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Abstract 
Lava Flow Lizards and Endangered Voles:  

Phenotypic Adaptation and Genomic Differentiation Over Small Spatial Scales 

by 

Alexander R. Krohn 

Doctor of Philosophy in Environmental Science, Policy, and Management 

University of California, Berkeley 

Professor Erica Bree Rosenblum, Chair 

 

Documenting phenotypic and genotypic diversity in natural populations is 
central to understanding evolutionary processes, and informing the conservation and 
management of biological diversity. My dissertation research is guided by two 
fundamental motivations for understanding population differentiation. First, my work 
is focused on the process of convergent evolution. Second, my research is oriented 
toward applying genetic tools to conservation of biological diversity. 

In convergent evolution, divergent populations, or species, independently 
evolve similar phenotypes. By studying those divergent populations, we can determine 
whether similar phenotypes evolved in similar ways. Additionally, phenotypic 
differentiation may lead to genome-wide patterns of differentiation, especially if the 
phenotypic differences are associated with reproductive isolation. Thus, by studying 
differentiation at both phenotypic and genotypic levels in multiple convergent 
populations, we can deepen our understanding of the processes of adaptation, 
speciation, and the repeatability of evolution.  

Knowledge about evolutionary processes can also be applied to conservation 
decision making. In conservation biology, studies of population differentiation can 
help managers prioritize among different conservation and management options. For 
example, when conservation involves captive insurance colonies and reintroductions, 
managers need to understand overall patterns of genetic differentiation in the wild and 
levels of differentiation between captive and wild populations. Thus, for my 
dissertation research, I studied phenotypic adaptation and genotypic differentiation in 
a variety of species to understand patterns of convergent evolution and to inform 
conservation decision-making.  



 2 

To better understand convergent evolution, I studied the replicated evolution 
of melanism in three lizard species distributed on three lava flows in southern New 
Mexico. I found that levels of phenotypic differentiation were not equal across 
populations of lava flow lizards. While some populations of Crotaphytus collaris were 
significantly darker (i.e., melanistic) on the lava flows than in the surrounding desert, 
lizards from the Pedro Armendariz lava flow showed a high degree of physiological 
plasticity, and were not melanistic. Looking across additional species and lava flows, I 
found similar patterns. While Sceloporus cowlesi and C. collaris from the Carrizozo lava 
flow and Urosaurus ornatus from the Aden Afton lava flow were significantly darker 
than surrounding populations, neither C. collaris nor S. cowlesi from the Pedro 
Armendariz lava flow were significantly darker than surrounding populations. 
However, regardless of levels of phenotypic differentiation, all populations showed a 
similar lack of genome-wide differentiation and ongoing migration between lava flow 
and non-lava flow populations. Thus, possible non-mutually exclusive mechanisms of 
melanism in these populations include selection-migration balance, selection acting on 
relatively small portions of the genome, or a larger contribution of phenotypic 
plasticity than previously considered. 

To inform conservation of an endangered species, I used genomic methods to 
study remnant populations of the endangered Amargosa vole. I compared patterns of 
genetic variation among wild Amargosa voles, captive Amargosa voles, and other 
related desert-dwelling California voles. I found that the Amargosa voles are most 
closely related to California voles in the northern clade and that Amargosa voles have 
approximately half the genetic diversity of other desert-dwelling California voles. 
However, despite low overall genetic diversity, the Amargosa voles exhibit significant 
population structure. Finally, captive Amargosa voles only capture a portion of the 
genetic diversity present in wild Amargosa voles. My work informs conservation 
action by demonstrating that Amargosa voles are a genetically distinct subspecies with 
low levels of genetic diversity and two subpopulations. To effectively conserve 
Amargosa voles, managers can attempt to represent both subpopulations in the 
captive colony or can reintroduce voles into suitable habitat regardless of genetic 
structure. If Amargosa voles go extinct, voles should be brought from populations in 
the northern clade of California voles. 

In sum, by integrating studies of genetic and phenotypic differentiation across 
species, my work contributes to the fields of evolutionary and conservation biology. 
My research shows that the processes underlying convergent phenotypes may vary 
over small spatial scales, but that background patterns of evolution can be consistent 
across diverse species. Moreover, my studies demonstrate how understanding patterns 
of genetic differentiation in the wild can be crucial to inform conservation 
management
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This dissertation is dedicated to reptiles. They may never know just how interested we 
are in understanding their lives.



 ii 

 
 
 
 
 

 
Contents 

 
Acknowledgements                 iii 

 
1  Geographic Color Variation and Physiological Color Change in Eastern         1  
Collared Lizards (Crotaphytus collaris) from Southern New Mexico, USA 
 
2  Local Adaptation Does Not Lead to Genome-Wide Differentiation in        17 
Lava Flow Lizards 
 
3 Conservation Genomics of Desert Dwelling California Voles (Microtus           38 
californicus) and Implications for Management of Endangered Amargosa Voles 
(Microtus californicus scirpensis) 

 
 
 
 
 
 

  



 iii 

 
 
 
 
 
 
 
 

Acknowledgements 
 

 
NO WORK OF SCIENCE, especially a doctoral dissertation, is completed alone. 

There are many people that I wish to thank. First, I thank my parents, Douglas (the 
original Dr. Krohn in my life) and Monique for their tireless support. They always put 
education first. They worked hard to give me the ability to pursue my passions and 
curiosity, even if the pursuit might not lead to monetary riches. Right alongside them 
are all four of my grandparents, who likely instilled the importance of education into 
my parents, and also allowed me to pursue my curiosity with as little monetary fear as 
possible. That is the ultimate privilege, and one that not many have. It is one that has 
changed my life, and one that I am eternally grateful for.   
 Secondly, I thank my friends. When far from traditional support structures, my 
friends were the ones solely responsible for helping me get through the hardest and 
most celebratory times of my Ph.D. I couldn’t have done this without them. High on 
the list of friends to thank are the Rosenblum lab members: Karina Klonoski, Andrew 
Rothstein, Maddie Girard, Allie Byrne, Clay Noss, Simone Des Roches, and Tom 
Poorten. Over the past 5.5 years these people have been more than friends. They have 
been coworkers, classmates, collaborators, field companions, and solid rocks of 
support through thick and thin. I couldn’t have done it without them. Also high on 
the list of friends instrumental in helping me achieve this Ph.D. are Marisa Ishimatsu, 
Joseph Blasher, all of my housemates at The Convent, and last, but absolutely not 
least, Allie Lieber for her tireless help over the last two years.  
 Finally, I thank Bree and all of the other professors that have nurtured my love 
of science and nature for as long as I can remember. Bree not only supported my 
science throughout my Ph.D. process, she, maybe more importantly, relentlessly 
supported my happiness every step of the way. I am eternally grateful to her for her 
wisdom on happiness, success, work-life balance, what it means to be a “good” 
person, and, of course, adaptation (both personal and evolutionary). Numerous other 
professors encouraged my scientific career by being inspiring teachers, nurturing my 
earliest scientific endeavors, allowing me the freedom to experiment for the first time, 



 iv 

or just by inspiring scientific greatness. I am eternally grateful to them as well. They 
include Harry Greene, Mary Garvin, Michael Moore, Catherine McCormick, and Dr. 
Friedman.   



 1 

 
 
 
 
 
 
 
 

1 
Geographic Color Variation and Physiological Color 

Change in Eastern Collared Lizards (Crotaphytus collaris) from 
Southern New Mexico, USA 

 
 
 
 

ABSTRACT 

BIOLOGISTS HAVE LONG USED cases of geographic variation in squamate 
coloration to understand evolutionary process. Many factors can contribute to 
geographic color variation including natural selection, sexual selection, and genetic 
drift. In squamates, phenotypic plasticity can also play an important role in color 
variation because color can change during maturation, across seasons, and over short 
time-scales in response to environmental stimuli. Here we quantify geographic color 
variation and assess the contribution of physiological plasticity (rapid color change) in 
populations of eastern collared lizards (Crotaphytus collaris). First, we quantified the 
dorsal coloration of four geographically distinct populations of C. collaris: two 
putatively melanistic populations on lava flows and two typically colored populations 
from the surrounding desert. Second, we quantified the degree of physiological color 
change with stress and temperature, two factors known to affect reptile coloration 
over short time scales. We found that populations differed significantly in overall 
coloration, but that only one of the two lava flow populations was significantly darker 
than its neighboring population. Both lava flow populations exhibited less contrast 
with their respective substrates than the desert populations. All populations exhibited 
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some physiological color change, but the degree of color plasticity was much narrower 
than the differences in color across populations. Future studies on the genetics of 
coloration will be necessary to understand the specific mechanisms contributing to 
color variation in C. collaris, but our results suggest that natural selection for 
background matching likely plays a role in this system.  
 
 

INTRODUCTION 
 

 For hundreds of years, biologists have noted that coloration is important for 
crypsis through background matching (Darwin 1794; Cott 1940; Endler 1978). In fact, 
background matching is often assumed to be evidence for natural selection (Darwin 
1794; Poulton 1890; Lewis 1949); however, coloration also serves other functions. In 
squamates, for example, color patches can act as social signals, and sexual selection on 
these signals can produce dramatic variation in coloration within and among species 
(Zucker 1989; Losey 2003). Moreover, coloration is important for thermoregulation in 
squamates as body color can affect the efficiency of heat absorption from - or 
reflection to - the environment (Gunn 1998; Clusella-Trullas et al. 2007; Langkilde 
and Boronow 2012).  
 Squamate coloration can change in response to environmental conditions over 
multiple time scales. Over longer timescales at the population level, coloration can 
evolve across generations, when the coloration is heritable. However, color can also 
change at the individual level over shorter time scales via phenotypic plasticity (Price 
2006). For example, many squamates change coloration over ontogenetic time scales 
that usually coincide with sexual maturation or seasonal cues (Ferguson 1976; 
Carpenter 1995; Wilson et al. 2007). Over the shortest timescales, many squamates 
can change coloration rapidly with temperature and/or stress (termed physiological 
color change, Hadley and Goldman 1969; Luke 1994; Rosenblum 2005), usually 
through the aggregation and dispersal of melanin granules (Hadley and Goldman 
1969; Stuart-Fox and Moussalli 2009).  
 To more fully understand the causes and consequences of color variation in the 
wild, it is essential to first document geographic patterns of color variation and to 
assess the role of plasticity. Documenting geographic color variation can lay a 
foundation for exploring the mechanisms underlying intraspecific variation. Assessing 
physiological color change is also an important preliminary step to understand 
whether observed patterns of color variation can be explained simply by organismal 
response to short-term environmental stimuli.  
 Eastern collared lizards (Crotaphytus collaris) have become an important natural 
model system for understanding intraspecific geographic color variation in squamates. 
Crotaphytus collaris populations throughout the southwestern United States vary in 
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dorsal coloration (McCoy et al. 1997; Macedonia et al. 2004). While previous work in 
this species has suggested that coloration may play a role in intraspecific signaling 
and/or crypsis to avoid visually oriented predators (McCoy et al. 1997; Macedonia et 
al. 2002; Baird 2008), little is known about the contribution of plasticity to observed 
color variation in C. collaris. As a first step towards disentangling the factors that 
contribute to color variation in this species, we examined geographic variation in 
dorsal coloration and the potential for physiological color change in four populations 
of C. collaris in New Mexico: two typical desert populations and two lava flow 
populations where the lizards have been noted as melanistic or darkened in coloration 
(Lewis 1949; Best et al. 1983). Our study had three objectives. First, we quantified 
geographic color variation in the four focal populations of C. collaris. We hypothesized 
that lizards on lava flows would be darker than lizards found on typical desert 
substrates. Second, we quantified degree of substrate-matching in C. collaris when at 
active body temperature. We hypothesized that darker coloration of lava flow lizards 
would minimize contrast with their dark basalt substrates. Finally, we quantified the 
contribution of physiological color change to color variation in C. collaris. Both 
temperature and stress can trigger reptile color change (e.g., increased stress can cause 
lizards to darken in coloration [Hadley and Goldman 1969], and increased 
temperature can cause lizards to lighten [Luke 1994; Rosenblum 2005]). Therefore, we 
used both temperature and acute physiological stress treatments to assess color 
variation in C. collaris over short time scales. We hypothesized that physiological color 
change would not fully explain geographic color variation in the four focal 
populations of C. collaris.   

 
 
 
 

MATERIALS AND METHODS 
 
 

Lizard Capture and Photography 
 

 We collected Crotaphytus collaris from four populations in south-central New 
Mexico during June and July 2013 (Fig. 1). We collected lizards from two lava flow 
populations: the Pedro Armendariz lava flow (33.528950° N, 106.883146° W; WGS 
84; hereafter referred to as Lava 1; sample size n = 15, 6 male, 9 female) and the 
Carrizozo lava flow (33.707654° N, 105.932644° W; hereafter referred to as Lava 2; n 
= 19, 13 males, 6 females). We also collected lizards from populations adjacent to the 
lava flows in the Chihuahua desert: Elephant Butte State Park (33.137365° N, 
107.177106° W; hereafter referred to as Desert 1; n = 22, 17 male, 5 female) near Lava 
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1, and the Oscura Mountains (33.692935° N, 106.248983° W; hereafter referred to as 
Desert 2; n = 19, 12 male, 7 female) near Lava 2. We captured the lizards by noose 
and transported them back to a field laboratory for analysis. We only used adult C. 
collaris that showed no obvious signs of ecdysis for this study. We classified lizards as 
adults if they exceeded the minimum SVL at reproduction established for populations 
from Arizona, New Mexico and west Texas (64mm for females [Ballinger and Hipp 
1985], 88mm for males [Parker 1973]). We sexed the adult lizards based on the 
presence of hemipenes, enlarged femoral pores and enlarged post-anal scales. We also 
took a sample of the same rock on which the lizard was first seen for substrate color 
quantification. Lizards were never found on a substrate other than a rock. 

We used photographs to quantify lizard and substrate coloration. We 
photographed all lizards and substrates in a standardized manner adapted from 
Stevens et al. (2007) using a Panasonic Lumix DMC-FZ28. Lizards were always 
photographed within four hours of capture. We took the photographs in natural light 
between the hours of 12:00 and 15:00 under a cloudless sky. To maintain constant 
and diffused lighting for each photograph and a constant height above the subject, we 
photographed the lizards and substrates inside an upside-down, white 5-gallon bucket 
via a hole cut into the bottom of the bucket. We photographed all lizards on a white 
poster-board background with a white, grey, and dark grey standard (Adorama 
QPcard 101) present. We chose a white background to standardize across populations 
without approximating the natural background color of any one population, although 
background matching via visual stimuli is not known to occur in C. collaris. 

