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ABSTRACT
The Genetic Response of Two Amphibian Species After the

1980 Eruption of Mount St. Helens

by

Kristin A. Bakkegard, Doctor of Philosophy
Utah State University, 2008
Major Professor: Dr. Edmund D. Brodie, Jr.
Department: Biology
The genetics of colonization is understudied in salamanders but has large
conservation implications as new habitats are formed or restored to their previous
condition. The 1980 eruption of Mount St. Helens provided a natural experiment to study
the genetic effects of alarge infrequent environmental disturbance on two species of
salamander, Taricha granulosa (Rough-skinned newt) and Ambystoma gracile
(Northwestern salamander). Both these species breed in ponds, and are thought to exhibit
high breeding site fidelity and low vagility. | designated three treatments based on the
effects of the eruption: new ponds (created by the eruption, immigrants only), recovery
lakes (in blast zone, survivors plus immigrants), and reference lakes (unaffected by
eruption, assumed to represent pre-eruption genetic diversity measures). Salamanders
took at least nine years to colonize the new ponds. | studied the population genetics of
colonization and recovery using microsatellites and AFLPs (amplified fragment length

polymorphisms) to measure genetic diversity, gene flow, and population substructure at



v
Mount St. Helens National Volcanic Monument. Based on popul ation genetics theory

and the life history characteristics of these pond-breeding amphibians, | predicted that
genetic diversity would be lower in newly colonized ponds compared to recovery or
reference sites. | also expected significant levels of population substructuring. Finally, |
predicted that because of their lower vagility and large number of neotenes, that A.
gracile would have less gene flow and a greater degree of population substructuring than
T. granulosa. My predictions were not supported by my data. There was no |oss of
genetic diversity in new or recovery populationsin either species. There was no strong
evidence for population structure by either AMOVA, isolation by distance or principal
components analysis. Gene flow (Fs;) was high in both species. Taricha granulosa and A.
gracile were found to be resistant to a large infrequent environmental disturbance. Loss
of genetic variability in new populations cannot automatically be assumed. Predicting
dispersal and colonization ability based on the broad category of pond-breeding

amphibian is not always reliable.

(137 pages)
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CHAPTER 1

INTRODUCTION

The genetics of colonization is an important tapievolutionary biology.
Colonization can occur with relatively few indivialg, leading to founder effects or a
bottleneck, resulting in the loss of alleles ardkarease in genetic diversity (Netial.
1975). Loss of genetic variability may adverselfgeif a population, leading to decreased
fithess or a decrease in the probability of peesise, especially in small populations
(Frankham 1995; Lesbarréreisal. 2005). Conversely, new habitats can be colonized b
a large number of individuals or by multiple wawésmmigrants from different source
populations, increasing the amount of genetic tianan the newer populations (Kolbe
et al. 2007). Colonization can, over many generationsas@n engine for evolution,
leading to speciation events as evident in theajos and Hawaiian Islands with well
known examples such as spideret{agnatha) and birdqGeospiza; Grantet al. 2001,
Gillespie 2004). On an ecological time scale, tnecess of a colonization event is
dependent on the life-history of the colonizer, $b&ctive pressures, reproductive output
and survival. Therefore, each colonization evenhisjue.

Where does life-history and population genetiatire intersect? Wright's
(1931) effective population size {Ns strongly influenced by age at first reprodanti
life span, fecundity, and mating system. Populagjenetics theory predicts a positive
correlation between effective population size aedegic diversity (Kimura 1983) and
smaller populations are considered to be at highkof suffering the deleterious effects
of low genetic diversity (Rowe & Beebee 2003; 20@)e way to contextualize the role

of life history in the genetic structure of mulggbopulations is to compare similar
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species, preferably from the same collection siidigh that approach, genetic differences

among populations has been attributed to differenceispersal capabilities, extinction-
recolonization events, habitat fragmentation, astiral or anthropogenic disasters
(Gallardoet al. 1995; Matoccet al. 2000; Newman & Squire 2001; Millet al. 2002;
Whiteleyet al. 2004). Thus, a full understanding of the colon@aprocess can provide
guidance for research and conservation prioripesvide data for understanding
demographic and dispersal patterns as relatetetbibtory traits, and show if, or how
much, genetic diversity is lost when a local popatagoes extinct and the habitat is later
recolonized.

Since erupting on May 18, 1980, Mount St. Helémsated in the southwestern
corner of Washington State, has become a classiy site for testing ecological theories
of colonization (Dalest al. 2005). Researchers have studied how plants anthéhave
responded to and recovered from this major enviertai disturbance, which has been
allowed to proceed with minimal anthropogenic ifeegnce. Surprisingly, in the 25 plus
years since the eruption, there are only two phbtisstudies on the genetic impacts of
the eruption of Mount St. Helens for any taxa, b@#nts. Bishop (1996) compared
survivor populations with newly colonized populaisanLupinus lepidus (prairie lupine)
and found strong founder effects as expected fraary. Yanget al. (2008) found no
evidence of founder effects or reduction in genéitversity in new populations
colonizing primary succession areas as comparsddondary succession or survivor
plants inVaccinium membranaceum (black huckleberry); evidence of high gene flow
and long distance dispersal of seeds of this flg@nimals. Worldwide, genetic studies

of recolonization, after a recent volcanic eruptoe few. The fossorial rode@Gtenomys



maulinus brunnenus on Lonquimay volcano in Chile showed a drasticicdidn in

genetic diversity of populations resulting in betick effects when compared to levels

of pre-eruption genetic diversity (Gallardpal. 1995). The recolonization of

Hypochaeris tenuifolia, a flowering herb on the same volcano, had nodbgenetic
diversity within five founder populations (less th&0 yrs old) as compared to survivor or
isolated populations from other parts of the rafigemsetsbergeat al. 2003). The tree
Antirhea borbonica that colonized young lava flows on La Réunionnidlgahowed no
evidence of founder effects (Litriab al. 2005). Other studies on the impact of volcanoes
on population genetics were from eruptive evengsigr than 50 yrs ago (e.g.
Vandergastt al. 2004).

The impact of the 18 May 1980 eruption on the@unding landscape was swift,
violent and dramatic. All areas on the northerre sidd to the northeastern side of the
volcano were severely affected by the debris-awdlanblast and ashfall (Peterson 1986).
The collapse of the volcano’s north slope causeelais-avalanche, leaving a deposit of
rock, tephra and ash up to 195 m deep where noihibglieved to have survived
(Swanson & Major 2005). The blast created a blowtl@ane (approx. 570 Knof forest
affected). Some plants and animals survived th&t bilacluding some fish in 67% of the
lakes within the blowdown zone, and small burronamgmals (and their commensals),
such as the northern pocket gopfAdigmonys talpoides, which were still in their winter
retreats (Andersen 1982; Andersen & MacMahon 1@8&wford 1986). In contrast,
areas to the south of the volcano were relativabffected except to receive
approximately 5 to 25 cm of tephra fall (Daletral. 2005). Several lakes on the south

side have been used in other studies as referé@rserepresenting pre-eruption



4
conditions (Wissmaet al. 1982; Dahn®t al. 2005). Out of this mosaic of effects upon

the landscape | delineated three treatments: nesigy@enerated by the debris-avalanche
when depressions in the large hummocky depodisi filith water; recovery lakes, those
within the blowdown zone; and reference lakes,¢hasaffected by the eruption. The
biota of the new ponds consist entirely of colamifecovery lakes contain colonists and
either survivors or their descendents. Animalssméd in the reference lakes should be
representative of the genetic diversity presetthéMount St. Helens area prior to the
eruption.

The purpose of this research was to measure tbararof genetic diversity, gene
flow, and amount of population subdivision in conmmwo amphibian species found in
and around Mount St. Helens. This study is the fo®xamine the population genetics of
any animal species in response to the 1980 eruased on population genetics theory,
the amount of genetic diversity in ponds colonigette the eruption should be less than
that of reference areas, if low gene flow and felogists is assumed. These assumptions
are developed by making a thorough consideratigheofife-history characteristics of
the colonizing species. However, predictions baselife-history characters may not
always hold true (Colson & Hughes 2004). Therefeegh species must be considered
on its own merits.

The genetics of colonization is understudiedailamanders, especially in those
species found in the western United States. Unaledsig the outcomes of the
colonization process is important in elucidatingvheell amphibians can recover from a
major disturbance. In this study, the disturbassceatural. However, most amphibian

conservation efforts include restoring degradesemerely damaged habitats back to a
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more natural state. Restoration of genetic diveisias important as restoring numbers

of animals (Macet al. 1996; Reed & Frankham 2003). A colonization eentld result
in a large number of individuals but the populaté@a whole may suffer from the
deleterious effects of low genetic diversity, redgahe probability that a newly restored
population will persist (Reeet al. 2007).

| studied two species of locally common pond-breg@mphibian;Taricha
granulosa, the rough-skinned newt, adanbystoma gracile, the northwestern salamander.
Taricha granulosa has a typical biphasic life-cycle; aguatic eggd kmvae, with
terrestrial adults. Over the course of several mgradults migrate to a breeding pond,
court, females lay eggs, and then leave. Uponfoanstion (4-5 months, depending
upon site conditions), larvae depart the breedorgpreturning when sexually mature at
approximately 4-5 years old (Petranka 1998). Fesnalate with multiple males then
deposit single eggs (112-226, mean = 172) ovecdlese of several weeks (Joresl.
2002). Taricha granulosa is assumed to be philopatric to breeding sitesubse they do
not appear to move far from it when not breedingh@ntel 1960). However, a
population genetics study at a geographic scalegagable to mine measured an average
Fsr value of 0.005, indicating high gene flow (Joeeal. 2001). The life span dF.
granulosa is estimated to be about 12 years and they ambtapf homing and returning
to their capture site when displaced (Efford & Magh1969).Taricha granulosa
colonized the new ponds created by the debris-aga&10 years post eruption and the
closest source population was estimated to bers.@way (Crisafulliet al. 2005).

Ambystoma gracile also has a biphasic life-style though differentdiT.

granulosa. In some populations, adults do not metamorphuteea lunged, terrestrial
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form but instead remain in the natal pond and upaching maturity, breed as gilled

adults called neotenes (Sprules 1974). Current M8urHelens populations appear to be
highly neotenic, especially in the debris-avalanobiee (Crisafulliet al. 2005). Females
attach gelatinous egg masses, containing 40-27) egygegetation or sticks in a pond
(Nussbaunet al. 1983; MacCracken 2007). Larvae take longer to regfover a year)
which is an extended aquatic phase as comparedsbatherAmbystoma (Eagleson
1976; Petranka 1998). The life-span of neoténigracile is estimated to be 5 years
(Efford & Mathias 1969). The lifespan of a terredtadult is unknown. Ambystomatid
salamanders are considered highly site-fidelicaligmmoving less than 1 km from their
breeding ponds, exhibit low migration rates betwsa@npopulations, and have low
vagility (Spearet al. 2005; Gamblet al. 2007; Kinkeadkt al. 2007; Zamudio &
Wieczorek 2007). It took 9 years fAr gracile to colonize the new ponds and their
closest source population was 3.7 km away (Crisadudl. 2005).

Based on the life-history of these pond-breedimglzsibians and population
genetics theory, | predict that populations frowergly colonized habitat (immigrants
only) will have less genetic diversity than popidas from recovering (survivors plus
immigrants) or unaffected areas (source populatidwesw ponds, created in 1980, were
not colonized by salamanders until 9 years pogitenu. Since colonization, | estimate
there have been only 3-5 generation$.@ranulosa and 5-10 generations Af gracile.
The debris-avalanche zone appears to be a moon@zaeerock, little vegetation) with
little cover or shelter to protect migrating salarders. Therefore, it is reasonable to
expect that new ponds have been colonized by ofdwandividuals because of the

harsh environment and putative philopatry of bregdidults. Coupled with low gene
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flow from other populations, new ponds should hiave genetic diversity as compared

to recovery lakes or source populations. Due taulyged terrain, sampled populations
across the area should also exhibit high levefsopilation substructure.

Another goal of this study was to compare the jadpn genetics of two species
collected from the same localities, so that theuldde subjected to the same landscape
and environmental conditions, to observe how diffiees in life-history affect the
genetic diversity of colonized populations. There f@w studies comparing the
population genetics of two sympatric species. Miteal. (2002) compared direct
observation of dispersal with patterns of geneirersity in four aerial dispersing aquatic
insects and found that all four species showee@ifft patterns of genetic diversity due
to differences in dispersal ability. Monaghairal. (2002) found differences in genetic
patterns between three species of aquatic insecmyflies, 1 caddisfly) due to
differences in dispersal ability but overall, srradhle patterns were affected by
demographic processes (recent habitat fragmentaditim 100 yrs) and large-scale
patterns were due to historical processes (hdbétgtnentation on geologic scale). A
forest specialist species of carabid beetle shdvigiter amounts of population
substructuring and a lower dispersal capabilitythaeneralist carabid beetle that could
live in forest and open areas (Broetaal. 2003). Matoccgt al. (2000) used ecological
and life- history differences to predict then meadhe population genetic structure and
amounts of gene flow in two species of sympatrioygpats. Whiteleyet al. (2004) found
spawning location, population size and mating sysiere good predictors of gene flow
patterns and genetic variation in sympatric poaoret of bull trout and mountain

whitefish. They also provided a general framewarkdiscussing the interactions among



8
ecological and life-history factors and neutral addptive divergence. Amphibian

studies include the population genetics of threszigs of sympatriémbystoma
(Kinkeadet al. 2007). Brede & Beebee (2004) found that populatiointhe toadBufo

bufo, had lower genetic variability than the frBgna temporaria, even though the toad
had larger breeding assemblages than the frog. attelyuted this result to high levels of
gene flow in the frog. Therefore, comparison ofe@ndiversity in sympatric species is
applicable to a wide variety of ecological and ewioinary scenarios because with
population genetics tools, specific hypothesesaredtupon species-specific life-history
differences can be addressed.

Taricha granulosa andA. gracile vary in critical life-history characteristics such
as fecundity, age at first reproduction, life-spamd vagility and should respond
differently to the eruptionTaricha granulosa is more vagile thaA. gracile because they
are less susceptible to desiccation. They also Adweger generation time resulting in
fewer generations post-eruption. Comparing thedaudates, fecundity is about equal.
Obviously, the first colonizers @&. gracile were terrestrial adults. However, current
populations appear to be highly neotenic. Thereflgpeedict that there have been fewer
migratingA. gracile thanT. granulosa and genetic diversity, as measured by
heterozygosity, and gene flow, as measuredshgrmd population substructuring, will be
lower in Northwestern salamanders.

In Chapter 2, | report on the genetics of colomizain Taricha granulosa, the
Rough-skinned newt, in lakes and ponds at Mouni8lens using microsatellites as the
molecular marker. In Chapter 3, | study the colatian genetics oAmbystoma gracile,

the Northwestern salamander. It differs fréhgranulosa in some key life-history traits,
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most notably, reproduction in the neotenic formn#gny of the same ponds where | also

collectedT. granulosa, | measured genetic diversity, gene flow and paiamh
substructure using two classes of genetic markedgtermine the effects of the eruption
on a natural population of this salamander ovez@iogical timescale. In Chapter 4, |
compare the results of the two species. Becausenievosatellite primers worked i
gracile and because the results for both species weréasijriivas unable to speculate as

to which life-history variable would have attribdt® any species-specific differences.
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CHAPTER 2

RAPID GENETIC RECOVERY BYTARICHA GRANULOSA (CAUDATA:
SALAMANDRIDAE) AFTER THE 1980 ERUPTION

OF MOUNT ST. HELENS

Introduction

Colonization is the establishment of a populatioa new area due to one or
several dispersal events. The success of a cotmnzavent is dependent on the life-
history of the colonizer, the number of immigralat®er adding to the new population,
selective pressures during colonization, and sorgivip and reproductive success after
establishment (Slatkin 1977; Grasttal. 2001). Ana priori expectation of colonization is
a strong founder effect in the newly establishepytation. Founder effects are
characterized by an immediate loss of alleles va#id by a decrease in genetic diversity
and are most apparent in a population establisqhenhly a few individuals (Negt al.
1975; Maruyama & Fuerst 1985; Allendorf 1986; Dlago & Parker 2008). Loss of
genetic variability may adversely affect a popuatileading to decreased fitness or an
increase in the probability of extinction, espdgial small populations (Hitchings &
Beebee 1997; Frankham 2005; Johangsah 2007; Reedt al. 2007). Additionally,
smaller populations are considered to be at highkof suffering the deleterious effects
of low genetic diversity than larger ones becadgs#iti and inbreeding (Rowe & Beebee
2003). Conservation biologists have learned thatiihportant to conserve both the
number of individuals and the genetic diversityhwnta population in order to maximize

fithess and avoid the loss of adaptive variatioa thudrift (Maceet al. 1996; Reed &
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Frankham 2003). Therefore, newly colonized popaoietimay be at greater risk of

extinction because they are usually establishef@wyindividuals, have lower genetic
diversity, and thus may suffer from the deleterietiscts of inbreeding and drift
(Lesbarrérest al. 2005; Rowe & Beebee 2005). Understanding coloimizatan guide
research and conservation priorities, provide ftatanderstanding demographic and
dispersal patterns as related to life-history $raand show if or how much genetic
diversity is lost when a local population is exsitpd and the habitat is later recolonized.
Pond-breeding amphibians (anurans and caudatespasidered to share some
general life-history characteristics: low vagilitygh site fidelity with respect to breeding
site, slow spread across a landscape becauserthpyoae to desiccation, low effective
population size, high levels of population subdois and spatial dynamics comparable
to metapopulations (Semlitsch & Pechmann 1985; &net al. 1994; Funlet al.
1999; Marsh & Trenham 2001; Padbal. 2004). Here, the phrase “pond-breeding
amphibian” denotes those species with a terrestdalt, aquatic eggs and larvae phases,
that migrate to/from a perennial or permanent brggdond. In North America, this
definition includes most salamanders in the farmilenbystomatidae and Salamandridae
and anurans in the traditional families Bufoniddglidae, and Ranidae (Salthe 1969;
Duellman & Trueb 1986). This also appears to be Bome others use the term pond-
breeding amphibian, especially (but not alwayskference to metapopulations
(Semlitsch 1998; Petranktal. 2004; Jehlet al. 2005; Gamblet al. 2007). There are
other amphibians that breed in ponds (e.g. SireAiphiuma, Hemidactyliini, many
anurans) but researchers do not seem to applgliied ‘jpond-breeding amphibian” to

them. The traditional herpetological literatureagaizes three forms of salamander
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larvae based on their morphology: stream, mourtiedok, and pond (Valentine &

Dennis 1964) but | was unable to find any othemfalrdefinition of “pond-breeding”
amphibian.

