizes have been linked to both the 

ability to produce larger clutches and to slower cooling rates in lizards, which would increase 
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reproductive output and heat retention, respectively (Du et al., 2005; McKenna & Packard, 1975; 

Moreno Azócar et al., 2016; Sears & Angilletta, 2004). Darker coloration has been linked to 

faster heating rates and may also block harmful solar radiation (more intense at high elevations), 

which would extend activity durations in colder environments and prevent skin damage during 

basking, respectively (Reguera et al., 2014; Clusella-Trullas et al., 2007; Cope et al., 2001). A 

study that compared high and low elevation S. occidentalis from the central Sierra Nevada 

confirmed that high elevation lizards experience shorter activity periods and accelerated 

reproductive timelines and found that low and high elevation lizards matured at approximately 

the same age (20 months), suggesting that growth rates may also differ (Jameson & Allison, 

1976). Demonstrated shifts in life history at high elevations suggest that the environment exerts 

selective pressure on high elevation populations (Ruth, 1977). A study investigating the 

phenotypic evolution of high elevation populations in Yosemite National Park suggested that 

high and low elevation populations are genetically distinct in mitochondrial DNA and found 

evidence for multiple, independent origins along different river drainages (Leaché et al., 2010). 

Convergence in traits among divergent lineages that have recently colonized high elevation may 

be a product of either rapid genetic adaptation or adaptive phenotypic plasticity (Ghalambor et 

al., 2007; Hoffman & Sgrò, 2011). 

Glaciation provided constraints on the timing and direction of colonization of high 

elevations in the Sierra Nevada by S. occidentalis. The Grand Canyon of the Tuolumne River 

(GCT) ascends gradually over ca. 40 km from Hetch Hetchy Valley in the west to Tuolumne 

Meadows in the east (Fig. 1). The geologic and glacial history of the GCT suggests that current 

residents colonized higher elevations from the west, rather than from the north or the south. 

Westward uplift of the Sierra Nevada mountain block, hinging at the eastern margin of the 
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Central Valley, created a steep eastern escarpment that likely impeded colonization of the Sierra 

Nevada from the east (Huber, 1990; Wakabayashi & Sawyer, 2001). The GCT is V-shaped, 

which is atypical of glacially carved valleys, with steep canyon walls carved by preglacial stream 

incision and subsequently modified by glaciers (Huber, 1990). In contrast to Yosemite Valley, a 

classic glacially-carved U-shaped valley that was last filled with ice ca. 750,000 years before the 

present (ybp), the GCT was filled with ice (ca. 1220 m from valley floor to rim) much more 

recently: 15,000–20,000 ybp (Tioga glaciation; Huber, 1990). Glaciers in the Sierra Nevada 

receded to post-glacial-maximum extents by approximately 10,000 ybp, suggesting colonization 

of high elevations via the GCT occurred recently (Chapter 1; Davis, 1988).  

 Recent colonization of high elevation (Chapter 1) and a clear morphological cline in S. 

occidentalis offers a promising opportunity to study local adaptation. Larger and darker 

phenotypes are exclusive to high elevations in the central Sierra Nevada, which were 

inaccessible to lizards until ca. 10,000-15,000 years before the present (ybp) (Huber, 1990). 

Development of a locally exclusive–and potentially locally adapted–phenotype might have 

facilitated rapid expansion to high elevation following glaciation.  Considering this requirement, 

phenotypic clines produced by adaptive phenotypic plasticity cannot be considered local 

adaptation because a single genotype might have high fitness in both native and foreign 

environments (Ghalambor et al., 2007). Due to the logistic challenges of conducting common 

garden and reciprocal transplant experiments in non-model vertebrate systems, a preliminary 

assessment of local adaptation can include (1) comparisons of cline characteristics for multiple 

traits and (2) estimates of the magnitude and direction of gene flow along the environmental 

gradient. This preliminary assessment would confirm that traits vary clinally across transitions 
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between environments and inform predictions of whether phenotypic plasticity or genetic 

divergence underlies trait variation.  

 We investigate phenotypic clines and gene flow among populations of S. occidentalis 

along a sharp and recently colonized elevation gradient in the Sierra Nevada. The phenotypic 

clines encompass larger body size and darker skin color at high elevation (Leaché et al., 2010). 

Our study is focused on an approximately 21 km long stretch of the Grand Canyon of the 

Tuolumne River in northern Yosemite National Park spanning ca. 1300 m elevation (Fig. 1). We 

combine new single nucleotide polymorphism (SNP) data with previously published 

mitochondrial DNA (mtDNA) and morphological data (Leaché et al., 2010) to gain an 

integrative assessment of clinal variation along the elevation gradient. Properties of clines 

including cline width and slope at cline center provide estimates of both the strength of selection 

needed to maintain clines and the impact of environmental variation on trait variation (Slatkin, 

1973). Broad clines can be produced by weak selection and/or fine-scale transitions between 

environments. Broad or absent clines can also result from strong gene flow and weak selection 

against foreign genotypes. In the special case of closely linked, neutral alleles, however, even 

strong gene flow can produce steep, “step-like” clines in allele frequencies, similar to those 

expected across a physical barrier (Barton, 1979). The magnitude and direction of gene flow 

along the gradient can also provide an estimate of whether trait divergence is produced by 

genetic adaptation or phenotypic plasticity (Hendry, 2015). Balanced symmetric or strong 

asymmetric gene flow, also called “gene swamping,” tends to homogenize genetic variation 

(Lenormand, 2002). As a result, maintenance of a cline in the face of gene flow would suggest 

that divergence in traits is produced by phenotypic plasticity.  
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 We test the specific hypothesis that weak gene flow or isolation following initial 

colonization of high elevation has facilitated local adaptation in Yosemite S. occidentalis. If our 

hypothesis is supported, we predict that low and high elevation lizards will be genetically 

divergent and that gene flow between them will be limited. If our hypothesis is supported we 

also predict that changes in traits will be abrupt, manifesting as steep clines. If our hypothesis is 

not supported, we predict that gene flow will be strong (either asymmetric or symmetric) and that 

trait clines will be broad. To extend our preliminary assessment of local adaptation in S. 

occidentalis, we also identify and determine the function of potential candidate loci that are 

significantly correlated with elevation. 

 

Materials and methods 

Study area and phenotypic cline 

Our study is focused on populations of S. occidentalis distributed along an elevation 

gradient in Yosemite National Park, Tuolumne County, California. The Museum of Vertebrate 

Zoology (MVZ; UC Berkeley) conducted the Grinnell Resurvey Project (GRP) in Yosemite 

National Park from 2003–2006, a large-scale study aimed at quantifying changes in distribution 

and community composition of vertebrate taxa nearly 100 years following original surveys by 

MVZ Director Joseph Grinnell from 1911–1920 (Grinnell & Storer, 1924; Moritz et al., 2008). 

As part of the GRP, sampling of vertebrate animals was expanded into new regions, including 

the Grand Canyon of the Tuolumne River (GCT). 

We used phenotypic data collected for S. occidentalis as part of the GRP to assess clinal 

variation in the GCT (Leaché et al., 2010). With increasing elevation, lizards achieve larger body 

sizes and darker coloration. While body size in Sceloporus is usually determined by age at 
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maturity (e.g., larger lizards mature later), lizards with different body sizes in the Sierra Nevada 

reach maturity at the same age (Jameson & Allison, 1976; Sears & Angilletta, 2004). This 

suggests that body sizes clines might be produced by variation in growth rates; to achieve larger 

body sizes in the same amount of time, high elevation lizards must grow faster than low 

elevation lizards. A trend of darker color in ectotherms living in cold environments (high 

latitudes and high elevations) has suggested that color may be relevant to thermoregulation 

(Clusella-Trullas et al., 2007).  

 

Genetic sampling, DNA extraction, and sequencing 

Lizards were collected opportunistically along the Grand Canyon of the Tuolumne River 

trail from E of Hetch Hetchy Reservoir (37.9168°N, 119.6595°W) to E of Glen Aulin 

(37.90764°N, 119.4196°W) from August 5–23, 2003. (Table S1). Lizards were collected along 

the trail from west to east in an approximately linear transect because the trail borders the 

Tuolumne River to the south and the steep wall of the GCT to the north. Our sampling of the 

elevation gradient along the GCT ranges from 1167–2488 m elevation over ca. 21 km. (Fig. 1).  

We obtained 80 tissue samples for Sceloporus occidentalis from the GCT elevation 

gradient from the Museum of Vertebrate Zoology (University of California, Berkeley), and used 

a high-salt protocol to extract whole genomic DNA from liver tissue (MacManes, 2013). We 

collected double-digest restriction-site associated DNA sequencing (ddRADseq; Peterson et al., 

2012). Briefly, the ddRADseq protocol involved using restriction enzymes to digest genomic 

DNA targeting rare (SbfI 5'-CCTGCAGG-3') and common (MspI 5'-CCGG-3’) cut-sites (New 

England Biolabs); purification and ligation of barcoded Illumina adapters onto digested 

fragments; combining eight individuals with unique barcodes into pools and assigning each pool 
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a unique Illumina adapter; using a Blue Pippin Prep size fractionator (Sage Science) to select 

fragments between 415 and 515 base pairs (bp) in length; amplifying final libraries with 

proofreading Taq and Illumina’s indexed primers; and using an Agilent 2200 TapeStation to 

determine the fragment size distribution and concentration of each pool. We sent final libraries to 

the Vincent J. Coates Genomics Sequencing Laboratory (UC Berkeley), where qPCR was used 

to determine sequenceable library concentrations before pools were combined in quantities that 

evenly distributed sequencing effort across individuals; libraries were sequences on a single 

Illumina HiSeq-4000 lane (51-bp, single-end reads). 

 

Bioinformatics 

We used STACKS version 1.37 (Catchen et al., 2013) to process raw sequencing reads and 

assemble SNP loci, interfaced through a custom Python pipeline (Portik et al., 2017; 

https://github.com/dportik/Stacks_pipeline). Briefly, we extracted individual sequences from raw 

Illumina reads using individual barcodes for each sequencing pool; we used FastQC (Babraham 

Bioinformatics, 2011) to assess read quality; and we used fastx_trimmer (Gordon & Hannon, 

2012) to trim the 6-bp restriction-site overhang sequence. We reduced raw sequencing reads 

from 51 to 40 bp after removing the 5 bp barcode and 6 bp restriction site overhang. We 

assembled loci in STACKS by aligning reads into sets of similar sequences with a minimum depth 

of coverage of 5 sequences, allowing a maximum of 2 nucleotide differences between sets and a 

minimum minor allele frequency of 0.05. We discarded sets with unusually high coverage to 

avoid retaining highly repetitive and/or non-orthologous loci in the final dataset.  

Some loci may contain multiple SNPs in linkage disequilibrium, meaning that they are 

non-randomly associated, or linked (Slatkin, 2008). Quantifying linkage disequilibrium across 
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the genome can elucidate patterns of selection and demographic processes in model systems 

(Slatkin, 2008). However, in systems for which we are only beginning to explore genomic 

architecture, it may be difficult to distinguish between sequencing biases and true linkage 

disequilibrium. Furthermore, many methods make simplifying assumptions that each site is 

unlinked (Chifman & Kubatko, 2014; Gutenkunst et al., 2009). By digesting whole genomic 

DNA at rare and common cut-sites, we can assume that ddRAD loci are randomly distributed 

throughout the genome (Peterson et al., 2012). To ensure that unlinked SNPs are retained, one 

can either calculate a linkage disequilibrium statistic to determine which sites to prune (Slatkin, 

2008), or sample a single SNP per locus. In our final dataset, we sampled one random SNP per 

40 bp locus, meaning that the number of loci recovered by STACKS and the number of SNPs in 

our final dataset were the same. 

 

Population structure 

We used ADMIXTURE version 1.3.0 (Alexander et al., 2009) to characterize genetic 

variation among individuals from the elevation gradient. ADMIXTURE implements a maximum 

likelihood (ML) framework and cross-validation error to choose the number of genetic clusters 

(K) that best describes the variation between individuals. Here, we refer to genetic clusters as 

‘populations.’ We used PLINK version 1.07 (Purcell et al., 2007) to convert output files from the 

STACKS pipeline to the binary PLINK format required by ADMIXTURE. We ran ADMIXTURE with 

cross-validation enabled for values of K from 1 to 10 and selected the value of K that minimized 

cross-validation error. 
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Cline analysis 

Characteristics of trait clines can elucidate the strength of selection across environmental 

gradients (Brown & Pavlovic, 1992; Endler, 1977; Slatkin, 1973). Cline widths are determined 

by both dispersal (i.e., gene flow) and selection across environmental gradients (Slatkin, 1973). 

If environmental variables that are relevant to fitness change on a scale that is larger than average 

dispersal distance (e.g., “coarse-grained environment”; Levins, 1968), a cline will be established. 

Alternatively, if environmental variables change on a scale that is smaller than average dispersal 

distance (e.g., “fine-grained environment”), organisms will be unable to respond to 

environmental variation and no cline will be established (Slatkin, 1973). Slatkin (1973) coined 

“characteristic length” as a term to describe the minimum distance over which selection could 

produce a trait cline. Over distances less than the characteristic length even strong selection will 

not produce a cline (Slatkin, 1973). The characteristic length (lc) is proportional to the average 

dispersal distance traveled at the dispersal stage (l) and inversely proportional to the strength of 

selection (s): 

lc =   (1). 

Therefore, strong gene flow and weak selection would produce trait variation over a large 

distance, or a broad cline. Weak gene flow and strong selection would produce trait variation 

over a small distance, or a narrow cline.  