Each lizard was subject to four treatments to understand the effect of 
temperature and stress on coloration: low/high, high/high, low/low, high/low, for 
temperature/stress respectively. Our aim was to assess physiological color change in 
C. collaris under a realistic range of temperature and stress conditions, representative of 
conditions that animals may experience in nature. For the temperature treatments, we 
measured lizard coloration at temperatures above (~38°C) and below (~30°C) mean 
active body temperature. Both the high and low temperature treatments were within 
the range of observed temperatures for these lizards in nature (ARK personal 
observation; Brattstrom 1965). For the stress treatments, while none of the lizards 
were completely unstressed, we created high stress and a low stress conditions. 
Specifically, we measured lizard coloration after extensive handling (high stress) and 
after no handling (low stress), as handling is known to stress lizards (Langkilde and 
Shine 2006).  

We took all color measurements for the temperature and stress treatments 
between 12:00 and 15:00 to avoid diel coloration changes. To minimize undue stress 
of repeatedly heating and cooling lizards and to ensure that lizards were only heated 
twice during our experiments (once for each treatment), we applied treatments in a 
standardized order. First, within four hours of capture from the field, we measured 
the lizards as low temperature and high stress. We cooled the lizards by keeping them, 
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in their enclosures, in the shade. We stressed the cool lizards for approximately 10 
minutes by extensive handling, including taking morphology measurements and a tail 
clip for future DNA analyses. These activities are shown to induce stress in lizards 
(Langkilde and Shine 2006). We then took cloacal temperature with an Omega HL-11 
thermocouple (µ = 31.7 ± 2.6°C, n = 60), ensuring that the lizards were near 30.0°C 
(below a mean active body temperature of 36.3°C [Brattstrom 1965]). We then took 
the low temperature/high stress picture. When necessary, we lowered the lizard’s 
temperature by placing them, in their cage, in a refrigerated cooler for fewer than 5 
minutes. It is unlikely that lizards recovered from being stressed in this time as 
recovery to baseline stress levels takes more than 2 hours (Langkilde and Shine 2006). 
Second, we photographed the lizards under the high temperature/high stress 
treatment. We warmed the lizard in the sun to a measured body temperature near 
38.0°C (above the mean active body temperature of 36.0°C; µ = 37.4 ± 1.2 °C, n = 
57). In order to maintain higher levels of stress during the warming period, we 
warmed lizards in our hands or in a cage that was within 1.5m of a human and 
frequently moved. Third, we photographed the lizards under the low temperature/low 
stress treatment. We allowed the lizards to rest in a cage out of sight of a human a 
period long enough to return to a base-line unstressed condition (more than 2 hours, 
Langkilde and Shine [2006]). To decrease stress as much as possible, we did not 
handle lizards for more than 1 minute. We measured cloacal temperature (µ = 28.8 ± 
3.5 °C, n = 69) and then took the low temperature/low stress photograph. Fourth, we 
photographed the lizard under the high temperature/low stress treatment. We allowed 
the low temperature/low stress lizards to warm up in the bucket in the sun and out of 
human sight for approximately 5 minutes until their temperature was over 36 °C. To 
avoid prematurely removing the lizard and inducing extra handling stress, we first 
noted their temperatures using an infrared thermometer (Nubee NUB8380). We then 
took the high temperature/low stress picture and lastly measured the lizard’s cloacal 
temperature (µ = 38.2 ± 1.81 °C, n = 71).  

 
 

Photographic Analysis and Color Space Creation 
 

 To extract color measurements from our photographs, we followed Stevens et 
al. (2007). We first standardized the colors of each photograph using the known 
values of the color standards present in each photo using the function Curves 
(Whiteley et al. 2009) in Adobe Photoshop CS6 (a process called linearization and 
equalization, Stevens et al. 2007). We confirmed linearization by plotting the measured 
reflectance of the white, grey, and dark grey standards in each photograph against the 
known reflectance values of the standards (adjusted R2 = 0.991, 0.991 and 0.990 for 
red, green and blue channels respectively). Using the plugin RGB Measure in ImageJ 
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(v. 1.47, NIH, Bethesda, MD), we then extracted the three color values for each pixel 
of a photograph: red, green and blue (or RGB for short). 

We focused our analysis on dorsal coloration because this is the body region 
most exposed to visually-oriented avian predators and thus most relevant for crypsis. 
We analyzed a 75x75 pixel square over the central dorsal midline of the lizards (see 
Macedonia et al. 2004, Fig. 1, position five for the precise location), which equated to 
0.64 cm2 along the dorsum of each lizard. We focused on this location and sized area 
to 1) average over mottling patterns on the dorsum and have a proxy for coloration as 
viewed directly from above (relevant for the avian predators of C. collaris in New 
Mexico noted in Macedonia et al. [2002]), 2) avoid sexual signaling patches present on 
the legs and lateral areas (Macedonia et al. 2002) and 3) have a standardly sized area 
across all individuals. The present study focused on color, not pattern, so we averaged 
color values from each pixel over the 75x75 pixel square. We averaged R values, G 
values, and B values separately. 

Next, we converted the RGB values into measurements meaningful to the 
vertebrate visual system. Vertebrates use differences in luminance to detect motion 
and use differences between the R, G and B channels to detect hue and chroma 
(Endler and Mielke 2005; Endler 2012). We converted our RGB values into three 
axes: one for luminance and two for the differences between the R, G and B channels 
following Endler (2012) and McKay (2013). The z-axis was R+G+B and represented 
luminance, or brightness. The x-axis was (R-G)/(R+G), or the difference between the 
red and green channel. Finally, the y-axis was (G-B)/(G+B), or the difference 
between the green and blue channels. Thus, the dorsal color of each lizard could be 
described as a point in this three-dimensional color space. Finally, we converted each 
point in the color space to luminance, hue and chroma values (following Endler and 
Mielke [2012]) for simplicity of interpretation. As stated above, the z-axis represented 
luminance. The angle between the point in this three-dimensional color space and the 
x-axis was hue, with a hue of 0° corresponding to red. The distance between the point 
and the y-axis was chroma. Thus, luminance is a measure of brightness (increasing 
with increasing brightness), hue is a measure of dominant wavelength (increasing a 
color becomes less red), and chroma is a measure of saturation (increasing with 
increasing saturation).  

 
 

Statistical Analyses 
 

We structured our analyses into three parts to quantify geographic color 
variation in C. collaris and the contribution of physiological color change to the 
observed color variation. First, we quantified differences in coloration among 
populations at a constant temperature and stress level. Second, we quantified the 
degree to which individuals contrasted from their backgrounds, and whether contrast 
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differed among populations. Third, we investigated the effect of temperature and 
stress on coloration within each population. Methodological details are provided 
below for each of the three analyses. 

First, we asked whether populations differed in coloration. We analyzed data 
from lizards when they were under the high temperature/low stress treatment, as this 
is closest to the conditions that they experience throughout the day (Brattstrom 1965). 
To get a general understanding whether lizard coloration varied geographically, we put 
the three axes of our color space (R+G+B, (R-G)/(R+G) and (G-B)/(G+B)) into a 
scaled Principle Components Analysis (PCA). All three axes of our color space 
contributed to PC1 (which explained 45.4% of the variance in the dataset), suggesting 
that PC1 provided a reasonable understanding of overall color. We then ran an 
ANOVA with PC1 as the dependent variable and sex, population and their interaction 
as independent variables. Given that we were most interested in whether the lava flow 
lizards were significantly darker than the lizards from the surrounding desert, we also 
conducted an ANOVA with luminance as the dependent variable and sex, population 
and their interaction as independent variables. Finally, we conducted post-hoc Tukey 
tests to determine which populations were significantly different in luminance from 
each other. 

Second, we investigated the degree of contrast between the lizards and the 
substrates on which they were caught. Again, we analyzed lizards from the high 
temperature/low stress treatment only. To determine if the substrates from different 
localities varied in overall coloration, we conducted a PCA with the color space values 
(R+G+B, (R-G)/(R+G) and (G-B)/(G+B)) from the substrates on which the lizards 
were found. All three axes of our color space contributed to PC1 (which explained 
66.2% of the variance in the dataset), again suggesting that PC1 provided a reasonable 
understanding of overall substrate color. As above, we conducted ANOVA with PC1 
as the dependent variable and population as the independent variable. Again, given 
that we were most interested in determining whether or not lava substrates were 
significantly darker than the surrounding desert substrates, we conducted an ANOVA 
with luminance as the dependent variable and population as the independent variable. 
Following a significant result, we conducted post-hoc Tukey tests to determine which 
substrates differed significantly in luminance. Next, we calculated the Euclidean 
distance (ED) between the lizard and their substrate following Endler and Mielke 
(2005). To determine if the degree to which lizards contrast from their substrate 
differed across populations, we ran an ANOVA with the ED values as a dependent 
variable and population and sex as independent variables. Following a significant 
result, we conducted post-hoc Tukey tests to determine which populations had 
significantly different degrees of contrast. Finally, to determine whether lizards were 
significantly lighter than their substrates, we ran t-tests (McKay 2013) between the 
lizards and their substrate for luminance.  
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Third, we assessed the effect of temperature and stress on lizard coloration for 
each population. As above, we first conducted a PCA, this time including color 
measurements of lizards under all four temperature/stress treatments. Again, all three 
axes of our color space contributed to PC1 (which explained 54.1% of the variance in 
the dataset), again suggesting that PC1 provided a reasonable understanding of overall 
substrate color. First we ran ANOVAs with PC1 as the dependent variable and sex, 
temperature, population and stress to determine whether temperature and/or stress 
affected lizard coloration. Following a significant result for the population term, we 
separated the data by population to determine whether the effects of temperature 
and/or stress were different among the four populations. We were most interested in 
determining whether lizards changed in brightness with temperature or stress, so we 
also conducted the same ANOVA as above on each population, but with luminance 
as the dependent variable. Because the temperature/stress analyses included more 
than one measurement per individual (e.g. measurements at multiple treatments), we 
always used individual as a random effect. Next, to quantify each lizard’s degree of 
physiological color change with temperature, we calculated the ED between the 
lizard’s warm coloration and cold coloration. We tested whether populations of 
lizards differed in their degree of physiological color change with temperature by 
running an ANOVA with the ED values for each lizard as the dependent variable and 
population, stress and sex as the independent variables, with individual as a random 
effect.   

Finally, while our goal was not to quantify sexual dichromatism, sexual 
dichromatism does occur in C. collaris (McCoy et al. 1997; Macedonia et al. 2004). 
Despite evidence that sexual dichromatism is less pronounced in populations of C. 
collaris from southern New Mexico (Macedonia et al. 2002), we included sex, its 
interaction terms, and pooled males and females in all of the above models to 
determine whether 1) observed color variation could be explained by sexual 
dichromatism, and 2) our treatments affected male and female coloration differently. 
All statistical analyses were conducted in R (v. 3.2.3, R Core Team, Vienna, Austria). 

 
 

RESULTS 
 

Crotaphytus collaris populations in our study area differed significantly in 
coloration. Populations varied significantly in overall color (PC1; F = 6.84, df = 3, P 
< 0.001) and also specifically in luminance (F = 5.06, df = 3, P = 0.003). Most 
importantly, post-hoc Tukey tests revealed that Lava 2 was significantly darker than 
both Desert populations (Lava 2-Desert 1 luminance post-hoc Tukey P-value = 0.003; 
Lava 2-Desert 2 luminance post-hoc Tukey P-value = 0.018; Fig. 2). Sex was not a 
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significant predictor of color variation among populations (with PC1: F = 2.06, df = 
1, P = 0.15; with luminance: F= 0.59, df = 1,  P = 0.44).		

	

Fig. 1: Satellite image of sampling locations in southern New Mexico. Lava 1: the Pedro Armendariz 
lava flow; Lava 2: the Carrizozo Lava flow; Desert 1: Elephant Butte State Park; Desert 2: the 
Oscura Mountains. Satellite image courtesy of Google Earth. 

The substrates on which lizards were found also varied across localities in 
overall color (PC1; F = 20.9, df = 3, P < 0.001) and in luminance (F = 23.26, df = 3, 
P < 0.001). Lava substrates were significantly darker than Desert substrates (Lava 1-
Desert 1 luminance post-hoc Tukey P-value < 0.001; Lava 1-Desert 2 luminance post-
hoc Tukey P-value < 0.001; Lava 2-Desert 1 luminance post-hoc Tukey P-value < 
0.001; Lava 1-Desert 2 luminance post-hoc Tukey P-value < 0.001).  Substrates from 
the two Desert localities were not significantly different from each other, nor were 
substrates from the two Lava localities different from each other in luminance (Lava 
1-Lava 2 post-hoc Tukey P-value 0.87; Desert 1-Desert 2 post-hoc Tukey P-value 
0.26). 

The degree of background matching between lizards and their substrates 
differed among populations (F = 5.03, df = 3, P = 0.003). Post-hoc Tukey tests 
revealed that lizards from both Lava populations contrasted significantly less from 
their backgrounds than those from Desert 1 (Lava 1-Desert 1 post-hoc Tukey P-value 
= 0.009; Lava 2-Desert 1 post-hoc Tukey P-value = 0.025) but not Desert 2 (Lava 1-
Desert 2 post-hoc Tukey P-value = 0.09; Lava 2-Desert 2 post-hoc Tukey P-value = 
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0.21). Individuals from Desert 1 and Desert 2 were significantly brighter than their 
substrates (Desert 1: T = -6.15, df = 33.48, P > 0.001; Desert 2: T = -4.07, df = 26.53, 
P > 0.001), whereas individuals from the Lava populations were not significantly 
darker or lighter than their substrates (Lava 1: T = 0.74, df = 19.27, P = 0.46; Lava 2: 
T = -0.96, df = 21.94, P = 0.34).   

	
Fig. 2: Physiological color change and geographic color variation in Crotaphytus collaris. Mean and 
standard error values are shown for luminance at high (black) and low (grey) temperature treatments. 
Larger luminance values indicate brighter coloration. For physiological color change, significant 
changes in luminance between high and low temperatures are indicated with * (post-hoc Tukey Test 
P-value less than 0.001). For geographic variation, population-level differences were assessed for 
individuals in the high temperature treatment only and are separated into different significance 
groups, A and B (post-hoc Tukey Test P-value less than 0.05). 