Population genetics and life history traits suslage at first reproduction, life
span, fecundity, and mating system are linked tindhe concept of effective population
size which is positively correlated with genetigatisity (Wright 1931; Kimura 1983).
Newly colonized populations of a pond-breeding aitipin are expected to have low
effective population size, low genetic diversitg, fiegatively impacted by founder
effects or a bottleneck, and be subject to low dkave For example, genetic bottlenecks
have been found in newly established (less thayea@s) and severely declining
populations irBufo calamita (natterjack toads) in Great Britain (Beebee & R@081).
An established population of thiereatened Mallorcan midwife toaélytes muletensis,
showed evidence of a bottleneck in a low gene 8gsitem (Kraaijeveld-Smét al.
2005). An island population of tungara fr&iysalaemus pustulosus, established 12
years earlier, showed evidence of a severe bottkefieampertet al. 2007) and recently
introduced (6-12 generations) populations of bod#,Rana catesbeiana, in Europe
showed a stong genetic bottleneck (Ficeebla. 2008). However, not all colonization
events by amphibians may lead to a bottleneckredaction in genetic diversitirhe
crested newfJriturus cristatus, showed no significant genetic bottleneck in poihtsd
colonized only decades earlier (Jeftlal. 2001) and a few individuals of the fr&ana
ridibunda effectively colonized Great Britain in 1935 withaustrong bottleneck effect,
a result attributed to their rapid expansion (Z&tigs Beebee 2003). Similarly, the cane

toad,Bufo marinus, showed no evidence of isolation by distance afteestimated 25—-35
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generations in Australia (Leblog al. 2000). Apparently, each species must be

evaluated individually.

The 1980 eruption of Mount St. Helens providesiral experiment to study
colonization at the ecological time scale and guaiopportunity to assess how species
recover from the effects of a major environmentsiutbance (Dalet al. 2005). There
are only two published studies on genetic impatth@eruption, both were on plants
(Bishop 1996; Yangt al. 2008). The genetics of colonization after a reseftanic
eruption show a variety of results. At Mount Stléthe, Bishop (1996) found evidence of
founder effects in new populations of the heénlipinus lepidus, while Yanget al. (2008)
did not find evidence for founder effects in thénaa dispersed/accinium
membranaceum. The fossorial roder@tenomys maulinus brunnenus experienced a
drastic reduction in genetic diversity and showeidence of a bottleneck effect three
years after the 1988 eruption of the Lonquimay aotcin Chile (Gallardet al. 1995)
and the recolonization éfypochaeristenuifolia, a flowering herb on the same volcano,
showed no loss of genetic diversity within the fiegander populations (less than 10 yrs
old) compared to survivor or isolated populatiomsf other parts of the range
(Tremsetsbergest al. 2003). There was no evidence of founder effectstiee species
that colonized young lava flows on La Réunion idl@intrico et al. 2005). Most studies
on the impact of volcanoes on population genetiegevirom eruptive events greater than
50 yrs ago and emphasized evolutionary or phyloggigcal events (e.g. Gillespie
2004; Vandergasdt al. 2004; Emersoset al. 2006) and thus had different goals than this

one.
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The impact of the 18 May 1980 eruption of Mounttlens on the

surrounding landscape was swift, violent, and dtamAll areas north and north east of
the volcano were severely affected by the debrédaache, blast and ashfall (Peterson
1986). The eruption created a mosaic of conditamress the landscape. The debris-
avalanche zone, created by the collapse of thé@aorflank of the volcano, was the
largest landslide in recorded history, affectingké® and covering the landscape in some
areas with up to 195 m of rock and tephra (Swaisbdfajor 2005). All plant and animal
life was extirpated, buried under the rubble. Hogrewhen the ash settled, new habitat
was available for colonization. The blowdown zoaep{rox. 570 krhof forest affected)
was created by the lateral blast where trees tdpplends and lakes heated to near-lethal
temperatures. Ashfall and organic debris dramdyiediered the landscape and lakes
(Dahmet al. 2005; Swanson & Major 2005). However, snow-coveyerind and ice-
covered lakes provided some protection to aninmatbeir winter retreats. Although there
were survivors, subsequent mortality was high @uki et al. 2005b). For example,
some fish survived in 67% of the lakes within th@Nzlown zone (Crawford 1986) and
northern pocket gophershomomys talpoides, were found less than a year after the
eruption in the blowdown zone (Andersen 1982). Ara@a the volcano’s south side were
relatively unaffected except for receiving aboub25 cm of tephra fall (Dahwet al.

2005). Other post-eruption studies have used lakdbe south side as a reference
(Wissmaret al. 1982; Dahnret al. 2005). In this study, reference populations aseiaed

to represent the levels of genetic diversity thatuld have been present across the entire
area if the volcano had not erupted. Thus, thearmlacreated conditions by which both

colonization and recovery can be studied in concert
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Taricha granulosa, the rough-skinned newt is a common pond-breeding

amphibian in the Pacific Northwest with a typicai@hibian biphasic life-cycle: pond-
breeding, aquatic eggs and larvae, and terreattidts (Nussbaurat al. 1983). Adults
migrate to a breeding pond (males arrive firstyrgdemales lay individual eggs (122—
226) over the course of several weeks, then lddeaest al. 2002). Upon
transformation (4-5 months, depending upon tempegptlarvae depart the breeding
pond for several years, returning when sexuallyuneafPetranka 1998). The life span of
T. granulosa is estimated to be about 12 years and age tadpsbduction is
approximately 4-5 years (Chandler 1918; Efford &tiMas 1969). They are capable of
homing, returning to their capture site when dispth(Efford & Mathias 1969)aricha
granulosa may be philopatric with respect to breeding stmilar toT. rivularis
(Pimentel 1960; Packer 1963; Twitty 1966; OliveM&Curdy 1974). However, genetic
studies suggest high gene flow (Joaed. 2001; Kuchta & Tan 2005; Ridenhostral.
2007). At Mount St. Helens, it took 10 years Togranulosa to reach new ponds created
by the debris-avalanche zone and the closest kisowrce population was 5.7 km away,
in the blast zone (Crisafuldt al. 2005b). Based on generation time, | estimate thave
been at most 3-5 generationsTofranulosa in the new ponds since colonization in
1990.

This study examines the genetic responsk gfanulosa to the eruption of
Mount St. Helens by comparing genetic diversityhiree treatments: new ponds (debris-
avalanche), recovery areas (blowdown zone), ardleete (unaffected areas). |
predicted thal. granulosa in the new ponds (founding populations) would hiegs

genetic variability than those from recovery popiolas or reference populations.
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Because the terrain is rugged and likely to limitvement through the landscape, |

expected to find genetic substructuring by coltetsites and treatment.Tf granulosa

are philopatric, new populations would show a grfounder effect, as evidenced by a
bottleneck, and gene flow will be low, as indicabgdhigh F; values and extensive
population substructuring. T. granulosa moves freely across the landscape, gene flow
would be high, and genetic diversity in foundingplations may or may not be different
than reference populations. However, since only 3 generations are estimated to have
passed since the eruption, | expected to see Igaregtic diversity in the new
populations. This study is unique in that it is fingt to examine the genetic response of
any animal to the eruption at Mount St. Helens @mel of a handful measuring the
genetic consequences at the ecological scale ah@ms in response to a contemporary
volcanic eruption. Little to no loss of genetic elisity would be a positive indicator that
at least one species of amphibian can quickly reccgenetic diversity after major habitat

loss.

Materials and Methods

Sudy site

This study was conducted in the Mount St. Heleagdwal VVolcanic Monument,
Washington State, USA (Figure 1). Collection sitese assigned to one of three
treatments based on the effects of the eruptiohléBe2.1 and 2.2). The first treatment,
new ponds, consisted of the Maratta and Hummoce&s,sapproximately 11 and 12 km
northwest from the volcano’s crater. Neither asedite lakes but a collection of ponds
created when the hummocky deposits from the ifdiadislide filled with water. Maratta

is a complex of approximately 35 ponds and Hummaglkscomplex of approximately
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15 ponds within the boundary delineated by the Hoks (Forest Service Trail 229)

trail. These ponds are now surrounded by red &#laus rubra) and small willows
(Salix spp). The area between ponds is mainly loose pilesak and tephra, covered
with small herbs and grasses. The second treatmezolyery lakes, were pre-existing
that occur in the blowdown zone. St. Charles (1B3k&of the crater), Strawberry (17.8
km NE) and Ghost (16.9km NE) Lakes all have opempas but some trees and shrubs
are growing up around them. Tephra is the predamisizbstrate for these lakes and
surrounding area. Treatment three, references,|laleye Goat Marsh and McBride, 8.4
and 8.2 km southwest of the crater. Goat Marsh lisikerrounded by forest (primarily
Abies, Pseudotsuga andTsuga) and is in a research natural area (Franklin & ékéb
1979) and the southern slope of Mount St. Helertemrly visible from Goat Marsh
Lake. McBride Lake is also surrounded by coniferfmuest characteristic of the area
(Franklin & Dyrness 1973). Using Goat Marsh and MdB lakes as reference is not
unusual. Others have used lakes on the southezroEMount St. Helens as reference

sites for their post-eruption studies (Wissretaal. 1982; Dahnet al. 2005).

Population sampling

| capturedT. granulosa in May-June 2003 and in July 2005 using minnowdra
(set and left overnight) and dipnet (Table 2.2)li€&bion effort by site and year is in
Appendix A. Collection sites were chosen basedhemtobability that they would
containT. granulosa (Crisafulli, pers comm.) and were accessible withi3 hr hike. |
captured adults except for these number of snrathéa(young of 2005); 1 in St. Charles
Lake, 21 in Goat Marsh, and 7 in McBride LaKaricha granulosa was collected from

all localities both years except for Strawberry €akhich was sampled only in 2005.
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They were immediately released at their captueeadter taking a tissue sample by

removing approximately 1 cm of tail tip from eadidividual.

DNA extraction and microsatellite amplification

Each tissue was stored individually in 95% ethamil return to the lab when
samples were stored at -80° C. Total genomic DNA isalated by digesting
approximately 0.5mm of tissue sample in pi5&¥ lysis buffer (50mM Tris HCI, pH 8.0,
10mM EDTA, pH 8.0, 200mM NacCl) with 1dl of Proteinase K (2Qg/ml) at 55° C
followed by either a chloroform purification aneopanol precipitation (Mullenbaah
al. 1989) or Qiagen DNeasy kits (Qiagen, Inc, ValenCid). | used a Nanodrop ND-
1000 Spectrophotometer (NanoDrop Technologies, Wdton, DE) to measure the
concentration of the isolated DNA and used gldhb standardize each sample to
25nghiL.

| used siXT. granulosa microsatellite loci: Tgr 01, Tgr 02, Tgr 04, Tgs,0rgr 10,
and Tgr 14 (Jonea al. 2001). Each PCR was carried out in al2@tal volume with
50ng of DNA. Reagents were as in Joded. (2001) with modifications to annealing
temperatures, primer concentrations, and MgGhcentrations (Table 2.3). Thermal
cycling was preceded by a 2 min denaturation at®2fd followed by a 5 min extension
period at 72° C. Each PCR consisted of 35 cyclasycde consisted of 1 min at 92° C, 1
min at the optimal annealing temperature and 2ahir2° C for extension. Fragments
were separated and visualized on an ABI PRISM® 3I7R@ Analyzer by the Nevada
Genomics Center, Reno, NV for all loci except Tgmnthich was run on an ABI

PRISM® 3100 Genetic Analyzer by the Center for gméded BioSystems at Utah State



23
University, Logan, UT. | used €lEMAPPER3.0 (Applied Biosystems Inc.) to score

each sample and rounded allele sizes to the apatepvhole number.

Data analysis

Data were analyzed by collection site and by ineait. | used GNEPOPwWeDb
version 3.4 (Raymond & Rousset 1995) astAT (Goudet 2001) to determine if the
results varied by year. | found no significant eiffnces so | pooled all years. | used
ARLEQUIN version 3.1 (Excoffieet al. 2005) to estimate observeddHand expected
(He) heterozygosities, calculate pairwisg ¥alues and their significant values (10100
permutations), and AMOVA (Analysis of molecular ieion; distance method: number
of alleles;16000 permutations) to look for evidenEgenetic substructure by collection
site and treatment group. The AMOVA tested eadhtitnent with two populations
(collection sites) per group. | use@&KXg&EPOPto test for departures from Hardy-Weinberg
equilibrium (HWE) and linkage disequilibrium (LDJSTAT was used to calculate genetic
diversity indices such as number of alleles, algtthness (corrected for minimum
sample size), Nei's gene diversitys Bnd kst values, and average relatedness of
individuals within samples when compared to the whcorrected for population
substructure. | tested for null alleles and scoamngrs usingMICROCHECKER (Van
Oosterhoutt al. 2004) at three different levels: all samples pdptamples by treatment,
and samples by collection site. | set the confidenterval for Bonferroni with 1000
Monte-Carlo simulations. | tested for isolationdigtance with a Mantel test (9999
permutations) conducted T#PGA (Miller 1997) with Nei's unbiased genetic distasce

from GENALEX 6.1 (Peakall & Smouse 2006) and geographic distaetwveen
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collection sites (accounting for topography) meadwithTor06.0 (DeLorme,

Yarmouth, ME).

When a population loses a large number of inddsl@bottleneck) or is
descended from a few number of individuals (foureféects), alleles are lost more
rapidly than heterozygosity (Maruyama & Fuerst 198tendorf 1986). To test for a
bottleneck, | used the progranoBrLENeCK (Cornuet & Luikart 1997) using the stepwise
mutational model (SMM) and two-phased model of rmoite(TPM). This program
develops a distribution of expected heterozygostyes under mutation drift
equilibrium and compares that with observed hetggogity to determine if there is a
heterozygote excess or deficiency at each locasisBtal tests determine whether the
allele frequency distribution is approximately Lagpled, as would be expected if the
population had not undergone a bottleneck. | usedign test only when collection sites
were grouped by treatment to meet the minimal reguents of the test (Luikart &
Cornuet 1998) and the Wilcoxon test for individoallection sites and treatments. Based
on the authors’ recommendations, | set TPM withbplulity equal to 95%, variance set
at 10% and 10,000 replications. | also useti/A_Ex 6.1 to visualize population
structuring by treatment performing a principal gmment analysis (PCA) of genotypic
distances using a standardized covariance mattix@%99 permutations. PCA makes no

prior assumptions about population structure.
Results

All loci were highly polymorphic (Table 2.4). T4 had the lowest observed

heterozygosity of any loci at all collection sitesd showed evidence of null alleles with

all animals pooled (102 homozygotes observed, d8p@ctedP <0.001) or by treatment
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(P < 0.001). Therefore, it was eliminated from ffert analysis. There was no evidence

of significant linkage disequilibrium or departufesm HWE either by collection site or
by treatment for all remaining loci. By treatmeetjels of genetic diversity were high
and had small gvalues (Table 2.5).

There were no significant differences in allelichmess, i, Hs, Fs, Fst, or
relatedness when individual collection sites weraiged by treatment (Table 2.6).
Pairwise srvalues by collection site and treatment were lowcBllection site, only
two Fstvalueswere significanthdifferent from each other, Goat Marsh Lake with
Strawberry and Goat Marsh with St. Charles Lakél@2.7). There was no evidence of
population substructure indicated by AMOVA. By tirmant, 98.92% (P< 0.001) of the
variation was within populations (collection sitels¢ss than 1% of the variation was
among treatments (0.67%, P = 0.0650) or amongatmtesites within treatments
(0.41%, P = 0.0809). There was no evidence fotadioaship between genetic distance
and geographic distance (Figure 2.2; Mantel test)13544, Z = 15.51, P = 0.0539).
Principal components analysis showed extensivdawéetween treatments (Figure 3)
indicating low levels of genetic structuring. PGsak explains 22.9% of the variation,
axis 2 explains 18.0% and axis 3 explains 16.5% foumulative total of 57.4%.

