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ABSTRACT 

 

TOADAL ISOLATION: GENETIC CONNECTIVITY OF THE WESTERN TOAD 

 

(ANAXYRUS BOREAS) ALONG I-90 IN THE SNOQUALMIE PASS AREA  

 

OF WASHINGTON STATE 

 

by 

 

Anneliese Katherine Myers 

 

June 2020 

 Single-nucleotide polymorphisms (SNPs) were used to assess the genetic 

connectivity of western toad (Anaxyrus boreas) breeding populations along Interstate-

90 near Snoqualmie Pass, WA. Sites north and south of the freeway were sampled 

during the breeding season of 2019. SNP loci were subsequently generated using the 

proprietary DArTseqTM (Canberra, ACT, Australia) method. A total of 15,468 SNPs 

were used to calculate pairwise FST values and three distinct breeding populations were 

identified, two north and one south of I-90. All pairwise FST values between these sites 

were low (<0.02) but significantly different from 0. The lowest pairwise FST was 

between the two sites that were furthest apart (11.6 km), indicating higher levels of 

connectivity along than across the freeway. A de novo discriminant analysis of principal 

components (DAPC) confirmed this division between sites on either side of I-90. 

Although I-90 is the most prominent potential barrier on the landscape, the Yakima 

River may also be contributing to this division. An a priori DAPC was able to 

distinguish between all populations with enough confidence to assign toads that were 

randomly encountered in the summer of 2019 to their most likely population of origin 

and will be a useful tool in future studies.  
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I   

 INTRODUCTION 

Habitat Fragmentation – a Major Source of Amphibian Decline 

 We are in an era that many researchers (e.g., Leakey and Lewin 1995; Thomas 

et al. 2004; Wake and Vredenburg 2008) are calling “the sixth mass extinction.” The 

last few centuries have been characterized by a decline across all phylogenic classes of 

organisms (Pievani 2014); however, no group is declining as quickly as that of 

amphibians. At least 146 species have gone extinct since the year 1900 alone (Ceballos 

et al. 2015), and it is estimated that up to one-third of all known amphibian species are 

currently threatened with extinction (Wake and Vredenburg 2008). 

 Explanations for the current amphibian extinction crisis are varied and complex, 

but most stem from human activities (Ceballos et al. 2015). Human modification and 

destruction of landscapes have been heavily implicated in the decline of many species 

(Pereira et al. 2010). After modification to a landscape has been completed, resulting 

anthropogenic structures may break up surrounding area that was once continuous, 

natural habitat. The effects of such habitat fragmentation have been noted world-wide 

and have been increasing in severity (Haddad et al. 2015). 

Amphibians can be negatively affected by fragmentation in a variety of ways 

(Cushman 2006). Many species of amphibian have a biphasic life history, requiring an 

aquatic habitat for breeding and early development, and a terrestrial habitat in which to 

spend their adult life (Schoch 2009). If fragmentation cuts a population off from either 
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of these key habitat features, the population may not survive to mature and reproduce 

the next generation of individuals.  

In the case where a population does have access to all necessary habitat 

requirements, fragmentation poses other risks. Fragmentation reduces dispersal success 

and the survival of juveniles for many amphibian species (Cushman 2006). If 

populations are cut off from each other, fragmentation can also lead to a loss of genetic 

diversity, and, consequently, an increased vulnerability to disease and harmful recessive 

allelic traits (Couvet 2002; McCallum and Dobson 2002). In the case of extreme 

isolation, when such a population becomes locally extirpated, it may be impossible for 

their habitat patch to be re-colonized by other individuals (Antolin and Schoettle 2001). 

Though many kinds of human developments can break a landscape up into 

smaller patches, roads are of particular concern, due to their length and abundance. It is 

estimated that 70% of forested area worldwide is within 1 km of a road (Haddad et al. 

2015), and road networks continue to grow each year. Not only do roads contribute to 

direct mortality of amphibians (Fahrig et al. 1995; Mazerolle 2004) but, when traffic 

volumes are high, they can also pose a nearly impenetrable barrier to these small 

organisms (Fahrig et al. 1995; Mazerolle 2004), effectively fragmenting entire 

landscapes.  

A nation-wide study conducted in the United States using citizen science was 

able to show that, for all species included in the study, road disturbance had a negative 

effect on amphibian species richness and distribution (Cosentino et al. 2014). 

Fragmentation caused by roads has also been shown to negatively impact amphibian 
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density (Fahrig et al. 1995) and connectivity (Cushman 2006). Even common and hardy 

amphibian species have been noticeably affected in some regions (e.g., Dixo et al. 

2009), including the species under consideration in this study, the western toad 

(Anaxyrus boreas, formerly Bufo boreas)  (COSEWIC 2012). 

The Western Toad – Life History and Study Site Habitat 

The western toad belongs to the family of the “true toads,” Bufonidae. The 

western toad is a relatively common and hardy species, able to thrive under a wide 

variety of conditions, as can be seen from the extent of their range. The western toad 

can be found in the Western United States and Canada, from southern Alaska to Baja 

California, and as far east as Colorado (IUCN…2015). 

Although widely distributed, the International Union for Conservation of Nature 

(IUCN) reports that the western toad exhibits a trend of population decline along its 

range (IUCN…2015). Some of these declines are reported to be quite dramatic in 

number (Drost and Fellers 1996; Muths et al. 2003). The extirpations of entire 

populations on Vancouver Island (Davis and Gregory 2003), as well as in New Mexico 

(Jackson 2004) and Colorado (Carey 1993; Livo and Yeakley 1997), are alarming and 

could indicate that other amphibian populations may face similar risks. It is therefore 

critically important to better understand what factors are contributing to the decline of 

common, hardy species like the western toad, and how to mitigate them.  

As stated previously, habitat fragmentation is one of the major causes for the 

decline of the western toad (Stuart et al. 2004; COSEWIC 2012). The site selected for 

this study, located in Central Washington and known as the “I-90 corridor” is a stretch 
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of habitat in the Cascade Mountains which is bisected east to west by I-90: a freeway 

with heavy traffic volumes. The western toad is common to this area; five breeding 

locations in the study site are currently known, some north and some south of the 

freeway (personal communication, Dr. Irwin).  

The western toad exhibits strong breeding site fidelity, returning to the same 

breeding grounds year after year (Carpenter 1954; Tracy and Dole 1969). Standing 

water is required for successful breeding to occur, and the western toad has an affinity 

for wetland areas and shallow, vegetated margins of lakes (Maxell et al. 2002; Bull 

2006; personal observation). In the study area, breeding generally occurs sometime 

between mid-April to early-May, once the snow has begun to melt off of the breeding 

habitat surface and temperatures stay above freezing (personal communication, Dr. 

Irwin). The breeding period is short, lasting no more than a week. Females lay strings of 

up to ~12,000 eggs, which hatch after 3-12 days (Samollow 1980).  

Tadpoles spend 4-12 weeks feeding and growing in their aquatic environment 

before metamorphosing into juvenile toads (Hayes et al. 1993; Wood and Richardson 

2009). As juveniles, they disperse into the surrounding habitat to forage, grow, and 

mature. A male will reach sexual maturity between 2-3 years of age, while a female will 

reach maturity between 4-6 years (Olson 1988; Carey 1993; Matsuda et al. 2006). 

Mature males may breed annually, and even multiple times per breeding season, while 

mature females generally will not breed over consecutive breeding seasons, and only 

breed once per season (Olson 1988; Bull and Carey 2008).  
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Western toads spend the winters hibernating in underground hibernacula 

(Mullally 1952; Browne and Paszkowski 2010; Palmeri-Miles 2012). In the time 

intervening breeding and hibernation, western toads are largely terrestrial, and can 

range great distances from their breeding site in search of forage. Females are generally 

known to range farther than males and to have larger home ranges (Muths 2003). Males 

have been recorded to move over 0.9 km from their breeding site to summer home 

range, while females are recorded to move up to 2.4 km from breeding site to home 

range (Muths 2003; Bartelt et al. 2004). western toads are also capable of long-distance 

dispersal movements – Schmetterling and Young (2008) observed movements as great 

as 13km, with a median total travel distance of 2.9 km, over the course of 6 weeks.  