Evaluating overall coloration, using PC1, for all samples together, we found 
that dorsal coloration varied significantly with temperature (F = 15.69, df = 1, P > 
0.001), population (F = 11.31, df = 3, P > 0.001), and sex (F = 8.15, df = 3, P = 
0.004), but not with stress, or any of the interaction terms. When analyzing each 
population separately, only Lava 1 individuals were significantly brighter at higher 
temperature (F = 8.95, df = 1, P = 0.005; Fig. 2). Evaluating only the luminance 
aspect of coloration, brightness did not vary with stress, sex or any of the interaction 
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terms in any of the populations. Analyses with ED values also suggested that the 
degree of color change did not differ among populations or with sex. 

 
 

DISCUSSION 
 

 We found significant differences among C. collaris populations in coloration 
even over fine geographic scales (i.e., populations separated by less than 30km). The 
Lava 2 population (Carrizozo) was significantly darker than all other populations (Fig. 
2), consistent with our hypothesis that lava flow lizards would be darker to match 
their substrate. Lava 1 lizards were neither significantly different in brightness from 
Lava 2 nor the Desert lizards (Fig. 2). Lizards from both lava flow populations 
showed less overall contrast with their substrates than those from the two desert 
populations, indicating a higher degree of background matching in the lava flow 
populations. There are several possible explanations for why Lava 1 lizards are not as 
dark as Lava 2 lizards. Lava 2 (Carrizozo) is geologically young (5,200 years; Dunbar 
1999) and characterized by dark basalt rocks with little vegetation. Lava 1 (Pedro 
Armendariz) is much older (760,000 years old, Bachman and Mehnert 1976) and has 
more vegetation and patches of lighter sand between rockier areas. Therefore, 
although the lava substrate is comparable in color for the two lava flows, lizards at 
Lava 1 may be lighter to decrease contrast in a more heterogeneous habitat (Merilaita 
et al. 1999). It is also possible that demographic factors (e.g. levels of gene flow 
between desert and lava populations) could differ between Lava 1 and Lava 2 and also 
affect population coloration.  
 The lower contrast in lizards from lava flow populations suggests that 
coloration may serve an adaptive function for crypsis in these populations. Previous 
studies have shown that C. collaris may be cryptic towards both predators and prey 
(Baird 2008). It is possible that lizards on non-lava substrates may be cryptic in other 
aspects of color not measured here (such as hue and chroma), or with behavioral 
differences, despite contrasting in luminance. Studies that measure visibility of 
different color morphs on different backgrounds in appropriate predator visual 
systems could be used to more explicitly assess the possible contribution of natural 
selection for substrate matching in this system. Coloration also likely plays an 
important role in these populations with regard to thermoregulation. The dark lava 
flow rocks likely absorb more heat than the adobe rocks of the surrounding desert 
and thus create a different thermal environment for C. collaris. If thermoregulation 
were the dominant process affecting lizard coloration on lava flows, one would expect 
lizards to be lighter in color in order to increase reflectance. Given that we did not 
find evidence that lizard on lava flows were lighter in coloration, it is possible that 
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there is an adaptive, possibly behavioral, tradeoff between thermoregulation (i.e., to 
avoid overheating on the darker rockss) and crypsis in the melanistic population.  
 Sexual dichromatism is common in other populations of C. collaris (McCoy et 
al. 1997; Macedonia et al. 2004), but previous studies have found reduced sexual 
dichromatism in C. collaris from New Mexico compared to other desert populations of 
C. collaris (Macedonia et al. 2002). Similarly, we did not find pervasive evidence for 
sexual dichromatism in the populations we studied despite collecting our data during 
the breeding season for these populations (Ballinger and Hipp 1985), the time when 
sexual dichromatism is greatest (McGuire 1996). Despite having larger sample sizes 
than Macedonia et al. (2002), where they were able to robustly detect sexual 
dichromatism, only one of our analyses revealed a significant effect of sex on lizard 
coloration (our repeated measures ANOVA).  
 All of our focal populations exhibited significant difference in overall 
coloration with increasing temperature. Specifically, dorsal coloration tended to 
lighten with increasing temperature in C. collaris, as is true for many reptile species 
(Hadley and Goldman 1969; Hedges et al. 1989; Rosenblum 2005). We found no 
evidence that our stress treatments effected lizard coloration. However, the observed 
physiological color change due to temperature does not explain population-level 
differences in coloration. Even when lizards from the Lava 2 population were warm 
and at their brightest, they were still significantly darker than all Desert populations 
investigated (Fig. 2). Thus, physiological color change contributes to color variation in 
this system but does not explain the geographic differences in coloration among 
populations.   
 In conclusion, we found that C. collaris coloration varied across populations and 
that C. collaris from the Carrizozo lava flow are indeed melanistic as hypothesized by 
Lewis (1949). Our results add to the growing body of knowledge about melanistic 
vertebrate species found at the Carrizozo lava flow (e.g., Hoekstra and Nachman 
2003; Rosenblum et al. 2007; Hardwick et al. 2013). To develop a deeper 
understanding of why lizards on lava flows are often melanistic, future studies in this 
system should focus on understanding heritability of color traits, trade-offs between 
crypsis and thermoregulation, lizard habitat use, and levels of gene flow across 
habitats to determine what factors influence observed differences in coloration. 
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2 
Local Adaptation Does Not Lead to Genome-Wide 

Differentiation in Lava Flow Lizards 
 

 

 ABSTRACT 
 

ADAPTATION CAN OCCUR with or without genome-wide differentiation. If 
adaptive loci are linked to traits involved in reproductive isolation, genome-wide 
differentiation is likely, and speciation is possible. However, adaptation can also lead 
to phenotypic differentiation without genome-wide differentiation if levels of ongoing 
gene flow are high. Here we use the replicated occurrence of melanism in lava flow 
lizards to assess the relationship between local adaptation and genome-wide 
differentiation. We show that local phenotypic differentiation (melanism) never 
accompanies genome-wide differentiation in this system – regardless of whether the 
lava formation is 5,000 or up to 760,000 years old. We also infer that gene flow 
between melanistic and non-melanistic morphs is ongoing in all five melanistic 
populations surveyed. Recent work in the Isolation by Environment, and ecological 
speciation literature suggests that environmentally-driven genome-wide differentiation 
is common in nature. However, it is important to remember that local adaptation is 
often simply local adaptation rather than an early stage of ecological speciation.  
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INTRODUCTION 
 
 Given that environmental differences can lead to genome-wide differentiation, 
and even speciation, among populations, it is crucial to understand the interplay 
between geography, ecology and genomics in population differentiation. There are a 
number of ways that geographic and ecological factors can lead to genome-wide 
differentiation across populations. A common pattern is Isolation by Distance (IBD; 
Wright 1943), whereby gene flow across populations decreases with physical distance. 
Environmental differences can also lead to genomic differentiation - independent of 
geographic distance - referred to as Isolation by Environment (IBE; Sexton et al. 
2014; Wang and Bradburd 2014). Environmental transitions can generate genomic 
divergence with or without adaptation, for example when extrinsic barriers reduce 
gene flow across an ecotone. Isolation by Adaptation (IBA; Nosil et al. 2008) is a 
particular case of IBE, in which adaptation plays a central role in genomic patterns of 
divergence. Cases of IBA demonstrate that adaptation can lead to patterns of 
differentiation across the genome due to linkage among loci and/or restricted gene 
flow promoting genome-wide genetic drift (Nosil et al. 2008; Funk et al. 2011).  
 Of course adaptation does not always lead to genome wide differentiation, 
especially when locally adaptive phenotypes have a simple genetic basis and no 
consequences for reproductive isolation. While examples of IBA and IBE are 
increasingly common in the literature (Seehausen et al. 2008; Funk et al. 2011; Orsini 
et al. 2013; Shafer and Wolf 2013; Sexton et al. 2014), some authors suggest that there 
may be a publication bias against studies that do not find a correlation between 
genetic differentiation and environmental differences (Feder et al. 2012; Shafer and 
Wolf 2013). To better understand the full range of correlations between genetic 
differentiation and environmental differences, it is thus crucial to identify cases where 
patterns of genomic variation across environmental gradients do not follow patterns 
expected under IBE or IBA.  Moreover, with the increased focus on cases of IBE and 
IBA that lead to genome-wide differentiation, replicated studies across species and 
evolutionary timescales are needed to understand the frequency with which - and the 
conditions under which - local adaptation does and does not lead to genome-wide 
differentiation in the wild. 
The lava flows of the Chihuahua Desert in New Mexico represent an ideal place to 
study how common IBA and IBE are in the wild because multiple species on multiple 
lava flows allow us to evaluate whether patterns of genetic variation are shared across 
multiple species and environmental replicates. The dark basalt rocks of the lava flows 
contrast with the surrounding adobe colored soils, and many vertebrates exhibit 
darker - melanistic (Majerus 1998) - color morphs on the lava flows (Lewis 1949, 
1951; Best et al. 1983; Hoekstra and Nachman 2003; Rosenblum 2005). Given that 
numerous lava flows are within approximately 100 miles of each other in the 
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Chihuahua Desert, they draw from a similar pool of colonists and represent multiple 
replicates of colonization, adaptation and community assembly. Here we focus on 
three lava flows that vary in age and composition, thus representing different 
snapshots of evolution and adaptation since initial colonization. The youngest lava 
flow is only 5,000 years old, and has homogeneously black substrate with little 
intervening tan sand (Dunbar 1999). In the older 106,000 and 760,00 year-old lava 
flows, sand accumulates between the black rocks creating a more heterogeneously 
colored background (Hoffer 1975; Bachman and Mehnert 1978).  
Here we focus on understanding patterns of local adaptation and genomic 
differentiation in reportedly melanistic populations of three lizard species distributed 
across three lava flows. Lava flow populations of Crotaphytus collaris, Sceloporus cowlesi 
and Uta stansburiana at the New Mexico lava flows and other lava flows have been 
reported to be significantly darker than surrounding desert populations (Rosenblum 
2005; Corl et al. 2012; Micheletti et al. 2012; Krohn and Rosenblum 2016). Melanism 
in lava flow lizards is likely an adaptation for crypsis. Visually hunting diurnal 
predators are known to prey on color-mismatched lizards (Luke 1989). Mismatched 
color morphs of these species have never been documented, and lava flow lizards 
actually match their background better than lizards from surrounding non-lava flow 
populations (Rosenblum 2005; Corl et al. 2012; Micheletti et al. 2012; Krohn and 
Rosenblum 2016). Dark coloration in lava flow lizards appears to be heritable as the 
degree of melanism does not change ontogenetically, is not influenced by the 
juvenile’s substrate and correlates strongly with paternal coloration (Rosenblum 2005; 
Corl et al. 2012; Micheletti et al. 2012). Additionally, while lizards can change color 
over short time periods, physiological color change is insufficient to explain the 
observed differences in coloration in these species (Rosenblum 2005; Micheletti et al. 
2012; Krohn and Rosenblum 2016).  
Our aims were to quantify local adaptation and genomic differentiation between lava 
flow populations and non-lava flow populations and to determine what factors 
contributed to observed patterns. Our sampling approach used population-trios 
(where we compared each focal lava flow population with two nearby non-lava flow 
populations) to disentangle Isolation by Distance and Isolation by Environment. 
Across five replicated population trios (in three different species), we quantified color 
variation, measured genetic variation using restriction associated DNA sequencing 
(Peterson et al. 2012), and estimated migration rates using demographic simulations.  
 
 

MATERIAL AND METHODS 
 

Phenotypic Data 
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Sampling and Color Quantification 
 

 We sampled five populations of three species of lizard across three lava flows. 
We caught lizards from the Carrizozo Lava Flow, Aden Afton Lava Flow and Pedro 
Armendariz Lava Flow, and surrounding areas of south-central New Mexico between 
June and August, 2013 and 2015. Our sampling scheme focused on population trios: 
for each lava flow lizard population, we also caught lizards from two non-lava flow 
populations (Fig. 1). For clarity, each population trio will be referred to by an 
abbreviated version of the lava flow name and a species. At Carrizozo Lava Flow, we 
quantified the dorsal coloration of 18 Crotaphytus collaris (CZLF-Crotaphytus), and 26 
Sceloporus cowlesi (CZLF-Sceloporus). We included additional phenotypic data of S. cowlesi 
at Carrizozo Lava Flow from previous studies (Rosenblum 2006). Surrounding the 
Carrizozo Lava Flow (non-lava flow populations), we quantified the dorsal coloration 
of five C. collaris from Carrizozo Private Land Partnership (CP), 18 C. collaris from the 
Oscura Mountains (OS), seven S. cowlesi from Tularosa (TU) and six S. cowlesi from 
Rita Site (RI). At Aden Afton Lava Flow (AALF), we quantified the dorsal coloration 
of eight Urosaurus ornatus (AALF-Urosaurus). Surrounding the Aden Afton Lava Flow, 
we quantified the dorsal coloration of seven U. ornatus from Corralitos Ranch Road 
(CR) and six from the Organ Mountains (OM). At the Pedro Armendariz Lava Flow 
(PALF), we quantified dorsal coloration in 14 C. collaris (PALF-Crotaphytus) and five S. 
cowlesi (PALF-Sceloporus). Surrounding the Pedro Armendariz Lava Flow, we quantified 
the dorsal coloration of 23 C. collaris from Elephant Butte (EB), five C. collaris from 
Big Gyp Mountain (BG), five S. cowlesi from Mesa Camp (MC) and five S. cowlesi from 
Bosque del Apache (BD).  
 For all populations trios except the trio that included S. cowlesi from Carrizozo 
Lava Flow, we used photographs to quantify dorsal coloration. We followed the 
procedures outlined in Krohn and Rosenblum (2016) to take standardized 
photographs of the lizards, using the same camera and camera settings as in Krohn 
and Rosenblum (2016). Briefly, we photographed lizards at their mean operating body 
temperature (C. collaris at 36°C, S. cowlesi at 35°C and U. ornatus at 35°C) according to 
Brattstrom (1965). We photographed all lizards on white paper in an upside-down 
bucket in direct sunlight to allow for a diffuse, constant light source for all 
photographs. All photographs included a white, grey and black standard (Adorama 
QPcard 101) for color standardization. We imported photographs in RAW format, 
linearized the photographs using the grey and white standards in Photoshop, and then 
exported the photographs in the lossless TIF format (Krohn and Rosenblum 2016). 
To quantify overall dorsal coloration, we took the average R, G, and B values across a 
75x75 pixel square in C. collaris (Krohn and Rosenblum 2016), across the dorsal 
midline stripe in S. cowlesi (Rosenblum 2006), and across the entire dorsal body surface 
of U. ornatus in ImageJ using the plugin RGB Measure (v1.47, National Institutes of 
Health, Bethesda, MD). To convert the RGB values to a color space meaningful for 
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most vertebrate visual systems, we used properties of color and brightness opponency 
(Osorio et al. 1999; Endler and Mielke 2005; Endler 2012) to calculate values of hue, 
chroma and luminance from the RGB values as in Krohn and Rosenblum (2016). 
Given that luminance explains significant differences in coloration between lava flow 
and non-lava flow lizards (Rosenblum 2006; Krohn and Rosenblum 2016), we used 
luminance to compare lizard coloration in all our subsequent analyses.  
We quantified coloration of the population trio that included S. cowlesi from the 
Carrizozo Lava Flow using a spectrophotometer. For CZLF-Sceloporus and RI we 
integrated the raw reflectance data from Rosenblum (2006). For lizards from TU, we 
collected and analyzed reflectance data identically, but used an Ocean Optics Jaz 
spectrophotometer. As above, and in Rosenblum (2006), we compared the luminance 
of S. cowlesi at active body temperature. 
For each trio of populations, we used an ANOVA to determine whether populations 
varied significantly in luminance. We ran an ANOVA with luminance values as the 
dependent variable, and population as the independent variable. If luminance was 
significant, we ran post-hoc Tukey tests to determine which populations differed 
significantly in luminance. We used R (v. 3.3.1, R Development Core Team 2008) for 
all our statistical analyses.  
 