Here, we used the term ‘trait’ to refer to any variable character, which included allele 

frequencies for SNPs, mitochondrial haplotype frequencies, and morphological traits including 

body size (snout-vent length; SVL) and color (ventral color patches). We interpreted the 

characteristic length to be roughly equivalent to cline width (w), and rewrote equation (1) to 

estimate the strength of selection (s) with known w and l: 
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s =  (2) 

or   

s = . (3) 

Sceloporus occidentalis is a territorial species in which adults defend and occupy territories in 

the same area year after year (Davis & Ford, 1983; Sheldahl & Martins, 2000). In one mark and 

recapture study, however, an adult S. occidentalis traveled 1 km within 24 hr (Bromwich & 

Schall, 1986). Dispersal generally occurs at the juvenile stage; individuals can disperse at least 

420 m, although there is considerable variation even between individuals from the same clutch 

(Massot et al., 2003). For example, in another mark and recapture study, siblings dispersed 

between 4 and 420 m, and across families the average dispersal distance 38.86 m for females and 

51.33 m for males (Massot et al., 2003). We compared the strength of selection for two possible 

dispersal distances (l): 50 m and 500 m. 

 We used the R (R Core Team, 2017) package HZAR (Derryberry et al., 2014) to fit ML 

clines to multiple traits along the GCT elevation gradient: (1) SNP data; (2) mitochondrial 

sequence (mtDNA) data; and (3) morphological data (color and SVL). Analysis of genetic 

variation within continuously distributed populations usually requires grouping individuals into 

discrete bins (Petkova et al., 2016). We grouped individuals into 11 bins along the elevation 

gradient first by geographic proximity and second by ensuring that each bin contained at least 

two individuals (Table S1; Fig. S1). If possible, we grouped individuals from geographically 

proximate localities into separate bins to capture fine scale variation related to changes in 

elevation. Cline-fitting methods require that sampling localities vary geographically in only one 

dimension. We converted two-dimensional variation in latitudes and longitudes of sampling 

localities into one dimension by calculating a pairwise Great Circle dissimilarity matrix and 
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performing classical multidimensional scaling to ordinate localities into one dimension, while 

also preserving the variation in the dissimilarity matrix. We equated the ordinated dimension 

with geographic localities along the elevation gradient, which started at 0 km at the western 

extent of the elevation gradient at low elevation and extended east for approximately 21 km to 

the eastern extent of the elevation gradient to high elevation. 

We fit ML clines for each trait by comparing 4 cline models and a null model: Model 1 

assumed trait intervals fixed between 0 and 1 with no exponential tails; Model 2 assumed trait 

intervals fit to the observed minimum and maximum trait values with no exponential tails; Model 

3 assumed trait intervals fit to the observed minimum and maximum trait values with exponential 

tails; Model 4 assumed trait intervals varied freely with exponential tails; and the Null Model 

assumed that traits did not vary with distance. We used the following parameters for the ML 

search for different models and traits: chain length of 100,000 steps, burnin of 10,000 steps, and 

random starting seed. 

SNP clines. We compared the centers and widths of clines fit to (1) a composite estimate of SNP 

variation, the proportion of membership to one of two populations in each bin, and (2) individual 

SNPs. We used STRUCTURE version 2.3.4 (Falush et al., 2007; Pritchard et al., 2000) to calculate 

the average admixture proportion (Q) within elevation bins based on the complete SNP dataset, 

which can be considered a composite estimate of genetic variation because it combines patterns 

from individual SNPs. We prepared the STRUCTURE analysis with StrAuto version 1.0 (Chhatre 

& Emerson, 2017), predefined two populations (K = 2) for calculations of Q, ran the analysis for 

10,000 replicates, and discarded the first 1,000 replicates as burnin. 

In addition to fitting a cline to the population membership proportions, we fit clines to 

individual SNPs. We identified “cline-like” SNPs by comparing allele frequencies (p) among 
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low-, mid-, and high elevation bins. We combined three elevation bins at low-, mid-, and high 

elevations, respectively, and calculated averages of allele frequencies within the combined three 

elevation bins. We retained SNPs for which the allele frequencies of the mid-elevation combined 

bin were intermediate to allele frequencies of the low- and high elevation combined bins, or for 

which: 

pLow <  pMid <  pHigh  

or 

pLow >  pMid >  pHigh. 

We discarded SNPs that exhibited a “bowl-like” pattern in allele frequencies, or for which allele 

frequencies of the mid-elevation bins were lower than allele frequencies in both the low- and 

high elevation bins. After isolating “cline-like” SNPs, we calculated allele frequencies within 

each elevation bin. 

mtDNA cline. We fit a cline to the frequency of mtDNA haplotypes in each bin based on 

mtDNA from the NADH-1 (ND1) protein-coding gene (969 bp), originally reported in Leaché et 

al. (2010). Leaché et al. (2010) reported a transition in mtDNA haplotypes (between western 

‘A1’ and eastern ‘A2’) ca. 0.5 km E of Hetch Hetchy Reservoir (Res.). To ensure that we 

captured the transition between mtDNA haplotypes, we expanded our mtDNA sampling 

westward to include sequence data for individuals N of Hetch Hetchy Res. and ca. 12 km SW of 

the O’Shaughnessy Dam (the western boundary of the Hetch Hetchy Res.). We recalculated one-

dimensional distances between elevation bins for the expanded sampling scheme (see above) and 

scaled them so that the distance still increased from 0 to 21 km along the gradient and decreased 

from 0 to -12 km west of the gradient. We assigned mtDNA haplotypes based on the haplotype 
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network reported by Leaché et al. (2010). We calculated the haplotype frequencies within each 

elevation bin. 

Morphological clines. We fit clines to morphological traits originally measured by Leaché et al. 

(2010), including snout-vent-length (SVL) in mm and proportion of ventral pigmentation at 100 

ppi (See Leaché et al. [2010] for methods). We were interested in relative body size variation 

along the gradient, so we drew clines based on the proportion of maximum SVL. To calculate 

proportions of maximum SVL, we divided each individual’s SVL by the maximum SVL 

observed along the elevation gradient (MVZ 245786 ♂; 86.70 mm). We calculated the maximum 

of the standardized SVL within each elevation bin. Leaché et al. (2010) calculated proportions of 

ventral coloration by dividing areas of blue, dark blue, and black pigmentation by the total area. 

We fit clines to the proportion of coloration on (1) the throat, (2) the abdomen, and (3) the total 

ventral surface (throat + abdomen), averaged across individuals within each elevation bin.  

 

Demographic model selection 

We used a model selection approach based on the site frequency spectrum (SFS) to 

determine the demographic history of populations along the elevation gradient. The specific 

aspects of demographic history that we sought were magnitude and direction of gene flow, 

timing of divergence, and effective population size. We excluded 15 individuals from two 

localities at mid-elevations (1670–1870 m) to infer long-term trends in gene flow between 

populations at the extremes of the elevation gradient (Schield et al., 2017). We generated the 

folded 2D SFS for the reduced dataset, which included 28 individuals from low elevation and 35 

individuals from the high elevation. We evaluated 20 competing models, including: divergence 

with continuous symmetric migration; divergence with continuous asymmetric migration; 
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divergence in isolation with symmetric secondary contact; and divergence in isolation with 

asymmetric secondary contact (First 20 models; http://github.com/dportik/dadi_pipeline/ 

Two_Population_Pipeline/Models_2D.pdf). 

We performed a thorough parameter search over two iterations of the demographic 

modeling optimization routine developed by Portik et al. (2017; 

https://github.com/dportik/dadi_pipeline). The goal of the optimization routine was to conduct 

multiple replicate parameter searches within a ‘round’ of analysis and seed consecutive rounds 

with the best (maximum log likelihood) set of parameters from the previous round. Over 

multiple rounds of analysis models converged on a consistent set of parameters. Using the 

moments translation of the optimization routine (Jouganous et al., 2017; Leaché et al., in prep), 

we executed three primary runs, each from an independent and random set of starting parameter 

values. The three independent runs each contained four rounds of optimization per model with 

20, 40, 60, and 80 replicates per round, respectively (600 total replicates per model across 

independent runs). We increased the stringency of the optimization algorithm (maxiters = 10, 15, 

20, 30) and decreased the starting parameter perturbation factor (folds = 3, 2, 2, 1) for each 

consecutive round. We combined replicates across the three independent runs and identified sets 

of parameters that maximized log likelihood for each model. We executed a secondary run of the 

optimization routine and seeded the first round of analysis with the optimized parameter values 

for each model. The secondary run contained four rounds of optimization for each model with 

10, 20, 30, 40 replicates (100 total replicates per model), respectively. The maxiters and folds 

specifications for the model search remained constant.  
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Genome-environmental correlation 

Gene-environment association studies (GEAS) are aimed at investigating potential 

signatures of local adaptation by identifying loci that correlate with environmental variables 

(Coop et al., 2010; Frichot et al., 2013). These loci may underlie traits that increase fitness and 

provide a starting point for functional genomics studies. Latent factor mixed models (LFMM) are 

used in GEAS to control for false discoveries and variation due to isolation-by-distance by 

correcting for unobserved confounders by treating them as fixed effects (Frichot et al., 2013). 

LFMM’s include an explanatory variable (e.g., environmental condition) and a response variable 

(e.g., genotype, methylation level, gene expression).  

We used the R package LFMM (Frichot et al., 2013) to test for correlations between 

SNPs (response variable) and elevation (explanatory variable). Increasing elevation correlates 

with decreasing temperature and increasing solar radiation, which are both environmental 

conditions that are potentially relevant to fitness in lizards (Moreno Azócar et al., 2016). We 

incorporated neutral genetic structure along the gradient by assigning the number of latent 

factors equal to the number of genetic clusters (K) selected by ADMIXTURE (Rellstab et al., 2015). 

To maximize our chances of identifying correlated SNPs, we included all of the SNPs from the 

dataset, rather than one per locus (N = 761). We fit the LFMM using regularized least squares 

(ridge regression with K latent factors), which enabled fitting a linear model to multicolinear data 

while factoring out genetic variation due to isolation-by-distance. We selected the exact 

(“analytical”) algorithm for smaller datasets and set the regularization parameter to 10-5. We 

calibrated significance values for the association between predictor and response variables using 

the Genomic Control statistical method (Devlin & Roeder, 1999). 
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We explored the potential function of loci containing SNPs significantly correlated with 

elevation by mapping loci to the annotated reference genome of Sceloporus undulatus (Schwartz 

et al., in prep). We obtained full-length FASTA alignments of SNP loci from STACKS and 

cleaved the additional bp returned by Illumina to render sequences 39 bp in length. We used 

BOWTIE 2 version 2.3.5.1 (Langmead & Salzberg, 2012) to map FASTA alignments for each 

locus. We ran BOWTIE 2 in the default “end-to-end” mode, which required alignment scores to be 

calculated using all characters in the sequence. We initiated searches with a 22 bp ‘seed’, and 

allowed 0 mismatches in the seed alignment. We allowed 15 consecutive seed extension attempts 

and 2 re-seeding attempts before moving on to the next sequence in the alignment. We used 

SAMTOOLS version 1.9 (Li et al., 2009) to summarize and sort matching genome coordinates. 

We visualized the relative positions of gene annotations from the S. undulatus genome and 

mapped loci in the Integrative Genomics Viewer (IGV) version 2.5.2 (Robinson et al., 2011). We 

reported the match coordinates of the locus in the genome and the annotated gene or, if the locus 

did not overlap with an annotated gene, we reported the distance to the nearest annotated gene. 

The genome is composed of long genetic sequences containing assembled contigs from 

sequencing, or scaffolds. 

 

Results 

Bioinformatics 

We retained 78 individuals in the final dataset, which required that (1) loci had non-

missing data for a minimum of 73 individuals (90% of total); and (2) individuals had no more 

than 50% missing data across all loci. The prefiltered ddRADseq dataset contained 2,040 loci, of 

which 1,214 were invariant, 105 had more than 2 haplotypes per individual, and 0 were non-
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biallelic. The filtered dataset contained 721 unlinked and biallelic SNPs with an average of 4.5% 

missing data per individual. Additional characteristics of the ddRADseq data are provided in 

Table S2. 

 

Population structure 

Genetic variation along the elevation gradient was best explained by grouping individuals 

into two populations. Cross-validation error from ADMIXTURE was minimized when K = 2. (Fig. 

2a). Populations were separated between low and high elevation ends of the gradient, and 

admixed individuals occurred at intermediate localities. Population membership proportions 

transitioned from the low elevation population to the high elevation population between 1545–

1865 m elevation (Fig. 2b). 

 

Cline analysis 

We fit ML clines to characterize clinal variation in multiple traits and to estimate the 

strength of selection along the elevation gradient. For each trait (SNPs, mtDNA, SVL, 

pigmentation), we used AICc to compare 4 different cline models and a null model.   

SNP clines. We used two approaches to fit clines to SNP data: a summary approach in 

which we used average admixture proportions (Q) and a single-SNP approach in which we used 

average allele frequencies in each elevation bin. We identified 430 “cline-like” SNPs and 

excluded 291 SNPs from downstream cline analyses. AICc scores supported the null model (no 

cline) for 49 SNPs. We visualized clines for the remaining 381 SNPs in a “DensiCline” plot 

(similar to DensiTree; Bouckaert, 2010) at 60% transparency to identify a consensus in cline 

shape and position (Fig. 3a). We estimated the Gaussian kernel density of cline centers with a 
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bandwidth of 1.23 and identified the highest density of clines centered at 16.46 km (Fig. 3b). We 

selected one representative SNP centered at 16.46 km for comparisons with other trait clines. 

AICc scores support Model 1 (trait interval between 0 and 1 with no exponential tails) for the Q 

cline and Model 2 (observed trait interval with no exponential tails) for the single SNP cline 

(Table 1). Centers of the Q and representative SNP clines are offset by approximately 2.23 km, 

with the SNP cline center (16.46 km; 2 log-likelihood unit support limits, 2LL = 14.75–18.50 

km; Fig. 4; Table 1) located east of the Q cline center (14.23 km; 2LL = 13.10–15.28 km). The 

point estimate for the width of the SNP cline (0.082 km; 2LL = 1.9e-4–7.19 km) is smaller than 

the point estimate for the Q cline (7.43 km; 2LL = 5.59–9.97 km) (Fig. 4). 

mtDNA cline. Statistical parsimony was able to connect all mtDNA haplotypes at the 

95% significance level. We recovered a haplotype network composed of two major clusters 

separated by 11 mutational steps, which corresponded to individuals west and east of the eastern 

edge of Hetch Hetchy Reservoir. The center of the mtDNA cline (-2.04 km; 2LL = -5.63–0.39 

km; Table 1) is located west of the beginning of the elevation gradient (Fig. 4). Leaché et al. 