Home-range movements have been reported in previous thesis work for the area 

of interest in this study. Toads were found to move between 0.25-290 meters daily, and 

up to 1976 meters within a month, with no significant differences observed between 

males and females (Palmeri-Miles 2012). Combined with published values, it is 

possible that migration or dispersal between breeding locations under study may be 

possible, as distances between breeding sites range from <0.5 km – 11.6 km. However, 

I-90 may pose an impassible barrier between some of the sites. In all previous telemetry 

work done at the study site, no western toad has been observed to cross I-90, although 

juvenile toads have been observed in in two culverts under I-90 (Swamp Lake and Price 

Creek; personal communication, Dr. Irwin). 
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I-90 – a Brief History 

I-90 has been in place since 1905, when a rough road was established upon a 

footpath that had been developed by indigenous peoples. It was not until the 1930s that 

this road was paved and maintained for passage through the winter months. In the 1950s 

the road was widened to four lanes and significant traffic (4,000-7,000 vehicles a day) 

began to be seen along the then-highway. Since then, many improvements of I-90 have 

been made (I-90…History c2020). Traffic volumes have increased steadily and are 

currently around 30,000 vehicles a day. This number is projected to grow to 39,000 

vehicles per day by 2040 (I-90…2019 c2020). 

The latest improvements to I-90 are focused on accommodating these volumes, 

through the expansion of a 15-mile stretch on the East side of Snoqualmie Pass between 

Easton and Hyak (I-90…2019 c2020). This section of road has been identified to bisect 

important movement routes for animals in the north Cascade Ecosystem (Singleton and 

Lehmkuhl 2000; Shirk 2009). Because of this, in addition to widening the road, 

stabilizing slopes, and adding chain-up areas, WSDOT has partnered with the Forest 

Service and other organizations (see I-90…Statement c2020) to facilitate the crossing of 

wildlife from one side of the freeway to another through the construction of culverts, 

overcrossings, and underpasses (I-90…Statement c2020). When combined with 

fencing, these structures have been shown to reduce large wildlife-vehicle collisions and 

improve the safety of roads (Bruinderink and Hazebroek 1996). Crossing structures are 

also widely assumed to mitigate the effects of habitat fragmentation caused by 
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roadways, though few before/after studies exist that are rigorous enough to support this 

claim (Corlatti et al. 2009). 

Wildlife Bridges – A Potential Solution to Habitat Fragmentation 

Both underpasses and overpasses have been constructed around the globe in 

attempts to reconnect habitats across roadways. While these efforts are widely assumed 

to increase road permeability for a variety of animals, it is difficult to quantify this 

effect. Because construction of these structures may span decades, “before” and “after” 

studies that compare pre- and post- construction populations are rare (Glista et al. 

2009). Such comparative studies are necessary to assess the degree to which a wildlife 

bridge has contributed to connectivity (Rytwinski et al. 2015).  

One popular method of pre/post construction is camera trapping. Though 

wildlife cameras can be relatively easy and cheap to operate, their use tends to focus 

studies on benefits to individual organisms, rather than populations. This is because it is 

often difficult or impossible to tell from footage whether different individuals are 

genetically related (Clevenger and Huijser 2011). This method does not reveal if 

individuals from different populations are coming into contact with each other or 

whether the number of migrant mating individuals is enough to reach a threshold where 

the overall health of the populations will be improved (Corlatti et al. 2009). 

Additionally, this method is biased toward evaluating only the crossing of large 

animals, chiefly mammals, that are both easily identified and capable of tripping the 

movement trigger on a monitoring device. Smaller, more obscure organisms, such as 

amphibians, often go unrecorded and unidentified.   
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With their small home range and restricted dispersal capabilities compared to 

larger animals, it is unclear whether amphibians will be able to effectively utilize a land 

bridge at all. Along the portion of the I-90 corridor considered in this study, 11 crossing 

structures (culverts, underpasses, and an overpass) have been constructed or expanded 

to date. These structures are intended to reduce wildlife-vehicle interactions and to 

fulfill the goal of the US Forest Service to support overall biodiversity and ecosystem 

function in the corridor (I-90 Corridor…2008), making it a priority to assess the effects 

of crossings structures on a wide variety of species, including amphibians. This is in 

contrast to other projects, where the main goal is to prevent collisions or to increase 

connectivity for specific species (Glista et al. 2009).  

For this study, the connectivity of the western toad is of particular concern since 

it is able to disperse such large distances (up to 13 km) compared to other anurans in the 

study site, such as the Cascades frog (Rana cascadae, up to 1.3 km; Garwood 2009) and 

the Pacific chorus frog (Pseudacris regilla, < 0.5 km; Jameson 1956). I-90 is expected 

to pose less of a threat to the latter species, as the distances between most breeding sites 

and the freeway is greater than an individual’s dispersal ability (Burton 2002). 

However, breeding sites separated by I-90 are within the dispersal ability of western 

toads, and it is unclear what specifications are required to allow them to move over or 

under a freeway. Therefore, monitoring of this species is critical to determine if I-90 has 

historically posed a barrier to the species.  

In recent years, advanced genetic techniques have been used to assess the effects 

of fragmentation and isolation on populations (e.g., Gutiérrez-Rodríguez et al. 2017). 
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Though so-called “landscape genetics” studies have been used to assess amphibian 

fragmentation across roadways, a literature search revealed that no studies have 

characterized genetic structure of amphibian populations before and after construction 

of crossing structures, as has been done for charismatic organisms such as sugar glider, 

bear, and deer populations (Kuehn et al. 2007; Van Manen et al. 2012; Soanes et al. 

2017). Such studies are necessary to determine if crossing structures may also benefit 

less vagile organisms, and to what extent.  

Landscape Genetics – High-resolution SNPs 

 Landscape genetics is a field of growing interest which examines the effect that 

landscape features have on the genetic composition of populations over time (Epps and 

Keyghobadi 2015). In a typical landscape genetics study, molecular markers in the 

species of interest are used to compare unique alleles and ratios of allelic occurrence 

between populations. Most commonly, genetic structuring of amphibian populations has 

been assessed by looking at microsatellites (Schaffer et al. 2014).  

Microsatellites are short, tandem repeat sequences of DNA that are generally 

multi-allelic and have relatively high mutation rates compared to point mutations 

(Gemayel et al. 2012), which allows this technique to be used to detecting recent 

barriers to gene flow (Takahata & Nei 1984; Safner et al. 2011). For example, 

Richardson (2012) used microsatellites to show that both roads and Euclidean distance 

between populations affect the genetic structuring of wood frog populations. Another 

study by Peterman et al. (2015) examined microsatellites of ringed and spotted 

salamander (Ambystoma annulatum, A. maculatum) populations and determined that 
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dispersal propensity and ability are factors that play a role in genetic differentiation 

between subpopulations.  

Though this method has been used with some success, the use of microsatellite 

markers gives less resolution than other so called next-generation sequencing (NGS) 

methods, such as the identification of Single Nucleotide Polymorphisms (SNPs) 

(Lemopoulos et al. 2019). SNPs are single-nucleotide loci that are polymorphic across 

individuals in a population. Thousands of SNP loci can be identified and analyzed in a 

study, compared to the average of 10 markers that are used in a microsatellite studies of 

amphibian populations (Lawrence et al. 2019). The higher resolution of SNPs reduces 

the number of individuals that must be sampled to detect population structuring 

(Willing et al. 2012; Nazareno et al. 2017) and has more power to detect weak 

population structure arising from recent or incomplete barriers within the landscape 

(Landguth et al. 2012).  Furthermore, no a priori knowledge of a species’ genome is 

needed to generate SNP loci, making this a particularly useful method when examining 

the population structure of non-model organisms (Davey et al. 2011; Andrews et al. 

2016). 

A recent study by McCartney-Melstad et al. (2018) demonstrated the utility of 

SNPs by examining populations of eastern tiger salamanders (Ambystoma tigrinium) on 

Long Island, New York. A previous study using 12 microsatellites was unable to detect 

any significant population structuring associated with human development (Titus et al. 

2014). Using SNP loci, McCartney-Melstad et al. (2018) were able to demonstrate that 
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the populations were highly structured, and that both Euclidean distance and presence 

of roads were predictors of the genetic variance that was observed.  

Though offering an increase in resolution, SNP markers are not yet widely used 

in studies of amphibian connectivity. One explanation for this could be that the cost of 

SNP sequencing may be prohibitive for many studies. Though the per-loci cost of SNPs 

have decreased drastically with advancing technology, the thousands of loci generated 

for SNPs result in more expensive costs per individual sample when compared with the 

use of microsatellite panels (Lemopoulos et al. 2019). Even for this study, the cost of 

generating SNP data was prohibitively expensive at most facilities. However, the 

methods employed by Diversity Arrays Technology Sequencing (DArTseq, Canberra, 

ACT, Australia), along with the academic discount they provide, offered a quality and 

affordable sequencing option for this research project.  