BOTTLENECK tests showed no evidence of recent bottleneckerdity treatment
or by collection site under SMM or TPM by eithee thign or Wilcoxon test. The
smallest P value testing by treatment was 0.312%@®bn, TPM, blowdown). The
smallest P value for the testing by collection sites 0.0941 (Sign test, SMM, Goat

Marsh Lake). Allele frequency distribution did rdgviate significantly from the L-
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shaped distribution expected under mutation-dgttiorium by treatment or

collection site.

Discussion

Taricha granulosa collected around Mount St. Helens did not show |betpmn
structure. Rather, they appeared to be part ohendic population. There was no
evidence of isolation by distance (IBD) and no nueaisle loss of genetic variability in
the new or recovery populations. New ponds, resylfiom the eruption, appear to have
been colonized by a large number of individualssd®ery ponds either had a large
number of survivors, large migration pulse(s) othb&re-eruption Mount St. Helens was
mostly surrounded by National Forest and managesstfdands, both of which most
likely harbored large source populations (Franktial. 1995). Slatkin’s (1993)
examination of isolation by distance models foumat failure to find evidence of IBD for
species with low & values may indicate recent colonization, a resybported by these
data. The results also suggest thajranulosa are not site-fidelic with regards to
breeding and that they move extensively and perreapmomly (at least to us) across the
landscape.

Other genetic studies support this restdticha granulosa from two Oregon
populations separated by 16 km (a distance witiengeographic scale of this study)
showed significant differences in distributionsatiele frequencies with five
microsatellite loci but also displayed high leveigiene flow (kt = 0.005; Jonest al.
2001). At larger scales, high gene flow, represgbtelow levels of population
substructurefis; = 0.031), characterized populations from 20 stFess three transects

in the Pacific Northwest. Isolation by distance watected at the 200-km scale



27
(Ridenhouret al. 2007). Finally, in an indirect measure of genaftmvering the

entire range of. granulosa, the largest Nei's genetic distancey(between a CA and a
WA population) was 0.247 but the average amongistet of WA to AK populations
was low, ;=0.013 (Kuchta & Tan 2005). While not a direct megasof gene flow at an
ecological scale, these populationgofranulosa were not completely isolated from one
another as some population groupings did not skolation by distance (Kuchta & Tan
2005). Therefore, high gene flow may be normalTiagranul osa.

Alternatively, short dispersal distancesTofyranulosa observed in ecological
studies and high gene flow measured in moleculaliess can be reconciled through their
mating system and large clutch size if populatioad been founded by a few
individuals. If you compared a polyandrous popolativith a monogamous one,
heterozygosity could theoretically remain equalthetnumber of different allele
combinations and allelic richness would be highethe polyandrous populatioharicha
granulosa are polyandrous and females store sperm from phellthales (2-5, mean 2.1)
via a “topping off” mechanism where sperm from fing&t male has precedence (Joees
al. 2002). Mating continues until a female’s sperma#te are full (Jones al. 2002).

This could result in an effective population sizeajer than the census population size
(Baer & Schmid-Hempel 1999; Trondi al. 2007). Polyandry in caudates is not unique
to T. granulosa but is also found imbystoma, Plethodon, Desmognathus, Salamandra
andLissotriton (ex Triturus;, Myers & Zamudio 2004; Adanme al. 2005; Gopurenket

al. 2006; Liebgoldet al. 2006; Steinfartzt al. 2006; Jehlet al. 2007). With a clutch size
in T. granulosa ranging from 122—-226 eggs (Joreesal. 2002), even a few individuals

could dramatically influence the allelic richnessubsequent generations, a process
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similar to someéAmbystoma (Kinkeadet al. 2007) but not others (Zamudio &

Wieczorek 2007). Multiple paternity has resultednicreased genetic diversity in other
organisms includind\nolis lizards, loggerhead sea turtles, and blue titei$teret al.
2003; Calsbeekt al. 2007; Zbinderet al. 2007). However, irAimbystoma maculatum,
individual larvae sired by stored sperm had loweragic diversity than expected by
chance (Chandler & Zamudio 2008) and in lemon shaiégaprion brevirostris,
polyandrous litters did not have greater genetrediity than monoandrous litters
(DiBattistaet al. 2008). To determine whether polyandryTirgranulosa increases
genetic variability in the next generation of foenghopulations requires further testing
but it could contribute to no loss of alleles ie tew ponds of this study.

Remarkably, new populations showed no signifitess of genetic diversity, by
collection site or treatment, even after only & gpenerations (at most) passed since the
eruption. It is well known that only one migranniseded to introduce new alleles and
prevent drift. In other taxa, known demographiclies have not always shown a
detectable genetic bottleneck effect. For exangfepulation of kangaroo rats,
Dipodomys spectabilis, although having suffered a 50% reduction in theber of
adults, did not show any genetic evidence of ddiwtk when tested 5-6 generations
after the major demographic decline (Busthl. 2007). This result was attributed to
immigration despite extensive mark-recapture aapping studies showing low dispersal
rates in Kangaroo rats. In ornate box turtlesyapene ornata, the failure to detect a
bottleneck approximately six generations post distance was attributed to their long
lifespan (Kuo & Janzen 2004). Other examples duertg lifespan or generation time

include the copper redhorddpxostoma hubbsi, which takes at least 10 years to reach
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maturity (Lippeet al. 2006) and the white-tailed eaghaliaeetus albicilla (Hailer et

al. 2006). In the case df granulosa, high migration rates and a polyandrous mating
system are the processes most likely erasing aftigiveck signature. In those taxa where
genetic methods may be the only means availablédmrmining demographic trends
(Spearet al. 2006), any evidence of a bottleneck should be &tewith alarm, especially
in sensitive or imperiled species. As in fish speavith high gene flow (Waples 1998),
the lack of a genetic signal indicating populatibifierentiation should be viewed
cautiously so that populations that really arerdicare not inappropriately grouped with
others.

There may be few constraints dngranulosa dispersal, especially across open
areas, as would be encountered at Mount St. Hedemess their entire rangg,
granulosa may prefer to migrate across open areas and frelfemn not breeding) drier
microclimates within their normal range. Landscdsturbances, such as clear cuts, do
not appear to negatively impact presence in thg@r&€oast Range (Coétal. 1997).
Additionally, T. granulosa had the highest mean relative abundance (compa@adther
salamanders) in clearcuts. Abundance in clearcasshigher than in old growth stands
and they were found in 100% of the dry stands (@oBury 1991). However, presence
of T. granulosa may just represent movement of animals througtiarest to breeding
sites (Buryet al. 1991). In a private industrial forest approximgteélkm north of Mount
St. HelensT. granulosa were most closely associated with open wetlandseanly
successional habitats (clear cut and sapling cQr{Bsakowski 1999)Taricha
granulosa were present (although not in large numbers) th btearcut and forested sites

in a managed forest in Southwest Washington S@&tialpuet al. 2000) and although
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few animals were found (N= 34 over 2 yrs), 80%ha&fse were captured in a clearcut

or in pre-canopy forest in another managed, segoodth forest in western Washington
State (Aubry 2000). Bury and Corn (1988) found thajranulosa prefer drier old

growth forest and are also found in young forest @rarcuts. In the Mattolle River
watershed (coastal Northern Californi&)granulosa were most closely associated with
grasslands and second growth forest rather tharséatal forest (Welsé al. 2005).
Additionally, T. granulosa appear to choose clear migration routes and wesiiyely
associated with bare ground in managed forestdanidg a spring trapping season,
potentially due to migration to breeding ponds aeléction for clear pathways (Butts &
McComb 2000). When not using streams as migratomnydors, T. granulosa used
portions of a dirt road at two localities (Pimerit860). Thus, the terrain surrounding the
new ponds may have been attractivd.tgranulosa as an obstacle-free environment,
promoting instead of deterring migration.

For juveniles, how far they migrate into the laca®e to mature sexually or how
they subsequently “choose” a breeding pond is uwkn®ecause smaller amphibians
are less resistant to desiccation than larger (Byght 1968), it cannot be assumed that
the habitat preferences of adults are the samer qsvieniles (Rothermel & Semlitsch
2002). Burrows created by fossorial northern pogcgthersThomomys tal poides,
which were found throughout the affected areas @il St. Helens (Andersen 1982;
Andersen & MacMahon 1985), could certainly actefages for dispersing. granulosa.
Additionally, T. granulosa are hardy creatures and capable of surviving ehgihg
environmental conditions. Pimentel (1960) buriedrl@ranulosa for six months and

stored them at 15.6°C. Although desiccated, sewesived and appeared normal after
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rehydration. He also placed I0granulosa in an earth-filled outdoor enclosure where

they lived without food or water for four monthsind survived and moved to water
when soil moisture increased. Therefore, what npgear to be an inhospitable
landscape may in fact be a survivable habitat.

This study also highlights how different typesstidies (e.g. demographic,
ecological or molecular) may lead to different dosmons (e.g. Buscht al. 2007). If
only non-genetic studies were considered, one wonhdlude thal. granulosa behave
similarly to other typical pond-breeding amphibiapsor dispersal, site-fidelic, low gene
flow, and metapopulation structure. For exampbejcha rivularis, a closely related
species, traveled at least 8.0 km over rough teamad across areas of suitable breeding
habitat to return to within approximately 15 m loéir original capture site (Packer 1963;
Grantet al. 1968).Taricha granulosa are also capable of homing, similar to, although n
as dramatic as. rivularis. In a British Columbia population, over 96% of the
granulosa captured in inlet or outlet streams then releaséke middle of a lake,
returned to their capture location. The furthestatice moved was 550 m and one
salamander moved at an average of 56 m/hr, retytoiits capture location in 9 hrs
(Efford & Mathias 1969). A later study at the salmeality found similar results (Neish
1971).

Two additional studies also support the conclusiatT. granulosa remain in or
near their breeding ponds. In Oregon, most werlieved to have moved to underground
retreats within 6.2—23 m of their breeding pondwah estimate of 90% moving to
underground retreats within 61.5 m of their breggiond (Pimentel 1960). On southern

Vancouver Island, females overwintered on land ratigg into the pond to breed in the
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spring and departing in the fall. Newly metamorgtbpgiveniles also left their natal

pond in the fall while males appeared to be permiyaquatic (Oliver & McCurdy
1974). However, males in an Oregon population wetgpermanently aquatic and left
breeding ponds at the same rates as females (RIM&®0). Pimentel (1960) also
described a new movement activity, wandering, ctimgj of short departures (1 to 45
days) from a breeding pond, generally limited torsdistances. While highly valuable,
life-history and ecological studies may not matehejic data due to the differences in
underlying assumptions (Schmeller & Merila 2007)diionally, different molecular
markers (mitochondrial versus nuclear) may prodiitferent conclusions (Monsen &
Blouin 2003; Canestrelbt al. 2007). Dependence on one type of data could adar
conservation recommendations. If an endangeredespisanvolved, we cannot afford to
choose poorly.

The rapid recovery and colonization of new pong3.Igranulosa is good news.
Given large source populations and time, this ggeisi resistant to large environmental
disturbances. Loss of genetic variability in nevpplations cannot automatically be
assumed. The results from demographic, ecologrmhbahavior studies, even within the
same species do not always lead to the same camtligsg. Perregt al. 2003; Kinkead
et al. 2007) and amphibian spatial dynamics are more tatpan the metapopulation
model (Marsh & Trenham 2001; Smith & Green 2008 )plants, life-history traits were
poor predictors of population genetic structurer¢inil et al. 2007). There are over 60
species of anuran and caudates that could befedsas a pond-breeding amphibian, by
my definition, in the United States (Lannoo 200Egricha granulosa is a classic pond-

breeding amphibian. However, they are not sitekfidbave high gene flow, are good
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dispersers and ready colonizers. Thus, | cautiamagusing labels such as “pond-

breeding amphibian” as a general predictor varialiien making conservation
recommendations, especially in poorly-known spediescommend increased use of the
complex life cycle concept (Istock 1967; WilburdDJ in its place. | agree with
Cushman (2006) that more species specific knowladgdandscape setting is needed to

improve and refine amphibian conservation strategie
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Table 2.1. Effects of 1980 eruption of Mount Stld#s on the local landscape (Crisafetlal. 2005a; Swanson & Major 2005). The
eruption also generated mudflows but these wewdimd to drainages and are not under consideration

Zone Caused by Characterized by Created Survivors Treatment

Hummocks/hills of - » ean slate with new lak

Debris- Collapse and landslide of  rock. Covering of . )
, and ponds nonexistent prior None New
Avalanche volcano’s north slope.  landscape by rock to )
195m to the eruption.

Blowdown of trees,

High pressure blast, Air heating of Complex mosaic of Spme ,
ot , (fossorial animals,
temps to 300°CHigh lakes/ponds, heavy disturbance dependent upon..
Blow down ) : fish, T. granulosa, A. Recovery
velocity rock and tephra levels of ash and topography and distance .
: . o gracile, underground
moving across landscape. organic material into from volcano.
lakes/ponds plant parts)

Reference

South of volcano. Not in
Reference direct path
of eruptive forces.

Life as normal. Sornr

. 0,
ashitephra fall. No major effects. Probably 100%

ey



Table 2.2. Total collections @iaricha granulosa by zone and treatment (TRMT) in and around the M@&i. Helens National
Volcanic Monument. DA is Debris-Avalanche, BLOWHBwdown, REF is Reference, REC is Recovery, and te total number

of animals collected. Latitude, longitude, and atean were measured with a handheld GPS. Latitaddangitude are in degrees
and minutes.

Zone TRMT N Lat (N) Long (W) Elevation (m)

Maratta complex DA NEW

M5 1 46 17.48 122 16.98 730.8

M6 10 46 17.47 122 16.97 749.8

M26 1 Not recorded

M27 3 46 17.54 122 17.05 725.2

M28 1 Not recorded

M30 8 46 17.52 122 16.98 744.3
Hummocks complex DA NEW

H6 4 46 16.77 122 16.15 763.7

H23 2 46 16.81 122 16.22 765.2
St Charles Lake BLOW REC 11 46 19.34 122 05.23 w23
Strawberry Lake BLOW REC 46* 46 19.64 122 03.21 540
Ghost Lake** BLOW REC 2 46 19.17 122 03.68 1154.2
Goat Marsh Lake REF REF 106 46 08.42 122 16.72 83809.
McBride Lake REF REF 52 46 08.44 122 15.11 830.7

*Many more were observed visually. **Ghost Lake matluded in any analysis due to small sample size.

4%



Table 2.3. PCR Conditions and basic data on sixasatellite loci forfT. granulosa

from MSHNVM. Some reaction conditions differ fromankset al. (2001).

45

Locus Anneal MgCl, Primer Dye Size range Total alleles
temp °C mM mM (base pairs) all pops
TgrO1 56 1.50 2.0 6 FAM 215-271 (tetra) 14
Tgr02 56 1.50 15 HEX 179-255 (bi & tetra) 16
Tgro4 56 1.50 2.0 NED 207-235 (bi & tetra) 9
Tgr06 59 1.50 15 VIC 145-173 (bi & tetra) 12
Tgrl0 56 1.75 15 NED 174-214 (tetra) 11
Tgrl4 57 1.50 2.0 6-FAM 218-328 (tetra) 31
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Table 2.4. Genetic measures fof.@ranulosa microsatellite loci (L) by collection
site. N is the number of animals genotyped for Ibetis, and iJ, He are observed and
expected heterozygositiess s a within population estimation of inbreedingisihe
number of alleles and R is the allelic richnessr@ied for minimum sample size (6)
using rarefaction (Leberg 2002). An allele frequetable is in Appendix B.

Maratta Hummocks
L N Ho He Fis A R N Ho He Fs A R
gg' 26 0.8077 08778 0.081 12 6.89 6 1.0000 08788 154. 7  7.00
gg' 26 0.8462 0.8477 0002 9 594 6 08333 09091 10.09%  7.00
ggr 25 0.8000 0.7894 -0.014 8 531 6 06667 07576 30.15 5.00
Ig' 26 0.8077 0.8559 0.057 10 6.26 6 1.0000 0.8939 13D. 7  7.00
Igr 26 09615 0.9479 -0.015 20 9.11 6  1.0000 09545 05D 9  9.00
ALL 0.8446 0.8638  0.034 0.9000 0.8788  -0.003

St. Charles Strawberry
L N Ho He Fis A R N Ho He Fis A R
gg' 11  0.9091 08788 -0.036 8 6.66 41 08780 08681 .01 11 6.62
ggr 11 05454 08311 035 6 525 37 0.7568 0.8012 560.010 5.73
gg' 11 08181 07879 -0.040 7 538 41 08293 08244 008 10 5.75
Igr 11  0.9091 08874 -0.026 8 6.62 41 07317 08341 120. 8 571
Ig' 11 08182 08788 0072 11 7.47 41 09024 09407 0410. 20 8.82
ALL 0.8000 0.8528  0.047 0.8196  0.8537 0.078

Goat Marsh McBride
L N Ho He Fis A R N Ho He Fis A R
ggr 75 0.8400 0.8197 -0.025 10 5.54 43 08607 0.81590.055 12 581
ggr 73 0.8630 0.8428 -0.024 13 6.08 40 09000 0.86740.038 14 6.52
ggr 76 07895 0.8024 0016 9  5.30 41 0.8049 08329 34009 575
Igr 75 0.8800 0.8484 -0.037 11 6.05 43 08605 0.85090.014 11 6.27
Igr 74 09459 0.9500 0.004 25 9.26 41 09512 09446 .000 22 9.06

ALL 0.8637  0.8527 0.054 0.8754 0.8623 0.063




Table 2.5. Genetic measures fof.gyranulosa microsatellite loci by treatment. Tgr 04 is natluded because it contains a null allele
in several populations. A is the number of alleRss allelic richness (corrected for minimum saengikze (31) using rarefaction
(Leberg 2002), N is the number of animals genatyipe that locus, J and H: are observed and expected heterozygositiess &
within population estimation of inbreeding.