(2010) found that haplotypes sharply transitioned from the western ‘A1’ to the eastern ‘A2’ at 

the eastern edge of Hetch Hetchy Res., meaning that all individuals along the elevation gradient 

beginning 0.16 km E of Hetch Hetchy share the same mtDNA haplotype. AICc scores support 

Model 1 (trait interval between 0 and 1 with no exponential tails) for the mtDNA haplotype cline 

(Table 1). 

Morphological clines. Leaché et al. (2010) found strong evidence for differences in body 

size (SVL) and coloration between low and high elevation lizards from the GCT. AICc scores 

supported Model 2 (observed trait interval with no exponential tails) for both the SVL and the 

total ventral coloration clines (Table 1). AICc scores supported the null model (no cline) for 



	

	88	

throat and abdomen coloration. Clines for SVL and total ventral coloration have similar cline 

center positions (SVL: 12.87 km; 2LL = 6.26–20.19 km; coloration: 14.93 km; 2LL = 8.13–

20.64 km) and equivalent cline widths (SVL: 20.99 km; 2LL = 4.45–21.00 km; coloration: 20.96 

km; 2LL = 4.55–21.00 km) (Table 1). 

Strength of selection. We used equation (3) (above) to calculate the strength of selection 

(s) needed to maintain a trait cline (Slatkin, 1973). In our calculations, cline width (w) was the 

ML point estimate and average dispersal distance (l) was either 50 or 500 m. Generally, selection 

was greater for narrower clines (SNP, mtDNA) and lesser for broader clines (Q, SVL, 

coloration) (Table 1). Increasing average dispersal distance by an order of magnitude (50 m to 

500 m) increased selection by two orders of magnitude (Table 1). A possible explanation for the 

exceedingly large s estimates for narrow clines is the relationship between the sizes of w and l. 

For example, the SNP and mtDNA cline widths (0.08 km [80 m] and 0.23 km [230 m], 

respectively) are both smaller than a dispersal distance of 500 m. If dispersal distance is greater 

than cline width, the strength of selection must be nonsensically large to maintain a cline. In 

reality, establishment of a cline requires average dispersal distance to be less than the cline 

width, so unreasonable estimates of s are not surprising, and suggest that the average dispersal 

distance of lizards along the gradient is less than 500 m. 

  

Demographic model selection 

We used AIC and Akaike weights to select the best demographic model from a panel of 

20 candidate models. Models with higher Akaike weights (wAIC) carry a higher probability of 

being the correct model considering the relative log likelihoods and ΔAIC of other models 

(Wagenmakers & Farrell, 2004). The best model supports secondary contact with asymmetric 
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migration and change in effective population size (wAIC = 1.00) (Table 2). The first four trailing 

models had negligible wAIC’s (<< 0.001), meaning that there is no support for alternate 

demographic scenarios (Table 2). Immediately after initial divergence, the ratio of high elevation 

population size to low elevation population size was 0.015 (i.e., high elevation was 1.5% the size 

of low elevation). Currently, the effective size of high elevation is 69.13% that of low elevation. 

Low and high elevation populations remained in isolation for 15.99 coalescent time units prior to 

secondary contact 0.13 coalescent time units ago (Table 2). Migration is asymmetric with 4.55 

times as many migrants entering high elevation from low elevation than the converse.  

 

Genome-environment correlation 

 Out of 761 total SNPs, three were highly correlated with elevation at a significance level 

of p < 0.05. All three correlated SNPs mapped to the annotated S. undulatus genome, but none of 

the SNPs overlapped with an annotated gene. Loci were named according to the catalog locus 

number assigned by STACKS. Locus 1743 and locus 10406 mapped to different positions on 

Scaffold 8, while locus 9900 mapped to Scaffold 11 (Table 3). Locus 1743 aligned as a 

complement sequence, with the 3’ (left) end 17,312 bp upstream of the 5’ end of the mRNA 

FUN_012199. The hypothetical product of FUN_012199 is a protein. Locus 1743 contained a 

fixed transversion from T to A at position Scaffold 8: 19,638,091. The 5’ (left) end of locus 9900 

was 399 bp downstream of the 5’ end of the mRNA FUN_006540. The hypothetical product of 

FUN_006540 is a protein. Locus 9900 contained a SNP transition from G to A at position 

Scaffold 11: 6,435,599. Locus 10406 aligned as a complement sequence, with the 3’ (left) end 

23,595 bp downstream of the 5’ end of the mRNA FUN_011703. The hypothetical product of 
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FUN_011703 is a protein. Locus 10406 contained a SNP transition from G to A at position 

Scaffold 8: 17,886,056. 

Discussion 

 We investigate local adaptation by quantifying migration and selection along a sharp 

elevation gradient. While S. occidentalis exhibits clinal variation in traits along the gradient, 

explicit tests–using common garden or reciprocal transplant experiments–are still necessary to 

demonstrate whether native genotypes have a fitness advantage in native environments (Kawecki 

& Ebert, 2004). We found evidence for genetic divergence between low and high elevation 

populations and for asymmetric gene flow between populations (Fig. 2; Table 2). Selection was 

stronger to maintain narrow clines and weaker to maintain broad clines (Table 1). Our hypothesis 

proposed that clinal variation likely indicates local adaptation if genotypes are divergent and 

gene flow is limited along the gradient. Our hypothesis was partially supported in that genotypes 

were divergent, but the presence of strong asymmetric gene flow suggests that additional 

evidence is needed before concluding whether clinal variation is a product of local adaptation. 

Explicit tests–using common garden or reciprocal transplant experiments–are still necessary to 

demonstrate whether native genotypes have a fitness advantage in native environments (Kawecki 

& Ebert, 2004). 

 Genetic divergence between low and high elevation has occurred rapidly along the 

gradient. Leaché et al. (2010) found evidence for divergence in mtDNA along the Tuolumne 

River drainage, where an ‘A1’ clade occupies the drainage west of Hetch Hetchy Res. and an 

‘A2’ clade occupies the GCT. In this study, we sampled SNPs only for members of the ‘A2’ 

clade in the GCT from Leaché et al. (2010). We found evidence for an additional divergence 

within the ‘A2’ clade between individuals at low and high elevations (Fig. 1). Despite sharing 
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mtDNA haplotypes, individuals in the GCT have diverged genetically and morphologically (Fig. 

4). This is interesting considering that high elevation was inaccessible until 10,000 ybp and 

presumably the timeline for divergence has also been limited (Davis, 1988).  

 Net gene flow along the gradient is ‘uphill,’ with proportionally more low elevation 

migrants entering high elevation than the converse (Table 2). Contemporary asymmetric gene 

flow may be explained by either habitat quality or species interactions. With increasing 

elevation, suitable habitat for S. occidentalis–open, south-facing rocky slopes–becomes patchier 

as it is interspersed with dense forest (Leaché et al., 2010). Microclimates determine the range of 

body temperatures ectotherms experience, and thus performance; if on average the thermal 

quality of high elevation habitats is lower than low elevation habitats one would expect lower 

population densities at high elevation (Díaz, 1997; Huey, 1991). However, at least one study has 

found higher densities of lizards in low thermal quality, montane habitats (we also observed 

higher densities of S. occidentalis at high elevation in the GCT), which suggests that temperature 

is not the only factor relevant to fitness (Díaz, 1997). Other factors relevant to fitness, like food 

availability and predation intensity, may be better indicators of habitat quality. Western carpenter 

ants (Camponotus modoc) are a locally abundant food source for vertebrates at high elevations 

(black bears, Graber & White, 1983; western fence lizards, field observations) and predation 

intensity on lizards is higher at low elevations (Angilletta et al., 2004).  

 Species interactions are an alternative explanation for asymmetric gene flow. Individuals 

might have colonized newly available high elevation habitats after the last glacial maximum 

through passive diffusion from high to low population densities (Hastings, 1982; Travis et al., 

1999). We found evidence for a very small effective population size at high elevation 

immediately following divergence from low elevation, potentially indicating a founder effect 
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(Table 2). While it remains smaller than low elevation, the contemporary effective population 

size of high elevation has increased almost 50-fold. As the size of high elevation approaches that 

of low elevation, if population density increases we expect gene flow to eventually slow and 

reach equilibrium because darker, high elevation males exhibit more aggression than lighter, low 

elevation males and juvenile dispersal is male-biased (Massot et al., 2003; Seddon & Hews, 

2017). 

 What additional evidence is needed to evaluate if, and how, high elevation lizards are 

locally adapted? We identified genomic regions that were highly correlated with elevation, and 

that might be linked to increasing fitness in native environments (Table 3). These genomic 

regions are promising starting points for targeted sequencing and gene ontology studies to 

explore the potential biological functions of genes linked to elevation. Ideally, captive 

quantitative trait locus (QTL) crosses of phenotypically divergent low and high elevation lizards 

and linkage mapping of SNPs would reveal alleles underlying differences in traits (Mackay, 

2001; Slate, 2004). While strong asymmetric gene flow might indicate that trait variation is 

produced by adaptive phenotypic plasticity, which is expected to lower the costs of colonizing a 

new or temporally variable environments, local adaptation is still possible under gene flow 

(Ghalambor et al., 2007; Gonzalo-Turpin & Hazard, 2009; Keller et al., 2013; Lenormand, 2002; 

Yeaman & Whitlock, 2011). Recombination and selection facilitate local adaptation under gene 

flow by creating tightly linked clusters of alleles of large effect that underlie locally adapted 

traits (Yeaman & Whitlock, 2011). The true test of whether trait clines in the GCT are produced 

by local adaptation will be a common garden or reciprocal transplant experiment. Rearing both 

low and high elevation hatchlings together under natural conditions in a common garden, or 

under a limited number of conditions that impact fitness (i.e., temperature, activity duration, 
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ppO2, UV radiation) in a lab reciprocal transplant experiment will enable explicit comparisons of 

fitness in native and foreign environments (Kawecki & Ebert, 2004). Such studies are currently 

underway (Chapter 3). 
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Figure 1. Sampling of the elevation gradient from E Hetch Hetchy Reservoir (low 
elevation) to E Glen Aulin/Falls Ridge East (high elevation). (bottom) Elevation profile, 
smoothed by a simple moving average of 2 localities; numbers within points are the 
sample sizes for each locality. 
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Figure 2. Population structure results for the GCT gradient. 
(top) Analyses supported 2 populations. (bottom) Proportion 
of admixture among individuals (vertical bars), ordered from 
west to east. Individuals with > 50% admixture (center bars) 
occurred between 1545–1865 m elev.  
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Figure 3. Single SNP DensiCline plot. (top) Each line represents a 
cline fit to allele frequencies of one SNP. Clines are colored 
according to slope at cline center. (bottom) Kernel density of cline 
centers shows a consensus at 16.46 km. 
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Figure 4. Trait cline comparisons, (a) morphological, (b) genetic, along the GCT 
elevation gradient. ML cline is in black, confidence intervals are shaded, cline center is 
the solid vertical line, cline width is denoted by dotted vertical lines, and observed trait 
frequencies are indicated by ‘+’ symbols. 
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Figure S1. Binning scheme for calculating trait averages along the elevation gradient. 
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Table 1. Comparison of cline characteristics for each trait. Log likelihoods (LL) are reported for the best model, selected using AICc. 
Units for maximum likelihood (ML) and 2 log-likelihood support limits for cline centers and widths are in km. Strength of selection 
(s) when dispersal distance is 50 m and 500 m. 

Trait Model LL Center Width s 

   ML Estimate 2LL ML Estimate 2LL 50 m 500 m 

Admixture 
Proportion (Q) Model 1 -5.70 14.23 13.10–15.28 7.43 5.59–9.97 4.53E-05 4.53E-03 

SNP Model 2 -2.50 16.46 14.75–18.50 0.08 1.85E-04–7.19 0.37 37.18 
mtDNA Model 1 0.00 -2.04 -5.63–0.39 0.23 1.12E-04–7.50 0.047 4.73 

SVL Model 2 -0.99 12.87 6.26–20.19 20.99 4.45–21.00 5.67E-06 5.67E-04 
Coloration  Model 2 -0.78 14.93 8.13–20.64 20.96 4.55–21.00 5.69E-06 5.69E-04 
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Table 2. Results of demographic model selection using AIC. Akaike weights (wAIC) calculated using log-likelihood (LL) and change 
in AIC (ΔAIC). Optimized parameters are: low elevation population size (nu1a, nu2a); high elevation population size (nu1b, nu2b); 
migration into low from high (m12); migration into high from low (m21); coalescent time interval prior to secondary contact or size 
change (T1); coalescent time interval following secondary contact or size change.  

Model LL ΔAIC wAIC Optimized Parameters 
    nu1a nu1b nu2a nu2b m12 m21 T1 T2 

Secondary contact, 
asymmetric migration 

with size change 
-892.4 0 1.00 24.72 0.37 0.16 0.11 4.24 19.29 15.99 0.13 

Symmetric migration 
with size change -906.8 26.7 0 2.35 7.07 0.053 0.056 23.19 - 4.34 0.063 

Secondary contact, 
asymmetric migration -908.8 28.7 0 0.17 - 0.058 - 5.04 30.00 24.93 0.19 

Secondary contact, 
symmetric migration 

with size change 
-909.9 32.9 0 2.97 3.26 0.086 0.083 16.66 - 2.92 0.084 

Asymmetric migration 
with size change -918.0 51.2 0 27.56 2.79 0.29 0.12 1.05 14.62 27.22 0.23 
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Table 3. Elevation-correlated loci, mapped to the S. undulatus genome. Scaffold and coordinates denote the match position. We report 
the distance to the nearest annotated gene in base pairs (bp) and whether the locus is upstream or downstream of the annotated gene. 