Their proprietary DArTseq™ methods make use of restriction-site-associated 

DNA sequencing (RADseq), wherein endonucleases are used to target low repeat 

sections of a genotype, creating a subsample of the genome that is likely to contain 

variable nucleotides of interest. Only this subsample is sequenced, reducing overall cost 

(Andrews et al. 2016). The DArTseq™ method has recently been validated for use in 

vertebrates through the examination of case studies involving phylogeny and 

hybridization (Melville et al. 2017). It has been used to assess the structuring of animal 

populations such as tuna (Thunnus albacares), oyster (Pinctada margaritifera), and 

lobster (Panulirus homarus) (Grewe et al. 2015; Lal et al. 2017; Al-Breiki et al. 2018; 

respectively), among others.  
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The DArTseq™ method has primarily been used in amphibian species to 

identify sex-linked loci to assess sexual preference, determinism, ratios, etc. Only a few 

studies were found directly evaluating landscape genetics (e.g., Cummins et al. 2019) 

other than the validation study previously mentioned, and none focused on the effects of 

roads. Nevertheless, these sources imply that DArTseq™ may be a cost-effective, high-

resolution method for monitoring the structure of amphibian and other vertebrate 

populations. 

One measure of population structuring that may be assessed using SNP datasets 

is FST – a variable ranging from 0 to 1 that describes the amount of genetic 

differentiation between subpopulations. A value of 0 indicates that the subpopulations 

are freely interbreeding, while 1 indicates the subpopulations are totally separated.  

Although it is difficult to compare FST values across different species, locations, 

and marker types, for reasons described below, it should be noted that a previous study 

of the western toad using a panel of 12 microsatellite markers found no statistical 

differentiation (FST = 0) between eastern WA populations ~70 km from each other 

(Switzer et al. 2009). In contrast to this, a similar number of microsatellites has been 

used to detect statistically significant structuring of tailed frog (Ascaphus truei, FST  = 

0.01) and Cope’s giant salamander (Dicamptodon copei, FST  = 0.033 to 0.127) 

populations within the Olympic Peninsula (Spear et al. 2011).This could be an 

indication that the higher vagility of the western toad, which has a home-range of 0.002 

to 0.43 km2 in the study area (Palmeri-Miles 2012), compared to the tailed frog and 

Cope’s giant salamander (see Daugherty and Sheldon 1982, Johnston 1999), enables it 
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to maintain elevated levels of gene flow across large distances. An increased number of 

genetic markers, which SNPs provide, is likely needed to pick up any subtle 

differentiation that may exist between western toad populations in Washington. 

FST – A Measure of Genetic Differentiation 

The concept of FST was first developed by Sewell Wright, who defined it as “the 

correlation between random gametes within subdivisions, relative to gametes of the 

total population” (Wright 1950; Wright 1965).  Later geneticists would interpret this 

‘total population’ as representative of either the combination of the two subpopulations 

of interest (e.g., Nei 1973), or the ancestral population from which both subpopulations 

of interest had arisen (e.g., Weir and Cockerham 1984). This latter definition has been 

the most widely used, as it allows FST to explain evolutionary processes, rather than 

merely describe current population parameters (Bhatia et al. 2013).  

Wright’s research was conducted in a time when most alleles were thought to be 

bi-allelic, following Mendelian principles of genetics. Since the development of 

electrophoresis and subsequent discovery of multi-allelic markers, new parameters have 

been described which may better deal with these markers, such as the standardized G’ST 

and Jost’s D (Hedrick 2005; Jost 2008). However, the classic FST parameter described 

by Wright (1965) is applicable to bi-allelic SNP data (Equation 1). 

 

FST =var{𝑝}/[�̅�(1 − �̅�)] 

Equation 1.  Equation for FST, where var{p} is variance in allele frequency among 

subdivisions, and  �̅�  is the overall mean allele frequency in the total population 

(Wright, 1965). 
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Many estimators have been developed for Wright’s FST, the most cited of which 

is Weir and Cockerham’s (1984) θ, (hereafter, WC). An ANOVA-like approach is used 

to calculate this estimator as a ratio of the variance between populations relative to the 

variance of the total population (Equation 2). 

 

WC =  
𝑎

𝑎 + 𝑏 + 𝑐
 

Equation 2.  Equation for the WC estimator, where a is the variance in allele frequency 

between populations, b is the variance in allele frequency between individuals within 

populations, and c is the variance in allele frequency between gametes within 

individuals (Weir and Cockerham, 1984). 

 

The WC estimator assumes that both subpopulations have experienced the same 

amount of genetic drift since dividing from the ancestral population. Bhatia et al. (2013) 

point out that this can lead to inflated values of FST when sample sizes from populations 

are unequal. They recommend using instead the approach described by Hudson et al. 

(1992), which allows for each population to have a unique amount of genetic drift. They 

created an explicit equation (Equation 3) to calculate this FST estimator, which they 

named Hudson’s estimator: 

 

F̂ST
𝐻𝑢𝑑𝑠𝑜𝑛 = 1 −

𝐻𝑤

𝐻𝑏
=  

(�̅�1 − �̅�2)2 −
�̅�1(1 − �̅�1)

𝑛1 − 1 −
�̅�2(1 − �̅�2)

𝑛2 − 1

�̅�1(1 − �̅�2) −  �̅�2(1 − �̅�1)
 

Equation 3.  Equation for an FST estimator using 𝐻𝑤, the mean number of differences 

within populations, and 𝐻𝑏, the mean number of differences between populations 

(Hudson et al. 1992). These were explicitly defined by Bhatia et al. (2013) in terms of 

sample size,  𝑛𝑖 , and allele frequency, 𝑝𝑖 , in population 𝑖 for 𝑖 𝜖 {1,2}. 
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The use of FST has received some critique from the scientific community. The 

parameter is based on an infinite island model, where subpopulations are assumed to be 

discrete, infinitely large, and have an equal chance of receiving migrants from all other 

populations. Clearly, natural populations do not exhibit such characteristics, but FST 

estimators have proven robust to violations of these assumptions (Neigel 2002). 

Estimates of FST are dependent on the species and system under study, as well as the 

molecular marker being used (Meirmans and Hedrick 2010) and are subject to 

mathematical limitations (see Jakobsson et al. 2013). When structuring is subtle, FST 

values have a large variance, and only provide a coarse measurement of population 

differentiation (Neigel 2002, Jost 2008). However, after decades of use these limitations 

are generally well understood, and FST is still widely viewed as a useful measure of 

population structure (Neigel 2002). It is suggested that other methods of data analysis 

be used in conjunction with FST, such as the estimation of the closely related G’ST and 

Jost’s D (Ma et al. 2015; Whitlock 2011), or visual exploration of the data through 

multivariate tools such as Principle Components Analysis (PCA), Discriminant 

Analysis of Principle Components (DAPC), and other clustering methods (Jombart et 

al. 2010; Balzarini et al. 2011; Alhusain and Hafez 2018). 

FST has previously been useful in revealing amphibian population structure 

associations with isolation-by-distance, roads, and other landscape features (Vos et al. 

2001; Lesbarrères 2006; Bartoszek and Greenwald 2009; McCartney-Melstad et al. 

2018). Simulation studies have shown that FST responds more rapidly to landscape 

modification than other related measures (Kalinowski 2002; Lloyd 2013). For species 
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with short generation times and relatively small effective population sizes, an increase 

in FST due to the addition of a barrier may be detected after only a few generations 

(Hoffman et al. 2017), although equilibrium will take longer to establish (Mech and 

Hallett 2001; Landguth et al. 2010; Alcala et al. 2013).  

In the current study area, I-90 has received significant traffic since the 1950s, 

representing over ten generations of the western toad. If the road has been acting as a 

barrier to toad movement, FST values may reflect this. Similarly, FST has been shown to 

equilibrate rapidly (1-15 generations) following barrier removal (Landguth et al. 2010), 

making it an appropriate measure to use in future studies to detect the effect of crossing 

structures.  

Study Objectives 

The goal of my study was to use DArTseq generated SNPs to assess which 

western toad populations along the I-90 corridor were most closely connected. Although 

several crossing structures have already been constructed in the study area, the time-lag 

associated with genetic population parameters (Landguth et al. 2010) allows my study 

to approximate a “pre-construction” snapshot of western toad connectivity along I-90. 