NEW RECOVERY REFERENCE
total

Locus A R N |'b HE FIS A R N Ho HE FIS A R N Ho HE FIS A R
Tgr 01 14 10.58 32 0.8438 0.8834 0.046 13 12.90 54 6.8840.8799 -0.005 11 1043 118 0.8475 0.8191 -0.03%2 9.58
Tgr 02 16 10.52 32 0.8438 0.8492 0.007 9 8.97 50 0.7088.8092 0.126 10 9.36 113 0.8761 0.8557 -0.024 151121
Tgr 06 12 9.01 31 0.7742 0.7784 0.006 8 8.00 54 0.8269.8219 -0.006 10 9.44 117 0.7949 0.8122 0.021 10 72 8.
Tgr10 11 9.50 32 0.8438 0.8517 0.009 10 9.94 54 0.769R.8536 0.100 8 7.96 118 0.8729  0.8482 -0.029 11 8509.
Tgr14 31 2159 32 0.9688 0.9464 -0.024 21 20.78 54 4888 0.9350 0.054 21 1834 115 0.9478  0.9492 0.0018 222.01
means 0.8548 0.8618 0.008 0.8147 0.9599 0.053 0.8678  0.8569 -0.013

A%
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Table 2.6. Comparisons between treatment groupsabMeci in T. granulosa at
MSHNVM. R is allelic richness, lis observed heterozygositysl$ Nei’'s (1987) gene
diversity, ks is a within population estimate of inbreedingr 5 a measure of among
population genetic diversity and Relc is the avenadatedness of individuals within
samples when compared to the whole, correcteddpulption structure.

New Recovery Reference P value
R 6.86 6.40 6.56 0.1980
Ho 0.855 0.815 0.868 0.2001
Hs 0.867 0.854 0.856 0.2034
Fis 0.014 0.046 -0.014 0.2001
Fst -0.018 0.020 0.002 0.1870

Relc  -0.028 -0.097 0.027 0.2001




Table 2.7. Pairwisedt values and P-values by collection site. Numbewalihe diagonal is thesFvalue, number below is the exact

P-value obtained after 10100 permutations. Alplumifying a difference, adjusted for multiple comigans is 0.00333. Significant

values are bolded.

Maratta Hummocks St Charles Strawberry Goat MarsiMcBride

Maratta
Hummocks
St. Charles
Strawberry
Goat Marsh

McBride

-0.0167 0.0227 0.0109 0.0002 0.0025
0.9275 0.0086 0.0013 -0.0015 -0.0017
0.0127 0.3292 0.0214 0.0330 0.0216
0.0154 0.4550 0.0091 0.0167 0.0095
0.3936 0.4683 0.0001 <0.0010 0.0020
0.2059 0.4570 0.0046 0.0040 0.1487

174
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Strawberry

Maratta '

* Hummocks "

Goat Marsh

McBride

Figure 2.1. Collection sites at MSHNVM. White arrpwints north. New ponds are Maratta and
Hummocks in the debris-avalanche zone, recovemslake St. Charles and Strawberry Lakes in
the blowdown-zone, and reference lakes are Goastvamd McBride Lakes. Linear distance
between Strawberry and McBride Lake is 26.14 km.
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Figure 2.2. Isolation by distanceTngranulosa from six collection sites in MSHNVM. Negative
genetic distances were converted to zero. A tabdiistances (geographic and Nei's is in
Appendix C).
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Figure 2.3. Principal components analysisTogranulosa at MSHNVM by treatment. New
populations are represented by filled circles, vecy populations by open triangles and
reference populations by open squares.
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CHAPTER 3

GENETICS OF COLONIZATION INAMBYSTOMA GRACILECAUDATA:
AMBYSTOMATIDAE) AFTER THE 1980 ERUPTION

OF MOUNT ST. HELENS

Introduction

Colonization is the result of a dispersal event kbads to the establishment of an
organism into an area from which it was previouddgent. Factors that lead to
colonization are varied. Within an organism’s ttemhial range, there may be an
environmental disturbance that creates new, seitahbitat or previously degraded
habitat has been restored. Individuals may dispateenew habitats or ecosystems via
invasion or range expansion. Depending on the mistances of the colonization event
and the life-history characteristics of the sped@snding populations may lose alleles
and genetic diversity as compared to source papukafNeiet al. 1975; Allendorf 1986;
Whitlock & McCauley 1990). Whether founder popubais gain or lose genetic
variability is of great interest because genetiediity is directly related to population
fitness (Reed & Frankham 2003; Restchl. 2007).

Amphibian decline is of great concern for conseorasts (Mendelsort al.

2006) and the list of adverse factors only seemsa®ase (Beckest al.2007). Many
species are imperiled through habitat fragmentatrooutright habitat destruction.
Although some restoration efforts have resultecolonization events (e.g. Pechmagin
al. 2001; Willson & Dorcas 2003; Brodma al. 2006; Petrankat al.2007), the genetic

impacts are unclear. For example, an island-pojpulaif tungara frogs, established 12
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years prior to the study, showed evidence of atgehettleneck (Lamperet al.2007)

but in contrast, a recently (past 70 years) fragetefrog population showed low levels
of population subdivision (Vost al.2001). Human-caused habitat fragmentation over a
large scale (> 100 km) left a genetic signal inidespread and common anuran,
Physalaemus cuvie(Telleset al.2007) but the crested newtiturus cristatus showed

no genetic bottleneck in ponds colonized only desdukfore (Jehlet al.2001). Few
individuals of the frogRana ridibundaeffectively colonized Great Britain in 1935
without a strong bottleneck effect (Zeisset & Be=B603). The cane toadufo marinus
rapidly spread once introduced to Australia, shone@vidence of isolation by distance
after an estimated 25-35 generations (Leldoial. 2000). From these and other studies
(Cushman 2006 and references therein), we carhaethe genetic response to
colonization in pond-breeding amphibians appealsetsituational, depending on the
species though studies of anurans are more numtranshose of caudates. Therefore,
there is no clear pattern as to whether foundimgfations of pond-breeding amphibians
have lower genetic variability than their sourc@uyations.

Salamanders in the family Ambystomatidae are dipond-breeding amphibians
with aquatic eggs, aquatic larvae, and terresidalts. However, some species also
reproduce as neotenes, a sexually mature adileiaduatic larval form (Petranka 1998).
The ratio of neotenes to transformed adults coalceta significant impact on gene flow
in an animal that breeds in discrete ponds. Amioyat@ salamanders are generally
considered site-fidelic, move only short distangesially < 1km) from breeding ponds
when not reproducing, usually breed in their nptald, have low vagility, and move

slowly across a landscape (Spetal.2005; Gamblet al.2007; Zamudio & Wieczorek
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2007). At the genetic level, pond-breeding amplmbiare considered to exist in

metapopulations and migration rates between subgomos are low (Kinkeadt al.

2007; Petranka 2007). Based on population geni@es'y, it is reasonable to expect that
founding populations of ambystomatid salamandensldvpossess low levels of genetic
diversity characterized by low levels of gene flamong populations. In at least one
amphibian species, the natterjack tdaafo calamitalow genetic variability can have
adverse affects on survivorship and subsequentiaiogu viability (Rowe & Beebee
2003; 2005). A theoretical simulation showed thatnumber of colonists moving into
unpopulated habitat would have to be consideralotget than the number of migrants
moving between existing populations to reduce theunt of genetic differentiation
between existing populations (Wade & McCauley 1988grefore, although wetland
restoration efforts for ambystomatid salamandedsaher pond-breeding amphibians are
on-going (Lehtinen & Galatowitsch 2001; Petraekal.2007), more research is needed
to determine if natural colonization processessaf@cient to develop genetically diverse
and robust populations.

Mount St. Helens has become a classic studyaitee$ting ecological theories on
colonization and primary succession (Dateal.2005a). The 1980 eruption created a
natural experiment that generated the conditionsrgvholonization and recovery can be
studied in concert. New ponds in the debris-avdlarmone created by the initial
landslide were first colonized by two anuran speevéhin 3 years of the eruption and
Ambystoma gracilehe Northwestern salamander, naturally colonthede ponds 9
years post eruption (Crisafubit al.2005b). A typical pond-breeding amphibi&n,

gracile has a biphasic lifestyle that includes aquaticseygd larvae and a terrestrial adult
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form. HoweverA. gracilealso has a neotenic form, common in many localitie

fact, terrestrial adults are often difficult to difBosakowski 1999; Grialoet al.2000;
Hoffmanet al.2003; but see Aubry 2000). Although data on presgsurvival, and
breeding status @&. gracilein lakes and ponds in all zones around Mount Stekk are
available (Crisafulliet al.2005b), the amount of genetic variability in nesnds and the
amount of gene flow across this disturbed landscapains unknown. Based on the 3 —
4 year maturation time in this species, | estintla¢éee has been only 5-10 generations
since the eruption, not enough time for mutatiohawe an influence on genetic diversity.
Therefore, any genetic effects should be due stdetplonization and subsequent gene
flow.

| examined the genetic responseédofjracileto the 1980 eruption of Mount St.
Helens. Using two molecular markers, microsatal)ieend AFLPs (amplified fragment
length polymorphisms), | measured genetic divergiéne flow, and population structure
to determine if genetic diversity is lower in newylonized ponds. Based on the life-
history characteristics of this pond-breeding arbjaim, | predicted that newly colonized
ponds would have less genetic diversity than refegopulations. Populations
consisting of descendents from eruption survivaosileh show intermediate levels of
genetic diversity and reference sites would haeehighest measures of genetic diversity.
| also expected that populations at Mount St. Heleauld show significant evidence of
population structure because of the irregular aigged landscape, low vagility and high
philopatry, a characteristic of ambystomatid saladess. Measuring the genetic diversity
of amphibian populations affected by the eruptielps elucidate how or if genetic

diversity is lost when a local population goes mottiand the habitat is later recolonized.
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If newly colonized and recovery populations shosigaificant loss of genetic

diversity, that would indicate that more than a fgmerations are required for a
population to regain original levels of geneticetsity. Little to no loss of genetic
diversity would be a positive indicator thatgracilecan quickly recover (within 25

years) from a major but infrequent environmentatutbance.

Materials and Methods

Study site

The impact of the 18 May 1980 eruption on the@unding landscape was swift,
violent, and dramatic. The eruption began withral$dide, followed by a searing blast
that dramatically altered the local landscape. infi@l debris-avalanche and blast
oriented towards the north and north-east (Petet986). Approximately 570 kfrof
forest was leveled by the blast, creating a blowdaane, where due to the timing (snow
and ice still present in the montane spring, andimg), a few plants and burrowing
animals survived (Dalet al.2005b). For instance, post-eruption surveys faorde fish
survived in 67% of the lakes within the blowdowmedCrawford 1986). Except for
approximately 5 to 25 cm of tephra fall, the laragse on the volcano’s south side was
relatively unaffected. Thus, several lakes on thétsside have been used as reference
sites to compare pre- and post-eruption effects¢Wiaret al. 1982; Dahnret al. 2005).
In this study, reference populations are assumeepi@esent the levels of genetic
diversity that would have been present acrossntieearea if the volcano had not

erupted. Table 3.1 summarizes the study area.
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Study organism

Ambystoma gracilghe northwestern salamander, has a biphasicyite with
terrestrial adults and aquatic larvae. Howeveiome populations, adults do not
transform but instead remain in their natal pond @pon reaching maturity, breed as
gilled adults, called neotenes. Compared to rAasbystomathe larvae oA. gracile
have an extended aquatic phase (greater than layehit may take several years for
adults to mature, depending on elevation and teatyey (Eagleson 1976; Petranka
1998). Current Mount St. Helens populations appzée highly neotenic, especially in
the debris-avalanche zone (Crisafellial. 2005b). Females attach egg masses (40-270
eggs) to vegetation about 0.5-1 m below the watdace (Nussbaurat al. 1983;
MacCracken 2007). TrouSglvelinus fontinalisOncorhynchuspp.) prey upon adult and
larval A. gracile thus population densities are lower in trout-stéel ponds. Rough-
skinned newtsTaricha granulosaalso feed upon egg masses (Efford & Mathias 1969;
Taylor 1983; MacCracken 2007). At metamorphosigefule A. gracileleave the natal
pond, move into the surrounding landscape and2aeyears to sexually mature
(Eagleson 1976; Nussbaurhal. 1983). The life-span of a neoteicgracileis
estimated to be 5 yrs (Efford & Mathias 1969). Tifespan of transformed adults is
unknown butA. macrodactylunflong-toed salamander, a related species alsafoutine
Pacific Northwest) can live up to 10 years (Russedl. 1996).Ambystoma
macrodactylun(spotted salamande, gracile’sclosest relative, can live to 32 years,
although most animals from the study populationeAmtween 2 and 18 years old

(Flageole & Leclair 1992).



59
Population sampling

| capturedA. gracileMay-June 2003 and July 2005 from ponds and lakésea
Mount St. Helens National Volcanic Monument (MSHNY,MVashington State, USA
using minnow traps (set and left overnight) andhdigFig. 3.1, Table 3.2Ambystoma
gracile were either larvae or neotenes. Collection saete@st two per treatment) were
chosen based on the probability that they wouldaiorsalamanders (Crisafulli, pers.
comm.) and their accessibility within a 3 hr hikallection sites were assigned to
treatments based on how they were affected byrtigien (Table 3.1). Maratta and
Hummocks, in the debris-avalanche zone, were filadsis new ponds as they did not
exist prior to the eruption. Curtis, Ghost, MetgaR and St. Charles Lakes in the
blowdown zone where trees were toppled by the bleste classified as recovery lakes.
Goat Marsh and McBride Lakes, south of the volcavitere the impact of the eruption
was minimal, were assigned as reference lakes.

In 2005, | also collected from a beaver pond, apipnately 2.4 km in north of the
Maratta complex. In 1997, beavers created this ponkllaratta Creek (Crisafulli, pers.
comm.). Although this population is of recent anigt was not formed by the volcano
and its locality outside of the debris-avalanchecjudes it from being grouped with
Maratta and Hummocks. Therefore, | analyzed thredpseparately to determine which of
my other collection sites could be its source papaoih. Table 3.2 provides geographic
coordinates for collection sites and samples sizes.

Neither Maratta nor Hummocks are discrete lakesrstead are a collection of
small ponds created by the landslide of the nddpesof the volcano (debris-avalanche)

during the initial stages of the eruption. Maragta complex of approximately 35 ponds
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and the Hummocks is a complex of approximately dixds within the boundary

delineated by the Hummocks trail (Tr 229). | attéedpto collectA. gracilefrom all
localities both years except for Meta and Curtikdsa which were sampled only in 2003.
After removing a section of tail tip, all animalere immediately released at their capture

site.

DNA extraction and amplification

| collected tissue samples by removing approxilpdtem of tail tip from each
salamander. Each tissue was stored individual®b#b ethanol until return to the lab
when samples were stored at -80° C. | isolated genomic DNA by digesting
approximately 0.5mm of tissue sample in pi6f lysis buffer (50mM Tris HCI, pH 8.0,
10mM EDTA, pH 8.0, 200mM NacCl) with 1d of Proteinase K (2Qg/ml) at 55° C
followed by a modified salt-chloroform extractionchisopropanol precipitation
(Mullenbachet al. 1989). For AFLPs, | purified DNA from this initial extracn using a
Qiagen DNeasy kit starting with step 3 of AppendliXPurification of Genomic DNA
from whole or non-nucleated animal blood (DNeasgstlie Handbook 03/2004).
Incubation was followed by step 3 of Protocol: Reaition of total DNA from cultured
animal cells (DNeasy Tissue Handbook 03/2004)etus Nanodrop ND-1000
Spectrophotometer (NanoDrop Technologies, WilmingioE) to measure the
concentration of the purified DNA and used d@Ho standardize each sample to
50ngfiL.

Microsatellites: No microsatellite primers fok. gracilehave been published.