Locus Scaffold Coordinates Nearest Gene 
Upstream (U) or 
Downstream (D) Distance (bp) 

1743 8 19,638,055–
19,638,093 FUN_012199 U 17,312 

9900 11 6,435,583–
6,435,621 FUN_006540 D 399 

10406 8 17,886,051–
17,886,089 FUN_011703 D 23,595 
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Table S1. Individuals used in this study. Distance refers to the scaled one-dimensional distance along the gradient. Bin refers to 
scheme used to group individuals into discrete bins. Additional data can be accessed through the Arctos museum database. 

Catalog 
Number 

Specific Locality Latitude Longitude 
Elevation 

(m) 
Distance Bin 

MVZ 245735 0.16 km E Hetch Hetchy Reservoir, 
Yosemite National Park 37.91682 -119.65948 1167 0.00 1 

MVZ 245778 
1.0 mi E of Hetch Hetchy 

Reservoir on N side of Tuolumne 
River, Yosemite National Park 

37.91747 -119.64195 1204 1.52 1 

MVZ 245792 
2.0 mi E of Hetch Hetchy 

Reservoir on S side of Tuolumne 
River, Yosemite National Park 

37.91930 -119.62457 1294 3.01 1 

MVZ 245779 near footbridges, Pate Valley, 
Yosemite National Park 37.93151 -119.59417 1545 5.48 2 

MVZ 245780 near footbridges, Pate Valley, 
Yosemite National Park 37.93151 -119.59417 1545 5.48 2 

MVZ 245782 near footbridges, Pate Valley, 
Yosemite National Park 37.93151 -119.59417 1545 5.48 2 

MVZ 245783 near footbridges, Pate Valley, 
Yosemite National Park 37.93151 -119.59417 1545 5.48 2 

MVZ 245740 1.3 mi E of footbridges, Pate 
Valley, Yosemite National Park 37.93101 -119.57091 1407 7.52 3 

MVZ 245741 1.3 mi E of footbridges, Pate 
Valley, Yosemite National Park 37.93101 -119.57091 1407 7.52 3 

MVZ 245742 1.3 mi E of footbridges, Pate 
Valley, Yosemite National Park 37.93101 -119.57091 1407 7.52 3 

MVZ 245743 1.5 mi E of footbridges, Pate 
Valley, Yosemite National Park 37.92791 -119.56746 1499 7.86 3 

MVZ 245768 2.75 km E Footbridge, Pate Valley, 
Yosemite National Park 37.92863 -119.56297 1388 8.24 3 

MVZ 245748 1.8 mi E of footbridges, Pate 
Valley, Yosemite National Park 37.93109 -119.56042 1445 8.43 3 
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Catalog 
Number 

Specific Locality Latitude Longitude 
Elevation 

(m) 
Distance Bin 

MVZ 245749 1.8 mi E of footbridges, Pate 
Valley, Yosemite National Park 37.93109 -119.56042 1445 8.43 3 

MVZ 245750 1.8 mi E of footbridges, Pate 
Valley, Yosemite National Park 37.93109 -119.56042 1445 8.43 3 

MVZ 245751 1.8 mi E of footbridges, Pate 
Valley, Yosemite National Park 37.93109 -119.56042 1445 8.43 3 

MVZ 245752 2.0 mi E of footbridges, Pate 
Valley, Yosemite National Park 37.93106 -119.55691 1468 8.74 4 

MVZ 245753 2.0 mi E of footbridges, Pate 
Valley, Yosemite National Park 37.93106 -119.55691 1468 8.74 4 

MVZ 245754 2.0 mi E of footbridges, Pate 
Valley, Yosemite National Park 37.93106 -119.55691 1468 8.74 4 

MVZ 245755 2.0 mi E of footbridges, Pate 
Valley, Yosemite National Park 37.93106 -119.55691 1468 8.74 4 

MVZ 245757 2.0 mi E of footbridges, Pate 
Valley, Yosemite National Park 37.93106 -119.55691 1468 8.74 4 

MVZ 245759 2.0 mi E of footbridges, Pate 
Valley, Yosemite National Park 37.93106 -119.55691 1468 8.74 4 

MVZ 245769 3.27 km E Footbridge, Pate Valley, 
Yosemite National Park 37.93106 -119.55691 1468 8.74 4 

MVZ 245772 3.27 km E Footbridge, Pate Valley, 
Yosemite National Park 37.93106 -119.55691 1468 8.74 4 

MVZ 245763 2.3 mi E of footbridges, Pate 
Valley, Yosemite National Park 37.93647 -119.55295 1474 9.01 4 

MVZ 245764 2.3 mi E of footbridges, Pate 
Valley, Yosemite National Park 37.93647 -119.55295 1474 9.01 4 

MVZ 245765 2.3 mi E of footbridges, Pate 
Valley, Yosemite National Park 37.93647 -119.55295 1474 9.01 4 

MVZ 245766 2.3 mi E of footbridges, Pate 
Valley, Yosemite National Park 37.93647 -119.55295 1474 9.01 4 
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Catalog 
Number 

Specific Locality Latitude Longitude 
Elevation 

(m) 
Distance Bin 

MVZ 241032 
ca. 7.5 mi W of Glen Aulin along 

Trail, N of Tuolumne River, 
Yosemite National Park 

37.93339 -119.50691 1679 13.06 5 

MVZ 241035 
ca. 7.5 mi W of Glen Aulin along 

Trail, N of Tuolumne River, 
Yosemite National Park 

37.93339 -119.50691 1679 13.06 5 

MVZ 241037 
ca. 7.5 mi W of Glen Aulin along 

Trail, N of Tuolumne River, 
Yosemite National Park 

37.93339 -119.50691 1679 13.06 5 

MVZ 241038 
ca. 7.5 mi W of Glen Aulin along 

Trail, N of Tuolumne River, 
Yosemite National Park 

37.93339 -119.50691 1679 13.06 5 

MVZ 241040 
ca. 7.5 mi W of Glen Aulin along 

Trail, N of Tuolumne River, 
Yosemite National Park 

37.93339 -119.50691 1679 13.06 5 

MVZ 241041 
ca. 7.5 mi W of Glen Aulin along 

Trail, N of Tuolumne River, 
Yosemite National Park 

37.93339 -119.50691 1679 13.06 5 

MVZ 241042 
ca. 7.5 mi W of Glen Aulin along 

Trail, N of Tuolumne River, 
Yosemite National Park 

37.93339 -119.50691 1679 13.06 5 

MVZ 241022 

ca. 500 m W of Return Creek, ca. 5 
mi W of Glen Aulin along Trail, N 

of Tuolumne River, Yosemite 
National Park 

37.93150 -119.47130 1865 16.19 6 

MVZ 241024 

ca. 500 m W of Return Creek, ca. 5 
mi W of Glen Aulin along Trail, N 

of Tuolumne River, Yosemite 
National Park 

37.93150 -119.47130 1865 16.19 6 
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Catalog 
Number 

Specific Locality Latitude Longitude 
Elevation 

(m) 
Distance Bin 

MVZ 241025 

ca. 500 m W of Return Creek, ca. 5 
mi W of Glen Aulin along Trail, N 

of Tuolumne River, Yosemite 
National Park 

37.93150 -119.47130 1865 16.19 6 

MVZ 241026 

ca. 500 m W of Return Creek, ca. 5 
mi W of Glen Aulin along Trail, N 

of Tuolumne River, Yosemite 
National Park 

37.93150 -119.47130 1865 16.19 6 

MVZ 241027 

ca. 500 m W of Return Creek, ca. 5 
mi W of Glen Aulin along Trail, N 

of Tuolumne River, Yosemite 
National Park 

37.93150 -119.47130 1865 16.19 6 

MVZ 241028 

ca. 500 m W of Return Creek, ca. 5 
mi W of Glen Aulin along Trail, N 

of Tuolumne River, Yosemite 
National Park 

37.93150 -119.47130 1865 16.19 6 

MVZ 241029 

ca. 500 m W of Return Creek, ca. 5 
mi W of Glen Aulin along Trail, N 

of Tuolumne River, Yosemite 
National Park 

37.93150 -119.47130 1865 16.19 6 

MVZ 241031 

ca. 500 m W of Return Creek, ca. 5 
mi W of Glen Aulin along Trail, N 

of Tuolumne River, Yosemite 
National Park 

37.93150 -119.47130 1865 16.19 6 

MVZ 241019 

ca. 4 km W of Glen Aulin along 
trail, N side of Tuolumne River, 

Waterwheel Falls, Yosemite 
National Park 

37.92746 -119.45884 2073 17.34 7 
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Catalog 
Number 

Specific Locality Latitude Longitude 
Elevation 

(m) 
Distance Bin 

MVZ 241020 

ca. 4 km W of Glen Aulin along 
trail, N side of Tuolumne River, 

Waterwheel Falls, Yosemite 
National Park 

37.92746 -119.45884 2073 17.34 7 

MVZ 241021 

ca. 4 km W of Glen Aulin along 
trail, N side of Tuolumne River, 

Waterwheel Falls, Yosemite 
National Park 

37.92746 -119.45884 2073 17.34 7 

MVZ 241010 

ca. 3.5 km W of Glen Aulin along 
trail, N side of Tuolumne River, 

between LeConte and Waterwheel 
Falls, Yosemite National Park 

37.92617 -119.45523 2101 17.67 7 

MVZ 241016 

ca. 3 km W of Glen Aulin along 
trail, N side of Tuolumne River, 

between LeConte and Waterwheel 
Falls, Yosemite National Park 

37.92164 -119.44615 2100 18.53 8 

MVZ 241017 

ca. 3 km W of Glen Aulin along 
trail, N side of Tuolumne River, 

between LeConte and Waterwheel 
Falls, Yosemite National Park 

37.92164 -119.44615 2100 18.53 8 

MVZ 241018 

ca. 3 km W of Glen Aulin along 
trail, N side of Tuolumne River, 

between LeConte and Waterwheel 
Falls, Yosemite National Park 

37.92164 -119.44615 2100 18.53 8 

MVZ 241013 

ca. 3 km W of Glen Aulin along 
trail, N side of Tuolumne River, 

between LeConte and Waterwheel 
Falls, Yosemite National Park 

37.92189 -119.44608 2261 18.53 8 
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Catalog 
Number 

Specific Locality Latitude Longitude 
Elevation 

(m) 
Distance Bin 

MVZ 241005 

ca. 2.5 km W of Glen Aulin along 
trail, N side of Tuolumne River, 

between LeConte and Waterwheel 
Falls, Yosemite National Park 

37.92148 -119.44415 2375 18.71 9 

MVZ 241006 
ca. 2 km W of Glen Aulin along 
trail, California Falls, Tuolumne 
River, Yosemite National Park 

37.91681 -119.44236 2324 18.93 9 

MVZ 241007 
ca. 2 km W of Glen Aulin along 
trail, California Falls, Tuolumne 
River, Yosemite National Park 

37.91665 -119.44044 2353 19.10 9 

MVZ 241008 
ca. 2 km W of Glen Aulin along 
trail, California Falls, Tuolumne 
River, Yosemite National Park 

37.91665 -119.44044 2353 19.10 9 

MVZ 241009 
ca. 2 km W of Glen Aulin along 
trail, California Falls, Tuolumne 
River, Yosemite National Park 

37.91665 -119.44044 2353 19.10 9 

MVZ 241067 

SW corner of McGee Lake on 
rocky hillside, ca. 1 km SW of 
Glen Aulin, Yosemite National 

Park 

37.90319 -119.43123 2488 20.10 10 

MVZ 241069 

SW corner of McGee Lake on 
rocky hillside, ca. 1 km SW of 
Glen Aulin, Yosemite National 

Park 

37.90319 -119.43123 2488 20.10 10 

MVZ 241070 

SW corner of McGee Lake on 
rocky hillside, ca. 1 km SW of 
Glen Aulin, Yosemite National 

Park 

37.90319 -119.43123 2488 20.10 10 
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Catalog 
Number 

Specific Locality Latitude Longitude 
Elevation 

(m) 
Distance Bin 

MVZ 241071 

SW corner of McGee Lake on 
rocky hillside, ca. 1 km SW of 
Glen Aulin, Yosemite National 

Park 

37.90319 -119.43123 2488 20.10 10 

MVZ 241072 

SW corner of McGee Lake on 
rocky hillside, ca. 1 km SW of 
Glen Aulin, Yosemite National 

Park 

37.90319 -119.43123 2488 20.10 10 

MVZ 241073 

SW corner of McGee Lake on 
rocky hillside, ca. 1 km SW of 
Glen Aulin, Yosemite National 

Park 

37.90319 -119.43123 2488 20.10 10 

MVZ 241074 

SW corner of McGee Lake on 
rocky hillside, ca. 1 km SW of 
Glen Aulin, Yosemite National 

Park 

37.90319 -119.43123 2488 20.10 10 

MVZ 241076 

SW corner of McGee Lake on 
rocky hillside, ca. 1 km SW of 
Glen Aulin, Yosemite National 

Park 

37.90319 -119.43123 2488 20.10 10 

MVZ 240990 ca. 0.5 mi E of Glen Aulin along 
trail, Yosemite National Park 37.91295 -119.42372 2384 20.61 11 

MVZ 240991 ca. 0.5 mi E of Glen Aulin along 
trail, Yosemite National Park 37.91295 -119.42372 2384 20.61 11 

MVZ 240992 ca. 0.5 mi E of Glen Aulin along 
trail, Yosemite National Park 37.91295 -119.42372 2384 20.61 11 

MVZ 240994 ca. 0.5 mi E of Glen Aulin along 
trail, Yosemite National Park 37.91295 -119.42372 2384 20.61 11 

MVZ 240995 
ca. 0.5 km W of Glen Aulin, N side 

of Tuolumne River, Yosemite 
National Park 

37.91295 -119.42372 2389 20.61 11 
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Catalog 
Number 