Pairwise FST values were quantified to determine whether I-90 has been acting as a 

barrier to gene flow for this species. 

 I predicted that I-90 poses a total barrier to gene flow, and that the populations 

north and south of I-90 on Snoqualmie Pass would be distinct in their genetic 

structuring, having relatively high pairwise FST values. In contrast, I predicted that sites 

near each other on the same side of the freeway would be less structured due to 
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unimpeded migration and dispersal between proximal sites, which would be indicated 

by relatively low pairwise FST values. Additionally, I predicted that pairwise FST values 

involving Mardee Lake, the most removed breeding location in the study site, would 

consistently exhibit the highest values, because Euclidean distance between it and all 

other sites is more than twice the distance between any other pair of breeding locations. 

Finally, I predicted that populations would be structured enough to discriminate 

between using a DAPC, allowing individuals of unknown origin to be assigned to their 

most likely population.  

  By using FST values and DAPC results as a proxy for population structure prior 

to land bridge construction, this research will provide a foundation for later, 

comparative studies to assess whether these structures have any positive effect on gene 

flow for the western toad. It is hoped that the methodology employed here will provide 

a useful template for the assessment of other connectivity projects involving amphibian 

species of concern.  
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II 

METHODS 

Study Location 

This study took place from April-September 2019, in Washington State, over a 

fifteen-mile stretch of the I-90 corridor between Easton and the Snoqualmie Pass 

Summit. As mentioned previously, this location was selected for its known western toad 

breeding sites and its inclusion in the I-90 Eastbound road improvement project. All 

toads incidentally encountered in the research area over the course of the study were 

sampled. Several specific locations were surveyed periodically during the western 

toads’ breeding season (April – May) in order to obtain a representation of breeding 

populations. 

These efforts focused on five wetland habitats where toads have previously been 

observed to breed (personal communication, Dr. Jason Irwin). Three of these wetland 

habitats are on the north side of the freeway (Mardee Lake – northwest, Townsend Pond 

– northcentral, Swamp Lake – northeast) and two (Keechelus Dam Ponds) are on the 

south side of the freeway (Fig. 1).  

It is unclear whether the two southern wetlands would have existed prior to 

construction of the Keechelus Dam in 1917; at the very least they would have looked 

much different than they do today and would not necessarily have been suitable to 

support western toad populations. Both Mardee Lake (NW) and Swamp Lake (NE) are 

presumed to be historical breeding areas for the western toad. 
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Fig. 1 Map of known breeding locations of the western toad (Anaxyrus boreas) along a 

15-mile improvement stretch of I-90 in Washington State. Sites, from left to right, 

include Mardee Lake, Townsend Pond (wetland outline not visible), Keechelus Dam 

Ponds 1 and 2, and Swamp Lake. The study area was digitized in ArcGIS Pro and 

utilizes a hillshade base layer (version 2.5.0, ESRI c2020).  

 

The fifth site, Townsend (NC) mitigation area, is a special case.  It was 

historically a wetland area, but the establishment of the Sunset Highway in 1913 cut 

through the site, reducing and degrading available habitat area. A portion of this 

highway was removed in 2016, and mitigation measures were taken to restore a portion 

of wetland habitat (Mohagen 2019). A culvert near the wetland area, running beneath I-

90, was expanded in 2017. 

 One western toad was observed to establish itself in the restored area in 2018. 

No toads had been observed in the area prior to that time, either before or during the 

restoration process. The summer of 2018 was the first time western toad tadpoles were 

observed at this site (personal communication, Dr. Irwin). It is unclear whether toads 
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migrated to this location from the nearby Keechelus Dam Ponds (S) via the new culvert 

or from the more distant Swamp (NE) or Mardee Lake (NW) populations.    

Euclidean distances between these breeding locations were calculated using 

ArcGIS Pro (version 2.5.0, ESRI c2020). Wetland data for the upper Yakima Basin 

were obtained from the U.S Fish & Wildlife Service’s National Wetland Inventory 

(NWI) (NWI…2019). Four out of the five breeding locations fell under ‘freshwater 

emergent wetland’ habitat patches in the NWI. The margin of these and any connected 

‘freshwater emergent wetland’ habitat patches were traced as the boundary of these four 

breeding locations. The restored Townsend wetland does not appear on the NWI. 

Satellite imagery from Septermber 2018 (ESRI, 2018) was used to trace the visible 

water’s edge around the identified breeding location. The “Near” tool was then run in 

ArcGIS Pro to determine the shortest distances between breeding margins. The 

“Measure Feature” tool was used to calculate total area of each breeding site.  

In addition to the five known breeding locations, two sites were identified as 

areas of interest for the species. Lost Lake, on the south side of the freeway, has 

historical reports of western toad observations (Patricia Garvey-Darda, pers. comm.). 

Swamplands north of Lake Easton, on the north side of the freeway, appear to have 

good potential breeding habitat. Due to these characteristics, the two sites were also 

included in breeding season surveys.  

Sample Collection 

Beginning in April, Swamp Lake (NE) was surveyed every few nights to detect 

the movement of male toads into the area prior to the peak breeding event. Activity at 
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this location served as an indicator for the other focal sites. After May 1, when male 

toads were sighted at Swamp Lake (NE), nightly sampling was conducted by a team of 

researchers and volunteers. Samples of breeding populations of the western toad were 

collected from May 2 – May 4, 2019.  

During the course of these nights, each focal site was surveyed to assess whether 

toads were present. If none were found, the area was resurveyed 1-2 nights later. If 

toads were present, the area was surveyed for egg masses to determine if breeding had 

occurred, then toads were caught by hand for sampling. The goal was to sample up to 

30 adult toads per site, or as many adult toads as were found.  

Each captured toad was weighed and measured from snout to vent. The toad was 

scanned for passive integrated transponder (PIT) tags; if none was present, a PIT tag 

with a unique identification code was injected into the individual (Fig. 2). A small 

amount of tissue from one of the toad’s hind toes was clipped using sterilized scissors, 

and then the individual was released near its point of capture. The toe-tip tissue was 

stored in 95% denatured ethanol in a freezer until it could be sent out for analysis.  After 

the breeding season was completed, toads incidentally encountered in the study area 

during the summer of 2019 were also sampled using the procedure outlined above. All 

samples were collected under Central Washington University Institutional Animal Care 

and Use Protocol A061602 and Washington Department of Fish and Wildlife Scientific 

Collection permit IRWIN 18-314.  
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Fig. 2 A western toad (Anaxyrus boreas) being injected with a PIT tag by a trained 

researcher. Photo Credit: Adrian Slade 

 

Genetic Sequencing and Filtering 

 Tissue samples were sent to Diversity Arrays Technology Sequencing 

(DArTseq, Canberra, ACT, Australia) for DNA extraction and DArTseq™ genotyping. 

The DArTseq™ method begins with a “complexity reduction” step, wherein an 

endonuclease set is used to target low repeat sections of a genotype. This creates a 

subsample of the genome that is likely to contain variable nucleotides of interest. 

Afterwards, next generation sequencing (NGS) takes place on Illumina (San Diego, CA, 

United States) platforms (Sansaloni et al. 2011; Kilian et al. 2012; Courtois et al. 2013; 

Cruz et al. 2013; Raman et al. 2014).   

DArTseq selected the enzyme combination of PstI-SphI to subsample the 

genome of Anaxyrus boreas. A digestion/ligation mixture was prepared, containing the 

two enzymes, as well as (forward) PstI- and (reverse) SphI-compatible adaptors, as per 

Kilian et al. (2012). Both adaptors included a flowcell attachment sequence from 

Illumina. The PstI-compatible adaptor additionally included a sequencing primer and a 
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barcode region of varying length. This barcode sequence was unique to each sample, 

similar to the barcode used by Elshire et al. (2011).  

After digestion/ligation was completed, only “mixed” fragments, cut by one end 

at PstI and at the other end by SphI, were amplified by PCR under the following 

conditions: a one minute initial denaturation at 94°C, followed by 30 cycles of 20 

seconds at 94°C, 30 seconds at 58°C, and 45 seconds at 72°C, with a final seven minute 

extension at 72°C. After this, amplification products of all samples were pooled in 

equimolar amounts for cluster generation through C-bot (Illumina) bridge PCR.  