Therefore, | tested 65 primers published for oth@bystomaOf those, four amplified
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acceptably (Table 3.3). Details on Alhbystomarimers tested are in Appendix D. |

used AmaD49, AmaD226 (Juliat al.2003a) and AjeD23 and AjeD314 (Julienal.
2003b). Each PCR was carried out in allfotal volume with 100ng of DNA, a final
concentration of 048V each primer, 0.28M total dNTPs, and 2.0mM of Mggll used a
PTC-200 Peltier thermal cycler (MJ Research) whnfollowing parameters: 2 min
denaturation at 94° C, 35 cycles of 1 min at 94% sec at 58°C and 1.5 min at 72°C for
extension, then ending with a 5 min extension gkain72° C. PCR amplicons were
separated and visualized on an ABI PRISM® 3730 DWw®lyzer by the Nevada
Genomics Center, Reno, NV for all loci. | used Geapper 3.0 (Applied Biosystems
Inc.) to score each sample and rounded allele tozébee appropriate whole number.
AFLP: Because only four microsatellite primers amplifiedlso used amplified
fragment length polymorphism (AFLP), amplifying DNAing the protocols of Vot
al. (1995). | repeated 40 samples to calculate tlor emte. Purified DNA (100ng) was
digested for 1 hr at 37°C with 5U BEARI (New England Biolabs) and 5U bfsd (New
England Biolabs) in gL of 10 RL buffer (100mM Tris-acetate, 100mM Mg-tate,
500mM K-acetate, 50mM DTT, pH 7.5), with dgbito a final volume of 5@_. To the
restriction digest, | added (D of ligation mix composed ofil. 10X RL buffer, Spmole
each ofEcaRl adaptor (forward and reverse) and 50pmole e&bhsd adaptor (forward
and reverse), 1;@ of 10mM ATP (Fisher), 1U T4 DNA ligase (5 Weis&l)/ Fermintas)
and ddHO. The ligation plus restriction digest was inceolffor another 3 hrs at 37°C.
TheA. gracilegenome is large, C-value = 42.0 pg (human C-val8e& pg)
(Licht & Lowcock 1991). Thus, a pre-amplificatiotep using a 2+2 primer combination

was required. Pre-amplification with a 1+1 comhimai{Eco-A andMseA) was tried but
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this yielded messy results in the selective PCR s&veral combinations of 3+3 and

4+4 selective primers. Preamplification was perfednwith 3iL of undiluted ligase
samples in a total volume of PO with 10uL 5X PCR buffer (Promega), 1.5mM Mgl
0.2mM dNTPs (equimolar mix of all 4), 1 U Taq DNAlpmerase (GoTaq Flexi,
Promega) and OuM each ofEco-AC (5-GAC TGC GTA CCA ATT CAC-3’) andMse
AC (5-GAT GAG TCC TGA TGA GTA AAC-3'). The PTC-20@e¢ltier thermal cycler
(MJ Research) parameters were 72°C for 2 min, 82°G0 sec, 58°C for 30 sec, 72°C
for 1 min, then repeating 29 times from 94°C. Tgrisamplification PCR product was
diluted 1:10 for selective PCR.

Three selective primer combinations were ugd@rACGC (5-GAC TGC GTA
CCA ATT CAC GC-3’) IMse ACAG (5'-GAT GAG TCC TGA TGA GTA AAC AG-
3’), Ec0ACGC /MseACAC, andEco-ACGC /MseACTC. TheEco primer was
labeled on the 5’ end with 6-FAM. Each PCR consigte2.5uL of diluted
preamplification product, 21 of 5X PCR buffer (Promega), 1.5mM MgC0.2mM
dNTPs (equimolar mix of all 4), 0.05ulco primer, 0.2uMMseprimer, 0.5U Taq DNA
polymerase (GoTaq Flexi, Promega) and glditb 1QuL. The thermal cycler parameters
were 94°C for 2 min, then repeated 9 times: deaati®4°C for 30 sec, anneal at 65°C
for 30 sec (reduced by 1°C each cycle with finadgerature of 57°C), and extension at
72°C for 1 min. Finally, there were 30 cycles 0f®@4or 30 sec, 56°C for 30 sec, and
72°C for 30 sec. Fragments were separated on aiPREBM® 3100 Genetic Analyzer
by the Center for Integrated BioSystems at UtalteStaiversity, Logan, UT. After

converting the sample files with the program “3F&A to GS converter” then
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Genescan 3.7 (Applied Biosystems, Inc), | scoredgls using Genographer version

1.6 (Benham 2001).

Within-population patterns of genetic diversity

Data were analyzed by individual collection sitel ghen by treatment. Basic
population genetic diversity measures, includinggreezygosity, number of alleles,
genetic distances, and pairwise populatign values for microsatellite and AFLP loci
were calculated usingEBALEX 6.1 (Peakall & Smouse 2006) employing the optmn t

interpolate missing data when calculating genatitadces for the microsatellite loci.

Among-population patterns of genetic diversity

Due to small sample sizes (N < 5), animals fronostland Meta Lakes were
excluded when testing for among-population pattefrgenetic diversity. Beaver Pond
was also excluded because it did not exist un8Il719 o test for pairwise population
differences, | used ENALEX 6.1. When comparing dominant and codominant mayker
®pr(an analogue off) is recommended by the authors (Peakall & SmoQ66)2 The
null hypothesis ofb,; = 0 was tested using 999 permutations and sigmée was set at
P = 0.05. | used analysis of molecular variatioM@VA) for both microsatellite and
AFLP data to look for genetic structure. Collectstes were grouped by treatment and
for microsatellites, | used the codominate-genatypmtion which use®.-values. For
microsatellites, there were 93 animals in the meattment (Hummocks, Maratta), 120
recovery animals (Curtis, Ryan, St. Charles Lakes) 30 reference animals (Goat Marsh
and McBride Lakes). For AFLPs, there were 99 ansnrathe new treatment, 132 in the

recovery treatment and 31 in the reference treatnsamples sizes differ because not all
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loci amplified in all animals. Significance wastegs against 9999 random

permutations where a significant P value (P < Ou@dicates the observed value is
significantly greater than the permutation value.

| also used GNALEX 6.1 to visualize population structure by treatnfenboth
markers, performing a principal component analfRSA) of genotypic distances using a
standardized covariance matrix with 9999 permutati® CA makes no prior
assumptions about population structure. | used/idetel test in Tools for Population
Genetic AnalysisTFrPGA) version 1.3 (Miller 1997) to test for evidenceisilation by
distance. Using 999 permutations, | tested foratation between Nei’'s unbiased genetic
distance (Nei 1978) and a geographical distancexfat the microsatellite and AFLP
data. Geographic distance, accounting for topogréphger than point to point

distances) was measured withp0 6.0 (DeLorme, Yarmouth, ME).

Assignment tests

To determine possible source populations for alsinmaBeaver Pond, a breeding
site colonized in 1997, and to estimate contempgdeaels of gene flow, | used the
population assignment test in GenAlEx for the nsatellite data and AFLPOP
(Duchesne & Bernatchez 2002) for AFLPs. Howeves,Nfount St. Helens area has more
lakes and ponds where salamanders could breedthgah be practically sampled. Thus,
these assignments only provide a general indicatigene flow. Both programs use log-
likelihoods to calculate assignments, GenAlEx usimgmethod of Paetkaat al. (2004).
AFLPOP allocates animals of unknown origin to theost probable source population

by calculating the probability of a given genotygeng present in each of the possible



65
populations based on dominant band frequenciesaifimeal is then allocated to

whichever possible source population that showsitjeest likelihood for its genotype. |
first performed the least stringent test, mininag-likelihood difference (MLD) set to

zero, which assigns animals as soon as one lilkadimhigher than all others. | repeated
the test and set MLD to 0.2 which corresponds36% confidence level (Yangt al.

2008). I also increased sensitivity by setting MED so that an animal is allocated to a
population only if its largest likelihood is 10 t&® as high as the next largest likelihood.
Calculated P values indicate the percent of likeidhs that are less than or equal to that of
the likelihood of an individual animal belongingdcaspecific population. The lower the P

value, the less likely it is that an individualpioperly allocated to a population.

Results

Sampling

| captured a total of 38A. gracile.The number of animals captured by year and
site is found in Appendix A. All were larvae or newoic adults. Only one larvae appeared
to be reabsorbing its gills and in the processasfdforming to a terrestrial adult.
Ambystoma gracilevere abundant across the study area except fowtheeference
lakes, Goat Marsh and McBride Lake where animalewaly found in 2005, and Ghost
and Meta Lakes (Table 3.2). | also set traps iavterry Lake in 2005 (469.64N/122
3.21W) and althougfaricha granulosavere easily captured by dip net and minnow
trap, | did not find any. gracile These collection sites with few or Ao gracilewere
populated by enough trout to attract fly fishernGeers. obs) and in Ghost Lake, my traps

filled with a large number of crayfish.
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Within-population levels of genetic diversity

The microsatellite genotyped animals showed hegkls of polymorphism and
genetic diversity (Tables 3.3, 3.4; Appendix B).s@lved heterozygosity ranged from
0.668 at McBride Lake to 0.917 at Ghost Lake. Byatment, recovery populations had
the highest observed heterozygosity, 0.844 andenede lakes had the lowest at 0.711
(Table 3.5). Aje D23 was not in Hardy-Weinberg dqQuum (HWE) at Maratta (P =
0.029) and Ryan Lake (P < 0.001). AjeD314 was m#{\\WE at Beaver Pond (P =
0.033), Curtis (P=0.004), Ryan (P = 0.001), Humnsodkaratta, McBride, and St
Charles Lakes (P < 0.001). AmaD226 was not in HWKEEBride and St. Charles Lakes
(P = 0.030) and AmaD49 was not in HWE at Beaver Pord QF036) or Maratta (P <
0.001).

AFLP analysis yielded 81 polymorphic loci from 2&3imals (Table 3.6co
ACGC /MseACAG combination yielded 32 bands¢o-ACGC /MseACAC
combination yielded 25 bands, aBdo-ACGC /Mse ACTC combination yielded 24
bands. The methodological error rate was estimatée 0.57% from the included
replicates. Estimated heterozygosities)(anged from 0.161 (Meta Lake) to 0.291
(Hummocks and Goat Marsh; Table 3.5). The lowbklue for Meta and Ghost Lake are
a product of low sample sizes. Removing those fites gields a mean Abf 0.251.
Despite its recent origin (1997), inspection of mogatellite and AFLP data shows
nothing unusual about the animals collected froenBbaver Pond. Heterozygosities and
the percent of polymorphic loci are within the raa@f the other collection sites (Tables

3.4, 3.6).
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Among-population patterns of genetic diversity

Microsatellite and AFLP data show thatgracileat MSHNVM had high levels
of gene flow and low levels of genetic structuié)er by collection site or by treatment.
With microsatellites, observed heterozygosity wighést in the recovery treatment and
almost equal at new and reference sites. AFLPdtadeved that average heterozygosity
was highest (0.298) in the new treatment and lowette recovery treatment (0.272;
Table 3.5). Pairwisé; values for microsatellites and AFLP’s are smallfle 3.7)
ranging from 0.000 to 0.069 for microsatellites &@lL5 to 0.132 for AFLPs. Analysis of
molecular variation (AMOVA) for microsatellite magks showed that 96% of the
variance was found within populations (P = 0.004bl€ 3.8) and for AFLPs, the amount
of variance within populations was 90% (P = 0.0Ddble 3.8). There was some evidence
of isolation by distance by collection site onlytie AFLP data (r =0.7378,Z2=8.87,P =
0.0015) but not in the microsatellite data (r =87.3, Z=84.8, P = 0.1559, Figure 3.2),
likely due to the high scatter. However, PCA of thierosatellite data showed extensive
overlap between treatments (Figure 3.3) indicatmglevels of genetic structure. PC
axis 1 explains 21.2% of the variation, axis 2 expg 20.1% and axis 3 explains 16.3%
for a cumulative total of 57.4%. Similarly, with APs, PCA analysis showed overlap
between treatments (Figure 3.3). A plot of PC2w®IRC3 (not shown) has no pattern or
grouping by treatment; many data points fell upacheother. Axis 1 explains 28.3% of
the variation, axis 2 explains 16.5% and axis 3a&rp 14.5% for a cumulative total of
59.4%. PC axis one most likely represents dist@eteeen ponds. | expected that
treatments would be more likely to group than ifexdion sites and treatments were

randomly located on the landscape, simply becalsaswollection sites were grouped by
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treatment, they were closer to each other thaecodin sites in the other treatments.

Therefore, the overlap between treatments was @x@a surprising.

Assignment tests

Salamanders from the Beaver Pond did not haveaa signal indicating their
origin but both markers indicated that Maratta Blunmocks were the most likely
source populations, a reasonable result as thoaéties are only 2.37 km and 3.80 km
away from Beaver Pond, respectively. The microbtgelata showed that of the 23
Beaver Pond animals, 13 were assigned to new p8rtdsfiummocks and 10 to Maratta.
Surprisingly, there were 6 animals assigned toweigolakes (3 to Curtis, 2 to Ryan and
1 to St Charles) and 4 to reference lakes (2 eaGoat Marsh and McBride). Under the
least stringent conditions for assigning AFLP ggpes to a putative source population,
Beaver Pond animals clearly originated from eitlaratta (13 of 23; P = 0.1724 —
0.8576) or Hummocks (9 of 23; P = 0.0768 — 0.4486) animal was assigned to
Hummocks but with only a 0.8% probability so it aidt assign well to any population.
With MLD = 0.2, 2 animals were not allocated to @opulation (P = 0.001 — 0.7200), 12
were allocated to Maratta (P = 0.1622 — 0.8567),&to Hummocks (P = 0.0514 —
0.4436). One animal was assigned to Hummocks khtamly a 0.8% probability so it
did not assign well but yet, did not meet the ciatéo be unassigned. With MLD =1, 16
animals were not allocated to any population (P1A66 — 0.4886), 5 were allocated to

Maratta (P = 0.1360 — 0.8600), and 2 to Hummocks QPL360 — 0.2420).
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Discussion

In general, pond-breeding amphibians are thoughetslow dispersers with low
vagility (Duellman & Trueb 1986; Blausteet al. 1994). Additionally, the apparent
preponderance of neotenes captured in breedingspmadld lead to expectations of low
gene flow. Given large source populations (mostigly in the forests surrounding
Mount St. Helens)A. gracilewas resilient in the face of a large infrequentimmental
disturbance. High levels of gene flow and no ldsgemetic variability in new
populations was an unexpected result. Howevers®t@Gaines (1991) compared gene
flow of A. gracilein coastal populations composed of transformedtsgith montane
populations composed of neotenic adults using wh@zmarkers. They were surprised to
find high levels of gene flow g-= 0.006, coastal populations;;E 0.010, montane
populations) and proposed three hypotheses toiexplair results. Their first hypothesis
(and the only relevant one here) is that metamaighand dispersal may be more
common than thought. This is congruent with theegjerevidence from Mount St.
Helens. Initial colonization of the new ponds fodri®y the debris-avalanche could only
occur through terrestrial adults. Even though sgbeset conditions in the new and
recovery areas would seemingly favor neotenes (&pd974a), low levels of population
structure strongly indicate that there are substhimimbers of terrestrial adults moving
across the landscape at Mount St. Helens. Spri#&s1b) demonstrated that gracile
populations could include individuals that alwaystamorphose, regardless of
environmental conditions, those that are always$emo and finally, those that may or

may not transform, depending on environmental dBesause colonizers at Mount St.
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Helens, could only come from unaffected forest saarounding the affected area and

blowdown zone survivors, my results agree with &%(1974a,b) in that variation in
reproductive mode contributes to colonization amwigal.

Little is known of the terrestrial ecology and betor of A. gracileexcept that
they are fossorial, rarely seen, and make extensgeof rodent burrows (Nussbawn
al. 1983). It is likely that dispersingy. gracileused Northern pocket gophdhpmomys
talpoideg burrows as refuges. Many individuals of this fgs herbivore survived the
blast and significantly promoted recovery of tharmplcommunity due to their burrowing
activities (Andersen & MacMahon 1985). My and tllezyme data of Titus (1990)
suggest thah. gracilemay not be philopatric to their natal or breedogd, interesting
in thatA. maculatumsister taxon té\. gracile is highly philopatric (Shaffeet al. 1991,
Semlitsch 1998). Kinkeagt al. (2007) studied, using AFLPs and mark-recapture
methods Ambystoma talpoideuandA. maculatunand expected to find population
structure in their breeding populations becausg 6mnimals were detected moving
between ponds (142 m maximum distance) during @a8-yeriod. However, the genetic
data showed no evidence of population structuren ever distances of approximately 25
km. The results of my study, coupled with that aikéadet al. (2007) indicate that we
still do not fully understand migration and dis@r@s defined by Semlitsch 2008) in
ambystomatid salamanders.

High levels of heterozygosity and low;values strongly indicate that, in the
Mount St. Helens ared,. gracileappear to comprise a large, panmictic population.
Unlike many other pond-breeding amphibians (Gamebkd.2007), including most

Ambystomathese populations are not acting as a metapopulat the scale of my study.
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Instead A. gracilepopulations around Mount St. Helens can be cherized as a

single, large patchy population (Roslin 2001; Baad#et al.2003). While is difficult to
discern why pond-breeding amphibians move from rfiabie to apparently unfavorable
habitats, there is evidence that some speciedbbrdmassess the condition of the
breeding pond at oviposition time and if not adegudue to factors such as the presence
of predators or competitors, can switch to a déifebreeding site (Semlitsch 1998;
Petrankaet al.2004).