 

Genotypic Data 
 

Sampling and RAD Sequencing 
 

 We used a subset of the same individuals used in the phenotypic analyses for 
the genotypic analyses. Given that accurate inferences can be made from few 
individuals per population when one uses individual based population genetics 
methods and samples thousands of loci per individual (Felsenstein 2006; Prunier et al. 
2013; Barley et al. 2015), we sequenced 5-8 individuals from each lava flow 
population, and each of the two non-lava flow populations. We constructed a double-
digest RADseq library (Peterson et al. 2012), for 96 individuals of our three focal 
species (n = 46 C. collaris total; n = 35 S. cowlesi total; n = 15 U. ornatus total). We 
followed Peterson et al. (2012) except that we used PippinPrep (Sage Science, Beverly, 
MA, USA) for size selection instead of beads. We size selected fragments between 420 
and 620 bp in length, and ran a final PCR with 12 cycles. We sequenced the library 
twice on one lane of the Illumina HiSeq 2500 at the Vincent J. Coates Genomic 
Sequencing Laboratory at UC Berkeley with 100bp single-end reads. 
   
 

RAD Sequence Processing and Filtering 
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 Before analyzing our data, we filtered our reads to ensure only high quality loci. 
We followed the RADToolKit pipeline (https://github.com/CGRL-QB3-
UCBerkeley/RAD) to demultiplex individuals, remove low quality reads, create 
individual contigs and to create a de-novo reference genome. We demultiplexed 
individuals while allowing for one mismatch per barcode. After demultiplexing, we 
separated individuals by species and continued the pipeline on each species 

independently. We filtered out reads that 
were low quality (Phred score less than 20), 
were contaminated by bacteria, had 
anomalous runs of a single base (more than 
50% of the read) or did not contain the 
restriction enzyme cut site (allowing a 
mismatch of 1bp). After filtering, we 
removed individuals that did not have 
enough reads to continue (fewer than 
250,000 reads per individual; n = 14 C. 
collaris, n = 9 S. cowlesi, n = 2 U. ornatus). 
Next, we masked repetitive elements known 
from vertebrate metazoans using 
RepeatMasker (version 4.0, 2013-2015) and 
clustered reads into contigs for each 
individual using CD-hit (Li and Godzik 
2006; Fu et al. 2012), with a sequence 
identity threshold between 0.8 and 0.95 
(optimized for each species using the 
program “cluster test” from RADToolKit). 
We only kept clusters with at least two 
reads, and discarded loci whether the 
percentage of uncalled bases exceeded 80%. 
We then combined the resulting RAD 
markers from each individual using CD-hit 
with a sequence identity threshold of 0.8. 
We created a reference genome for the 
species by including shared marker sets 
present in at least 70% of the individuals. 
We aligned cleaned reads of each individual 
to the reference genome using Novoalign 

(v. 3.02.12; Novovraft Technologies, Selangor, Malaysia) and only mapped read 
groups that mapped uniquely to the reference genome. We used Picard 
(http://picard.sourceforge.net) to add read groups to the alignment and GATK 
(McKenna et al. 2010) to realign reads around indels. We only kept sites that were 

 
a) PALF-
Crotaphytus  

  PALF BG 
BG 0.066   
EB 0.063 0.088 

   

 
b) CZLF-
Crotaphytus   

  CZLF CP 
CP 0.068   
OS 0.065 0.053 

   

 
c) PALF-
Sceloporus  

  PALF BD 
BD 0.113   
MC 0.104 0.082 

   

 
d) AALF-
Urosaurus  

  AALF CR 
CR 0.197   
OM 0.371 0.286 

Table 1: FST values of the four lava flow 
population trios. Lava flow populations and 
comparisons that include the lava flow 
populations are highlighted in gray. 
Comparisons between lava flow and non-
lava flow populations show similar levels of 
differentiation as comparisons between non-
lava flow and non-lava flow populations. 



 23 

biallelic, not within 5 bp of an indel, had low mapping or base calling scores, or that 
had excessive heterozygosity (to purge potential paralogs; one-tailed HWE test, P < 1 
x 10-4). For C. collaris, we kept loci only if they were present in 80% of individuals with 
at least 8X coverage. For each species, we tried to maximize the number of high 
quality loci, while minimizing the amount of missing data. For S. cowlesi, we only kept 
loci if they were present in 70% of individuals at 5X coverage. For U. ornatus we kept 
loci only if they were present in 70% of individuals with at least 5X coverage. For 
subsequent analyses we used ANGSD (Korneliussen et al. 2014) on the filtered set of 
sites. ANGSD incorporates statistical uncertainty associated with genotype calls in the 
form of site allele frequency likelihoods, genotype likelihoods or genotype posterior 
probabilities into its analysis. Thus, because it incorporates uncertainty into the 
analyses, ANGSD is favorable for low to medium coverage datasets. Wherever 
possible, we performed analyses using genotype likelihoods and/or posterior 
probabilities. When we did have to call SNPs, we only included highest quality sites 
(see below for the specifics of each analysis). 
 
 

Data Analysis 
 

 First, to plot genetic distances with pairwise geographic distances, we calculated 
a pairwise genetic distance matrix for all individuals in each of the population trios. 
We used ngsDist to calculate genetic distances (Vieira et al. 2016). ngsDist takes 
genotype uncertainty into consideration by calculating genetic distances from 
genotype likelihoods or posterior probabilities instead of directly from the genotype 
calls. For each trio of populations, we input genotype posterior probabilities from 
ANGSD. We called genotype posterior probabilities (not including genotypes with a 
posterior less than 0.95) at sites that, in addition to being present after the filtering 
described above, had a minimum coverage of 5X, were polymorphic (using a 
likelihood ratio test with a minimum P-value of 1 x 10-2), and were present in at least 
80% of individuals. To determine whether genetic distance increases more between 
lava and non-lava flow comparisons of individuals than one would expect given their 
geographic distance, we plotted pairwise genetic distance with pairwise geographic 
distance, and colored each pairwise comparisons by whether it was between two 
individuals from different environments (i.e. lava flow and non-lava flow individuals) 
or the same environment (i.e. both from a lava flow, or both not from a lava flow). 
 Second, we quantified the role of geographic distance and ecological distance in 
shaping the observed genetic distances using BEDASSLE (Bradburd et al. 2013). 
BEDASSLE uses SNP data, geographic distances and ecological distances to calculate 
the contribution of geographic distance and ecological distance to the observed 
genetic differentiation with a Bayesian Markov Chain Monte Carlo simulation 
(MCMC; Bradburd et al. 2013). For each population trio, we called SNPs using 
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ANGSD. We kept sites that met the filters in the RAD Sequence Processing and 
Filtering section, had a minimum coverage of 5X, were polymorphic (using a 

likelihood ratio test with a minimum P-value of 1 x 10-6), and had a genotype posterior 
probability cutoff of at least 0.95.  We calculated pairwise distances from field-
collected longitude and latitude data using the R package raster (Hijmans and van 
Etten 2012). For our ecological distance matrix we scored comparisons between  
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Fig.ure 1: Sampling locations and phenotypic variation of lizards on and off focal lava 
flows. Squares represent non-lava flow populations, while circles represent lava flow 
populations. Each row represents a different focal species. In each phenotype panel, the 
mean and standard error of luminance is shown. Different letters above the error bars 
correspond to significantly different groupings of populations according to post-hoc 
Tukey tests. Satellite images courtesy of Google Earth and Digital Globe. 
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individuals on different habitats (i.e. lava flow to non-lava flow comparisons) as 1 and 
comparisons between the same habitat (i.e. lava flow to lava flow or non-lava flow to 
non-lava flow) as 0. Because our geographic distances were large compared to our 
ecological distances, we normalized our geographic distance matrix by dividing each 
geographic distance by the standard deviation of the geographic distance matrix. To 
run the MCMC in BEDASSLE, we ran short runs to tune acceptance rates to values 
between 20% and 70%, and then ran the MCMC for a long run of 10 million 
generations, sampling every 250 generations. We checked for convergence by assuring 
that our long run had acceptance rates between 20 and 70%, had trace plots with low 
autocorrelation times, and had unimodal, approximately normally distributed marginal 
plots for each parameter (Bradburd et al. 2013). 
 We further quantified the role of the environment on observed genetic 
differentiation using Mantel tests. We tested identical hypotheses as in the 
BEDASSLE analyses above. While partial Mantel tests may have elevated false 
positive rates compared to BEDASSLE (Bradburd et al. 2013; Guillot and Rousset 
2013), they can still be useful to determine whether genetic distance increases with 
environmental distance while correcting for the effect of geographic distance when 
BEDASSLE runs are inconclusive. We used the same genetic, geographic and 
ecological distance matrices as above. For each population trio we ran one Mantel test 
and one partial Mantel test. First, to determine if genetic distance increases with 
geographic distance as predicted under Isolation by Distance (Wright 1943), we ran a 
Mantel test with genetic distance as the dependent variable and geographic distance as 
the independent variable. Second, to determine if genetic distance increases with 
environmental distance while controlling for the effect of geographic distance, we ran 
a partial Mantel test with genetic distance as the dependent variable, ecological 
distance as the independent variable, and geographic distance as the variable being 
held constant. We used the vegan package (Oksanen et al. 2017) in R for all Mantel 
tests. Given that partial Mantel tests have particularly high false positive rates when 
geographic and environmental distances are spatially autocorrelated (Bradburd et al. 
2013; Guillot and Rousset 2013), we also calculated levels of spatial autocorrelation 
for each population trio using Moran’s I in the R package ape (Paradis and Strimmer 
2004). 
 Finally, to determine whether gene flow might contribute to observed patterns 
of genetic differentiation between lava flow and non-lava flow populations, we 
calculated FST and used diffusion approximation models to approximate migration 
rates. We used ANGSD and its built in function realSFS to calculate FST. For each 
population trio, we calculated FST based on the site frequency spectrum of every 
pairwise combination of populations (3 combinations per population trio).  FST values 
can reflect processes of divergence, processes of migration or combinations therein 
(Nielsen and Slatkin 2013), so more explicit analyses are also needed to quantify 
migration. We thus used ∂a∂i (Gutenkunst et al. 2009) to more explicitly quantify rates 
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of migration onto and off of each lava flow in a population trio using diffusion 
approximation models. Within each population trio, we approximated models of 
migration for each pairwise combination of populations. Thus each trio had the same 
three two-population comparisons as in the FST analyses above, for a total of 12 
comparisons. For each comparison of two populations, we called SNPs identically as 
in our BEDASSLE analyses, but using –doGeno 2 in ANGSD to output allele calls. 
We converted the allele calls into the ∂a∂i input format using custom Python scripts 
(available at https://github.com/alexkrohn/LavaFlowLizards/). Using ∂a∂i we 
created joint site frequency spectra (JSFS) for each pair of populations. We ran four 
models of demographic scenarios to model how alleles might change with the 
formation of the lava flow and ongoing migration. We ran a neutral model with no 
divergence, a model with divergence but no migration, a model with divergence and 
symmetric present-day migration, and a model with divergence and asymmetric 
present-day migration (as in Portik et al. 2017). For each population comparison and 
each model we followed the procedure of Portik et al. (2017) to optimize parameters. 
We optimized our original parameters over three rounds. To get the best final 
estimates of our parameters, each round of optimization had an increasing amount of 
iterations of parameter optimization, an increasing amount of total replicates from 
modified starting parameters, and a decreasing degree to which parameters were 
perturbed (Portik et al. 2017). From each round, we took the parameters with the 
lowest AIC score to continue to the next round of optimization (Ese et al. 2016). The 
first round had 20 iterations over 50 replicates, the second round had 30 iterations 
over 50 replicates, and the final round had 50 iterations over 100 replicates. We 
determined that a model best described the data when its AIC score was at least 10 
less than the next best model (Ese et al. 2016). Scripts of models used and 
optimization protocols are available online 
(https://github.com/dportik/dadi_pipeline/tree/master/Two_Populations). 
 