Briefly, bridge PCR is a process in which single-stranded amplification products 

are annealed to short, complementary sequences bound to a flow-cell surface. The 

bound sequence is extended from the 3’ end as a copy of the amplification product, 

which is subsequently removed by denaturation. The copied strand has a flow-cell 

adaptor sequence at its 3’ end, which binds to a new flow-cell sequence. This forms a 

bridge and provides another site for synthesis, after which denaturation can occur. 

Multiple cycles, followed by cleavage of one adaptor sequence, result in clonal clusters 

of DNA fragments across the flow-cell (Bentley et al. 2008). Genetic sequences were 

then generated on an Illumina Hiseq2500 platform using 77 single read cycles.  

These raw sequences were filtered in DArT’s primary analytical pipeline. 

Higher filtering thresholds were applied to the barcode region (minimum phred pass 

score 30, minimum pass percentage 75) compared to the rest of the sequence (minimum 

phred pass score 10, minimum pass percentage 50). The more stringent treatment of the 

barcode enabled reads to be accurately de-multiplexed. After filtering, approximately 
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2,500,000 sequences per sample remained. Identical sequences were grouped into 

fastqcoll files. DArT PL’s proprietary algorithm was used to identify and correct low-

quality base pairs. This resulted in “groomed” fastqcoll files, which were moved into 

DArT PL’s secondary pipeline.  

In the secondary pipeline, proprietary calling algorithms (DArTsoft14) 

identified low error-rate SNP markers based on several technical parameters, with 

scoring consistency of technical replicates used as the main selection criteria. The 

Mendelian distribution of identified loci was assessed to remove paralogous sequences 

from the dataset. On average, there was a read depth of over 50 reads per SNP locus, 

ensuring high calling quality.  

The SNP loci that were returned from DArTseq were subjected to additional 

filtering (95% call rate of loci, 95% call rate of individuals, 100% reproducibility, minor 

allele frequency of 5%, only one SNP retained per locus, removal of monomorphic loci) 

in R using the package dartR (Gruber and Georges 2019; R Core Team 2019). Using a 

missing data (call rate) threshold ensures that poorly genotyped SNPs are removed from 

the dataset, as well as low-quality individual samples (Alhusain and Hafez 2018). 

Filtering based on the reproducibility of technical replicates removes potentially 

erroneous sequences.  The potential for erroneous genotype calling increases as the 

minor allele frequency (MAF) decreases; this is especially true of small population 

sizes, such as those obtained in this study, justifying the stringent threshold of 0.05 that 

was used (Coleman et al. 2016). This filtered set of SNPs was used in all downstream 

population genetic analysis.  
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Inclusion of full siblings may bias the results of population structure analyses 

(Goldberg and Waits 2010; O’Connell et al. 2019), therefore, individuals from breeding 

sites were assessed in COLONY (Jones and Wang 2010) for familial relationships. 

Only SNPs with an MAF > 0.35 were used during this filtering process, due to the 

guided user interface (GUI) program restraints. For each full-sibling group identified, 

only one individual was retained in the dataset for downstream population genetic 

analysis.   

Population Genetic Analysis 

 The within-population measure of expected heterozygosity (HE) was calculated 

as an indicator of overall population genetic health. HE is a common measure of genetic 

variability and represents the proportion of genotypes that are expected to be 

heterozygous under Hardy-Weinberg equilibrium (Nei 1973). HE was calculated using 

the gl.Hs function of the R package adegenet (Gruber and Georges 2019).   

Pairwise FST values between populations were calculated using Weir and 

Cockerham’s estimator (1984), using the function stammpFst in the package StAMPP 

(Pembleton et al. 2013). Results were bootstrapped over all loci 100 times to obtain 

95% confidence intervals. To check for bias of FST estimates due to uneven sample 

sizes, pairwise FST values were also calculated using Hudson’s estimator, per Bhatia et 

al. (2013), using the fst.hudson function of the package KRIS (Chaichoompu et al. 

2018).  

An initial calculation of the Weir and Cockerham (1984) estimator (W-C) 

resulted in an FST value of -0.0013 for the Keechelus Dam Ponds (S) population pair, 
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indicating that they are one fully admixed population. Individuals from these two areas 

were subsequently pooled into one population dataset called “Keechelus Ponds (S)” and 

pairwise FST values were recalculated. 

Pairwise FST values were also calculated using the Hudson estimator (data not 

shown). Though all values were slightly inflated compared to those obtained using the 

W-C estimator, they did not change the qualitative nature of the results. W-C is the 

more commonly cited estimator (Bhatia et al. 2013) and is presented in this study to  

facilitate comparison with previous literature.  

The SNP dataset was subsequently explored using DAPC in the R package 

adegenet (Jombart 2008; Jombart and Ahmed 2011). DAPC is a multivariate analysis 

that first transforms the SNP dataset using a principal component analysis (PCA), which 

generates a set of uncorrelated variables that fit the assumptions needed to subsequently 

perform a discriminant analysis (DA). This DA partitions a selected number of principal 

components (PCs) into within- and between-group variances, creating new weighted 

variables to maximize the between-group differences while minimizing variance within 

groups. Data can either be discriminated into pre-defined groups or K-means clustering 

can be used to identify groups that minimize within-group variation for the dataset 

(Jombart et al. 2010).  

To prevent over- or under-discrimination, the number of PCs retained for each 

DAPC was determined by using the optim.a.score function (10 replicate alpha-scores), 

which predicts the maximum alpha-score for each number of PCs retained. A DAPC 

was first run with no a priori grouping (de novo), using the find.clusters function to 
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predict the most likely number of distinct genetic clusters (K) via K-means clustering to 

calculate a Bayesian information criterion (BIC) value for each value of K (Jombart et 

al. 2010), with a lower BIC indicating a better model fit. 

A DAPC was then run using a priori population assignments as described by 

Jombart et al. (2010).  The posterior population assignments of all individuals were then 

assessed, to determine how well the discriminant functions (DFs) produced were able to 

discriminate between groups. Subsequently, individuals from unknown populations 

were introduced to the model for population assignment using the predict.dapc 

function.  
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III 

RESULTS 

Study Location  

In the spring of 2019, breeding behavior was observed at Swamp Lake (NE), the 

Keechelus Dam Ponds (S), and Mardee Lake (NW). At Swamp Lake (NE), only males 

were observed and no egg masses on the night of sampling (May 2nd). At both 

Keechelus Dam Pond (S) sites, the majority of toads sampled were male, with a few 

females. No eggs were observed at these sites on the night of sampling (May 2nd and 3rd, 

respectively). At Mardee Lake (NW), one female was sampled; the rest were males. 

Egg masses were observed at this site on May 3rd.  

 No toads were observed at Townsend Pond, Lost Lake, or swamplands above 

Lake Easton during any of the surveys conducted over the course of the breeding 

season. Over the course of the summer field season, six additional adult and two 

subadult toads were incidentally encountered across the study area (Fig. 3).  

Samples 

From the sites where breeding was observed, samples were successfully 

collected from each: 30 from Swamp Lake (NE), 30 from Keechelus Dam Pond 1 (S), 

12 from Keechelus Dam Pond 2 (S), and 11 from Mardee Lake (NW). Two of the 

individuals from Mardee Lake (NW) were recaptures from previous years (PIT# 3D6 

AC9 D303, PIT# 3D6 AC9 D109).  

The eight other toads incidentally encountered over the summer included two 

adults near Twin Lakes (south of I-90), one adult at Gold Creek (north, near Mardee 
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Lake), one adult and one subadult at Townsend (north), one subadult at Price Creek 

(crossing structure beneath I-90), and two adults on the roads surrounding the 

Keechelus wetlands (south) (Fig. 3).  

 

Fig. 3 Map of western toad (Anaxyrus boreas) samples collected from the I-90 

Snoqualmie Pass East project area in 2019. Black markers indicate known Western toad 

breeding locations, with letter representing site ID and number indicating the number 

DNA samples taken during the spring breeding season of 2019. Yellow points indicate 

individual toads encountered and sampled in the study area over the summer field 

season of 2019. The map was digitized in ArcGIS Pro and utilizes a hillshade base layer 

(version 2.5.0, ESRI c2020). 

 

Genetic Sequencing 

 Ninety-four samples were sent to DArTseq for extraction and sequencing (Table 

1). Several collected samples were smaller than was recommended by DArTseq (< 

5mg); however, most of these samples were included in the shipment to have the largest 
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sample sizes possible. All 11 and 12 samples collected from Mardee Lake (NW) and 

Keechelus Dam Pond 2 (S), respectively, were included. Additionally, seven samples 

collected from Mardee Lake (NW) over previous breeding seasons (Dr. Jason Irwin, 

2017, 2018) were included in order to enhance this population’s sample size.  