Dispersal capability certainly plays a large roleletermining the level of
population structure and the amount of gene flonwMAunt St. Helens, Crisafulét al
(2005b) report that some recently metamorphdseagtaciledispersed at least 3.2 km in
the blowdown zone, traveling over a steep vallel},waer a ridge, into the next
drainage. In the Pumice Plain, a barren “moonstapendividual salamander dispersed
3.0 km. The closest known source populations ferpbnds in the debris-avalanche zone
were 3.7 km away. If the colonization of the newg® at Mount St. Helens is considered
a process similar to that of an invasive speciésniing new habitat, my results suggest
colonization by large numbers of animals. This @y similar process to that of
introducedAnolislizards from around the Caribbean region into ilwhere admixture
contributed to increased genetic variation in idtroed populations as compared to
source populations (Kolbet al.2004; 2007). Although long distance migration of
amphibians is difficult to study and thus may bdenestimated for many species (Marsh
& Trenham 2001), direct observation by Crisafatlial (2005b) and my genetic data

show thatA. gracileare capable of and do engage in long-distance ments.
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High gene flow can also be evidence of populatigpansion (Newman &

Squire 2001). If that were the case at Mount Stehkte | would expect to see differences
in the measures of genetic diversity, especialthwespect to reference populations,
unless the expansion is over a larger area thastudy area. However, | consider this
unlikely. First, this species was present in armiad Mount St. Helens prior to the
eruption. Second, populationsAf graciledo not appear to be declining or expanding
and current distribution appears to resemble thistorical range (Shaffer 2005),
although demographic data on any salamander aitedinAnother study, perhaps in
another 20 years or so, may be warranted to emsanee not recorded a transient
response to the disturbance.

This study leads to another question: WhyAagracilesuccessfully colonized
new ponds and is seemingly successful in blowdawasawhileAmbystoma
macrodactylun{long-toed salamander) has not? This species sgsraed present in the
area and reported to be breeding in Elk and Strl€hhake within 3 years post eruption
(Karlstrom 1986; Crisafullet al.2005b). However, | did not find any during my
collecting.Ambystoma macrodactyluisiconsidered a relatively common salamander,
breeds earlier thaA. gracile and does not have a neotenic form (Petranka 1986&)ye
is evidence thaA. macrodactylunms capable of dispersal and migration. In rugged
terrain,A. macrodactylunshowed no isolation by distance in the eight patohs
sampled in northeastern Oregon and western Idathéh@ne was more variability within
populations than between populations (Howard & ¥Atd|1981). In the Bitterroot
Mountains of ldaho and Montan&, macrodacylunshowed substantial levels of genetic

variation and was panmictic within basins with @nde for some gene flow on a
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regional scale (Tallmoat al.2000). Low altitude sites (< 1200 m) had more géne

between them than among high altitude sites ( 0 I@pPor between high and low
altitude sites (Giordanet al.2007). Perhaps there were far feemacrodactylunthan

A. gracilein the Mount St. Helens area pre-eruption ancefioee few animals available
for colonization post-eruption (Dvorniadt al. 1997). Although both species are common
in nearby Mount Rainer National Park, they difiebreeding site preferences and large
A. gracilelarvae are capable of preying upon smallemacrodactyluntarvae (Hoffman

et al.2003).

Amphibian colonization at Mount St. Helens appaarf®llow a pattern similar to
that of other amphibian communities: anurans ftretn pond-breeding salamanders.
Four species of anuran colonized the Maratta watdl@omplex in the debris-avalanche
zone (new ponds) before the first salamandlegracilearrived (Crisafulliet al.2005b).
Anurans and salamanders easily colonized constryaieds within a year in a North
Carolina site with multiple source ponds nearbyr@daet al.2003). In a sand prairie
habitat in Indiana, seven of nine anurans coloniestbred areas in one year while tiger
salamandersA(. tigrinum) took five years (Brodmaet al.2006). Wildfire in Glacier
National Park in Montana did not negatively affeapulations ofA. macrodactylunand
the Columbia spotted froRana luteiventriswhile the western toa@ufo boreas
colonized fire affected areas (Hossack & Corn 20B)e of nine anuran species
colonized restored wetlands in Minnesota while amlg of three salamander species was
able to do so (Lehtinen & Galatowitsch 2001). Ire&@rBritain, the two anuran species
(Bufo bufoandRana temporarigmore readily colonized newly constructed pondsth

two newt speciesT{iturus cristatusandTriturus vulgarig because newts were unable to
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colonize new ponds found greater than 400m frorateg ones (Baker & Halliday

1999). In South Carolina, some anuran species @@dmew ponds (built to mitigate
loss of wetlands) within a year and successfullyaduced while successful salamander
reproduction took three years (Pechmanal.2001). As Petrankat al. (2004) noted,
time is an important variable when determiningghecess of a colonization event. With
respect to ambystomatid salamanders, colonizatartake up to a decade and even if
animals are observed in a breeding pond the faat,yt can take 3-5 years for
salamanders to mature (Petranka 1998). Therefol@pization studies (usually
conducted with respect to evaluating a habitabraibn event) must be cognizant of
these time scales.

The effects of disturbance and habitat fragmemtadn pond-breeding
amphibians are complex. Traditionally, pond-bregdgmphibians were thought to exist
in metapopulations and generally did not move esttety across the landscape, although
this assumption has been questioned several tivh@sl & Trenham 2001; Jehét al.
2005; Cushman 2006). This study shows thajracileare resilient in the face of a major
environmental disturbance. Their ability to cola@mew ponds set in an seemingly
inhospitable matrix is surprising, more so wheapipears to have been done by a large
number of individuals, either in a single pulsenwre likely, multiple times. Clearly,
predicting dispersal and colonization ability basedhe broad category of pond-
breeding amphibian is not always reliable. Addiéitbyy dispersal ability of the same
species may be different across a continuous véagented habitat; some animals,
while poor dispersers in a continuous landscapg,beagood dispersers through/across

fragments (Marslet al.2004). Regardless of cause, the abilithofracileto colonize
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the new ponds (and most likely recovery areas #$ iwen encouraging result. Not all

is doom and gloom in the amphibian conservationdvéiuture studies of amphibian
colonization studies should emphasize the respoinselividual species at multiple

scales of time and space.
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Table 3.1. Effects of 1980 eruption of Mount Stld#hs on the local landscape (Crisafellial. 2005a; Swanson & Major 2005). The
eruption also generated mudflows but these wewrdiiad to drainages and are not under consideration

Zone Caused by Characterized by Created Survivors Treatment
. . Hummocks/hills of rock. A clean slate with new lakes and
Debris- Collapse and landslide of . . .
, Covering of landscape t ponds nonexistent prior to the None New
Avalanche volcano’s north slope. :
rock to 195m. eruption.

Blowdown of trees,

High pressure blast, Air temps  heating of lakes/ponds, = Complex mosaic of disturbance Some

(fossorial animals, fisht.

Blow down 300°C High velocity rock and heavy levels of ash and  dependent upon topography and . Recovery
. : L . granulosa, A. gracile,
tephra moving across landscape. organic material into distance from volcano.
underground plant parts)
lakes/ponds.
South of volcano. Not in direct Life as normal. Some
Reference path : No major effects. Probably 100% Reference

of eruptive forces. ash/tephra fall.

€8
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Table 3.2. Total collection of Ayracile by zone and treatment (Trmt) in and around

the Mount St. Helens National Volcanic Monument (M8/M). The two letters under
code are abbreviations for each collection sitdar3eAvalanche (DA), Recovery (REC),
Reference (REF). Latitude, longitude, and elevatvene measured with a handheld GPS.
Pond designators (e.g. M5) in Maratta and Hummac&drom Crisafulli (pers.comm)

and NR indicates not recorded.

Code Zone Trmt N Lat (N) Long (W) Elevation
(deg. min) (deg. min) (m)

Maratta MA DA NEW

M5 3 46 17.48 122 16.98 730.8

M6 36 46 17.47 122 16.97 749.8

M27 4 46 17.54 122 17.05 725.2

M28 2 NR

M30 32 46 17.52 122 16.98 744.3
Hummocks HU DA NEW

H1l 2 46 17.05 122 16.15 758.2

H6* 78 46 16.77 122 16.15 763.7

H23 21 46 16.81 122 16.22 765.2

H25 9 46 16.85 122 16.12 762.5

H26 2 46 16.91 122 16.28 745.5
Beaver Pond BP REC N/A 25 46 18.76 122 12.21 939.7
Curtis Lake CU REC REC 27 46 16.85 122 03.00 1107.7
Ghost Lake GH REC REC 4 46 19.17 122 03.68 1154.2
Meta Lake ME REC REC 4 46 19.64 122 03.21 1456.0
Ryan Lake RY REC REC 32 46 21.17 122 03.70 10154
St Charles Lake SC REC REC 69 46 19.34 122 05.23 23.42
Goat Marsh Lake GM REF REF 16 46 08.42 122 16.72 9.88
McBride Lake MB REF REF 14 46 08.44 122 15.11 830.7

* | captured many more animals at this site, bliected tissue samples from 78.



Table 3.3. PCR conditions and basic data on foarosatellite loci used iA. gracilefrom MSHNVM. Number genotyped per locus

(N), number of alleles (A), observed heterozygo@y), expected heterozygosity {HHand number of migrants (Nm) based gn F
values (Nm)averaged over all collection sites ektmpBeaver Pond.

Locus N Dye Size range (base pairs) A o H He Fsr Fs Nm
Aje D23 245 VIC 206-280 19 0.824 0.866 0.044 0.049 5.42
Aje D314 225 6-FAM 164-300 69 0.673 0.898 0.076 50.2 3.05
Ama D226 241 6-FAM 228-370 32 0.862 0.880 0.054 20.0 4.34
Ama D49 211 NED 151-280 41 0.884 0.892 0.060 0.009 3.89

G8



Table 3.4. Measures of genetic diversity for allezdion sites at MSHNVM by

86

microsatellite locus. Number genotyped (N), nundfealleles (A), effective number of

alleles (N), observed heterozygosity {J;l expected heterozygosity {HOver all
collection sites and loci,sF= 0.057, i = 0.084, and Nm = 4.3.

Aje D23 Aje D314 Ama D226 Ama D49 Mean

HU N 68 67 69 61

A 13 29 17 25

Ne 7.88 8.37 6.45 14.12

Ho 0.853 0.582 0.812 0.820 0.767

He 0.873 0.880 0.845 0.929 0.882
MA N 47 36 43 48

A 13 28 15 26

Ne 8.84 18.38 9.39 17.07

Ho 0.787 0.694 0.837 0.792 0.778

He 0.887 0.946 0.893 0.941 0.917
CuU N 23 22 24 13

A 12 25 20 19

Ne 9.12 17.93 11.64 16.90

Ho 0.913 0.773 0.875 0.923 0.871

He 0.890 0.944 0.914 0.941 0.922
GH N 4 3 4 3

A 6 5 7 5

Ne 5.33 4.50 6.40 4.50

Ho 1.000 0.667 1.000 1.000 0.917

He 0.813 0.778 0.844 0.778 0.803
ME N 4 3 3 4

A 6 6 5 6

Ne 5.33 6.00 4.50 4.57

Ho 0.750 1.000 0.667 1.000 0.854

He 0.813 0.833 0.778 0.781 0.801
RY N 25 25 25 17

A 17 28 20 18

Ne 11.68 20.83 15.63 13.44

Ho 0.800 0.680 0.880 0.941 0.825

He 0.914 0.952 0.936 0.926 0.932
SC N 44 42 43 40

A 12 26 21 27

Ne 8.82 14.58 13.80 17.49

Ho 0.909 0.738 0.884 0.850 0.845

He 0.887 0.931 0.928 0.943 0.922
GM N 14 11 14 10

A 10 14 15 13

Ne 6.64 11.00 10.05 10.00

Ho 0.714 0.545 0.929 0.900 0.772

He 0.849 0.909 0.901 0.900 0.890
MB N 16 16 16 15

A 10 15 13 12

Ne 7.64 11.13 8.39 9.38

Ho 0.688 0.375 0.875 0.733 0.668

He 0.869 0.910 0.881 0.893 0.888
BP N 22 22 21 16

A 11 18 19 17

Ne 8.49 13.08 12.42 13.13

Ho 0.818 0.591 1.000 0.875 0.821

He 0.882 0.924 0.920 0.924 0.912
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Table 3.5. Measures of genetic diversity by treatna¢ MSHNVM by microsatellite
and AFLP loci. Number genotyped (N), number oflalleaveraged over loci (A),
effective number of alleles (Ne), observed hetegozity (Hd), expected heterozygosity
(HE), average heterozygosity (Hor AFLP, Fixation index (F) for microsatellitath,
and percent of polymorphic loci (%P) for AFLPs. ©a# treatments and locigF=
0.017, is = 0.156, and Nm = 16.5 for microsatellite data.dv¥er all treatments and
AFLP loci = 0.284.

Trmt N A Ne Ho HE/ H, F/ %P
Microsatellite

New 93 315 18.2 0.769 0.910 0.154

Recovery 120 27.0 12.1 0.844 0.939 0.100

Reference 30 18.0 12.2 0.711 0.912 0.217

AFLP
New 132 2.0 - - 0.298 100.0
Recovery 99 19 - - 0.272 934

Reference 31 1.9 - - 0.283 93.4
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Table 3.6. Measures of genetic diversity for allexziion sites at MSHNVM based on

81 AFLP loci. Number genotyped (N), number of bafidB), average heterozygosity
(H,), standard error of estimated heterozygosity (BEjcent Polymorphic (%P). Codes
are as in Table 3.1.

Code N NB H SE % P

HU 70 76 0.291 0.019 92.59
MA 62 80 0.293 0.016 98.77
CuU 25 76 0.261 0.019 88.89
GH 4 55 0.191 0.023 50.62
ME 4 58 0.161 0.022 44 .44
RY 26 67 0.262 0.020 86.42
SC 48 74 0.266 0.021 87.65
GM 15 73 0.291 0.019 88.89
MB 16 72 0.250 0.020 83.95

BP 23 73 0.277 0.019 87.65
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Table 3.7. Pairwise populatiaby; values (below diagonal) for microsatellites (top

number of pair) and AFLPs (bottom number of pabg): values are functionally

equivalent to & and can be directly compared between microsaelind AFLPs.
Negatived,: values were converted to zero. P values are ahevdiagonal and non-

significant values are in bold.

Curtis Ryan St Charles  Hummocks Maratta Goat MarsiVicBride
Curtis 0.392 0.463 0.001 0.001 0.191 0.034
0.002 0.013 0.001 0.001 0.001 0.001
Ryan 0.001 0.013 0.001 0.001 0.142 0.011
0.029 0.008 0.001 0.001 0.001 0.001
St Charles 0.000 0.013 0.001 0.001 0.043 0.001
0.015 0.015 0.001 0.001 0.001 0.001
Hummocks 0.044  0.062 0.047 0.001 0.001 0.001
0.088 0.086 0.132 0.001 0.001 0.001
Maratta 0.023  0.020 0.020 0.042 0.016 0.001
0.077  0.067 0.120 0.050 0.001 0.001
Goat Marsh  0.008  0.009 0.015 0.056 0.020 0.219
0.052 0.063 0.075 0.086 0.062 0.054
McBride 0.018 0.019 0.033 0.069 0.031 0.009
0.094 0.107 0.114 0.120 0.091 0.019




Table 3.8. Results of hierarchical AMOVA compargnetic variation among the three treatments (nesavery, reference), among
collection sites within treatments and among ctitbecsites for microsatellites and AFLPs.

Source of variation df SS MS Est. Var. % StatisticValue Probability

Microsatellites

Among Trmt 2 24.751  12.376 0.070 2% Dgr 0.016 0.0001
Among Pops/Trmt 4 29.564 7.391 0.096 2% Dpr 0.022 0.0001
Within Pops 236 994.509 4.214 4.214 96% Opr 0.038 0.0001
Total 242 1048.824  23.981 4.380
AFLP
Among Trmt 2 196.527  98.264 0.930 % Ogr 0.069 0.0001
Among Pops/Trmt 4 107.999  27.000 0.414 3% Dpr 0.033 0.0001
Within Pops 255 3091.958  12.125 12.125 90% ey 0.100 0.0001
Total 261  3396.485 137.389 13.469

06



Beaver Pond

Maratta ‘+

Hummocks
‘\1--

Goat Marsh

Figure 3.1. Collection sites at MSHNVM. White arrpwints north. New ponds are
Maratta and Hummocks in the debris-avalanche zageyery lakes are St. Charles and
Ryan and Curtis Lakes in the blowdown-zone, aneregice lakes are Goat Marsh and
McBride Lakes. Linear distance between Ryan and fideB_ake is 28.04 km.
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CHAPTER 4

CONCLUSIONS

The goal of this study was to measure the popmulaenetic response of two
common amphibiang,aricha granulosa (rough-skinned newt) andimbystoma gracile
(northwestern salamander) to the 1980 eruption @i St. Helens. Understanding how
measures of genetic diversity, gene flow, and patpn structure may be affected by a
major environmental disturbance is important intiaying our knowledge of
colonization. Colonization rates and the order fhant and animal species established
themselves at Mount St. Helens was more compledptiesent ecological theory could
explain. Instead of following a clear pattern, coiation and recovery was species and
situation specific (Frankliet al. 1985; Crisafulliet al. 2005b). For the purposes of my
study, the eruption created a mosaic of landscl@mtons that could be assigned into
three treatments, which were new, recovery andereée. | predicted that in both species,
populations in recently colonized habitats (comgasfemmigrants only), would have
less genetic variation than populations from recpaeea (survivors/their descendants
and immigrants), or reference populations (assuimée unimpacted by the eruption).
This prediction was based on the supposition teat populations would have been
colonized by few individuals and that migrationeatvere low. The data did not support
my predictions. In newts, there were no signifiadifferences in six measures of genetic
diversity among treatments (Table 2.6). Resultsevganilar inA. gracile (Table 3.6).