Specific Locality Latitude Longitude 
Elevation 

(m) 
Distance Bin 

MVZ 240997 
ca. 0.5 km W of Glen Aulin, N side 

of Tuolumne River, Yosemite 
National Park 

37.91295 -119.42372 2389 20.61 11 

MVZ 240998 
ca. 0.5 km W of Glen Aulin, N side 

of Tuolumne River, Yosemite 
National Park 

37.91295 -119.42372 2389 20.61 11 

MVZ 240999 
ca. 0.5 km W of Glen Aulin, N side 

of Tuolumne River, Yosemite 
National Park 

37.91295 -119.42372 2389 20.61 11 

MVZ 241000 
ca. 0.5 km W of Glen Aulin, N side 

of Tuolumne River, Yosemite 
National Park 

37.91295 -119.42372 2389 20.61 11 

MVZ 241001 
ca. 0.5 km W of Glen Aulin, N side 

of Tuolumne River, Yosemite 
National Park 

37.91295 -119.42372 2389 20.61 11 

MVZ 241002 
ca. 0.5 km W of Glen Aulin, N side 

of Tuolumne River, Yosemite 
National Park 

37.91295 -119.42372 2389 20.61 11 

MVZ 241003 
ca. 0.5 km W of Glen Aulin, N side 

of Tuolumne River, Yosemite 
National Park 

37.91295 -119.42372 2389 20.61 11 

MVZ 241004 
ca. 0.5 km W of Glen Aulin, N side 

of Tuolumne River, Yosemite 
National Park 

37.91295 -119.42372 2389 20.61 11 

MVZ 240989 ca. 0.5 mi E of Glen Aulin along 
trail, Yosemite National Park 37.90764 -119.41962 2438 21.05 11 
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Introduction 

Species often exhibit variation in traits along environmental gradients. Trait 

variation may reflect adaptation to local environments along gradients, but explicit tests 

are needed to identify sources of trait variation (Kawecki & Ebert, 2004; Moran et al., 

2016). Different sources of trait variation–including genetic adaptation, phenotypic 

plasticity, and drift–have different potential outcomes for future responses to climate 

change (Crispo, 2008; Moran et al., 2016). Trait variation produced by heritable 

differences between individuals is capable of evolving by natural selection, and therefore 

more likely to respond to new selective regimes produced by climate change (Hoffman & 

Sgrò, 2011). Trait variation produced by phenotypic plasticity enables maintenance of 

high fitness across spatially or temporally variable environments but may buffer 

organisms from selection and hinder future adaptation (Buckley & Huey, 2016; Chevin et 

al, 2010; Ghalambor et al., 2007; Huey et al., 2012). Genetic drift, which is most relevant 

for isolated or small populations subject to demographic stochasticity, can produce 

random trait variation with respect to environment (Bolnick et al., 2011).  

Sceloporus lizards in the undulatus group (Leaché, 2010) exhibit variation in life 

history and phenotypic traits along environmental gradients. Variation in body size and 

growth rates of S. graciosus have been shown to vary with potential activity time, 

meaning that individuals in environments that provide more opportunities for foraging 

and growth generally grow faster and achieve larger adult body sizes (Adolph & Porter, 

1993; Tinkle et al., 1993). Relationships between phenotypically variable populations and 

species have been explored with genetic data, enabling identification of genotypes that 

might be locally adapted (Chapter 1; Chapter 2; Leaché & Reeder, 2002; Leaché et al., 
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2010). Foundational links between environmental conditions and variation in life-history 

and behavior have elucidated traits that are relevant to fitness in different environments 

(Jameson & Allison, 1976; Sears & Angilletta, 2004). Multiple lab rearing experiments 

have identified potential for phenotypic plasticity (acclimation) among populations and 

within clutches (Buckley et al., 2009; Sinervo & Adolph, 1989; Sinervo & Adolph, 1994; 

Tsuji, 1988). While temperature certainly factors into biological processes relevant to 

fitness, like growth and energy assimilation, in Sceloporus careful behavioral 

thermoregulation dampens its effects (Adolph & Porter, 1993; Huey et al., 2003; Sears & 

Angilletta, 2004; but see Grant, 1990). 

Duration of activity impacts fitness of behavioral thermoregulators in contrasting 

thermal environments more directly than temperature (Sears & Angilletta, 2004; Sinervo 

et al., 2010). Preferred body temperatures of Sceloporus species are narrow–constrained 

by phylogeny and local environmental temperatures–and maintained via behavioral 

plasticity (Andrews, 1998; Bogert, 1949; McGinnis, 1970). As a result, lizards in high 

quality thermal environments (i.e., environments that support activity at preferred body 

temperatures) have prolonged activity periods, while lizards in low quality thermal 

environments have limited activity periods (Adolph & Porter, 1993; Huey, 1991; Sinervo 

& Adolph, 1994). The fitness implications of limited activity periods–and therefore 

limited opportunities for feeding, growth, and reproduction–can be dire; activity periods 

shortened by warming midday temperatures are expected to cause widespread declines in 

Sceloporus (Sinervo et al., 2010; but see Kearney, 2013). Warming is expected to 

lengthen activity periods in cold environments at high latitudes and elevations, but may 
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result in phenological shifts that increase juvenile mortality (e.g. exposure to freezing 

temperatures during incubation, starvation due to late emergence) (Levy et al., 2016).  

Rapid local adaptation, resulting from genetic divergence, or phenotypic plasticity 

may facilitate colonization of new environments by enabling species to maintain high 

fitness across environmental gradients (Ghalambor et al., 2007; Kawecki & Ebert, 2004). 

Along elevation gradients, populations living in cold high elevation environments may 

suffer fitness consequences due to reduced daily and seasonal activity periods (Adolph & 

Porter, 1993; Sinervo & Adolph, 1994). In Sceloporus lizards, larger body sizes and 

darker coloration might ameliorate fitness consequences of life in cold, high elevation 

environments. For example, S. undulatus exhibit larger body sizes with increasing 

elevation and latitude, which are linked to a combination of genetically-based variation in 

growth rates, delayed maturation, and lower mortality rates (Blackburn et al., 1999; Sears 

& Angilletta, 2004). In contrast, cold environment S. graciosus achieve smaller body 

sizes; mortality rates are higher and growth rates are environmentally plastic, not 

genetically-based, potentially because of gene flow along elevation gradients (Sears & 

Angilletta, 2003; Tinkle et al., 1993). Lizards in cold environments may also increase 

heating rates by darkening skin color according to the thermal melanism hypothesis 

(Clusella-Trullas et al., 2007). Darker skin colors reflect less and absorb more radiant 

heat, enabling ectotherms to lengthen activity periods in cold environments (Gibson & 

Falls, 1979; Sherbrooke et al., 1994). While ample evidence supports the incidence of 

darker ectotherms in cold environments, the relative contributions of genetics and 

plasticity to fitness await further study (Clusella-Trullas et al., 2007; Moreno Azócar et 

al., 2015; Stevenson, 1985). 
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Western Fence Lizards (Sceloporus occidentalis) along elevation gradients in 

Yosemite National Park, California exhibit larger body sizes and darker, more melanistic 

coloration at high elevation (Leaché et al., 2010). The case study of S. occidentalis along 

the Grand Canyon of the Tuolumne River (GCT) is particularly well suited to testing 

whether trait clines have resulted from local adaptation or adaptive plasticity. Due to 

recent glaciation of high elevations in the Sierra Nevada, suitable habitat for S. 

occidentalis at high elevations has only become available within the last 10,000 years, 

meaning that trait differentiation has occurred recently (Chapter 1; Chapter 2). 

Phenotypically divergent populations at low and high elevations are also genetically 

divergent, which is a requirement for local adaptation (Chapter 2; Kawecki & Ebert, 

2004). High elevation populations experience restricted daily and seasonal activity 

periods that put growth rates at a premium, especially for hatchling lizards that may have 

as little as 20 days between hatching and the first snowfall (Bouzid, field observations; 

Jameson & Allison, 1976; Sears & Angilletta, 2004). The short activity period at high 

elevation constrains both survival and energetics, and is therefore likely the primary 

selective pressure impacting S. occidentalis hatchlings (Jameson & Allison, 1976). A 

study comparing overwintering energetics and life histories of low (1500 m) and high 

(2200 m) elevation S. occidentalis from the central Sierra Nevada revealed that larger 

individuals amass larger energy reserves (fat bodies) and rely on these reserves for 

overwintering survival and spring reproduction (Jameson & Allison, 1976). Because 

energy acquisition and storage is paramount to overwintering survival of hatchlings, we 

expect adaptive traits to facilitate longer activity in short activity periods (e.g., traits that 

increase heating rates and heat retention or behaviors that maximize available time). 
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We determined whether trait clines along the GCT were produced by genetic 

divergence or phenotypic plasticity by rearing 36 low elevation (5 families) and 52 high 

elevation (8 families) hatchling lizards in a lab reciprocal transplant experiment. Building 

on knowledge that for thermoregulating ectotherms durations of activity periods are more 

relevant to fitness than thermal environment, we modified activity periods directly in two 

treatments and equally distributed low and high elevation hatchings among treatments in 

a factorial design. We quantified variation among and between populations and 

treatments in life history traits (clutch size, clutch mass, egg mass, incubation period, 

body size), growth rates, color, thermal preference, and activity. We evaluated three 

hypotheses to determine the underlying mechanism of trait divergence among low and 

high elevation hatchlings: 

H0: Neither population nor treatment affects trait variation, suggesting that neither 

local adaptation nor adaptive plasticity is the underlying mechanism. 

H1: Population and treatment affect trait variation, suggesting that local 

adaptation is the underlying mechanism. 

H2: Treatment, but not population, affects trait variation, suggesting that adaptive 

plasticity is the underlying mechanism. 

 

Materials and methods 

Ethical note 

 We collected wild lizards with permission from the National Park Service 

(Permit# YOSE-2018-SCI-0008) and California Department of Fish and Wildlife (SCP-

13699). Lab husbandry and experiments were approved by Institutional Animal Care and 
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Use Committee (IACUC) protocol Sineb1802 (UC Santa Cruz). Field collection, 

euthanasia, and specimen preparation methods were approved by IACUC protocol 4209–

01: Burke Collections (University of Washington). 

 

Animal handling and care 

Field collection. We conducted collection trips in Yosemite National Park, CA from May 

20–24; May 28–Jun 1; Jun 11–14; Jun 20–24; and Jun 27–29, for a total of 22 days, all in 

2018. We focused our efforts at one low elevation site and two high elevation sites. The 

low elevation site was located immediately east of the O’Shaugnessy Dam, along the 

Hetch Hetchy-Rancheria Falls trail north of Hetch Hetchy Reservoir (37.96°N, -

119.78°W). We began lizard surveys each day at approximately 0600 hours (hrs), 

walking at a slow pace along the trail to Wapama Falls (4 km) and back, ending our 

survey between 1700–1900 hrs. Each day, we saw between 20 and 30 lizards, of which 

1–2 were gravid females.  

The high elevation sites were located just north of Tenaya Lake on the north side 

of Highway 120 (37.83°N, -119.46°W) and in the vicinity of Glen Aulin, ca. 6 miles (by 

foot) northwest of Tuolumne Meadows (37.91°N, -119.43°W). We began lizard surveys 

at approximately 0700 hrs, walking at a slow pace between the Glen Aulin High Sierra 

Camp and Waterwheel Falls along the Grand Canyon of the Tuolumne trail, ending our 

survey between 1600–1800 hrs. Each day, we saw between 30 and 50 lizards, of which 

1–3 were gravid females. At all sites we caught lizards using a small loop of braided 

nylon thread attached to an expandable fishing pole. We noted that lizards at high 

elevation would allow us to approach to a closer distance than did those at low elevation. 
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 We collected 13 S. occidentalis, all gravid (pregnant) females, between May 29 

and June 24, 2018 (Table S1). Of these, 5 females were collected from low elevation 

(Hetch Hetchy [1200 m]) and 8 females were collected from high elevation (Tenaya Lake 

[2474 m] and Glen Aulin [2400 m]). In 2017, we were only able to sample one female 

from high elevation due to the high snowpack and delayed opening of Hwy 120 (on June 

28, 2017). In 2018, Tioga Pass and Hwy 120 opened on May 21, enabling us to access 

high elevation sites and sample gravid females from high elevation. We report that in 

2018 the narrow window of reproduction in which high elevation females carry fertilized 

eggs occurred between the second and fourth weeks of June. 

Adult care. We transported gravid female lizards from Yosemite National Park to the UC 

Santa Cruz Coastal Science Campus within 3 days of collection. We housed lizards 

individually in 6 qt. (13 5/8" L x 8 1/4" W x 4 7/8" H) plastic containers with wire lids 

with 3” of 50:50 ground sphagnum moss:sand (moistened just until clumping) substrate 

to encourage egg laying (Appendix A). We kept enclosures in a climate-controlled 

greenhouse (21–25°C) with a natural photoperiod (ca. 14 hr day:10 hr night). We 

supplied females with 40 W incandescent bulbs (on for 9 hrs/day), rocks for basking, and 

hides opposite the heat lamp. We provided females with Acheta domestica crickets 

dusted with Reptivite calcium and mineral supplement (Zoo Med Laboratories, Inc., San 

Luis Obispo, CA) ad libitum and provided water by spraying sides of enclosures with 

water daily. We checked enclosures for the presence of eggs twice daily (mornings and 

evenings). At least 1 week after egg laying, we euthanized and prepared females as 

museum specimens, and collected liver tissue in RNAlater. 
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Egg care. Upon discovery during twice-daily checks, we excavated and weighed eggs to 

the nearest 0.00 g, and placed them individually in 2 oz deli cups filled with a 1:12 

mixture of water and vermiculite. We recorded the combined weight of cup (minus lid), 

vermiculite, and egg as a target weight for replenishing water each week. We incubated 

eggs in a Percival environmental chamber (Percival Scientific, Inc., Perry, Iowa) at 

constant temperature (28°C). We kept egg-cups for each clutch in plastic containers, 

covered loosely with a plastic bag to prevent moisture loss. We rotated egg-cups within 

containers and containers throughout the chamber each week to ensure that all eggs 

experienced uniform conditions during incubation. From incubation days 1–29, we 

examined eggs and replenished the weight of evaporated water in the water:vermiculite 

mixture weekly. Following incubation day 29, we checked eggs daily for signs of 

hatching: small droplets of liquid on the egg surface, dimpling, or rupture. 