Due to well-plate restrictions, only 94 samples total could be sent. To 

accommodate the extra samples for Mardee Lake (NW), samples from Swamp Lake 

(NE) and Keechelus Dam Pond 1 (S) populations were reduced to 29 and 28, 

respectively. In keeping with DArTseq’s size recommendations, the smallest tissue 

samples from these populations were selected for removal. Six of the seven samples 

from incidentally encountered individuals were also sent. The seventh was a juvenile 

sample from Townsend weighing <5mg. It was deemed too valuable to risk using, 

based on uncertainty regarding the origins of this newly established breeding 

population.  

 

Table 1 Western toad DNA samples collected between 2017-2019 and sent to DArTseq 

(Canberra, ACT, Australia) for sequencing. The # below 5mg column shows how many 

tissue samples fell beneath the lab’s recommended weight.  

Breeding Group       Year      # Samples     # Below 5mg 

Mardee Lake   2017-19 18 8 

Swamp Lake 2019 29 13 

Keechelus Dam Pond 1 2019 28 23 

Keechelus Dam Pond  2 2019 12 7 

Unknown Origin 2019 7 4 

 

Of the 94 samples, only one (PIT# 003 D474 B9F) failed to amplify. This 

sample was a female from the Keechelus Dam Pond 2 (S) population, thus reducing this 



31 
 

site’s sample size to 11 individuals. It should be noted that this tissue sample was within 

DArTseq’s recommended weight guidelines. Furthermore, the group of samples 

beneath 5mg (0.5-4.9mg) did not have a greater proportion of missing data, on average 

(0.174 ± 0.001), than the group of samples within the recommended guidelines (0.171 ±  

0.002) (t0.05(2),68.6=1.28, p=0.205).  

 From the 93 samples that did amplify, 131,762 SNPs were generated from 

DArTseq’s proprietary analytical pipeline. Subsequent filtering of SNPs with dartR 

(Gruber and Georges 2019) resulted in 15,468 SNPs, which were retained for all 

downstream analyses.   

When the set of breeding individuals was introduced to COLONY (Jones and 

Wang 2010), 10 sets of full siblings were identified. Four pairs occurred within the 

Keechelus Ponds (S) population, and six within Swamp Lake (NE). For each full-

sibling group, only one individual was randomly retained for all downstream analyses.  

Population Genetic Analysis 

  HE values of 0.266 ± 0.140, 0.261 ± 0.136, and 0.263 ± 0.138 were calculated 

for Mardee Lake (NW), Keechelus Ponds (S), and Swamp Lake (NE) populations, 

respectively.  

All pairwise W-C FST estimates calculated for the study area were generally low 

in value (< 0.02), though 95% CIs show all are significantly different than 0. 

Interestingly, the pairwise FST value calculated for Swamp (NE) – Keechelus (S) 

populations, even though representative of the shortest Euclidean distance, was as large 

or larger than all other FST values representing greater distances. Pairwise FST values of 
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Mardee (NW) – Swamp (NE) and Mardee (NW) – Keechelus (S) were not significantly 

different from each other (Table 2).  

Table 2 Weir and Cockerham (1984) pairwise FST estimator for western toad 

populations along I-90. All pairwise FST values are significantly different than zero. FST 

subscripts are used to indicate significant differences between groups. 95% CIs were 

generated by 100 rounds of bootstrapping over loci. Sample size for Mardee Lake, 

Keechelus Ponds, and Swamp Lake populations is equal to 18, 39, and 29, respectively.  

Population Pair Euclidean Dist         FST      95% CI 

Mardee-Keechelus 10.0 km 0.0119a,b 0.0111 - 0.0129 

Mardee-Swamp 11.6 km         0.0105a 0.0096 - 0.0114 

Swamp-Keechelus 2.5 km         0.0123b     0.0117 - 0.0130 

 

For the DAPC analysis without a priori population assignment, the find.clusters 

function considering K values 1-15 indicated that BIC scores were lowest for K=1 (Fig. 

4). However, it is important to realize that the notion of a “true K” is largely 

hypothetical, and this function often provides a range of K values that may be useful in 

describing the data (Jombart and Collins 2015). Additionally, K-means clustering often 

fails to identify differing groups when structuring is subtle (Stift et al. 2019; Maigret et 

al. 2020). Therefore, K values between 2 and 5 were explored without a priori 

population assignment.   
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Fig. 4 Bayesian information criterion (BIC) values for different levels of K, predicted 

by the find.clusters DAPC function of adegenet (Gruber and Georges 2019).  

 

The optim.a.score function indicated the first 8 PC-axes, which represent 15.8% 

of the total genetic variation, should be used in the DAPC analysis for K=2 (alpha-score 

mean = 0.399, sd = 0.170). Clustering of two groups resulted in a nearly complete split 

of the Keechelus Ponds (S), population from the northern Mardee Lake (NW) and 

Swamp Lake (NE) populations along the first discriminant function (DF) (Fig. 5).  

Increased K values of 3-5 utilized 6, 7, and 17 PCs, respectively (alpha-score 

mean = 0.544, sd = 0.203; alpha-score mean = 0.601, sd = 0.179; alpha-score mean = 

0.566, sd = 0.170), representing 12.3 - 30.2% of the total genetic variation. K=3 resulted 

in further subdivision of the Keechelus Ponds (S)  population, while still grouping 

nearly all northern Mardee Lake (NW)/Swamp Lake (NE) individuals together. K=4 

also consisted of two groups representing subdivisions of the Keechelus Ponds (S) 

population. However, in this case the remaining two groups did largely separate the 

Swamp Lake (NE) and Mardee Lake (NW) populations from each other. For K=5, all 

populations become more subdivided and become less distinguishable from each other 

(Fig. 5).    
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Fig. 5 De novo DAPC assignment (left) of western toad (Anaxyrus boreas) genetic 

samples where K=2 to 5, as compared to the sampling group (right) of each individual. 

In the left column, groups are colored according to whether they have >75% 

membership from one of the breeding populations. The right column contains the same 

discriminant function spaces, but individuals are color-coded according to their 

population of sampling origin. For K = 2-5, 8, 6, 7 and 17 PCs were used, respectively, 

as determined by the optim.a.score function of adegenet (Gruber and Georges 2019).  
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Three PCs were retained for the DAPC test with a priori population assignment 

(alpha-score mean = 0.364, sd = 0.111), representing 6.6% of the total genetic variation. 

As in the previous analyses, the first DF appears to discriminate the southern 

(Keechelus Ponds) population from the two northern (Mardee Lake, Swamp Lake) 

populations. In this case, the second DF partially separates Mardee Lake (NW) and 

Swamp Lake (NE) populations, though some overlap remains (Fig. 6). A “correct 

assignment” was defined as an individual with a >50% posterior assignment probability 

associated with their actual sampling site. A likely migrant was considered to be an 

individual with >80% posterior assignment probability associated with a site they were 

not sampled from. Under this model, the DAPC was able to assign 93.5% of individuals 

to the population from which they were originally sampled, and two likely migrants 

(Keechelus to Mardee, Swamp to Mardee) were identified (Fig.7).  
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Fig. 6 A priori DAPC of 

Western toad (Anaxyrus 

boreas) genetic samples. 

Three PCs were included in 

this analysis, as determined 

by the optim.a.score 

function of adegenet  

(Gruber and Georges 2019).   

 

Fig. 7 Posterior assignment probabilities for 

Western toad (Anaxyrus boreas) genetic samples as 

determined by an a priori DAPC. Each vertical bar 

represents a sampled individual, grouped by 

sampling location. The fill color of each bar 

represents the posterior probability that the 

individual belongs to each breeding group, as 

predicted by the DAPC.    
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 Incidentally encountered individuals were then introduced into this DAPC for 

population assignment. The results indicate that the Gold Creek individual most likely 

came from the Mardee Lake (NW) population, the Townsend Pond individual from a 

northern (Swamp or Mardee Lake) population, and the two roadside individuals and the 

Price Creek individual from the Keechelus Ponds (S) population. The two Twin Lakes 

individuals have strong probabilities associated with both the Keechelus Ponds (S) and 

Mardee Lake (NW) populations (Fig. 8).  