With microsatellite markers, the observed heterozity of the reference lakes was

lower than either new or recovering populations aittd AFLPs, newly colonized
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populations had a higher average heterozygosity either of the other two treatments

(Table 3.6).

The results for both species can be explainedigiréhe surprisingly high levels
of gene flow, despite the rugged terrain. Gene fiin movement of genetic material
from one area to another, reduces or eliminatestgedifferences among populations
(Petranka 2007). Those amphibian species with highgility may be more adversely
affected by habitat fragmentation than those thasde fidelic (Cushman 2006) because
they require larger areas of suitable habitat. i#althlly, habitat change may be the be
the biggest threat to amphibian conservation (Garetral. 2007). Thus, the rapid
recovery and minimal loss of genetic variabilitycmlonizing populations in both these
species is good news.

High gene flow can result from large numbers ofrets moving across the
landscape or through multiple waves of colonizatdmeview of T. granulosa activity
patterns (Chapter 2, discussion) show that theyvatiesuited to move across open areas
and may in fact prefer moving across them. For Bp#ties, burrows created by northern
pocket gophersThomomys talpoides) or other fossorial mammals may have created
suitable refuges for salamanders unable to moviegitot and dry periods (MacMahon
et al. 1989). Interestingly, although the gophers wetmtbwithin the blast zone less
than a year post eruption (Andersen & MacMahon 1988y took 12 years to colonize
the debris-avalanche zone (Crisafetlal. 2005a) Ambystoma gracile took 9 years andl.
granulosa took 10 years (Crisafultt al. 2005c). It is possible that salamander migration
rates were limited by the dispersal rates of faasarammals because it is likely that

salamanders used their burrows as refuges. Additigriemale newts mate with
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multiple males (2-5) and offspring from a singlatch may have multiple fathers

(Jonest al. 2002). While no one has tested for multiple patgin the A. gracile, it is
found in other species @imbystoma includingA. tigrinum, A. maculatum, andA.
talpoideum (Tennessen & Zamudio 2003; Myers & Zamudio 200dp@enkoet al.
2006; Whitemaret al. 2006).

Genetic studies of two sympatric species can lgghhow differences in life-
history strategies affect gene flow and populasiobstructure. Often, there is a key
difference between species that the researchehstavisighlight. For example,
comparing a specialist or generalist (Broetadl. 2003), differences in dispersal ability
(Tibbets & Dowling 1996; Milleet al. 2002; Hoehret al. 2007), social structure (Brouat
et al. 2007) or several life-history variables (Kraaijek&mitet al. 2007). Such was the
intent with this study. Efford and Mathias’ (1968udy ofT. granulosa andA. gracile in
the same lake concluded that the two species djfe=tly in their population dynamics;
T. granulosa with low adult recruitment, and long life, aAdgracile with a high
reproductive and growth rate and a short life sparpectedr. granulosa to be less
philopatric to their breeding site th&ngracile because there was some evidence they
were capable of high gene flow. Ambystomatid salzaess are generalized (although
this view is being questioned (Trenham 1998; S/&itAreen 2005) as highly philopatric
and there was little evidence to suspect hatacile was any different. Additionally,
the population oA. gracile at Mount St. Helens appears to be characterizedgh
level of neoteny. Neotenes are not physiologicedlgable of moving across the
terrestrial landscape because they breathe with @iherefore, gene flow if. granulosa

should be higher thai. gracile. Comparing sites where both animals were collected
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gene flow levels are comparable (Table 2.7, 3.ddi#onally, neither species showed

evidence for population structure or isolation Istahce (Figures 2.2, 2.3, 3.2, 3.3).
Perhaps neoteny is not a response to a harshttedreavironment as suggested by
Sprules (1974) or there are more terres&iaracile moving across the landscape than
originally thought. Neotenes and terrestrial folans capable of interbreeding in many
species oAmbystoma includingA. gracile (Knudsen 1960; Semlitsch 1985; Licht &
Sever 1991; Whitemaet al. 2006). Neoteny should not restrict the reprodectiutput

of the species and gene flow can be maintaine@tpgdtrial adults.

Finally, this study shows that the generalitiesognpassed in the term “pond-
breeding amphibian” does not serve as good predretiables in predicting a response
to an environmental disturbance. The term ponddingeamphibian implies high site
fidelity and low vagility, resulting in low genedflv and genetic differences in
subpopulations. Populations of pond breeding amahgbare often automatically
classified as existing in a metapopulation typacitire, an assumption not always
correct or tested for (Marsh & Trenham 20009cicha granulosa andA. gracile, while
they do breed in ponds, have shown the oppositerpaAt Mount St. Helens,
populations are characterized by high gene flonctvinesults in low population structure.
Therefore, researchers should use the term poretimige amphibian carefully as the

mental image and stereotype the term invokes isimoersally applicable.
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APPENDIX A

COLLECTIONSBY LOCALITY AND YEAR



Table A.1. Collections by location and year of Taricha granulosa and Ambystoma gracile at Mount St. Helens National Volcanic
Monument. NS indicates not sampled.

Hummocks Maratta
Marraita  Beaver
2003 H1 H2B H23 H6 H9 H25 H26 M3 M5 M6 M30 M26 M27 M28 Lake Pond
T. granulosa ns ns 2 1 ns ns ns ns 1 7 8 1 ns ns 0 ns
A. gracile ns ns 19 42 ns ns ns ns 1 27 21 0 ns ns 1 ns
2005
T granulosa 0O o O 3 0 0 O O 0 3 0 ns 3 1 ns 0
adult
T- granulosa 0 o O 0 0 0 0 0O 0 0 0 ns O 0 ns 0
larvae
A granulosa 2 0 2 3% 0 9 2 0O 2 9 11 ns 4 2 ns 25
neotene
A. gracilelaavae 0 0 0 0 0 0 0 0 0 0 0 ns 0 0 ns 0
Blowdown Reference
2003 Curtis St. Charles Ryan Meta Ghost Strawberry Goat Marsh McBride
T. granulosa adult 0 7 0 0 2 ns 46 40
A. gracile 27 33 17 4 3 ns 0 0
2005
T. granulosa adult ns 3 0 ns 0 46 29 5
T. granulosa larvae ns 1 0 ns 0 0 21 7
A. gracile neotene ns 28 15 ns 1 0 16 12
A. gracilelarvae ns 8 0 ns 0 0 0 2

€0t
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Table B.1 Allele frequencies for Taricha granulosa and Ambystoma gracile from
Mount St. Helens Nationa Volcanic Monument. N indicates the number of animals
genotyped at alocus. Allele sizes are in base pairs.

Taricha granulosa

Locus size Hummocks Maratta Strawberry Chﬁrtl s McBride I\§I; ;Zth

Tgr 01 N 6 26 41 11 43 75
215 0.000 0.019 0.000 0.000 0.000 0.000
219 0.167 0.154 0.146 0.000 0.105 0.140
223 0.000 0.038 0.061 0.182 0.035 0.047
227 0.000 0.038 0.024 0.000 0.023 0.000
231 0.000 0.038 0.012 0.000 0.035 0.033
235 0.083 0.192 0.220 0.136 0.326 0.220
239 0.083 0.231 0.220 0.091 0.233 0.287
243 0.083 0.096 0.061 0.273 0.128 0.167
247 0.167 0.058 0.061 0.091 0.035 0.040
251 0.083 0.000 0.073 0.091 0.012 0.007
255 0.333 0.077 0.061 0.045 0.035 0.053
259 0.000 0.038 0.061 0.091 0.023 0.007
263 0.000 0.019 0.000 0.000 0.000 0.000
271 0.000 0.000 0.000 0.000 0.012 0.000

Tgr 02 N 6 26 37 11 40 73
179 0.167 0.192 0.041 0.000 0.150 0.212
183 0.000 0.000 0.027 0.000 0.025 0.014
187 0.083 0.096 0.176 0.227 0.175 0.082
191 0.083 0.077 0.135 0.045 0.038 0.062
195 0.167 0.135 0.378 0.273 0.213 0.144
199 0.000 0.038 0.027 0.000 0.013 0.007
203 0.000 0.019 0.068 0.227 0.025 0.103
207 0.167 0.269 0.081 0.136 0.175 0.267
211 0.250 0.154 0.054 0.091 0.100 0.062
215 0.000 0.000 0.000 0.000 0.000 0.007
235 0.083 0.019 0.000 0.000 0.025 0.014
239 0.000 0.000 0.000 0.000 0.013 0.000
243 0.000 0.000 0.000 0.000 0.025 0.000
245 0.000 0.000 0.014 0.000 0.000 0.000
247 0.000 0.000 0.000 0.000 0.013 0.021
255 0.000 0.000 0.000 0.000 0.013 0.007
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Tor 06 N 6 25 41 11 41 76
145 0.000 0.000 0.037 0.045 0.073 0.013
149 0.083 0.200 0.207 0.045 0.134 0.132
153 0.083 0.080 0.061 0.045 0.134 0.145
157 0.417 0.380 0.305 0.409 0.293 0.309
159 0.000 0.000 0.000 0.000 0.012 0.000
161 0.333 0.160 0.171 0.091 0.195 0.250
163 0.000 0.000 0.037 0.000 0.000 0.000
165 0.083 0.080 0.110 0.182 0.098 0.053
167 0.000 0.020 0.037 0.000 0.000 0.046
169 0.000 0.040 0.024 0.182 0.049 0.033
171 0.000 0.000 0.012 0.000 0.000 0.000
173 0.000 0.040 0.000 0.000 0.012 0.020

Tor 10 N 6 26 41 11 43 75
174 0.083 0.038 0.110 0.045 0.116 0.093
178 0.083 0.096 0.110 0.136 0.035 0.020
182 0.000 0.019 0.000 0.000 0.035 0.013
186 0.250 0.173 0.122 0.182 0.267 0.213
190 0.250 0.269 0.232 0.091 0.198 0.233
194 0.000 0.058 0.037 0.136 0.047 0.060
198 0.083 0.135 0.024 0.227 0.070 0.080
202 0.167 0.154 0.268 0.136 0.151 0.167
206 0.083 0.038 0.098 0.045 0.035 0.100
210 0.000 0.019 0.000 0.000 0.035 0.013
214 0.000 0.000 0.000 0.000 0.012 0.007

Tor 14 N 6 26 41 11 41 74
218 0.000 0.000 0.000 0.000 0.000 0.007
222 0.083 0.077 0.061 0.000 0.000 0.027
226 0.000 0.000 0.000 0.000 0.037 0.027
230 0.000 0.000 0.000 0.000 0.000 0.020
234 0.000 0.058 0.024 0.000 0.110 0.074
238 0.083 0.019 0.085 0.045 0.061 0.068
242 0.167 0.038 0.037 0.136 0.134 0.068
246 0.000 0.038 0.085 0.136 0.073 0.108
248 0.000 0.000 0.000 0.000 0.012 0.000
250 0.000 0.096 0.049 0.045 0.024 0.047
254 0.083 0.077 0.061 0.045 0.024 0.041
258 0.083 0.058 0.012 0.000 0.037 0.041
262 0.167 0.115 0.073 0.318 0.073 0.034
266 0.083 0.058 0.024 0.000 0.012 0.027
270 0.083 0.096 0.012 0.000 0.037 0.007
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274 0.000 0.019 0.000 0.000 0.000 0.020
278 0.000 0.019 0.000 0.000 0.000 0.000
282 0.000 0.000 0.000 0.000 0.000 0.054
286 0.000 0.019 0.024 0.000 0.024 0.020
290 0.000 0.019 0.098 0.091 0.073 0.027
294 0.167 0.000 0.122 0.045 0.061 0.068
298 0.000 0.096 0.085 0.045 0.037 0.088
302 0.000 0.038 0.012 0.000 0.037 0.034
306 0.000 0.000 0.000 0.000 0.012 0.000
308 0.000 0.019 0.061 0.000 0.037 0.027
312 0.000 0.000 0.000 0.045 0.024 0.041
314 0.000 0.000 0.037 0.000 0.000 0.000
316 0.000 0.019 0.024 0.045 0.049 0.007
318 0.000 0.019 0.000 0.000 0.000 0.000
320 0.000 0.000 0.012 0.000 0.000 0.020
328 0.000 0.000 0.000 0.000 0.012 0.000
Ambystoma gracile
Locus Size Hummocks Maratta Curtis Ryan Chjr.l s I\ilB 2:; McBride
Agr 23 N 68 47 23 25 44 14 16
206 0.000 0.000 0.000 0.000 0.000 0.000 0.031
214 0.022 0.000 0.000 0.020 0.000 0.000 0.000
218 0.000 0.000 0.065 0.040 0.080 0.036 0.000
222 0.000 0.011 0.022 0.140 0.023 0.071 0.000
226 0.154 0.149 0.043 0.060 0.102 0.179 0.000
230 0.029 0.128 0.130 0.080 0.114 0.036 0.094
234 0.059 0.096 0.087 0.080 0.102 0.071 0.219
238 0.162 0.043 0.130 0.060 0.182 0.036 0.156
242 0.074 0.149 0.087 0.060 0.114 0.214 0.125
246 0.191 0.128 0.196 0.160 0.148 0.214 0.125
248 0.000 0.000 0.000 0.040 0.000 0.000 0.000
250 0.022 0.106 0.065 0.040 0.045 0.107 0.094
254 0.140 0.106 0.043 0.060 0.023 0.000 0.031
256 0.000 0.000 0.000 0.020 0.000 0.000 0.063
258 0.096 0.021 0.087 0.080 0.034 0.036 0.063
262 0.022 0.043 0.043 0.020 0.034 0.000 0.000
266 0.000 0.011 0.000 0.020 0.000 0.000 0.000
270 0.022 0.011 0.000 0.020 0.000 0.000 0.000
280 0.007 0.000 0.000 0.000 0.000 0.000 0.000
Agr 49 N 61 48 13 17 40 10 15
151 0.000 0.021 0.038 0.000 0.013 0.050 0.067
155 0.016 0.021 0.000 0.000 0.000 0.050 0.000
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159 0.082 0.063 0.077 0.059 0.013 0.050 0.000
163 0.098 0.125 0.000 0.088 0.100 0.000 0.133
166 0.041 0.042 0.077 0.000 0.038 0.050 0.067
167 0.041 0.052 0.077 0.088 0.100 0.150 0.033
171 0.115 0.073 0.077 0.059 0.063 0.050 0.067
175 0.107 0.042 0.038 0.088 0.063 0.000 0.033
179 0.016 0.063 0.038 0.059 0.025 0.000 0.133
183 0.033 0.083 0.000 0.029 0.063 0.150 0.067
187 0.000 0.021 0.038 0.029 0.000 0.000 0.000
191 0.016 0.010 0.038 0.147 0.088 0.150 0.067
192 0.000 0.000 0.038 0.000 0.063 0.000 0.000
193 0.008 0.000 0.000 0.029 0.013 0.000 0.000
195 0.107 0.021 0.077 0.029 0.013 0.050 0.033
196 0.008 0.000 0.000 0.000 0.038 0.000 0.000
199 0.008 0.010 0.000 0.000 0.050 0.050 0.000
200 0.057 0.031 0.038 0.000 0.038 0.000 0.000
203 0.008 0.000 0.038 0.000 0.000 0.050 0.167
204 0.000 0.000 0.000 0.000 0.013 0.000 0.000
207 0.008 0.021 0.077 0.029 0.013 0.000 0.000
208 0.000 0.031 0.000 0.029 0.050 0.000 0.000
210 0.000 0.010 0.000 0.000 0.000 0.000 0.000
211 0.008 0.010 0.000 0.029 0.000 0.000 0.133
212 0.033 0.010 0.000 0.000 0.025 0.050 0.000
215 0.000 0.021 0.000 0.029 0.000 0.000 0.000
216 0.008 0.000 0.077 0.000 0.025 0.000 0.000
217 0.000 0.000 0.000 0.000 0.013 0.000 0.000
218 0.000 0.000 0.000 0.000 0.000 0.100 0.000
219 0.049 0.063 0.000 0.059 0.000 0.000 0.000
220 0.016 0.073 0.000 0.088 0.025 0.000 0.000
223 0.057 0.031 0.038 0.000 0.000 0.000 0.000
224 0.000 0.000 0.038 0.000 0.000 0.000 0.000
228 0.049 0.031 0.000 0.000 0.013 0.000 0.000
232 0.000 0.000 0.000 0.029 0.013 0.000 0.000
235 0.008 0.000 0.038 0.000 0.000 0.000 0.000
237 0.000 0.000 0.000 0.000 0.013 0.000 0.000
243 0.000 0.000 0.038 0.000 0.000 0.000 0.000
258 0.000 0.000 0.000 0.000 0.025 0.000 0.000
280 0.000 0.021 0.000 0.000 0.000 0.000 0.000