Hatchling care. Following discovery of hatchling lizards, we measured mean thermal 

preference, snout-vent length (SVL), mass, and assigned unique toe-clip identifiers for 

each individual. We randomly assigned members of each clutch to either “long day” or 

“short day” treatments, which differed in the amounts of time hatchlings could access a 

thermal gradient produced by a radiant heat source (based on Sinervo & Adolph, 1989). 

During the “long day” treatment hatchlings could access the gradient for 12 hrs (0700–

1900 hrs), while during the “short day” treatment hatchlings could access the gradient for 

6 hrs (0800–1400 hrs). Low and high elevation hatchlings were raised in both treatments. 

We kept “long day” and “short day” enclosures on wire shelving racks, separated by 3 ft. 

Apart from the duration of thermal gradient access, all other rearing conditions (e.g., 

enclosure set-up, food, water) were identical among individuals.  
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We individually housed hatchlings in medium-sized plastic “Kritter Keeper” 

enclosures (11.9” L x 7.8” W x 8.1” H), filled with 0.5” of washed play sand. We 

provided hatchlings with two basking substrates in the enclosure corner closest to the 

heat source, a small rock and a nugget of pine bark. We arranged enclosures in groups of 

four, such that each group shared one radiant heat source (Appendix A). We used a 50 W 

UVB/UVA halogen bulb to provide both radiant heat and UVB radiation necessary for 

normal growth and development (Pough, 1991; but see Gehrmann et al., 1991). We fed 

each lizard 6 approximately equal-sized Acheta domestica crickets dusted with Rep-Cal 

Herptivite Multivitamin and Rep-Cal Calcium with Vitamin D3 (Rep-Cal Research Labs, 

Los Gatos, CA) and provided water by spraying sides of enclosures with water daily. To 

ensure that all hatchlings experienced uniform conditions within treatments, we randomly 

redistributed enclosures on shelves weekly. We reared hatchlings to 6-weeks of age. 

We measured ambient air temperature and relative humidity in the greenhouse 

with a HOBO U23 Pro v2 Temperature/Relative Humidity Data Logger (U23-001). We 

set up two “dummy” enclosures for each treatment (4 enclosures total) on either end of 

the wire shelving rack to measure operative temperature differences between basking 

(rock) and hiding (under sand, opposite heat source). We used a HOBO 2x External 

Temperature Data Logger (U23-003) with two metal probes to measure substrate 

temperatures; we attached one probe to the basking rock (directly under the heat source) 

and the other probe to the bottom of the enclosure (under 0.5” sand, opposite the heat 

source) (Fig. S1; Appendix A). 
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Life-history variation 

Clutch size and egg mass. Variation in Sceloporus body size has been explained by 

trade-offs between clutch size, egg mass, and time to reach maturity (Sears & Angilletta, 

2004). Larger body sizes of hatchlings might increase fitness by supporting larger energy 

stores and increasing heat retention, which would facilitate greater overwintering success 

and longer activity, respectively (Jameson & Allison, 1976; Moreno Azócar et al., 2015). 

We investigated inter-population variation in clutch size and egg mass to determine 

whether life-history trade-offs explain variation in hatchling body size. Specifically, we 

compared hatchling and egg mass to determine if differences in maternal investment 

impact hatchling size and performance (Sinervo, 1990; Sinervo et al., 1991; Van Berkum 

et al., 1989). We also compared clutch sizes and egg mass of low and high elevation 

dams and tested for correlations between dam mass and clutch size and dam mass and 

egg mass.  

 

Morphology and growth rate 

Mass and SVL. Adult S. occidentalis achieve larger maximum body sizes at high 

elevation than at low elevation, but the mechanism is unclear (Jameson & Allison, 1976; 

Leaché et al., 2010). Unlike high latitude and high elevation S. undulatus, high elevation 

S. occidentalis do not delay maturation and instead mature at the same age as their low 

elevation counterparts (ca. 20 months; Jameson & Allison, 1976). The extremely short 

window for growth after hatching (< 50 days) and obligate hibernation period (6–9 

months) suggests that to achieve larger body sizes in less time high elevation lizards must 
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have accelerated growth rates. We tested this hypothesis by calculating instantaneous 

growth rates (IGR) for mass and length between time intervals i and i-1: 

. 

Within 12 hrs of hatching, we weighed hatchlings to the nearest 0.00 g, measured snout-

vent length (SVL) to the nearest mm, and assigned a unique identifier by clipping the end 

of one digit per hand/foot immediately below the nail. Each week thereafter, we re-

weighed hatchlings to the nearest 0.000 g and measured SVL to the nearest mm; in total 

we collected seven weight and length measurements per individual over the course of the 

experiment. To ensure that we recorded measurements for the correct individual, we 

matched toe-clip and hatchling identifiers prior to each measurement. We evaluated 

whether hatchlings exhibited differences in SVL immediately after hatching, and whether 

interactions of population and treatment produced different SVL by the end of the 

experiment.  

Body shape. To quantify changes in overall body shape, we calculated body condition 

index (BCI) with the following equation:  

.. 

Body condition is a measurement that incorporates both mass and SVL and has been 

shown to be repeatable over short time periods in S. occidentalis hatchlings (Van Berkum 

et al., 1989). In other words, body shape at hatching is an accurate predictor of body 

shape and performance (e.g. sprint speed, Sinervo et al., 1991) later in development. We 

evaluated whether hatchlings exhibited differences in BCI immediately after hatching, 

and whether interactions of population and treatment produced different BCI by the end 

of the experiment. 
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Color 

Illuminance. Properties of reptile skin impact the flux of heat, and can facilitate activity 

by enabling individuals to reach preferred active body temperatures quicker (Clusella-

Trullas et al., 2009; Gibson & Falls, 1979; Sherbrooke et al., 1994). Physiological 

mechanisms behind lightening and darkening of reptile skin involve changes in the 

distribution and density of melanin stored in melanophores (Merchant et al., 2018). 

Changes in color for the purpose of thermoregulation has been well-documented in 

lizards (Fan et al., 2014; Geen et al., 2014; Langkilde & Boronow, 2012). Plastic color 

changes in response to developmental and environmental temperatures have been 

documented in Sceloporus and other ectotherms (Davis et al., 2005; Gibson & Falls, 

1979; Kingsolver & Buckley, 2018; Langkilde & Boronow, 2012; Michie et al., 2010; 

Sherbrooke et al., 1994), but not in response to activity period. We evaluated genetic and 

plastic constituents of hatchling color, by directly modifying activity period. We 

measured illuminance, the amount of light reflected per image pixel, as an estimate of 

“darkness” of dorsal coloration (Troscianko & Stevens, 2015). Larger illuminance values 

correspond to lighter colors with higher reflectances. We photographed the dorsal surface 

of hatchlings at three time points in development (2-weeks, 4-weeks, and 6-weeks of age) 

to track ontogenetic shifts in coloration. We took photos in RAW format with a Nikon 

D3300 DSLR camera and AF-S DX Micro-NIKKOR 40 mm f/2.8G lens. We included a 

metric ruler and two reflectance standards (40% Gray [60% reflectance] and 80% Gray 

[20% reflectance]; SpyderCHECKR® 24 color standards) within the same plane as the 

hatchling in each photo.  Including reflectance standards enabled us to correct for 

differences in illumination between photos (Troscianko & Stevens, 2015). We restrained 
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and positioned hatchlings on black cardstock with clear athletic tape, and released 

hatchlings by wetting the athletic tape. 

 We used ImageJ version 1.51 (Schneider at al., 2012) and the Multispectral Image 

Calibration and Analysis Toolbox (Troscianko & Stevens, 2015) to process 261 photos 

for 87 individuals. For each photo, we set a 10 mm scale bar and selected the dorsal 

surface of the hatchling and the lighter reflectance standard (40% Gray) as a 

measurement control. To standardize the areas measured across hatchlings, we drew a 

polygon with vertices at the armpits of the forelimbs and at the inguinal regions anterior 

to the hind limbs (Fig. S2). We repeated measurements for which the control illuminance 

fell outside of the interquartile range (outliers). We quantified total illuminance by adding 

together illuminances detected by the red, green, and blue channels (Corl et al., 2018; 

Troscianko & Stevens, 2015).  

 

Thermal Preference 

Preferred body temperatures of hatchlings and juveniles have received little 

attention compared to preferred body temperatures of adults (Angilletta et al., 1999). 

However, habitat selection and foraging behavior are known to vary ontogenetically, 

which might impact microhabitat availability and thermoregulatory behavior of 

hatchlings (Congdon et al., 1993; Huey, 1991; Huey & Pianka, 1981; Huey & Slatkin, 

1976; Magnuson et al., 1976; Rose, 1976). In the few cases that have been studied, 

hatchlings prefer higher body temperatures than older juveniles and adults, but the point 

at which preferred body temperatures lower remains unclear (Lang, 1981; Perez-

Quintero, 1994). 
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 Preferred body temperatures of hatchlings vary across environments and might 

contribute to rapid initial growth after hatching (Sinervo, 1988; Sinervo & Adolph, 

1989). In a common garden experiment of S. occidentalis hatchlings from Oregon and 

California, hatchlings experienced rapid growth between 3–7 days of age and hatchlings 

that selected higher body temperatures had faster growth rates (Sinervo, 1990; Sinervo & 

Adolph, 1989). Northern S. occidentalis hatchlings from Oregon (cold environments) 

selected lower preferred temperatures than southern hatchlings from California (warm 

environments) (Sinervo, 1988). In contrast, adult S. occidentalis from different habitats 

do not exhibit differences in field body temperatures or preferred body temperatures; 

instead, adults modify activity periods by becoming inactive when temperatures are too 

hot or too cold for effective thermoregulation (McGinnis, 1966; McGinnis, 1970; 

McMillan, 2010). According to previous studies, high elevation hatchings in Yosemite 

should select higher body temperatures to optimize growth and increase chances of 

overwintering survival. We evaluated whether thermal preference of high elevation 

hatchlings is locally adapted or adaptively plastic by comparing low and high elevation 

hatchlings reared in short and long activity periods. We also compared thermal 

preference of low and high elevation post-gravid adult females. 

Adults. We measured thermal preference for females during daylight hours (between 

1100–1700 hrs) one week after laying eggs to standardize any potential variation related 

to differences in reproductive state. We acclimated females to 20–22°C for at least 15 

minutes before placing them in a thermal gradient (40°C hot end, 20°C cool end). The 

multi-lane thermal gradient was constructed out of medium density fiberboard and each 

lane measured 36” L x 8” W x 15” H (Appendix A). We inserted an ultrathin “Type T” 



	

	131	

thermocouple probe, blunted by a small amount of epoxy resin, 1 cm into the cloaca and 

secured it which a piece of clear athletic tape. We acclimated lizards for an additional 15 

minutes within the thermal gradient, and then recorded internal body temperature 

readings every 5 minutes for 2 hrs with an OmegaTM 8-channel USB Temperature Data 

Logger (model TC08). We discarded temperature readings during which the 

thermocouple broke or was extruded from the lizard. We averaged temperature readings 

for each individual to calculate a single preferred body temperature. 

Hatchlings. We measured thermal preference of hatchlings at three time points: 

immediately after hatching, at 3-weeks, and at 6-weeks. We measured multiple time 

points to determine whether hatchlings ontogenetically shift thermal preference according 

to activity period. We constructed thermal gradients out of plastic, terra cotta colored 

planter boxes, each with a 100 W incandescent bulb suspended over one end (Appendix 

A). The thermal gradient varied from 20°C on the cool end to 55°C on the hot end. We 

acclimated hatchlings for 10 minutes within the thermal gradient, and then measured 

body temperatures every 5 minutes for 1 hour. We used an Amprobe (IR-750) infrared 

temperature gun to record temperatures of the dorsal midbody. We took care to avoid 

disturbing hatchlings during thermal preference trials, but if one was disturbed we waited 

an additional five minutes before recording body temperature. We averaged recorded 

temperatures for each individual to calculate a single preferred body temperature. 

 

Behavior 

Proportion of ‘active’ behaviors. Lizards maintain stable active body temperatures by 

selecting microhabitats within their environments (e.g., shuttling between sun and shade), 
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altering their positions relative to the sun, and modifying activity periods (Adolph, 1990; 

Anderson et al., 1986; Huey & Slatkin, 1976; Sears & Angilletta, 2004). Thus, 

thermoregulation is an ‘active’ behavior, meaning that lizards must actively maintain 

body temperatures suitable for efficient foraging, digestion, and assimilation (Adolph & 

Porter, 1993). However, thermoregulation may not always be beneficial; costs like 

exposure to predation, high energy expenditure, or inefficient energy processing might 

outweigh the benefits of continued thermoregulation (Huey & Slatkin, 1976). 

 Hatchlings at low and high elevations in Yosemite occupy different environments 

in terms of predation pressure, temperature, and seasonal activity restrictions. Adult S. 

occidentalis from different habitats cope with different environmental conditions by 

modifying thermoregulatory behavior (McGinnis, 1970; McMillan, 2010). To determine 

whether thermoregulatory behavior under activity restrictions is plastic or genetically 

hardwired, we scored the proportion of time engaged in ‘active’ behaviors throughout the 

day. On Sep 22, when hatchlings were between 3–6 weeks of age, we scored behaviors as 

either active or inactive for each hatchling at 30 min intervals. Hatchlings remained 

undisturbed in their enclosures and treatments. We began recording 30 minutes before 

heat/UV lamps turned on (0630 hrs) and ended 30 minutes after lamps turned off (1930 

hrs). We categorized basking, moving, and feeding as active behaviors (scored as 1) and 

hiding under sand or under rock as inactive behaviors (scored as 0). We obtained 25 total 

observations per individual and did not record behaviors between 1200–1300 hrs while 

we fed hatchlings. We calculated the proportion of activity by dividing the sum of the 

scores by the total number of observations. 
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Analysis 

Our primary goals were: (1) to determine whether hatchlings from the same 

population, but reared in different treatments, exhibited the same (genetics) or different 

(plasticity) traits; and (2) to determine whether hatchlings from different populations, but 

reared in the same treatment, exhibited the same (plasticity) or different (genetics) traits. 