 

RESULTS 
 

Although we observed strong geographic color variation among the 
populations sampled, only certain lava flow populations were melanistic. Luminance 
varied significantly among populations in all trios except the trio that included PALF-
Sceloporus (values shown for trio comparisons that include the indicated lava flow 
population; CZLF-Crotaphytus: F = 10.19, df = 2, P < 0.001; PALF-Crotaphtyus: F = 
5.05, df = 2, P = 0.011; CZLF-Sceloporus: F = 81.2, df = 2, P < 0.001; AALF-
Urosaurus: F = 14.77, df = 2, P < 0.001; PALF-Sceloporus: F = 1.86, df = 2, P = 0.197). 
Specifically, only populations of C. collaris and S. cowlesi on the Carrizozo Lava Flow 
(all post-hoc Tukey test P-values < 0.02; Fig. 1), and U. ornatus on the Aden Afton 
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Lava Flow (all 
post-hoc Tukey 
test P-values < 
0.01; Fig. 1) were 
significantly darker 
than the 
surrounding non-
lava populations of 
each species. Thus, 
only populations 
of lizards on the 
Carrizozo and 
Aden Afton Lava 
Flows, but not the 
Pedro Armendariz 
Lava Flow are 
melanistic (as 
defined by Majerus 
1998). 
 For our 
genomic analyses, 
we recovered 
262,338,151 reads 
from two lanes of 
sequencing. After 
filtering reads and 
sites for quality, we 
recovered different 
numbers of sites 
and markers per 
species. For C. 
collaris, we 
recovered 
1,151,763 high 
quality sites on 
15,369 markers 
with a median 
coverage of 25.5X 
(range: 5.1X to 
92.7X) from 28 
individuals. Individuals from CZLF-Sceloporus were low quality for unknown reasons, 
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Fig. 2: Isolation by Environment plots in three species of lava flow lizards. 
Pairwise genetic distance increases significantly with geographic distance in 
Sceloporus cowlesi and Urosaurus ornatus, showing a pattern of Isolation 
by Distance. However, pairwise comparisons in different environments (i.e. 
lava flow non-lava flow comparisons) of individuals of all species do not 
show higher genetic distances than one would expect under an Isolation by 
Distance framework, indicating that none of the lava flows are barriers to 
gene flow. These results are corroborated by BEDASSLE and Mantel tests 
that failed to show strong associations between genetic distance and 
environmental distance (see Results). 
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and thus had low numbers of reads successfully sequenced. After preliminary analyses 
gave results that correlated with individuals’ coverage and/or amount of missing data, 
we decided not to continue with genome analyses for the CZLF-Sceloporus population 
trio. Using only individuals from the PALF-Sceloporus population trio, we assembled a 
new de-novo reference genome, and aligned reads for analysis as above. We recovered 
748,818 high quality sites on 10,426 markers with a median coverage of 14.85X 
(range: 6.7X to 141.1X) for those 12 S. cowlesi. For U. ornatus, we recovered 1,460,625 
high quality sites on 20,051 markers with a median coverage of 20.5X (range: 5.8X to 
45.9X) from 13 individuals.  Raw data are archived on the Short Read Archive 
(BioProject Accession PRJNA417310) and scripts to reproduce this workflow are 
available at https://github.com/alexkrohn/LavaFlowLizards. 
  For the population trios, genetic differentiation often followed patterns of 
Isolation by Distance, but not Isolation by Environment. Mantel tests of genetic 
distance and geographic distance showed that genetic distance increased significantly 
with geographic distance for PALF-Sceloporus and AALF-Urosaurus (r = 0.620, P = 
0.001; r = 0.629, P = 0.001, respectively) as one would expect under Isolation by 
Distance (Fig. 2). After 10 million generations (approximately three weeks of 
computation), BEDASSLE MCMC runs failed to converge, and marginal 
distributions of the MCMC were still non-normal. The lack of convergence may have 
been due to the small change in genetic distance with environmental distance which 
can lead to a ridge in the probability surface of the MCMC (Fig. 2; G. Bradburg pers. 
comm.). Partial Mantel tests confirmed that genetic differentiation could not be 
explained by environmental differences, even when correcting for geographic 
distances (P > 0.10). Only CZLF-Crotaphytus showed an increase of genetic distance 
with environmental distance (r = 0.423, P = 0.003), although the size of the effect 
appears small (Table 1, Fig. 2). All of our population trios did, however, show signals 
of spatial autocorrelation (all P < 0.001 for tests of Moran’s I). Given that partial 
Mantel tests have high false positive rates with spatially autocorrelated datasets, and 
that our negative partial Mantel results are corroborated with BEDASSLE analyses, 
our negative results seem robust. The positive association between genetic distance 
and environmental distance in the CZLF-Crotaphytus population trio may be a false 
positive (Bradburd et al. 2013; Guillot and Rousset 2013). 
 Demographic modelling revealed that migration onto and off of the lava flows 
occurs often, and regardless of phenotypic differentiation. FST values of lava flow to 
non-lava flow comparisons are similar to those of non-lava flow to non-lava flow 
comparisons, further indicating that there is little genome-wide differentiation, and 
possibly similar migration levels, between lava flow and non-lava flow populations 
(Table 1). Demographic analyses using ∂a∂i revealed that the observed genetic 
differentiation is at least partially due to migration onto and off of the lava flows. All 
lava flow populations of lizards showed some migration between lava flow and non-
lava flow populations (Supplementary Table 1). In U. ornatus, the best model predicted 
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asymmetric migration with stronger levels of migration from non-lava flow 
populations to the lava flow populations. In C. collaris, migration was strong and 
symmetric between the Pedro Armendariz Lava Flow and one non-lava flow 
population. Although we cannot determine whether migration is symmetric or 
asymmetric, strong migration also occurs between the CZLF-Crotaphytus and one non-
lava flow population. Finally, S. cowlesi on the Pedro Armendariz lava flow shows a 
similar pattern in that while we cannot distinguish whether migration is symmetric or 
asymmetric, migration does occur between PALF-Sceloporus and one non-lava flow 
population. Thus, regardless of levels of phenotypic divergence between lava flow and 
non-lava flow populations, migration is ongoing. 
 
 

DISCUSSION 
 

We demonstrated that genome-wide differentiation does not accompany local 
adaptation in three species of lava flow lizards in the Chihuahua Desert. Consistent 
with previous literature (Lewis 1949, 1951), we found that C. collaris and S. cowlesi from 
the Carrizozo Lava Flow and U. ornatus from the Aden Afton Lava Flow were 
melanistic, indicating strong phenotypic divergence from non-lava flow populations. 
Despite what was reported in earlier literature (Best et al. 1983), C. collaris and S. cowlesi 
from the Pedro Armendariz Lava Flow were not significantly darker than surrounding 
non-lava flow populations. Most importantly, we found that, irrespective of 
phenotypic differentiation, none of the lava populations showed substantial genome-
wide divergence from non-lava conspecifics. Most comparisons showed high levels of 
migration between lava flow and non-lava flow populations. Thus, we find evidence 
of adaptation, but little evidence of the accompanying genetic isolation often reported 
in the IBE and IBA literature. 

In our replicated comparisons, we observed a lack of strong genome-wide 
differentiation regardless of the geological age of the lava flow. The three lava flows 
vary in age, substrate color, and habitat uniformity, but all populations showed similar 
patterns of low genome-wide differentiation. In most comparisons, observed genetic 
differentiation could be attributed to patterns of IBD, rather than IBE. It appears, as 
shown elsewhere (Wang et al. 2013), that geographic factors such as distance, rather 
than local adaptation or environmental differences, may be the most important factor 
shaping genotypic differentiation in this system (Fig. 2).  

One explanation for lack of genome-wide differentiation in the focal 
populations is ongoing migration between lava flow and non-lava flow populations. 
Shallow divergence times and ongoing migration in geologically novel habitats (like 
recently formed lava flows) can make it difficult to distinguish between demographic 
scenarios, even with thousands of markers (Pinho and Hey 2010). Yet, for three of 
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the four population trios tested, we were able to detect recent migration between lava 
flow and non-lava flow populations. Additionally, in one population trio where we 
could not explicitly calculate levels of migration, (CZLF - Sceloporus), previous work 
corroborates high levels of gene flow between the lava flow and non-lava flow 
populations (Rosenblum et al. 2007). There are many examples of adaptation with 
ongoing gene flow (e.g. Sambatti and Rice 2006; Dionne et al. 2008; Andrew et al. 
2012), and ongoing gene flow may be a common reason why locally adapted 
populations do not show genome-wide differentiation.  

There are alternative reasons why lava flow lizards would not show genome-
wide differentiation with phenotypic differentiation. Melanism has a genetic basis in 
many animals (Nachman et al. 2003; Kingsley et al. 2009; van’t Hof et al. 2011; 
Schneider et al. 2012), but it is possible that phenotypic plasticity contributes to 
melanism in these lava flow lizards. We have demonstrated that physiological color 
change plays a role in the coloration of C. collaris at Pedro Armendariz Lava Flow 
(Krohn and Rosenblum 2016). However, we have no evidence for developmental 
plasticity, and other studies have shown melanism to be heritable in other lava flow 
lizards (Rosenblum 2005; Corl et al. 2012; Micheletti et al. 2012). If melanism has a 
genetic basis in the species studied here, it is likely that one or few genes control 
coloration, such that relatively little of the genome is under divergent selection 
(Nachman et al. 2003; Nosil et al. 2009; Rosenblum et al. 2010; Gagnaire et al. 2013). 
Additionally, if adaptive loci are not linked to traits involved in reproductive isolation, 
genome-wide differentiation is less likely to occur (MacNair and Christie 1983; Slatkin 
1987; Feder et al. 2012; Presgraves 2013). Interestingly, a previous study in this system 
found no preference for local mates in either lava flow or non-lava S. cowlesi 
(Hardwick et al. 2013). Thus, there is no evidence for preferential mate choice or 
reproductive isolation in that species, despite strong phenotypic differentiation. 
Without a link between the genetic mechanisms of melanism and reproductive 
isolation, gene flow could easily persist even with selection for background-matched 
lizards. 

Some recent studies argue that adaptation often leads to genomic divergence or 
even speciation (Nosil et al. 2008; Shafer and Wolf 2013; Sexton et al. 2014) . Our 
replicated results show that regardless of the age of the lava flow, multiple locally 
adapted populations show ongoing gene flow and little genome-wide differentiation. 
Clearly, adaptation does not always lead to genome-wide differentiation, or speciation. 
Given the similarity of our results across populations, it is possible that selection-
migration balance without genome-wide differentiation may be very common 
(Hendry 2009). However, given the claim that incipient ecological speciation is 
widespread (Hendry 2009; Shafer and Wolf 2013), that Isolation by Environment is 
common (Sexton et al. 2014), and that studies that fail to find large effects of the 
environment on genetic differentiation are seldom published (Hendry 2009; Feder et 
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al. 2012; Shafer and Wolf 2013), it is important to also highlight natural systems where 
local adaptation occurs without genome-wide differentiation. 
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Supplementary Table 1: FST and final optimized demographic parameters from ∂a∂i analyses. For each population trio (separated 
by a horizontal line), the models with the lowest AIC score are shown. If the ∆AIC of more than one model was less than 10, all 
the models with the lowest AIC scores are shown. All values for time, population size and migration rates are unscaled by theta 
and the mutation rate. For each comparison, population 1 is the first listed and population 2 is the second listed in Population 
column. N1 = effective population size of population 1; N2 = effective population size of population 2; T = time since 
divergence; m = migration rate for symmetric migration models; m12 = migration rate from population 2 to population 1 (as in 
∂a∂i); m21 = migration rate from population 1 to population 2 (as in ∂a∂i). 

Species 
Population 

Comparison Model 
Log 

Likelihood Theta AIC N1 N2 T m m12 m21 FST 

Urosaurus  CR-OM Asymmetric 
Migration -327.6 1941.18 665.2 0.876 0.6354 0.2881  1.6667 9.7883 0.286 

Urosaurus  AALF- CR Asymmetric 
Migration -234.02 3168.86 478.04 0.225 0.5792 0.0174  4.5906 0.1229 0.198 

Urosaurus  AALF - OM Asymmetric 
Migration -188.57 5196.91 387.14 0.1599 0.2216 0.206   4.6507 0.2164 0.371 

Sceloporus BD - MC Asymmetric 
Migration -375.39 960.19 760.78 0.553 7.369 19.8852   7.8137 9.8993 0.082 

Sceloporus PALF - BD No Migration -382.11 5610.68 770.22 0.01 0.0205 0.0008     0.113 
Sceloporus PALF - BD Symmetric Migration -384.67 6344.23 777.34 0.2406 0.4071 14.8045 0.2897    0.113 
Sceloporus PALF - MC Symmetric Migration -273.38 1798.61 554.76 1.0412 1.0298 19.6157 9.9998    0.105 

Sceloporus PALF - MC Asymmetric 
Migration -273.41 1626.77 556.82 1.0107 1.2813 19.9836   16.1945 9.9854 0.105 

Crotaphytus BG - EB No Migration -122.44 2629.39 250.88 0.02 0.01 0.0004    0.088 
Crotaphytus BG - EB Symmetric Migration -122.41 2629.32 252.82 0.0342 0.0165 19.3326 0.0006   0.088 
Crotaphytus PALF - BG Symmetric Migration -139.73 584.51 287.46 1.7275 1.587 19.9568 9.8824   0.066 
Crotaphytus PALF- EB Symmetric Migration -168.29 278.84 344.58 8.5339 2.9311 19.997 9.9832   0.063 
Crotaphytus PALF - EB No Migration -167.69 2615.09 341.38 0.8752 0.01 0.0002    0.063 

Crotaphytus PALF - EB Asymmetric 
Migration -167.59 2616.24 345.18 0.7769 0.01 0.4719   0.2436 0.0002 0.063 

Crotaphytus OS - CP Symmetric Migration -178.11 264.26 364.22 3.4935 4.221 19.6019 9.9957   0.053 
Crotaphytus CZLF - CP No Migration -151.96 2663.56 309.92 0.0304 0.01 0.0002    0.067 
Crotaphytus CZLF - CP Symmetric Migration -155.7 252.58 319.4 6.7663 4.0358 19.9891 9.9908   0.067 

Crotaphytus CZLF - CP Asymmetric 
Migration -151.96 2663.01 313.92 0.0297 0.0104 11.4779  0.2102 0.0002 0.067 

Crotaphytus CZLF - OS Asymmetric 
Migration -123.98 415.26 257.96 1.9138 1.8211 14.7084  18.2067 9.0901 0.065 

Crotaphytus CZLF - OS Symmetric Migration -121.48 491.02 250.96 2.0054 1.2519 19.9481 9.987   0.065 
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Conservation Genomics of Desert Dwelling California 

Voles (Microtus californicus) and Implications for the Captive 
Management of Endangered Amargosa Voles (Microtus 

californicus scirpensis) 
 
 
 

ABSTRACT 
 

Understanding population genetic structure and levels of genetic variation is 
critical for the conservation and management of imperiled populations, especially 
when reintroductions are planned. We used restriction-site associated DNA (RAD) 
sequencing to study the genetic diversity and evolutionary relationships of the 
endangered Amargosa vole and other closely related desert-dwelling California voles. 
Specifically, we sought to determine how Amargosa voles are related to other 
California voles, how genetic variation is partitioned among subpopulations in wild 
Amargosa voles, and how much genetic variation is captured within a captive 
insurance colony of Amargosa voles. Our multilocus nuclear dataset provides strong 
evidence that Amargosa voles are part of a northern clade of California voles. 
Amargosa voles have highly reduced genetic variation relative to other California 
voles, but do exhibit some sub-structure among sampled marshes. Captive Amargosa 
voles capture approximately half of the total genetic variation present in the wild 
Amargosa vole populations. We discuss the management implications of our findings 
in light of reintroductions planned for Amargosa voles. Our study highlights the utility 
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of reduced representation genomic approaches, like RADseq, to resolve relationships 
among small populations that are difficult to study with traditional markers due to low 
genetic variation and few individuals left in the wild. 
 