 

 

 

 

 

 

 

 

 

 

Fig. 8 Map of most likely breeding population membership of incidentally encountered 

western toads (Anaxyrus boreas). Breeding wetlands are represented with colored 

polygons and labeled by site ID (red = Mardee, blue = Keechelus, green = Swamp). 

Points labeled a-g represent incidentally encountered toads and are colored according to 

most likely breeding population membership. Two colors were used when the top two 

probabilities were within 15% of each other. The map insert contains a graph of these 

probabilities, as predicted by a DAPC using a priori groupings of n=18, n=39, and n=29 

individuals from Mardee Lake, Keechelus Dam Ponds, and Swamp Lake, respectively.  
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IV 

DISCUSSION 

Breeding Status of Focal Sites 

Toads were observed to breed in four out of five previously known breeding 

locations, showing that that viable breeding populations are present both north and 

south of the freeway. Although tadpoles were observed at Townsend in summer of 2018 

for the first time (Fig. 9), no breeding or tadpole presence was observed in this area in 

2019. This does not, however, exclude the possibility of a breeding population 

remaining in the area, especially since females do not breed every year. Townsend 

should continue to be observed to detect future breeding events of this newly 

established population. 

 

 

 

 

 

 

 

 

 

 

Fig. 9 Western toad (Anaxyrus boreas) tadpoles observed for the first time at the 

Townsend mitigation area, in summer 2018. 
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Though no breeding toads were encountered at Lost Lake, Twilight Lake, or the 

swamplands near Lake Easton, a previous breeding sighting at Lost Lake has been 

confirmed (personal communication, Patty Garvey-Darda). Breeding toads were not 

found at Lost Lake during the course of the study, but this site should be surveyed in the 

future to add to the current dataset. Potential breeding sites at Twilight Lake and the 

swamplands near Lake Eastern may have been similarly missed, as western toads have 

exhibited a tendency to use only a small, easily overlooked patch of the available 

habitat for breeding. These locations have generally been characterized by shallower 

waters with plenty of grassy vegetation, and such areas should continue to be identified 

and monitored.  

DArTseqTM Results in High-quality, High-quantity SNPs 

 The high-density DArTseqTM method proved to be effective for this study, 

resulting in a large number of high-quality SNPs. Though it is always best to supply the 

minimum recommended tissue weight whenever possible, sending in western toad 

samples that were as small as 0.5 mg, well below the 5 mg minimum recommendation, 

did not result in a loss of data. It seems reasonable that the two Townsend Pond samples 

held in reserve, as well as additional samples from previous years and future 

underweight samples, could be sent in for sequencing to add to the current dataset.  

 Of the returned SNPs, 15,468 were of high enough quality to use in all 

downstream analyses. This is many times greater than the number of SNPs needed to 

adequately distinguish between populations. For example, random sets of ~250-500 
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SNPs have been sufficient to identify weak spatial structure in studies of tiger 

salamander (Ambystoma tigrinum)  and copperhead snake (Agkistrodon contortrix) 

populations (McCartney-Melstad et al. 2018; Maigret et al. 2020), while a panel of just 

96 SNPs has been developed to assess parentage and relatedness in gray whales 

(Eschrichtius robustus) (DeWoody et al. 2017). Jahner et al. (2016) found that for 

Greater sage-grouse populations (Centrocercus urophasianus), precision in estimating 

FST initially increased with the number of SNPs, but plateaued at around 4000 SNPs. 

Similarly, a study using both high and low-density DArTseq to assess Litoria ewingii – 

Litoria paraewingi frog hybridization showed that the qualitative results obtained in the 

study did not vary with method (Melville et al. 2017). It seems likely that the more cost-

effective, low-density sequencing could be sufficient to continue monitoring western 

toad populations in the I-90 study area, and this option should be explored in future 

studies.   

Within-population Genetic Variation  

 Values of HE were similar across all three sites (~0.26). These were comparable 

to other HE values obtained in other SNP marker studies of amphibians, such as 

Euproctus platycephalus (0.20-0.30), Rana italica (0.21-0.29), and Bufo andrewsi 

(~0.26) (Guo et al. 2016; Rovelli et al. 2018). These data suggest that western toad 

populations in the study area exhibit a typical level of genetic diversity for amphibians, 

indicating they have not recently undergone a genetic bottleneck.   
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Between-population Differentiation 

 FST analysis confirmed that the two southern breeding ponds are representative 

of the same population, referred to in this study as the Keechelus Ponds (S). Though all 

pairwise FST values between Mardee Lake (NW), Swamp Lake (NE), and the Keechelus 

Ponds (S) populations were significantly different from zero, they were all less than 

0.02. This is considered to be quite a low value. In comparison, Hartl and Clark (1997) 

classify FST values below 0.05 as representative of little genetic differentiation. FST 

values of 0.02 are considered “low” in a studies using microsatellite markers to assess 

ornate chorus frog (Pseudacris ornate) and jaguar (Panthera onca) populations (Degner 

et al. 2010; Menchaca et al. 2019), while a synthesis of amphibian microsatellite-based 

studies found a mean population FST of 0.106 ±  0.015 (Lawrence et al. 2019). In some 

cases, the significance of low FST values can be artifacts of sampling error, and may not 

truly represent biologically meaningful differences between populations (Wapples 

1998).   

However, given that the generation time of the western toad is ~6 years 

(COSEWIC 2012) and the fact that I-90 only began receiving heavy traffic 60-70 years 

(10+ toad generations) ago, any consequent genetic differentiation between populations 

is likely to be subtle at present. While a barrier effect may begin to be detected after 

relatively few generations have passed (5-10) (e.g., Lesbarréres et al. 2006; Clark et al. 

2010), it may take hundreds of generations for FST values to reach equilibrium 

(Landguth et al. 2010). It is therefore unclear from FST values alone whether the subtle 
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statistical differences found between western toad populations in this study are 

biologically meaningful.  

 Increasing the spatial extent of sampling and repeated sampling across time have 

been suggested to increase confidence in low but significant FST values (Wapples 1998). 

Likewise, mark-recapture methods have been used to corroborate the significance of 

such values (e.g., Knutsen et al. 2010). Recently, the use of multivariate analyses in 

some studies has also been able to highlight biologically meaningful FST values as low 

as 0.023 in sage-grouse populations (Jahner et al. 2016) and 0.0037 in populations of 

coastal Atlantic cod (Knutsen et al. 2010). Multivariate analyses offered similar insight 

when applied to the current study.  

When a de novo DAPC was forced to split the data into two groups (K=2), a 

clear pattern was observed. The first group consisted of mostly northern Swamp Lake 

(NE) and Mardee Lake (NW) individuals. The second group contained 29 of the 35 

Keechelus Ponds (S) individuals, plus one Mardee Lake (NW) individual. This 

geographic pattern lends support to the possibility of biologically significant differences 

between northern and southern groups, indicating that I-90 or other landscape features 

may be acting as a barrier.  

When this process was repeated for K=3, one group still consisted of Swamp 

Lake (NE) and Mardee Lake (NW) individuals, while the other two groups both 

contained mainly Keechelus Ponds (S) individuals. This was not representative of a 

geographic pattern. Such a division within a known breeding population is unlikely to 

be biologically meaningful. The fact that this separation occurred before the 
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discrimination of Swamp Lake (NE) and Mardee Lake (NW), at K=4, signifies that high 

levels of connectivity are maintained between the two populations.  

Even with this high connectivity, a DAPC with a priori groups defined was able 

to discriminate between all three populations, confirming they are distinct breeding 

groups. The first axis separated Keechelus Ponds (S) from the northern populations very 

cleanly and highlighted a clear migrant individual, while the second axis separated 

Swamp Lake (NE) and Mardee Lake (NW), with some overlap between the two. Again, 

this shows that the difference between Keechelus Ponds (S) and the northern 

populations is greater than the difference between Swamp Lake (NE) and Mardee Lake 

(NW), even though the latter are representative of the greatest Euclidean distance (11.6 

km). This result is quite striking, given that the distance between Swamp Lake (NE) and 

Keechelus Ponds (S) is less than a quarter of this length (2.5 km).  