Within populations (i.e., low elevation or high elevation), we interpreted similarities in 

traits of individuals reared in different treatments as evidence for an underlying genetic 

basis. We interpreted differences in traits of individuals reared in different treatments as 

evidence for an underlying plastic response to activity period. We considered traits to be 

adaptive and increase fitness for high elevation hatchlings if they facilitated extended 

activity and/or faster growth under restricted activity periods. Low elevation hatchlings 

may not be under strong selective pressure to maximize activity and growth because daily 

and seasonal activity periods are longer (Sinervo & Adolph, 1989). Low elevation lizards 

mature at smaller adult sizes in the same time period as larger high elevation lizards, 

meaning that growth rates of low elevation lizards are comparatively slower (Jameson & 

Allison, 1976). Furthermore, predation pressure is higher at low elevation, so increased 

activity is a cost of thermoregulation (Huey & Slatkin, 1976). Therefore, we considered 

traits to be adaptive and increase fitness for low elevation hatchlings if they facilitated 

reduced activity and/or slower growth under restricted activity periods. 

Local adaptation in traits should manifest as a gene-environment interaction in 

which native genotypes have a home-site fitness advantage, therefore locally adapted 

traits must have a genetic component (Kawecki & Ebert, 2004). Locally adapted traits 

must also exhibit fitness trade-offs in different environments (e.g., high growth rates in 
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low elevation environments may not be energetically feasible) (Storm & Angilletta, 

2007). Adaptive plasticity should manifest as similar traits in similar environments for 

different populations (e.g., similar growth rates for both low and high elevation lizards 

raised in the same environment).  In both cases, traits should increase fitness in respective 

treatments. 

We conducted all statistical analyses in R version 3.3.3 (R Core Team, 2017) and 

we considered p values less than 0.05 to be significant.  

Life history variation. We used t-tests to test for differences between low and high 

elevation populations in the following life history traits: dam mass (after egg laying), egg 

mass, total clutch mass, clutch size, incubation time, mass at hatching, and SVL at 

hatching. We identified potential origins of life history variation by testing for 

correlations between life history traits. We used linear regression to test for associations 

between the following independent and dependent variables, respectively: dam mass and 

mean egg mass; dam mass and total clutch mass; dam mass and clutch size; clutch size 

and mean egg mass; egg mass and hatchling mass; and egg mass and incubation time. 

Tests of local adaptation and adaptive plasticity. We used factorial repeated measures 

analysis of variance (ANOVA, three-way) to test for differences in trait means across 

time, population, and treatment. We followed significant factor interactions from the 

ANOVA with post hoc Tukey tests or pairwise t-tests for all 6 possible comparisons of 2 

populations (low and high elevation) and 2 treatments (long and short activity period). 

We used the Bonferroni multiple-comparison correction method to adjust p values of post 

hoc tests. We evaluated the following traits for local adaptation and adaptive plasticity: 

mass-specific growth rate, color (illuminance), thermal preference, and activity 
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proportion. We also tested for correlations between fitness related traits: mass-specific 

growth rate and color; color and thermal preference; color and activity proportion, and 

mass-specific growth rate and activity proportion.  

 

Results 

Life history variation 

High elevation gravid females were significantly heavier and produced more eggs 

than low elevation females, but population-level differences in total clutch mass and egg 

mass were not significant (Table 1). Larger egg mass as a proxy for increased maternal 

investment has been shown to explain larger hatchling size and longer incubation time 

between populations (Sinervo, 1990). However, despite lacking population-level 

differences in egg mass, high elevation hatchlings hatched sooner ( ~ 2 days) and were 

heavier and longer than low elevation hatchlings (Table 1). This suggests that genetic 

variation between populations also factors into hatchling traits.  

Associations between life history traits are possible explanations for body size 

variation between low and high elevation hatchlings. Dam mass was not significantly 

associated with mean egg mass, total clutch mass, or clutch size, which suggests that low 

and high elevation females do not differ in tradeoffs between maternal provisioning and 

offspring number (Niewiarowski et al., 2004; Sinervo, 1990; Table 2). Clutch size was 

not significantly associated with single egg mass, which further supports the lack of a 

tradeoff between offspring number and maternal provisioning. Egg mass was 

significantly and positively associated with hatchling mass immediately after hatching. 

However, variation in egg mass reduced variation in hatchling mass in the linear model 

by only 28% for the high elevation population, compared with 74% for the low elevation 
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population (Fig. 1a; Table 2). This suggests that egg mass is a better predictor of 

hatchling mass at low elevations, but that additional sources of variation, like genetics or 

content of maternal provisioning, factor into hatchling mass at high elevation (Storm & 

Angilletta, 2007). Egg mass was significantly and positively associated with incubation 

time for high elevation hatchlings, which suggests that heavier eggs take longer to 

incubate and is consistent with previous work (Fig. 1b; Table 2; Sinervo, 1990). 

 

Morphology and growth rates 

 We compared body conditions of hatchlings to assess the influence of activity 

period on growth in the first 6 weeks after hatching. Immediately after hatching, mean 

body condition of low elevation hatchlings (0.033 ± 0.0008) was greater than mean body 

condition of high elevation hatchlings (0.032 ± 0.0008) (t(70.52) = -4.72, p < 0.001). At 6 

weeks of age, we found no differences in body condition between any pairwise 

comparison of population and treatment. 

 Body size differences between low and high elevation hatchlings were apparent at 

hatching. High elevation hatchlings were significantly heavier and longer than low 

elevation hatchlings (Fig. 2; Table 3). In another study, hatchlings with larger body sizes 

had higher mass specific growth rates, which would be beneficial for hatchlings in 

environments with restricted activity periods (Sinervo & Adolph, 1989). A three-way 

repeated measures ANOVA yielded a main effect of time point (week) on hatchling mass 

(F(1, 84) = 2133.78, p < 0.001), meaning that hatchlings increased in mass from week to 

week. The interaction effects of time point and population (F(1, 84) = 30.44, p <0.001) 

and of time point and treatment (F(1, 84) = 16.89, p <0.001) both significantly impacted 
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hatchling mass. The time point-population effect indicates that population impacted 

change in mass from week to week; the time-point-treatment interaction effect indicates 

that treatment impacted change in mass from week to week. The interaction effect of time 

point, population, and treatment was not significant (F(1, 84) = 0.003, p = 0.95).  

After 6 weeks, high elevation hatchlings reared in the same and in different 

treatments had significantly different mass and SVL (Fig. 2; Table 3). Generally, high 

elevation hatchlings were larger than low elevation hatchlings when reared in the same 

treatment, which suggests that genetics underlies differences in body size between 

populations. High elevation hatchlings from long activity periods were larger than high 

elevation hatchlings from short activity periods; the difference in size stems from faster 

mass-specific growth rates of high elevation hatchlings in long activity periods between 1 

and 2 weeks of age (Fig. 3). In long activity periods, low elevation hatchlings were 

smaller than high elevation hatchlings; the difference in size stems from faster growth 

rates of high elevation hatchlings between 2 and 4 weeks of age. Low elevation 

hatchlings reared in different treatments did not significantly differ in body size by the 

end of the experiment, despite faster growth of low elevation hatchlings in long activity 

periods between 4 and 5 weeks of age (Fig. 3; Table 3). Interestingly, the body sizes of 

populations reared in ‘native’ conditions–high elevation in short activity periods and low 

elevation in long activity periods–did not differ. If our lab-simulated activity restrictions 

reasonably reflect those in nature, we expect wild hatchlings to be indistinguishable in 

body size if trait variation is produced exclusively by phenotypic plasticity. Currently, 

body size clines in Sceloporus are explained by differences in time to reach maturity; 

similarities in growth rates and body sizes of hatchlings reared in ‘native’ conditions 
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supports this theory, but a long-term study of Sierra Nevada S. occidentalis has 

confirmed that low and high elevation lizards reach maturity at the same age (Jameson & 

Allison, 1976; Sears & Angilletta, 2004).  

Mass-specific growth rates underwent two phases of rapid growth before 

beginning to decelerate (Fig. 3). We observed an initial phase of rapid growth between 1 

and 2 weeks of age in all population-treatment combinations. High and low elevation 

hatchlings in long activity periods grew fastest during this phase. We observed a second 

phase of rapid growth between 3 and 4 weeks of age, during which high elevation 

hatchlings in both treatments and low elevation hatchlings in long activity periods 

accelerated growth, but growth rates of low elevation hatchlings in short activity periods 

began to plateau. 

Tests for local adaptation in growth rates were inconclusive. We compared 

growth rates among and between populations and treatments at time points during which 

growth rates different significantly (weeks 2, 3, 4, 5; Fig. 3). At 2 weeks of age, growth 

rates were in the opposite direction of our expectations for local adaptation; low elevation 

hatchlings grew faster in short activity periods and high elevation hatchlings grew faster 

in long activity periods (Fig. 1a; Fig. S3). By 5 weeks of age, the pattern had reversed 

and was consistent with our expectations for local adaptation; high elevation hatchlings 

grew faster in short activity periods and low elevation hatchlings grew faster in long 

activity periods. If hatchlings continued growth trajectories apparent at 6 weeks of age, 

local adaptation of growth rates would be supported.  
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Color 

Hatchlings from both populations are capable of plastically changing color. 

Illuminance of low elevation hatchlings in long activity periods remained consistently 

and significantly higher than illuminance of low elevation hatchlings in short activity 

periods (Fig. 4). High elevation hatchlings in long activity periods trended lighter than 

high elevation hatchlings in short activity periods until 6 weeks of age, at which point 

high elevation hatchlings in long activity periods became significantly lighter. Low 

elevation hatchlings were lighter in long activity periods than high elevation hatchlings in 

long activity periods, but at 6 weeks of age high elevation hatchlings began to lighten. In 

all population-treatment combinations, hatchlings became lighter with age. According to 

the thermal melanism hypothesis, darker coloration (lower reflectance) should facilitate 

faster heating rates and therefore be adaptive in cold environments (Clusella-Trullas et 

al., 2007). Under activity period restrictions, faster heating rates would be adaptive if 

they facilitated extended activity and/or growth.  Illuminance was significantly and 

negatively associated with mass-specific growth rate (Fig. 5). In both low and high 

elevation populations variation in color explained approximately 25% of variation in 

mass-specific growth rates. Darker individuals (lower illuminance) grew faster than 

lighter individuals; significant color differences under native conditions suggest that trait 

divergence in color is produced by local adaptation. However, the demonstrated ability of 

high elevation hatchlings to change color in adaptive directions (light in long and dark in 

short activity periods) indicates that variation in color might be at least partially produced 

by adaptive plasticity (Fig. 4 Fig. 5).  
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Thermoregulatory behavior 

Preferred body temperatures measured within 12 hrs of hatching indicated that 

low elevation hatchlings might select higher preferred body temperatures (34.47°C ± 

4.19) than high elevation hatchlings (33.57°C ± 3.32) (t(71.56) = -2.00, p = 0.05) (Fig. 

S3). Subsequent measurements of thermal preference at 3 weeks and 6 weeks of age did 

not yield significant differences between any combination of population and treatment, 

meaning that preferred body temperatures were essentially the same. Adult females 

measured 1 week after laying eggs did not have significantly different preferred body 

temperatures (HE: 34.53°C ± 2.79; LE: 35.78°C ± 1.87; t(11.46) = 1.06, p = 0.31).  

Thermoregulatory behavior appears to have a genetic basis and may be suggestive 

of local adaptation in behavioral strategies. The proportion of active behaviors differed 

significantly between populations (F(2, 82) = 15.21, p < 0.001) and between treatments 

(F(1, 82) = 17.42, p < 0.001). However, the interaction between population and treatment 

on proportion of active behaviors was not significant (F(2, 82) = 2.42, p = 0.10); low 

elevation hatchlings did not significantly differ between treatments.  High elevation 

hatchlings in long activity periods were active for longer than hatchlings in any other 

treatment (Tukey HSD, Fig. S4). While the difference in activity time for high elevation 

hatchlings in short activity periods was not significantly different from that of low 

elevation hatchlings in short activity periods (Tukey HSD, Fig. S4), it trended towards 

being longer for high elevation hatchlings (Fig. 4; Fig. S4). Activity time of low elevation 

hatchlings, regardless of treatment, trended towards being shorter.  
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Discussion 

Variation between low and high elevation S. occidentalis populations in the 

central Sierra Nevada has been investigated in two previous studies (Jameson & Allison, 

1976; Leaché et al., 2010). Both studies found evidence for significantly larger body sizes 

of high elevation S. occidentalis. Jameson and Allison (1976) noted a trend in which high 

elevation lizards had larger clutches and postulated that larger body sizes might 

accommodate larger fat stores needed for overwintering and reproduction. We built on 

these foundational studies by investigating life history variation within our sample of 

gravid females and eggs from Yosemite National Park.  

Activity period restrictions are the primary environmental constraints on growth 

and body size for Sceloporus (Levy et al., 2016; Sears & Angilletta, 2003; Sinervo & 

Adolph, 1994; Sinervo et al., 2010). Recently established high elevation populations of S. 

occidentalis in the Sierra Nevada face extreme activity restrictions (up to 9 months of 

hibernation), yet they mature in the same amount of time as their low elevation 

counterparts (Jameson & Allison, 1976). High elevation S. occidentalis exhibit trait clines 

in color and body size along elevation gradients that are consistent with the thermal 

melanism hypothesis and Bergman’s clines, respectively, but links between differences in 

traits and fitness remain to be investigated (Clusella-Trullas et al., 2007; Leaché et al., 

2010; Sears & Angilletta, 2004). Recent studies of correlations between hormone levels, 

behavior, and color in low and high elevation S. occidentalis have been unable to identify 

the underlying mechanisms of trait differentiation along elevation gradients in the Sierra 

Nevada, and urge additional studies aimed at disentangling genetic and plastic 

constituents of phenotypes (Seddon & Hews, 2017; Seddon & Hews, 2016). We 
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employed an integrative reciprocal transplant approach to investigating both the 

underlying mechanisms of trait differentiation and the potential fitness implications of 

trait variation in restricted activity periods. 