 

INTRODUCTION 
 

 Understanding population genetic structure and the amount of genetic diversity 
present in imperiled taxa is crucially important for conservation management. One 
key application of population genetics to conservation is when captive breeding and 
reintroductions are part of an endangered species recovery plan. For example, genetic 
data can help scientists and managers select donor populations for captive breeding 
and recipient populations for reintroductions (e.g., Miller et al. 2010). Moreover, 
genetic analyses can be used to devise a breeding strategy focused on preserving 
existing population genetic structure across a species range and/or increasing genetic 
variation through outbreeding. Risks associated with both inbreeding and outbreeding 
strategies (e.g., Edmands 2007; Tallmon et al. 2004) make genetic data particularly 
important for evaluating which reintroduction strategy is most appropriate for a 
species (e.g., Madsen et al. 1999; Tordoff and Redig 2001; Norton and Ashley 2004). 
Population genetic analyses of the relationships among imperiled taxa and sister taxa 
can also provide important historical and evolutionary context for management 
efforts. For example, by comparing the amount of genetic variation in imperiled taxa 
and sister taxa, scientists and managers can assess how much genetic variation has 
been lost in focal taxa, and whether population sizes have been reduced, relative to 
close relatives that are not threatened (Docker and Heath 2003; Funk et al. 2016). 
Moreover, knowledge of evolutionary relationships among taxa can guide 
reintroductions of the closest relatives if extirpation of the imperiled group becomes 
unavoidable.  
 The Amargosa vole (Microtus californicus scirpensis) is an endangered subspecies of 
the California vole (M. californicus). Although California voles as a whole are not a 
species of conservation concern, isolated desert subspecies such as the Mojave River 
vole (M. californicus mohavensis) and the Amargosa vole are imperiled. While California 
voles range from southern Oregon to northern Baja California (Kellogg 1918), the 
Amargosa vole is geographically highly restricted and was thought to be extinct in the 
Twentieth Century (Kellogg 1918). The Amargosa vole was listed as endangered by 
the state of California in 1980 and at the U.S. federal level in 1984, after researchers 
confirmed the existence of a surviving population near Tecopa, CA in 1970s (USFWS 
2009). Like other California voles found in the desert, the Amargosa vole is restricted 
to isolated mesic areas in an otherwise parched landscape. Amargosa voles in 
particular are tied to marshes where Olney’s three-square bulrush (Schoenoplectus 
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americanus), the voles’ primary food source, is found. Despite conservation concern for 
the species, a number of outstanding questions remain about the phylogenetic context 
and population structure of Amargosa voles. 
 At the phylogenetic level, the relationships among lineages of California voles 
and specifically the position of Amargosa voles are currently not well resolved. 
Taxonomically, the California vole was initially split into 17 subspecies (Kellog 1918; 
Hall 1981). However, recent work has shown that California voles form distinct 
northern and southern mitochondrial clades, and these two clades do not correspond 
well to the original subspecies designations (Conroy and Neuwald 2008; Conroy et al. 
2016). Moreover, previous work established that the Amargosa vole was a genetically 
distinct clade, but did not conclusively determine whether it belonged to the northern 
or southern clade of California vole (Conroy et al. 2016). Specifically, mitochondrial 
evidence situated Amargosa voles in the southern clade, while nuclear data suggested 
affinity to the northern clade. The authors hypothesized that Amargosa voles may be 
of hybrid origin, but inferences were based on few markers and lacked morphological 
data.  
 At the population genetic level, it is essential to understand population genetic 
structure and levels of genetic diversity in Amargosa voles for translocations of wild 
voles and for reintroduction of captive voles to the wild. When they were 
rediscovered, Amargosa voles were only known to occupy seven marshes around 
Tecopa, CA (USFWS 2009). Intensive population monitoring of Amargosa vole 
populations began in earnest around 2008. The Amargosa vole population size 
fluctuated dramatically, but by 2013 extensive trapping over the vole’s peak activity 
times resulted in the capture of less than 200 voles (Klinger et al. 2013). In 2014, 
researchers noticed that the habitat in the marsh with the largest population (Marsh 1) 
was rapidly drying. Given that this rapidly disappearing marsh represented the 
majority of Amargosa voles left in the wild, managers decided to remove 20 voles 
from Marsh 1 to start a captive insurance colony for eventual reintroduction into the 
wild (Foley 2016). However, little was known about how wild Amargosa vole 
populations were structured genetically, how much genetic variation was left in the 
wild, and how much of that genetic variation was captured in the captive colony. 
 In this study, we used a multilocus restriction-site associated (RAD) sequencing 
approach to address three nested aims. Our first aim was to determine the 
phylogeographic structure of desert California vole populations and the affinity of 
Amargosa voles within this group. Our second aim was to inform the conservation of 
Amargosa voles by quantifying population structure and genetic diversity of wild 
Amargosa voles. Our third aim was to inform the management of the captive colony 
by assessing how much genetic diversity is captured by the captive colony. Addressing 
these aims together provides essential population genetic context for the conservation 
and recovery of imperiled Amargosa voles. 
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MATERIALS AND METHODS 
 
 

Sampling and RAD Sequencing 
 

We extracted DNA from 94 Microtus californicus tissue or blood samples using 
DNeasy extraction kits (Qiagen, Valencia, CA, USA). We included 66 Amargosa voles 
and 28 California voles that were not Amargosa voles, hereafter referred to as desert 
California voles, from the northern (Deep Springs, n = 7; Lark Seep, n = 5; Lake 
Isabella, n = 5) and southern (Victorville, n = 7; Elizabeth Lake, n = 4; Fig. 1; MVZ 
specimens used listed in Supplementary Figure 1) mtDNA clades. We included four 
to seven Amargosa vole individuals per marsh, except for Marsh 1, where our 
sampling included 19 wild individuals, 10 of which were founding members of the 
colony. The founding members were treated as the founders of the colony, and not as 
wild Amargosa voles. The 66 Amargosa Voles included in this study represent 
between 29% to 88% of all known Amargosa Voles (based on census data from 
Klinger [2013] and Klinger [2015]). The seven marshes from which samples were 
collected also represent half of all the known marshes where Amargosa voles were 
captured between 2014 and 2015 (n=14).  Finally, to understand changes in genetic 
diversity in the captive colony, we also included individuals from the F1 (n = 2), F2 (n 
= 3) and F3 backcross generation (n = 6) from the captive colony at UC Davis.  

We constructed a restriction-site associated DNA (RAD) library using the 
RAD protocol outlined in Ali et al. (2016) with two modifications. First, we did not 
do the targeted bait capture (the “Rapture” step), but instead only used the new RAD 
protocol with biotinylated adapters (a protocol referred to as “bestRAD”). Second, we 
used Pippin Prep (Sage Science, Beverly, MA, USA) instead of beads to size select 
fragments between 300 and 800bp. We sequenced our library on one lane of Illumina 
HiSeq 4000 at the U.C. Davis Genome Center with 150bp paired-end reads.  

 
 

RAD Sequence Filtering and Genotyping 
 

 Before beginning our analysis, we filtered our reads to include only loci with 
high quality data. First, we re-oriented the reverse reads, then used Stacks (Catchen et 
al. 2013) to demultiplex individuals from our raw reads (while allowing one mismatch 
in the internal barcode) and to remove PCR duplicates. Next, we followed the 
RADToolKit pipeline (https://github.com/CGRL-QB3-UCBerkeley/RAD). Briefly, 
we removed reads that did not include the restriction enzyme cut-site or had more 
than one error in the restriction enzyme cut-site (“filter” function), and further 
removed reads that were low quality based on Phred scores, or low complexity, or,  
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 Fig. 1: Map of sampled locations of (a) desert California voles and (b) focal marshes near Tecopa, 
CA for the Amargosa voles. Figure modified from Neuwald (2010). 
 
had adapter and/or bacterial contamination (“cleanPE” function). Next, we used 
FLASH (Magoč and Salzberg 2011) to merge forward and reverse reads if they 
overlapped. At this point we removed any individuals that did not have enough 
remaining sequences to align to the reference (fewer than 250,000 reads that passed 
filters, n = 14), leaving 52 Amargosa voles and 28 desert California voles. 
 We used the Amargosa vole de novo genome assembly created at Purdue 
University as a reference genome. We aligned cleaned sequence reads from each 
individual to this reference using Novoalign (http://www.novocraft.com) and kept 
reads that mapped uniquely to the reference, allowing 5 high-quality mismatches per 
read when aligning. We converted the resulting alignment from SAM format to BAM 
format using SAMtools (Li et al. 2009). For the aligned reads we used Picard 
(http://picard.sourceforge.net) to add read groups and GATK (McKenna et al. 2010) 
to perform realignment around indels. Next, we used SAMtools and bcftools to 
construct a variant call format (VCF) file that contained all individual genotype calls 
for all sites to filter low-quality sites and create a list of high-confidence sites. We 
filtered sites from the VCF using a custom script (“10-SNPCleaner” available at 
https://github.com/CGRL-QB3-UCBerkeley/denovoTargetCapturePopGen). We 
removed sites that were not present in 90% of individuals with at least 5X coverage 
(to minimize the effect of missing data), were not biallelic, were adjacent to indels 
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(within 5bp), had low mapping or base calling scores, or that had excessive 
heterozygosity (to purge potential paralogs). Finally, we used ANGSD (Korneliussen 
et al. 2014) for our data analysis on the filtered set of sites. ANGSD incorporates 
genotype uncertainty in the form of genotype likelihoods and posterior probability of 
genotype calls into the analysis and thus gives more accurate genotypes calls from 
lower coverage data.  
 
 

Aim 1: Determine Phylogeographic Structure for California Voles and 
Phylogeographic Affinity for Amargosa Voles 

 
To quantify population structure of wild California voles from the northern, 

southern, and Amargosa clades, we used NGSadmix (Skotte et al. 2013) to compute 
the admixture proportions of individuals from one to eight possible populations (K = 
1 through K = 8), representing one more than the seven total populations in our 
analysis. Given that uneven sampling of populations can lead to misleading inferences 
of admixture and population clustering (Kalinowski 2011; Puechmaille 2016; Wang 
2017), we subset the Amargosa voles to one randomly chosen individual per marsh (n 
= 30 total, n = 7 Amargosa voles, n = 2-6 per population for other outgroup 
populations), as in Peuchmaille (2016). To run NGSadmix, we first generated a Beagle 
file using ANGSD. To create this Beagle file based on our genotype likelihoods, we 
also removed sites that were not polymorphic (using a likelihood ratio test with a P-
value of 1e-6), or had a minor allele frequency below 5%, in addition to all of the 
above filters. We ran NGSadmix for each value of K ten times, and then used the ∆K 
method from Evanno et al. (2005), calculated in Clumpak (Kopelman et al. 2015), to 
determine which K was most likely based on its log-likelihood. If a population was 
admixed, we classified the population as belonging to the group with which its 
individuals drew more than 50% of their admixture based on the NGSadmix analyses. 
The NGSadmix analysis revealed that the most likely grouping of populations for 
both the scenario with seven Amargosa voles, and when all individuals were included, 
was K = 2 (see Results). Because the ∆K method of Evanno et al. (2005) cannot 
determine whether K = 2 or K = 1 is more likely, we calculated whether the two 
groups identified by the NGSadmix analyses were significantly differentiated by 
comparing the FST value of those two groups to a null distribution of FST values 
generated from random permutations of the individuals in each of the two groups. 
We calculated FST using the function of realSFS built into ANGSD. realSFS calculates 
FST based on the joint site frequency spectrum of the two populations of interest. In 
order to generate a null probability distribution of FST without making prior 
assumptions about the distribution of FST values, we generated FST values from the 
two populations indicated in the K = 2 finding (8 and 22 individuals each) using 
parametric bootstrapping. Thus, we calculated FST for 100 random combinations of 8 
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and 22 individuals from the northern clade, southern clade and wild Amargosa voles. 
We then compared the actual value of FST for the true groupings of individuals when 
K = 2 to the distribution of random FST values to determine whether the actual FST 
value was significantly higher than we would expect by chance. If the true value was 
larger than 95% of the values in the null distribution, we considered the true value 
significant at α = 0.05. 

We used a Principal Component Analysis (PCA) to visualize population 
structure among the northern, southern and Amargosa groups of California voles, 
initially in all northern, southern and Amargosa voles (n = 54) using the program 
ngsCovar within the ngsTools package (Fumagalli et al. 2013). ngsCovar creates a 
covariance matrix of individual’s genotypes while accounting for uncertainty in the  
genotype calls by incorporating genotype likelihood values from ANGSD. After  
plotting the Eigenvalues of the covariance matrix in R (v. 3.3.1, R Core Team 
2016),we calculated 95% confidence intervals around the individuals in our PCA 
analysis based on their assignment in the NGSadmix analysis (see above). Specifically, 
we drew ellipses around clusters whose individuals that draw more than 50% of their 
admixture from the same group, as identified with NGSadmix using the ellipse package 
(Murdoch and Chow 2013).  

To quantify which clade Amargosa voles were more closely related to, we used 
SpaceMix (Bradburd et al. 2016). SpaceMix creates a “geogenetic map” based on 
geography and genetic makeup of individuals. Using Markov chain Monte Carlo 
(MCMC) simulations, individuals are placed on the map according to their geographic 
location. Next, the program moves individuals to another geogenetic position based 
on the proportion of admixture that they draw from other populations or individuals, 
and plots those locations on a map. To use SpaceMix, we called SNPs using ANGSD. 
Given that we stringently filtered sites in our preprocessing steps (described above), 
we applied less stringent filtering when calling SNPs in ANGSD. We called SNPs that 
were polymorphic using a likelihood ratio test (with a P-value of 1e-6), and where 
70% of individuals (n = 54) had at least 8X coverage, in addition to the above filters. 
We removed any individuals that were missing data at 50% or more of the loci. We 
ran the MCMC on a model estimating both geogenetic sampling locations and 
admixture source locations on a flat plane for 13 million iterations, sampling the chain 
every 1,000 iterations and saving the model output every 100,000 iterations.  