Evidence of Migration 

The level of discrimination provided by the a priori DAPC allows evidence of 

migration to be assessed. Looking at the posterior assignment probabilities (Fig. 7), one 

clear migrant, sampled at Mardee Lake (NW) but given a 100% assignment to the 

Keechelus Ponds (S) population, stands out. This indicates that at least one individual 

has made it from Keechelus Ponds (S) to Mardee Lake (NW). Unfortunately, due to the 

timing of this study, it is impossible to say whether the undercrossings at Gold Creek 

and Hyak, constructed in 2012, may have facilitated this movement. Other underpasses 

in the study area have been more recently constructed (e.g., at Townsend Pond, mile 

60.9, Price Creek, and Noble Creek) as well; however, these are more centrally located. 
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Were these structures responsible for facilitating migration between Keechelus Ponds 

(S) and Mardee Lake (NW), evidence of Keechelus Ponds (S)/Swamp Lake (NE) 

migration would be expected as well. If western toads at the Keechelus Ponds (S) use 

the margin of Keechelus Lake to the west to disperse, they would be likely to encounter 

the older crossing structures near Mardee Lake (NW), but far from Swamp Lake (NE). 

This or some other factor may be enabling toad movement between Keechelus Ponds 

(S) and Mardee Lake (NW) over Keechelus Ponds (S) and Swamp Lake (NE).  

One other likely migrant, with an incorrect posterior assignment greater than 

80%, was sampled at Swamp Lake (NE) but identified as a Mardee Lake (NW) 

individual. This suggests migration is possible between the two sites. An alternative 

explanation is that another northern breeding population exists which contributes 

migrants to both Swamp and Mardee (NW) Lakes, resulting in the observed evidence of 

genetic connectivity. However, the area between the two populations has been well 

surveyed and there are no other breeding populations between Swamp Lake (NE) and 

Mardee Lake (NW) (personal communication, Dr. Irwin), making direct migration 

between these two sites the more likely explanation. Movement across this 11.6 km 

distance seems plausible, given that the average western toad movement per month in 

the study area is 371 m, with a maximum monthly movement of 1976 m (Palmeri-

Miles, 2012). Additionally, a study by Schmetterling and Young (2008) has 

documented individuals moving up to 13 km in under six weeks.  

The other individuals incorrectly assigned by the a priori DAPC are less clearly 

defined, with assignment probabilities less than 80%.  They may represent other 
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migrants, admixed individuals, or genetic outliers within their sampled population. It is 

interesting that no likely Keechelus Pond (S)/Swamp Lake (NE) migrants were 

observed in this study, as might be expected from their greater proximity and larger 

sample sizes, compared with Mardee Lake (NW). The recent expansion of underpasses 

at mile 60.9, Price Creek, and Nobel Creek (2018) and a culvert at Townsend Pond 

(2017), all near Swamp Lake (NE), may result in the observation of Keechelus Pond (S) 

/Swamp Lake (NE) migrants in future studies.    

Incidental Assignments 

Toads incidentally encountered near Twin Lakes show that this area is part of 

some individuals’ home ranges and could potentially include a breeding site. Twin 

Lakes and nearby wetlands and water features (including Lost Lake) should be surveyed 

during the breeding season.  All other incidentally encountered toads were found near 

known breeding sites. 

When the a priori DAPC was used to predict the population assignment of these 

incidentally encountered individuals, assignments were in line with the previously 

discussed north/south split (Fig. 8). Surprisingly, the northern individual d, from 

Townsend Pond, though only 1.6 km away from the Keechelus Ponds (S), more likely 

came from a northern population. Swamp Lake (NE) is 3.5 km from Townsend Pond, 

while Mardee Lake (NW) is 8.4 km distant.  Similarly, the southern individual g, 

though closest spatially to Swamp Lake (NE), was assigned to the Keechelus Ponds (S) 

population.  
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The northern individual c, sampled near Gold Creek, was assigned to the 

Mardee Lake (NW) population. This was an expected result, as previous telemetry work 

has shown that other toads found in the Gold Creek area breed at Mardee Lake (NW) 

(Palmeri-Miles 2012). Individuals e and f were assigned to the breeding site nearest 

them, Keechelus Ponds (S). Individual f was located south of the freeway; individual e 

was a subadult found directly beneath I-90. It was using the Price Creek undercrossing, 

which was constructed in the summer of 2018. While it is unclear which direction this 

individual was coming from or whether it made a complete crossing, this suggests that 

the structure is suitable for western toad movement and may be used by the species 

within a year of completion. 

Southern individuals a and b did show high probabilities associated with both 

Mardee Lake (NW) and the Keechelus Ponds (S). While this may be indicative of 

migration and/or admixture between Mardee Lake (NW) and Keechelus Ponds (S), they 

may also represent genetic outliers belonging to one or the other population. 

Alternatively, the DAPC’s low ability to discriminate the origin of these two individuals 

may be associated with the presence of a separate, unsampled breeding population to 

which these individuals belong. As stated previously, the Lost Lake area is known to 

have a breeding population which was not located in this study. Sampling should be 

conducted to determine whether individuals a and b belong to this population. The Twin 

Lakes area should also be surveyed for other overlooked breeding groups to which they 

may belong.  
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Additional Considerations and Future Work 

   It is possible that I-90 is contributing to the suggested north/south divide; 

however, other geographic features exist that may also pose a barrier to toad movement, 

such as the Yakima River and Keechelus Lake. The Yakima River experiences low flow 

volumes during the early spring and fall seasons and is unlikely to pose a year-round 

barrier to toad movement. Keechelus Lake would only separate Mardee Lake (NW) and 

Keechelus Ponds (S) breeding sites, and could theoretically be traveled around, unlike I-

90.   

The newly constructed crossing structures along I-90 are anticipated to reduce 

any barrier effect associated with it. As FST responds more rapidly barrier removal than 

to barrier placement (Landguth et al. 2010), replicating the current study design in a 

couple of toad generations – approximately12 years (COSEWIC 2012) – could indicate 

which feature is causing the divide. If the north/south split is still present, this could 

suggest that the crossing structures do not facilitate toad movement across I-90, or that 

the lake and river are the major cause of the divide. However, if the north/south split is 

not evident in a future DAPC (and FST values decrease), this could point to effective 

mitigation of I-90 by the new crossing structures.  

In the intervening years, intensive mark/recapture studies could complement this 

work to get a better idea of current migration and use of crossing structures (Neigel 

2002). Additionally, the sampling of Townsend Pond if a breeding event occurs here 

again, as well as locating other breeding sites in the study area to sample, will be useful 

in obtaining a more complete picture of genetic connectivity in the region.  
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 Another consideration is that the majority of the individuals sampled in this 

study were male. Though no statistically significant difference has been observed 

between male and female movement at the study site (Palmeri-Miles 2012), other 

studies have indicated that females move greater distances and have larger home ranges 

(e.g., Muths 2003). It is likely that sex-linked dispersal is operating in this system, as 

has been noted for other amphibian species (Helfer et al. 2012; Wang et al. 2012), 

which could result in biased estimates of genetic differentiation (Prugnolle and Meeus 

2002; Tucker et al. 2017; Sawaya et al. 2019). Future studies should prioritize collecting 

more samples from female toads to discern whether the effects of barriers on females 

are similar to those seen in males. 
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V 

CONCLUSION 

Although the level of genetic differentiation between western toad populations 

in the study area is slight, it does appear to be biologically meaningful and 

geographically representative of a north/south split. Whereas I-90 is the most obvious 

potential barrier, we cannot yet distinguish the effects of the freeway from other 

potential barriers, such as the Yakima River. It is recommended that this study design 

be replicated in the future to determine if the crossing structures recently installed in the 

area have an observable mitigating effect.    

The use of SNP markers has shown to be an effective method to resolve subtle 

differences between western toad populations. As the high resolution provided by these 

markers allowed populations to be distinguished by DAPC, the use of SNP markers 

would be useful in studies of home-ranges. Toads incidentally encountered over the 

next several years can be introduced to the DAPC developed here for population 

assignment. SNP analyses may be suitable for application to other species in the study 

area, such as salamanders, alligator lizards, and small mammals, as well as for 

monitoring other crossing structure projects.  

As with most landscape genetic research, this study would have been more 

informative if sampling had taken place sooner. The Gold Creek and Hyak 

undercrossings were constructed roughly one toad generation ago – enough time to 

change dispersal and migration patterns between Mardee Lake (NW) and Keechelus 

Ponds (S) sites which, if they exist, will have gone unobserved. However, continuing to 
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collect a time series of population samples and FST values should reveal if population 

structure in the study area is shifting. Combining this with more intensive 

mark/recapture and radio telemetry efforts could be a powerful means of monitoring the 

current state of western toad migration. 
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