High elevation hatchlings are under strong selection within the first 2 months of 

hatching; hatchlings begin emerging in early July, and continue hatching until the onset 

of snowfall at high elevation, so hatchlings have a limited window for growth before first 

overwintering (Jameson & Allison, 1976). High elevation males and females rely on 

large energy stores for overwintering success and spring reproduction, so faster growth 

rates and larger body sizes to accommodate energy stores provide a fitness advantage in 

environments with activity period restrictions (Jameson & Allison, 1976). Low and high 

elevation dams did not produce clutches of different size or mass, yet high elevation 

hatchlings were heavier and longer (Fig. 2). Even though high elevation dams did not 

provide additional maternal provisioning to jump-start growth in the form of larger eggs 

with larger yolks, hatchlings might be larger because of differences in embryo respiration 

or yolk assimilation rates (Storm & Angilletta, 2007). 

We found evidence for both genetic and plastic constituents of divergent low and 

high elevation phenotypes. High elevation hatchlings were genetically-hardwired to 

maximize activity and take advantage of longer activity periods and tended to be larger 

and darker in coloration (Fig. 2; Fig. 4; Fig. 6). At hatching, high elevation hatchlings 

appeared ‘preset’ for short activity periods; darker coloration and larger body size of 

hatchlings might enable faster heating rates–and longer activity periods–and faster 

growth rates (Gibson & Falls, 1979; Sinervo & Adolph, 1989). High elevation hatchlings 

exhibited plasticity in growth rates and in color (Fig. 3; Fig. 4). By 6 weeks of age 
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‘foreign’ high elevation hatchlings became significantly lighter than their ‘native’ 

counterparts and trended towards becoming lighter than ‘native’ low elevation hatchlings 

(Fig. 4). While ‘foreign’ high elevation hatchlings shifted thermoregulatory behavior and 

color in a direction that would enable more activity and faster growth in environments 

with long activity periods, maximizing activity might not be beneficial in all 

environments (Huey & Slatkin, 1976). 

High elevation hatchlings appeared to be genetically hardwired to be more active 

in all activity periods, but at low elevations where activity periods are longer and 

predation risk is higher their canalized behavioral strategy would reduce fitness by 

increasing exposure to predators. High elevation hatchlings appear to be “growth 

opportunists,” meaning that they utilize all available activity time and resources to 

increase growth. This is an interesting counterexample to Sinervo and Adolph (1994), 

who found that S. occidentalis hatchlings from high latitude, activity restricted 

populations in Oregon were “short-day specialists” instead of “growth opportunists”. 

Oregon hatchlings had similar behavioral strategies to low elevation Yosemite 

hatchlings–despite ample thermal opportunity in the lab, hatchlings were inactive for a 

greater proportion of time, were smaller, and grew more slowly (Sinervo, 1988; Sinervo 

& Adolph, 1989). At low elevation in Yosemite this strategy is consistent with high 

predation (Leaché, Bouzid, field observations). At high elevation in Yosemite either 

predation pressure is lower, or the benefits of prolonged activity for growth outweigh the 

potential costs. Prolonged activity at high elevation, where thermal opportunity is lower, 

might be a locally adapted behavioral strategy; the benefits of prolonged activity in 

foreign, low elevation environments in nature would not outweigh the cost of predation 
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(Huey & Slatkin, 1976). Similarly, conservative activity at low elevation, where 

predation pressure is higher, might be indicative of local adaptation; the benefits of 

conservative activity in foreign, high elevation environments in nature might not 

outweigh the cost of overwintering without sufficient energy stores. Choosing to be 

inactive in long activity periods–even in lab conditions where thermal opportunity was 

high, food was abundant, and the chance of predation was close to zero–may reflect a 

canalized behavioral strategy to increase chances of survival and avoid predation 

(Ghalambor et al., 2010). In this case, voluntarily limiting activity periods in low 

elevation environments with higher predation pressure might be a behavioral adaptation 

to local selection (Fig. 6). In native environments (long activity period treatment) reduced 

activity might increase fitness by limiting exposure to predators, but reduced activity in 

foreign, high elevation environments would decrease fitness by slowing growth and 

preventing hatchlings from achieving large body sizes (Fig. 6).  Field studies of 

behavioral strategies and growth rates of low and high elevation S. occidentalis 

populations will provide further evidence for evaluating local adaptation. 

 Rather than being directly under selection, dark color might be an accessory to 

increasing activity and therefore growth rates at high elevation. Darker coloration to 

increase heating rates is beneficial in cold environments, but may be maladaptive in 

warm environments (Clusella-Trullas et al., 2007; Gibson & Falls, 1979). However, even 

in cold, high elevation environments heat stress is a risk because of the intensity of solar 

radiation (Stevenson, 1985). Plasticity in color may be a safety measure to prevent 

overheating; the relative costs and benefits of color vary dramatically under different 

environmental conditions, so maintaining a constant color is not beneficial (Langkilde & 
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Boronow, 2012). The short time frame over which hatchlings changed color suggests that 

plastic changes in color may be more pervasive across ontogeny, and potentially across 

seasons, than previously thought. Plastic color change to facilitate background matching 

and thermoregulation in lizards has been documented (Corl et al., 2018; Langkilde & 

Boronow, 2012; Porter, 1967). However, interactions between seasonal variation in 

thermoregulatory behavior and variation in color have received relatively little attention. 

Variation in skin reflectance of S. occidentalis in different habitats has been attributed to 

local adaptation, but might be an accessory to support canalized behavioral strategies 

(Porter & Norris, 1969). We urge those studying local adaptation of coloration in 

ectotherms to also consider potential interactions with other fitness-related traits like 

thermoregulatory behavior and growth rates. 
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Figure 1. Significant associations between life history traits. (a) Egg 
mass had more power to predict hatchling mass at low elevation (LE; 
R2=0.74) than at high elevation (HE; R2=0.28). (b) Variation in egg 
mass explained 16% of variation in incubation time at high 
elevation. 
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a) b) 

c) d) 

Figure 2. Variation in body size at hatching and at 6 weeks of age. (a) High elevation 
(HE) hatchlings were heavier than low elevation (LE) hatchlings. (b) HE hatchlings were 
longer than LE hatchlings. (c) High elevation (HE) hatchlings in long activity periods 
were heavier than hatchlings in all other population.treatment combinations. (d) High 
elevation (HE) hatchlings in long activity periods were longer than hatchlings in all other 
population.treatment combinations. 
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Figure 3. Full factorial comparison of mass and snout-vent length (SVL) trajectories and 
mass-specific and length-specific growth rates among two populations (high elevation 
[HE-solid lines]; low elevation [LE-dashed lines]) and two treatments (short-blue lines; 
long-red lines). (a) Change in mass (g). (b) Change in mass-specific growth rates 
(ln(massj-massi)/timej-timei). (c) Change in SVL (mm). (d) Change in length-specific 
growth rates (ln(SVLj-SVLi)/timej-timei). 
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Figure 4. Full factorial comparison of color among two populations (high elevation [HE-
solid lines]; low elevation [LE-dashed lines]) and two treatments (short-blue lines, long-
red lines). Larger illuminance values represent lighter colors  
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Figure 5. Association between color (illuminance) and mass-specific growth rate. Larger 
illuminance values represent lighter colors. In both populations variation in color explains 
ca. 25% of variation in growth rates. 
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Figure 6. Differences in the proportions of activity among treatments. High elevation 
(HE) hatchlings in long activity periods were active significantly more often than 
hatchlings in any other treatment. 
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 Figure S1. Average air and substrate temperatures within treatments. ‘Rock’ represents 

the hot extreme and ‘under sand’ represents the cold extreme. Ambient conditions were 
shared between treatments. 
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Figure S2. Area selections for measuring illuminance in ImageJ. Gray reflectance 
standards were used to standardize illuminance among photos. The light gray standard 
was measured as a control. 
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Figure S3. Differences in mean preferred body temperatures (Tpref) of hatchlings within 
12 hours of hatching. Low elevation (LE) hatchings appear to select higher temperatures 
than high elevation (HE) hatchlings, but the difference is not significant at the p < 0.05 
level. 
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Figure S4. Tukey HSD post hoc test for mean proportion of active behaviors. Full 
factorial comparison of color among two populations (high elevation [HE]; low elevation 
[LE]) and two treatments (short [S], long [L]). Significantly different mean comparisons 
do not cross the dashed line. 
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Table 4. Summary of differences in life history traits between low elevation (LE) and high elevation (HE) populations. Means are 
reported with standard deviation in parentheses. Units for mass are grams, units for incubation time are days, and units for snout-vent 
length (SVL) are millimeters. P values that satisfy p < 0.05 are bold.  

Trait LE HE p 
Dam mass 7.26 (±0.90) 9.34 (±0.89) < 0.001 
Egg mass 0.50 (±0.07) 0.51 (±0.05) 0.26 

Clutch mass 3.55 (±0.52) 4.20 (±0.70) 0.07 
Clutch size 7.17 (±0.41) 8.25 (±1.04) 0.02 

Incubation time 41.44 (±0.97) 39.17 (± 0.78) < 0.001 
Hatchling mass 0.67 (±0.07) 0.70 (±0.05) < 0.01 
Hatchling SVL 26.60 (±0.90) 27.8 (±0.949) < 0.001 
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Table 5. Associations between life history traits of low elevation (LE) and high elevation (HE) populations. Slope is the slope of the 
relationship between traits from linear regression. R2 is the power of the predictive model, or the amount of variation in the dependent 
variable that is reduced by variation in the independent variable. P values that satisfy p < 0.05 are bold.  

Association Population slope R2 p 

Dam mass vs. 
Mean egg mass 

HE 0.02 0.12 0.41 
LE 0.04 0.36 0.21 

Dam mass vs. 
Clutch mass 

HE 0.30 0.17 0.32 
LE 0.34 0.41 0.17 

Dam mass vs. 
Clutch size 

HE 0.31 0.08 0.51 
LE 0.08 0.03 0.73 

Clutch size vs. 
Mean egg mass 

HE 0.01 0.02 0.75 
LE -0.01 4.00E-03 0.90 

Egg mass vs. 
Hatchling mass 

HE 0.52 0.28 < 0.001 
LE 0.77 0.74 < 0.001 

Egg mass vs. 
Incubation days 

HE 6.18 0.16 < 0.001 
LE -1.63 0.02 0.47 
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Table 6. Variation in body sizes among populations after hatching (0 weeks) and at the termination of the experiment (6 weeks). 
Mean mass (g) and SVL (mm) are reported with the standard deviation in parentheses. * denotes ‘native’ conditions: high elevation 
(HE) hatchlings reared in short activity periods and low elevation (LE) hatchlings reared in long activity periods. P values are 
corrected for multiple comparison, and bold if significant. 

0 weeks     
  LE HE p 
 Mass 0.66 (±0.07) 0.70 (±0.05) < 0.01 
 SVL 26.64 (±0.91) 27.81 (±0.90) < 0.001 
     

6 weeks     
 Mass 
  LE-short LE-long* HE-short* 
 LE-long* p = 0.15 - - 
 HE-short* p < 0.001 p = 0.69 - 
 HE-long p < 0.001 p < 0.001 p = 0.02 
 SVL 
  LE-short LE-long* HE-short* 
 LE-long* p = 0.16 - - 
 HE-short* p = 0.001 p = 0.91 - 
 HE-long p < 0.001 p < 0.001 p < 0.001 
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Table S1. Gravid female Sceloporus occidentalis collected for this study. Experiment ID is the 
identifier used throughout the experiment as the root of hatchling ID. Additional data can be 
accessed through the Arctos museum database. 

Catalog 
Number 

Collector 
Number 

Experiment 
ID Locality Latitude Longitude Elevation 

UWBM 9723 NMB 141 HH-02 Hetch Hetchy 37.95756 -119.78369 1235 m 
UWBM 9724 NMB 142 HH-04 Hetch Hetchy 37.95874 -119.77845 1196 m 
UWBM 9725 NMB 143 HH-03 Hetch Hetchy 37.95771 -119.78446 1228 m 
UWBM 9726 NMB 144 HH-05 Hetch Hetchy 37.95077 -119.78939 1169 m 
UWBM 9727 NMB 145 HH-06 Hetch Hetchy 37.95373 -119.78815 1153 m 
UWBM 9728 NMB 146 TL-02 Tenaya Lake 37.83458 -119.46170 2474 m 
UWBM 9730 NMB 148 GA-02 Glen Aulin 37.91413 -119.43148 2379 m 
UWBM 9731 NMB 149 GA-03 Glen Aulin 37.91404 -119.42954 2414 m 
UWBM 9732 NMB 150 GA-04 Glen Aulin 37.91404 -119.42954 2414 m 
UWBM 9734 NMB 152 GA-06 Glen Aulin 37.91073 -119.42105 2333 m 
UWBM 9736 NMB 154 GA-08 Glen Aulin 37.91716 -119.44254 2333 m 
UWBM 9737 NMB 155 GA-09 Glen Aulin 37.91716 -119.44254 2333 m 
UWBM 9738 NMB 156 GA-10 Glen Aulin 37.91661 -119.44130 2333 m 
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Appendix A – Photos of enclosures and 
experimental set-up 
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Gravid adult female enclosures 
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Hatchling enclosures 
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“Dummy” enclosure for measuring operative temperature range 
 

 

Probe 2 

Probe 1 
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Adult female thermal preference tracks 
 

 
 Thermocouple 
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Hatchling thermal preference tracks 
 

 
 
 
 
 