 
 

Aim 2: Quantify Population Structure and Genetic Diversity in Wild Amargosa Voles 
 

 We quantified population structure within the Amargosa vole clade as above, 
using a PCA and NGSadmix. The analyses were run only for wild Amargosa voles (n 
= 31). Clustering in the PCA and groups deemed the most likely K in NGSadmix 
were concordant, made up of 15 and 16 individuals total, and both forming two 
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groups, K = 2 (see Results). Again, as above, we calculated FST to quantify whether 
the differentiation observed between these two groups was larger than what one 
would expect to observe by chance. We performed parametric bootstrapping as above 
to generate a null distribution of FST values based on 100 random permutations of 15 
and 16 individuals to determine whether the two actual groups were significantly 
differentiated using FST.  
 We quantified patterns of migration among the sampled marshes using the 
program EEMS (Petkova et al. 2016) to estimate effective migration surfaces for our 
data. Briefly, EEMS uses MCMC simulations to interpolate average migration rates 
across a given geographic area, based on sampled individuals with known genetic 
distances. Where migration is less than average, one can infer barriers that may disrupt 
migration. We compared levels of migration based on genetic distances to a null 
expectation of isolation by distance (Wright 1943). First, we called SNPs using filters 
similar to the SpaceMix analysis. We used ANGSD to call SNPs using SNPs present 
in at least 67% of individuals (n = 21) with at least 8X coverage. We saved the SNPs 
as a Plink file, and used this, the geographic locations of each individual and a polygon 
encompassing the total range of marshes around Tecopa as inputs for EEMS. We 
adjusted the proposal variances for the parameters in the MCMC so that they would 
be rejected between 10% and 40% of the time, following Petkova et al. (2016). To 
understand the average migration surface, we ran EEMS with 20, 40, 60, 80 and 100 
demes for three runs each (as in Petkova et al. 2016 and Rick 2015) and averaged over 
the results. While the number of demes is arbitrary and results are robust to the 
number of demes chosen (Petkova et al. 2016), we kept the number of demes similar 
to the true number of marshes, estimated around 50, so the program could effectively 
interpolate over populations that were not sampled. We plotted the average migration 
surface of all of the runs. Each run consisted of 1,000,000 burn-in steps, then 
2,000,000 MCMC iterations sampled every 9,999 steps. To quantify whether the 
observed migration surface could be explained by a pattern of isolation by distance 
(Wright 1943), we plotted the pairwise genetic difference between demes with the 
pairwise geographic distance between the demes, as calculated by EEMS. Using R, we 
ran a linear regression on the pairwise genetic and geographic distances to test 
whether genetic distance increased significantly with geographic distance. 

We also quantified genetic diversity in the wild Amargosa voles (and in the 
desert California vole populations for comparison) by calculating the proportion of 
segregating sites (Watterson’s Theta, θW), proportions of pairwise differences 
(Tajima’s Estimator, π), and the degree of inbreeding. We calculated θW and π using 
the built in functionality of ANGSD, based on the site frequency spectra of the 
populations (Korneliussen et al. 2013). We calculated the degree of inbreeding by 
calculating the relatedness coefficient for each population using the program 
ngsRelate (Korneliussen and Moltke 2015). While incorporating the uncertainty of 
genotype calls using genotype likelihoods into the analysis, ngsRelate calculates the 
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probabilities of each pair of individuals in the analysis having zero, one or two pairs of 
alleles that are identical by descent (IBD). Given the probabilities that two individuals 
have one or two alleles IBD, we calculated the coancestry, or relatedness, coefficient 
between those two individuals (Weir et al. 2006). Thus, for all of the pairwise 
combinations of individuals within a single population, we took the average 
coancestry coefficient as a measure of inbreeding in that population. For ngsRelate, 
we used the above filtering, and we only considered alleles with a minor allele 
frequency of at least 0.05. 

We calculated effective population size using the program NeEstimator V2.01 
(Do et al. 2014) with data for all wild Amargosa voles. To use NeEstimator, we called 
SNPs using the same procedure as we did for the SpaceMix analyses. We converted 
the SNP matrix output from ANGSD to the required GENEPOP input format for 
NeEstimator using PopGenTools 3.4.10 (https://github.com/CGRL-QB3-
UCBerkeley/PopGenTools), removing sites with missing data. We calculated Ne 
based on LD (Hill 1981), because estimates of Ne using the LD methods of Do et al. 
(2014) (modified according to Waples & Do (2010)), are precise for small population 
sizes.  

 
 

Aim 3: Quantify Genetic Diversity in the Captive Colony of Amargosa Voles 
 

 To assess the amount of genetic diversity captured by the captive colony, we 
repeated the above analyses for the dataset comprising wild and captive Amargosa 
voles - hereafter referred to as Colony voles - from the founding generation, the F1 
generation, the F2 generation and the backcrossed F3 generation (n = 21 in total). 
First, to confirm where the captive voles fall in the population structure of the wild 
Amargosa voles, we conducted PCA as above. Second, we used NGSadmix, as above, 
to determine the proportion of admixture that the Colony voles draw from each of 
the two Amargosa vole groupings. Again, we used the ∆K method of Evanno et al. 
(2005) to determine what the most likely number of populations was when we 
included the Colony voles. PCA and NGSadmix results were concordant with K = 2 
being most likely (see Results). We used parametric bootstrapping to generate a null 
distribution of FST values based on 100 random permutations of 32 and 20 individuals 
to determine whether the two actual groups were significantly differentiated. Third, 
we quantified the amount of genetic variation captured by the Colony voles by 
calculating θW, π and the relatedness coefficient as above.  

 
 
 

RESULTS 
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RAD Sequencing and Filtering 

 
Our paired-end bestRAD sequencing effort yielded 408,749,750 total reads for 

79 voles. After aligning our reads to the reference genome, we had 3,828,309 total 
sites on 9,806 contigs that passed our filtering criteria. For all contigs, we had a per-
individual mean coverage of 21X (median: 14.1, min: 4.18, max: 105) before starting 
our analyses. Different analyses used slightly different subsets of the total dataset, and 
we present the number of sites or SNPs included for each analysis below. Our raw 
bestRAD reads are archived in the Short Read Archive (accession: SRP097751), and 
tutorials to recreate the analysis and plots of our results are available at 
https://github.com/alexkrohn/AmargosaVoleTutorials.  

 
Fig. 2: Population structure analyses for California voles including Amargosa voles (native to the 
area around Tecopa, CA). Plots show NGSadmix and PCA for K = 2 (a and b, respectively), the 
most likely K, and for K = 3 (c and d, respectively), for comparison. Dashed black lines separate 
geographic sampling locations for the NGSadmix plots, while dashed white lines separate the 
groupings of each K. Ellipses on PCA plots are 95% confidence intervals around the mean of the 
two groupings identified in the corresponding NGSadmix plot  
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Aim 1: Determine Phylogeographic Structure for California Voles and 
Phylogeographic Affinity for Amargosa Voles 

 
 California voles exhibit significant population structure across their range. For 
all of our results we refer to individuals that group together in the PCA as “clusters”, 
and groups identified by NGSadmix as “groups.” The PCA, based on 20,000 variable 
SNPs, shows that genetic variation partitions into three clusters: the northern cluster 
includes Deep Springs, Lake Isabella and Lark Seep; the southern cluster includes 
Victorville and Elizabeth Lake; and the Amargosa voles form the final cluster, distinct 
from both northern and southern clusters, but closer to the northern cluster (Fig. 2). 
The three clusters of California voles from the PCA fall into two major groups (K =2 
using Evanno et al. 2005) according to the NGSadmix analysis, based on 68,521 sites 
in 30 individuals (Fig. 2a and 2b). For comparison, we also present K = 3, which 
confirms that the Amargosa voles are genetically distinct from - but most closely 
related to - other northern clade voles (Fig. 2c and Fig. 2d). The results of the other 
NGSadmix runs (K = 4 through K = 8) are presented in Supplementary Figure 2. The 
FST value between the northern and southern groups is 0.64. Based on our parametric 
bootstrapping analysis, an FST value of 0.64 is significantly higher than expected by 
chance (P < 0.01). The groupings recovered in both the PCA and NGSadmix analyses 
are concordant with the northern and southern clade designations of Conroy and 
Neuwald (2008) based on a smaller molecular dataset. According to the NGSAdmix 
analysis, the Amargosa voles share more admixture with the populations from the 
northern clade than with the populations from the southern clade.  

SpaceMix analyses of 3,801 SNPs also reveal that the Amargosa voles share 
more admixture with the northern clade than with the southern clade (Fig. 3). Plots of 
the joint marginal distributions, acceptance rates, and sample covariance each indicate 
that MCMC mixed well, achieved an acceptance rate near the desired 44%, and that 
the model adequately described the data. In the analysis, individuals from the southern 
clade draw admixture from a southern region of geogenetic space. Individuals from 
the northern clade, however, draw admixture from a common location away from the 
southern source of admixture, and geographically between Tecopa and Deep Springs, 
CA. Individuals from the Amargosa clade shift northwestwardly away from their 
sampled geographic location towards the convergence of the other northern clade 
individuals in geogenetic space, indicating that the Amargosa voles draw more 
admixture from the northern clade than the southern clade (Fig. 3), and corroborating 
the NGSadmix findings.  
 
 
Aim 2: Quantify Population Structure and Genetic Diversity in Wild Amargosa Voles 
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The wild subpopulations of Amargosa voles are moderately structured 
genetically. The PCA, based on 20,000 variable SNPs, shows that the existing genetic 
variation forms two clusters (Fig. 4). This corresponds to a roughly north-south 
genetic break between Marshes 17 and 55. Population assignment analyses with 
NGSadmix, based on 7,774 SNPs, show a similar grouping, but indicate that Marshes 
10 and 17, which are very close geographically, show admixture between the two 
groups (Fig. 4). The most likely K is 2 and the FST value between the two groups is 
0.09. Our parametric bootstrapping analysis identified an FST value of 0.09 as 
significantly higher than what one would expect by chance (P < 0.01). The results of 
the other NGSadmix runs (K = 3 through K = 7) are presented in Supplementary 
Figure 3. 

Amargosa voles show little migration between the two clusters identified in the 
PCA and NGSadmix analysis. EEMS analysis show that while there is some migration 
within each of the two clusters from the PCA and NGSadmix analysis, there appears 
to be a barrier to migration between the two clusters (Fig. 5). There is more migration 
than average among the group comprised of Marshes 9, 11, 39 and 55, and average to 
less than average migration among the marshes in the other group (Fig. 5). The region 
of decreased migration coincides with a small developed area of Tecopa Hot Springs, 
although suitable marshes do exist in between Marshes 55 and 17 (Fig. 1). 
Importantly, genetic differentiation does not increase positively with geographic 
distance in the wild Amargosa voles (P = 0.726; Fig. 6), indicating that genetic 
differences that gave rise to the patterns of migration observed in the EEMS analysis 
are different than a null expectation of isolation by distance.  

 
Population θW π Relatedness n 

Wild Amargosa Voles 0.631 0.409 0.024 31 
Deep Springs 1.009 1.131 0.003 6 
Lark Seep 1.224 1.357 0 5 
Lake Isabella 1.541 1.606 0.004 4 
Elizabeth Lake 1.433 1.469 0 2 
Victorville 1.329 1.383 0.003 6 
Northern Clade 
Voles 

1.456 1.559 0 15 

Southern Clade Voles 1.487 1.428 0 8 
Table 1: Percent of segregating sites (Watterson’s Theta, θW), percent of pairwise differences 
(Tajima’s estimator, π), the relatedness coefficient and sample sizes (n) for desert California voles 
and Amargosa voles showing reduced genetic diversity in Amargosa Voles relative to other 
California Voles. Values in grey should be interpreted with caution as π and the relatedness 
coefficient are not robust to small sample sizes, even with thousands of loci. Note that the Northern 
Clade Voles comprise Deep Springs, Lark Seep and Lake Isabella populations, while the Southern 
Clade Voles comprise Elizabeth Lake and Victorville populations. 
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Amargosa voles 

show half as much 
genetic variation as 
other desert-dwelling 
California vole 
populations (Table 1). 
The Amargosa vole 
samples show similar, 
low levels of genetic 
diversity across all 
marsh localities and 
most individual marshes 
had approximately half 
of the total genetic 
diversity present in all 
of the wild Amargosa 
voles, supporting our 
findings that genetic 
variation is partitioned 
into two clusters (θW; 
Table 2). As a group, 
two Amargosa voles are, 
on average, more 
related to each other 
than two voles from any 
one of the other 
measured desert 
California vole 
populations (Table 1). 
Looking at each marsh 
separately, relatedness 
coefficients are higher 
and more varied than 

among the larger populations. Accordingly, Amargosa voles have extremely small 
effective population sizes. Based on 4,605 SNPs, wild Amargosa voles have an 
effective population size of 32.3 individuals (95% confidence interval = 32.0-32.5). 
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Fig. 3: SpaceMix plot of desert California voles (from Deep Springs, 
Lake Isabella, Lark Seep, Elizabeth Lake and Victorville, CA) and 
Amargosa voles (from Tecopa, CA). Dots represent actual geographic 
sampling location for each population. Each ellipse represents the 
95% confidence interval of the “geogenetic” location of each sampled 
individual: the location of the individual if it could be pulled away 
from its geographic location proportional to - and in the direction of 
- its source of admixture. Arrows point from the geographic sampling 
location to the approximate mean geogenetic location of all the 
individuals from one sampling locality. Purple represents the northern 
clade and blue represents the southern clade, based on the K = 2 (see 
Results and Fig. 2). 
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Aim 3: Quantify Genetic Diversity in the Captive Colony of Amargosa Voles 
 

 The Colony voles contain a subset of variation from the northern group of wild 
Amargosa voles according to both the PCA and NGSadmix analyses. Compared to 
the PCA and NGSadmix plots of just the wild Amargosa voles (Fig. 4), the addition 
of the Colony voles does not change the major clusters (Fig. 7). The most likely 
grouping is still K = 2. The results from the other NGSadmix runs (K = 3 through K 
= 9) are presented in Supplementary Figure 4.   Unsurprisingly, the Captive voles 
appear in the same cluster as Marsh 1, the marsh from which the colony is derived 
(Fig. 7). The FST value between the two groups present in the PCA and NGSAdmix 
analyses is 0.14, higher than the values between the wild Amargosa vole groups. The 
0.14 FST value is also significantly greater than what one would expect by chance (P < 
0.01). However, the results with the addition of the Colony voles are qualitatively the 
same: the Colony voles only contain the genetic variation of the group that includes 
Marsh 1. 
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The Colony voles have less genetic diversity than the combined sample of wild 
Amargosa voles. According to both θW and π, the Colony voles contain approximately 
half of the total genetic variation present in the wild Amargosa voles (Table 2). The 
Colony voles capture approximately as much variation as any one of the wild marshes. 
When compared against the average relatedness of two randomly drawn wild 
Amargosa voles from any marsh, the Colony voles show similar degrees of inbreeding 
(Table 2).  

 θW π Relatedness n 
Marsh 1 0.339 0.355 0.137 8 
Marsh 9 0.348 0.394 0.079 4 
Marsh 10 0.378 0.396 0.087 3 
Marsh 11 0.369 0.384 0.265 2 
Marsh 17 0.311 0.355 0.122 4 
Marsh 39 0.378 0.415 0.05 6 
Marsh 55 0.339 0.378 0.186 4 
Founders 0.316 0.259 0.007 10 
F1 0.257 0.261 0 2 
F2 0.268 0.268 0.055 3 
‘F3’ 0.246 0.231 0.034 6 
Wild Amargosa voles 0.631 0.409 0.024 31 

Captive Amargosa voles 0.305 0.257 0.012 21 

Table 2: Percent of segregating sites (Watterson’s Theta, θW), percent of pairwise 
differences (Tajima’s estimator, π), the relatedness coefficient and sample sizes (n) 
for wild individuals and captive colony generations of Amargosa voles. Values in 
grey should be interpreted with caution as π and the relatedness coefficient are 
not robust to small sample sizes, even with thousands of loci. The F3 generation is 
in quotation marks because it is a backcrossing of F1 and F2 individuals. 

 
 

DISCUSSION 
 

 Using genome-wide markers, we evaluated the phylogeography and 
conservation genomics of desert dwelling California vole populations, with a focus on 
the endangered Amargosa vole populations. Our goal was to quantify genetic 
variation and detect fine scale patterns of population structure that could not be 
resolved using individual markers (e.g. microsatellite loci, Neuwald 2010). Because 
Amargosa voles are so rare, tissue samples are difficult to obtain. Therefore we used 
low-coverage sequencing methods (Korneliussen et al. 2014); with many loci, fewer 
individuals are needed to robustly resolve population structure, especially when 



 53 

analyses are individual-based rather than relying on a priori population boundaries 
(Prunier et al. 2013; Barley et al. 2015; Kardos et al. 2015; Gottscho et al. 2017). Our 
results suggest that Amargosa voles are genetically most similar to the northern clade 
of California voles. Within the geographically restricted Amargosa voles, we found 
evidence of moderate population structure. Amargosa voles exhibit reduced genetic 
diversity across their small range and have a small effective population size. We also 
show that the captive colony of Amargosa voles has a similar genetic signature to the 
wild population from which the founding members originated, and thus captures only 
some of the total genetic variation present in wild Amargosa voles. Below we detail 
these findings and their implications for management. 
 Our analyses suggest there are two clades of California vole, one northern clade 
and one southern clade, with the Amargosa voles genetically distinct but most closely 
allied with the northern clade. We found several lines of evidence that the Amargosa 

voles are more closely related to 
the northern, rather than 
southern clade. First, our 
NGSadmix analysis suggest that 
the Amargosa voles are 
genetically most similar to the 
northern clade California voles. 
For both K = 2 (the most likely 
K, according to Evanno et al. 
2005) or K = 3, NGSadmix 
analyses reveal that the 
Amargosa voles and northern 
California voles share more 
admixture with each other than 
either group does with the 
southern clade (Fig. 2). Second, 
Amargosa voles draw admixture 
from the same geogenetic space 
as other voles previously shown 
to be in the northern clade (Fig. 
3; Conroy and Neuwald 2008; 
Conroy et al. 2016). Although 
the Amargosa voles are more 
closely allied with the northern 
clade, there is evidence that they 

are genetically distinct. PCA plots comparing genetic variation among desert 
California vole populations and Amargosa voles show Amargosa voles as a distinct 
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Fig. 5: Population structure analysis for wild Amargosa 
voles. a) PCA plot of genetic variation showing individuals 
(labeled by the marsh where they were captured) into two 
slightly overlapping clusters. b) NGSadmix analyses suggest 
there are two groups with some admixture between the two 
groups. Ellipses on the PCA are 95% confidence intervals 
around the mean of the NGSadmix groups.  
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cluster separate from the rest of the northern voles (Fig. 2). Moreover, NGSadmix 
analyses with K = 3 show Amargosa voles as a distinct genetic group.  
 Our results corroborate past 
findings on the relationships 
among California voles, although 
with increased resolution as we 
have included many thousands 
more sites across the genome. Gill 
(1984) first proposed that 
California voles may be incipient 
species along a north-south break 
based on increased male sterility 
and decreased female fertility in 
north-south pairings and allozyme 
differences. Other authors also 
confirmed the same north-south 
break (Conroy and Neuwald 2008; 
Conroy et al. 2016). Looking 
specifically at the placement of 
Amargosa voles within California 
voles, our results align well with 
previous findings based on fewer 
nuclear markers. Using twelve microsatellites and three nuclear introns, Conroy et al. 
(2016) found that the Amargosa voles shared nuclear alleles with northern clade voles. 
In fact, the admixture source location inferred by our SpaceMix analysis is similar to 
the location that Conroy et al. (2016) proposed as the ancestral location from which 
the northern clade was derived. Conroy et al. (2016) proposed the Southern Sierra 
Nevadas as the ancestral location, and our SpaceMix analysis shows the northern 
clade groups converging near the Owens River Valley and Southern Sierra region (Fig. 
3). Our results do not support the finding that Amargosa voles are part of the 
southern clade of California voles, as Conroy et al. (2016) found with their 
mitochondrial locus and a few microsatellite alleles. The discrepancy between mtDNA 
and nuclear DNA could be due to cytonuclear discordance, a phenomenon common 
in rodents (Yang and Kenagy 2009; Taylor and Hoffman 2012; Pagès et al. 2013) and 
other animals (Di Candia and Routman 2007; Lindell et al. 2008; Singhal and Moritz 
2012). The discrepancy between our results and the microsatellite findings of Conroy 
et al. (2016) is likely due to the fact that we sampled many thousands more loci that 
show a pattern of overall connectivity to the northern, rather than southern clades of 
California voles. Thus, Amargosa voles are genetically distinct but most closely related 
to voles from the northern clade, but further phylogenetic studies including outgroups 
will help resolve whether Amargosa voles are nested within or sister to the northern 
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clade of California voles. Nevertheless, our data support a paleo-hydrological 
connection between Tecopa and other northern clade populations as suggested by 
Conroy et al. (2016). 

  We also found that 
the Amargosa voles have 
substantially less genetic 
diversity than other desert 
California vole 
populations (Table 1). 
Levels of genetic variation 
in non-Amargosa 
populations of desert 
California voles are similar 
to other rodent species 
(Jezkova et al. 2015; Teng 
et al. 2016), whereas the 
Amargosa vole 
populations typically 
exhibit less than half the 
genetic variation of other 
desert California vole 
populations (Table 1). 
Unsurprisingly for a 
population with such low 
genetic diversity, the 
inferred effective 
population size of 
Amargosa voles (32.0 - 
32.5 voles) is very small, 
indicating that their 
protected status is well 
warranted.  Given the low 
census population size 
(Klinger et al. 2013) and 
low inferred effective 
population size, the 
observed lack of genetic 
diversity could be due to a 
recent, or ongoing, 
population decline. 

However, population sizes of California vole fluctuate tremendously over relatively 
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short time periods (Krebs 1966), with corresponding decreases in genetic variation 
with large population crashes (Bowen 1982). Therefore, it is possible that past 
population size decreases have also contributed to low genetic diversity, or that 
population sizes were always quite low. Demographic simulations will be necessary to 
determine whether ongoing and/or past bottlenecks are responsible for the low 
genetic diversity present in Amargosa voles.  

Despite the low genetic variation in wild Amargosa voles, we found some 
substructure with genetic variation partitioned into two groups (Figs 4 and 7). FST 
between the northern and southern marshes is relatively low (0.009), but significantly 
different than zero, suggesting moderate population structure (Hartl and Clark 1997). 
The fact that such a low FST value is statistically significant may be due to low genetic 
variation within each of the groups. Given that FST is low, the barrier to gene flow 
between the two groups (between Marshes 55 and 17 in Fig. 5) is likely permeable. 
The only previous study of Amargosa vole’s population genetics used only 3 
microsatellite loci, but also found structure despite low genetic variation (Neuwald 
2010). Given that we sampled different marshes than Neuwald (2010), it is 
unsurprising that we found different boundaries for our genetic clusters, although we 
did both find north-south breaks. Given the low amount of genetic variation (Table 
1), low effective population size, differences in fixed alleles among populations (Table 
2), and known fluctuations in California vole census sizes (Krebs 1966; Bowen 1982), 
it is likely that drift is playing an important role in the remaining Amargosa vole 
populations. 

We also evaluated genetic variation in the Amargosa voles in a captive colony 
and found that Colony voles cluster with individuals from Marsh 1 from which they 
were derived, and only contain a subset of the genetic diversity present in wild 
Amargosa voles (Figs 4 and 7, Table 2). The genetic signature of Colony voles is 
unsurprising as the 20 founding members of the captive colony all originated from 
Marsh 1 (Foley 2016). The captive colony has been managed well to avoid further 
inbreeding by pairing founders captured at distant trap locations and selecting 
subsequent pairs of breeders guided by pedigree. Given that even two individuals 
from the F1 generation of Colony voles are, on average, less related to each other than 
two individuals from the marsh that they were taken from (Table 1), the founding 
individuals were well chosen to prevent inbreeding in the colony. Additionally, the 
breeding procedures at the captive colony have maintained relatedness values lower 
than those present in the wild marshes, indicating that workers are successfully 
avoiding inbreeding with mate pairings. Moving forward, scientists and managers now 
can decide whether to interbreed voles from the two Amargosa vole subgroups so 
that the colony can preserve more of the genetic variation present in the wild. In other 
systems, previous work has shown that interpopulation hybridization may create 
outbreeding depression that may be equally as harmful as inbreeding depression 
(Edmands 2007). However, given the genetic composition of the current captive 
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colony, should a catastrophic event wipe out the few remaining wild Amargosa voles, 
the genetic diversity that is not already present in the Colony voles would be lost. 
Moreover, genetic divergence between the northern and southern marshes is only 
moderate. One solution would be to bring individuals from Marshes 9, 11, 39 or 55 
into captivity and either interbreed them with the existing colony animals or maintain 
them separately. 
 In conclusion, we used RADseq to sequence thousands of loci across the 
genomes of 79 desert-dwelling California voles to resolve the phylogeographic 
position of Amargosa voles and inform the conservation of Amargosa voles. Our 
results have management implications for reintroductions of Amargosa voles. Erring 
on the cautious side, voles from the colony can be released into suitable marshes 
within the area of increased migration around Marsh 1, 17 and 10 (Fig. 5). By bringing 
voles from the area that contains Marshes 9, 11, 39 and 55 into captivity without 
interbreeding them with the current colony, an insurance colony could be created for 
that sub-group (Fig. 5) while avoiding potential effects of outbreeding. However, 
genetic diversity is low in Amargosa voles overall and FST is relatively low between the 
two sub-groups, so an alternative would be to use voles from the current colony for 
wider-spread reintroductions or allow interbreeding in the colony between the two 
subgroups. If Amargosa voles become extirpated and managers consider 
reintroductions of sister populations, voles from the most proximate northern clade 
populations are the closest living relatives to Amargosa voles. Our study highlights the 
importance of proactively understanding genetic structure in wild and captive 
populations before reintroductions are attempted (La Haye et al. 2017). Additionally, 
our study highlights the use of genome-wide markers to resolve relationships among 
populations that are difficult to sequence reliably with traditional markers due to low 
genetic variation. Future work should focus on increasing sample sizes and 
monitoring changes in genetic diversity in the Amargosa voles over time both in the 
colony and the wild to further aid in the recovery of these imperiled populations. 
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Supplementary Figure 1: Museum of Vertebrate Zoology (MVZ) specimens used for this study. 
 

Population MVZ Specimen Number 

Deep Springs MVZ 219351 
Deep Springs MVZ 219352 
Deep Springs MVZ 219353 
Deep Springs MVZ 219357 
Deep Springs MVZ 219358 
Deep Springs MVZ 219360 
Deep Springs MVZ 219361 

Lark Seep MVZ 224907 
Lark Seep MVZ 224909 
Lark Seep MVZ 224910 
Lark Seep MVZ 224911 
Lark Seep MVZ 224914 

Lake Isabella MVZ 222926 
Lake Isabella MVZ 222927 
Lake Isabella MVZ 222928 
Lake Isabella MVZ 223851 
Lake Isabella MVZ 223852 

Victorville MVZ 224890 
Victorville MVZ 224891 
Victorville MVZ 224892 
Victorville MVZ 224893 
Victorville MVZ 224900 
Victorville MVZ 224901 
Victorville MVZ 224902 

Elizabeth Lake MVZ 227999 
Elizabeth Lake MVZ 228000 
Elizabeth Lake MVZ 228001 

Elizabeth Lake MVZ 228003 
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Supplementary Figure 2: NGSadmix analyses for other K values for California voles, including 
Amargosa voles. Admixture is shown on the y-axis and each major grouping of voles, from the 
northern, southern or Amargosa clade, is shown on the x-axis. Dashed black lines separate 
geographic sampling locations for the NGSadmix plots, while dashed white lines separate the 
groupings of each K. 
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Supplementary Figure 3: NGSadmix analyses for other K values for wild and captive Amargosa 
voles. Admixture is on the y-axis and marshes or captive colony generation sampled is on the x-axis. 
Dashed white lines separate marshes or captive colony generation sampled in this study. 
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Supplementary Figure 4: NGSadmix analyses for other K values for wild and captive Amargosa 
voles. Admixture is on the y-axis and marshes or captive colony generation sampled is on the x-axis. 
Dashed white lines separate marshes or captive colony generation sampled in this study. 
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