Agr N 67 36 2 25 42 11 16

314
164 0.000 0.000 0.023 0.000 0.012 0.000 0.000
168 0.000 0.014 0.023 0.000 0.000 0.000 0.000
172 0.000 0.014 0.000 0.000 0.000 0.045 0.094
176 0.007 0.000 0.045 0.000 0.000 0.000 0.000
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184
188
190
192
195
196
200
202
204
206
208
212
214
216
217
220
221
222
224
225
226
228
229
230
232
233
234
236
237
238
240
241
242
244
245
246
248
249
250
252
253
255
256

0.022
0.000
0.000
0.000
0.022
0.000
0.045
0.082
0.000
0.007
0.000
0.112
0.276
0.000
0.007
0.045
0.022
0.007
0.007
0.000
0.030
0.000
0.007
0.007
0.119
0.022
0.007
0.000
0.000
0.000
0.015
0.000
0.015
0.000
0.000
0.007
0.000
0.000
0.015
0.015
0.000
0.000
0.000
0.000

0.014
0.000
0.000
0.000
0.028
0.000
0.028
0.028
0.000
0.000
0.069
0.000
0.097
0.028
0.028
0.014
0.000
0.014
0.014
0.000
0.014
0.000
0.000
0.014
0.000
0.056
0.000
0.000
0.000
0.042
0.083
0.000
0.028
0.000
0.000
0.097
0.069
0.014
0.000
0.000
0.000
0.000
0.056
0.000

0.000
0.000
0.023
0.023
0.000
0.000
0.000
0.045
0.045
0.000
0.000
0.023
0.000
0.023
0.000
0.000
0.023
0.091
0.000
0.000
0.000
0.000
0.068
0.023
0.000
0.045
0.091
0.023
0.000
0.045
0.000
0.045
0.000
0.000
0.000
0.000
0.000
0.023
0.000
0.000
0.023
0.000
0.000
0.000

0.020
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.060
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.020
0.000
0.000
0.000
0.020
0.020
0.040
0.020
0.040
0.020
0.040
0.060
0.040
0.040
0.000
0.000
0.000
0.020
0.080
0.100
0.000
0.000
0.000
0.020
0.000
0.020
0.000
0.020

0.000
0.000
0.024
0.000
0.000
0.000
0.000
0.036
0.000
0.000
0.024
0.000
0.071
0.024
0.000
0.000
0.000
0.048
0.000
0.000
0.012
0.000
0.060
0.012
0.024
0.167
0.060
0.000
0.012
0.000
0.107
0.024
0.000
0.000
0.048
0.000
0.000
0.000
0.000
0.000
0.024
0.000
0.000
0.000

0.045
0.000
0.136
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.045
0.045
0.000
0.091
0.000
0.045
0.000
0.045
0.000
0.000
0.000
0.000
0.045
0.000
0.045
0.000
0.000
0.136
0.045
0.000
0.091
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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0.000

0.156
0.000
0.000
0.000
0.031
0.000
0.000
0.000
0.000
0.000
0.000
0.063
0.031
0.031
0.000
0.094
0.000
0.000
0.125
0.031
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.063
0.000
0.000
0.000
0.000
0.000
0.031
0.094
0.000
0.031
0.000
0.000
0.000
0.094
0.000
0.031
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257 0.007 0.000 0.000 0.020 0.000 0.000 0.000
258 0.015 0.000 0.000 0.000 0.000 0.000 0.000
260 0.000 0.000 0.000 0.020 0.012 0.000 0.000
262 0.000 0.000 0.000 0.000 0.000 0.136 0.000
264 0.000 0.000 0.023 0.000 0.000 0.000 0.000
265 0.000 0.028 0.000 0.000 0.000 0.000 0.000
267 0.000 0.000 0.000 0.000 0.012 0.000 0.000
268 0.000 0.000 0.114 0.060 0.048 0.000 0.000
270 0.015 0.042 0.000 0.020 0.000 0.000 0.000
272 0.007 0.000 0.023 0.040 0.048 0.000 0.000
274 0.030 0.000 0.000 0.000 0.000 0.000 0.000
276 0.000 0.042 0.023 0.040 0.024 0.000 0.000
278 0.000 0.000 0.000 0.000 0.012 0.000 0.000
280 0.000 0.000 0.000 0.020 0.000 0.000 0.000
281 0.000 0.000 0.000 0.020 0.024 0.000 0.000
285 0.000 0.014 0.045 0.060 0.036 0.000 0.000
300 0.000 0.014 0.000 0.000 0.000 0.000 0.000

Agr N 69 43 24 25 43 14 16

226
240 0.000 0.000 0.000 0.000 0.047 0.036 0.000
252 0.029 0.012 0.021 0.000 0.047 0.036 0.000
256 0.000 0.023 0.042 0.000 0.000 0.000 0.000
260 0.014 0.000 0.063 0.040 0.012 0.000 0.000
264 0.080 0.093 0.021 0.040 0.058 0.071 0.031
268 0.029 0.151 0.000 0.060 0.035 0.036 0.063
272 0.022 0.058 0.042 0.020 0.047 0.000 0.000
276 0.283 0.163 0.146 0.020 0.163 0.036 0.063
280 0.036 0.151 0.146 0.080 0.058 0.143 0.156
284 0.101 0.035 0.146 0.080 0.093 0.179 0.219
288 0.203 0.093 0.042 0.060 0.058 0.143 0.094
292 0.000 0.070 0.000 0.040 0.047 0.071 0.031
296 0.014 0.035 0.021 0.060 0.047 0.036 0.125
300 0.036 0.023 0.021 0.060 0.012 0.000 0.031
305 0.007 0.000 0.021 0.000 0.012 0.036 0.000
309 0.000 0.000 0.042 0.020 0.081 0.071 0.094
313 0.000 0.000 0.000 0.040 0.012 0.036 0.000
317 0.000 0.000 0.021 0.020 0.000 0.000 0.031
326 0.000 0.000 0.000 0.000 0.000 0.000 0.031
330 0.007 0.000 0.000 0.020 0.000 0.000 0.000
332 0.007 0.000 0.000 0.000 0.000 0.000 0.000
334 0.109 0.000 0.042 0.000 0.000 0.036 0.031
338 0.007 0.012 0.063 0.080 0.023 0.000 0.000
342 0.000 0.000 0.000 0.060 0.000 0.000 0.000
346 0.014 0.000 0.042 0.060 0.058 0.000 0.000
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350 0.000 0.000 0.021 0.120 0.058 0.036 0.000
354 0.000 0.070 0.000 0.000 0.000 0.000 0.000
358 0.000 0.012 0.000 0.020 0.023 0.000 0.000
362 0.000 0.000 0.021 0.000 0.000 0.000 0.000
370 0.000 0.000 0.021 0.000 0.012 0.000 0.000

Agr N 67 36 22 25 42 11 16

314
164 0.000 0.000 0.023 0.000 0.012 0.000 0.000
168 0.000 0.014 0.023 0.000 0.000 0.000 0.000
172 0.000 0.014 0.000 0.000 0.000 0.045 0.094
176 0.007 0.000 0.045 0.000 0.000 0.000 0.000
180 0.022 0.014 0.000 0.020 0.000 0.045 0.000
184 0.000 0.000 0.000 0.000 0.000 0.000 0.156
188 0.000 0.000 0.023 0.000 0.024 0.136 0.000
190 0.000 0.000 0.023 0.000 0.000 0.000 0.000
192 0.022 0.028 0.000 0.000 0.000 0.000 0.000
195 0.000 0.000 0.000 0.000 0.000 0.000 0.031
196 0.045 0.028 0.000 0.000 0.000 0.000 0.000
200 0.082 0.028 0.045 0.000 0.036 0.000 0.000
202 0.000 0.000 0.045 0.060 0.000 0.000 0.000
204 0.007 0.000 0.000 0.000 0.000 0.000 0.000
206 0.000 0.069 0.000 0.000 0.024 0.000 0.000
208 0.112 0.000 0.023 0.000 0.000 0.045 0.000
212 0.276 0.097 0.000 0.000 0.071 0.045 0.063
214 0.000 0.028 0.023 0.000 0.024 0.000 0.031
216 0.007 0.028 0.000 0.000 0.000 0.001 0.031
217 0.045 0.014 0.000 0.000 0.000 0.000 0.000
220 0.022 0.000 0.023 0.020 0.000 0.045 0.094
221 0.007 0.014 0.001 0.000 0.048 0.000 0.000
222 0.007 0.014 0.000 0.000 0.000 0.045 0.000
224 0.000 0.000 0.000 0.000 0.000 0.000 0.125
225 0.030 0.014 0.000 0.020 0.012 0.000 0.031
226 0.000 0.000 0.000 0.020 0.000 0.000 0.000
228 0.007 0.000 0.068 0.040 0.060 0.000 0.000
229 0.007 0.014 0.023 0.020 0.012 0.045 0.000
230 0.119 0.000 0.000 0.040 0.024 0.000 0.000
232 0.022 0.056 0.045 0.020 0.167 0.045 0.000
233 0.007 0.000 0.001 0.040 0.060 0.000 0.000
234 0.000 0.000 0.023 0.060 0.000 0.000 0.000
236 0.000 0.000 0.000 0.040 0.012 0.136 0.063
237 0.000 0.042 0.045 0.040 0.000 0.045 0.000
238 0.015 0.083 0.000 0.000 0.107 0.000 0.000
240 0.000 0.000 0.045 0.000 0.024 0.091 0.000
241 0.015 0.028 0.000 0.000 0.000 0.000 0.000



242
244
245
246
248
249
250
252
253
255
256
257
258
260
262
264
265
267
268
270
272
274
276
278
280
281
285
300

0.000
0.000
0.007
0.000
0.000
0.015
0.015
0.000
0.000
0.000
0.000
0.007
0.015
0.000
0.000
0.000
0.000
0.000
0.000
0.015
0.007
0.030
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.097
0.069
0.014
0.000
0.000
0.000
0.000
0.056
0.000
0.000
0.000
0.000
0.000
0.000
0.028
0.000
0.000
0.042
0.000
0.000
0.042
0.000
0.000
0.000
0.014
0.014

0.000
0.000
0.000
0.000
0.023
0.000
0.000
0.023
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.023
0.000
0.000
0.114
0.000
0.023
0.000
0.023
0.000
0.000
0.000
0.045
0.000

0.020
0.080
0.100
0.000
0.000
0.000
0.020
0.000
0.020
0.000
0.020
0.020
0.000
0.020
0.000
0.000
0.000
0.000
0.060
0.020
0.040
0.000
0.040
0.000
0.020
0.020
0.060
0.000

0.000
0.048
0.000
0.000
0.000
0.000
0.000
0.024
0.000
0.000
0.000
0.000
0.000
0.012
0.000
0.000
0.000
0.012
0.048
0.000
0.048
0.000
0.024
0.012
0.000
0.024
0.036
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.136
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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0.000
0.031
0.094
0.000
0.031
0.000
0.000
0.000
0.094
0.000
0.031
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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Table C.1. Matrix of Nei's unbiased genetic disesmand topographic distances
between collection sites at Mount St. Helens Nati®olcanic Monument. Distances
(km) are above the diagonal, Nei’'s unbiased gewktiances are below the diagonal.
Top number is Nei’s genetic distance using AFLRAfobystoma gracile, middle
number is Nei’'s genetic distance using microsagsliforA. gracile, and bottom number
is Nei's genetic distance using microsatellitesTaricha granulosa. N/A indicates not
applicable. Abbreviations for collection sites agein Table 3.2.

HU MA CuU RY SC SB GM MB

HU 1.60 17.37 18.61 14.69 18.13 13.90 16.19
0.013

MA 0.280 18.54 18.86 15.77 18.92 15.24 17.42
0.000
0.030 0.025

CuU 0.291 0.254 8.50 2.98 n/a 23.66 23.41
n/a n/a
0.028 0.025 0.016

RY 0.507 0.232 0.056 7.55 n/a 28.36 28.94
n/a n/a n/a
0.038 0.032 0.007 0.007

SC 0.312 0.196 0.016 0.142 496 21.65 22.23
0.048 0.150 n/a n/a
n/a n/a n/a

SB n/a n/a n/a n/a n/a 26.56 27.46
0.005 0.084 0.136
0.027 0.018 0.027 n/a

GM 0430 0.240 8'233 8'(132% 0180 n/a 2.97
0.000 0.002 ) ) 0.213 0.116
0.045 0.031 0.035 n/a 0.014

MB 0543 0.326 8'3%‘ 8'% 0331 nla 0189
0.000 0.017 ) ) 0.131 0.064 0.012
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ALL AMBYSTOMA PRIMERS
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To date, there are no published microsatellitmers forA. gracile. | tried 65

sets of primers from five other speciesfofibystoma: A. maculatum (Wieczoreket al.
2002; Juliaret al. 2003a) sister speciesAogracile, A. jeffersonianum (Julianet al.
2003Db),A. tigrinum (Mechet al. 2003),A. macrodactylum (Shields & Liss 2003) ané.
texanum (Williams & Dewoody 2004; Table 1). Of these, ofiyr amplified sufficiently
and cleanly enough to use: AmaD49, AmaD226, Aje228, AjeD314. Details on their
use are in chapter 3 of this dissertation. Othiengns amplified but either showed no
variation (all animals the same) or too many pdaks. > 2). The genome éimbystoma
is large, ranging from a C- value of 21.85 pdAinmexicanumto 80.7 pg irA. laterale
(Gregory 2006). The C-value &f gracileis 42.0 pg (as reference, the human C-value =
3.5 pg; Licht & Lowcock 1991). This high level oégomic complexity likely
contributed to the failure of many of the primeysaamplify across species or caused
amplification of more than two bands.

Conditions for amplification of DNA via PCR genkydollow those in chapter 3.
If a primer looked promising, | attempted optiminatby varying annealing temperatures
and/or concentration of Mg&lSome primers were labeled with a fluorophore (HEX
FAM, NED, VIC, or PET). For those, suitability fase was determined by testing a
minimum of 6 samples, and a positive control (exéepA. texanum andA.
jeffersonianum) then examining PCR products on a 1.7% or 2% agagel with TBE.
No two samples were from the same collection sii@drease the probability of
detecting variation. To visualize the PCR produstained the gel with either ethidium
bromide or SYBR Safe™ DNA gel stain (Invitrogen,géne, OR). This is indicated in

the table as “gel”. Promising PCR products, ascatgid on the gel by one or two bands
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within 150-450 base pair range) were sent to ettieNevada Genomics Center,

Reno, NV or the Center for Integrated BioSystemdtah State University, Logan, UT
for separation on an ABI PRISM 3730 or ABI PRISMIB1I used GNEMAPPER3.0
(Applied Biosystems Inc.) to score each samplerandd allele sizes to the appropriate
whole number. This is indicated in the table as ’'ABor those primers that were not
labeled, | tested a minimum of 6 samples, plussitipe control, and ran the PCR
product out on a 1.7% or 2% agarose gel with TB&Eamappropriate sized DNA ladder
to approximate the band size. | also sent 8 sangbl&sgracile DNA to Mr. Ken Jones
at Genetic Identification Services (9552 Topangay®a Blvd. Chatsworth, CA 91311)
where theA. macrodactylum primers were developed. None of the samples araglifi
Notes in the observation column of table 1 applj.tgracile samples, not the control.
Any numbers relating to peaks is the fragment sizese pairs. Micropeaks refer to
those peaks that look like signal but are so sthatlthey could not be distinguished

from noise.
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Table D.1 Ambystoma microsatellite primers iA. gracile. Abbreviations used in this table are bp (basespand amp
(amplification).

Testing
Primer Ref Developed for method Observations
AjeD03 1  jeffersonianum ABI all samples > 3 peallbsmall and messy
AjeD108 1  jeffersonianum ABI No amplification
AjeD13 1  jeffersonianum ABI No amplification
AjeD162 1 jeffersonianum ABI Poor amplification; Hiple and micropeaks most samples.
AjeD212 1 jeffersonianum ABI Most had a 284 bp 888 bp peak, no variation between samples
AjeD23 1 jeffersonianum ABI USED IN THIS STUDY /ednest and best of the bunch
AjeD280 1 jeffersonianum ABI Good amplification @ of 78 animals homozygotes, others 2-4 peakstetl 1.5mM and 2.0mM MgCI2
AjeD283 1 jeffersonianum ABI Messy; multiple pealtsanimals
AjeD294 1 jeffersonianum ABI > 2 peaks, all in rommnge, all samples
AjeD314 1 jeffersonianum ABI USED IN THIS STUDY
AjeD326 1 jeffersonianum ABI > 2 peaks, all samplagerall messy
AjeD346 1 jeffersonianum ABI Ugly clumps of peaksgssy / retested: gel only, single band @ 250 lgaatples, no variation
AjeD37 1 jeffersonianum ABI No amplification
AjeD378 1 jeffersonianum ABI Some amplification, $8g, spectra looked like ECG / retested, gel dPly,and 2-3 bands > 500 bp
AjeD422 1  jeffersonianum ABI No to poor amplificati; messy
AjeD448 1  jeffersonianum ABI Most samples 3 pedkd,good amplification
AjeD46 1 jeffersonianum ABI No amplification
One large peak at 111 bp all samples, 0 to 3 adaitipeaks in all samples / retested, gel onlyaridi> 500
AjeD75 1 jeffersonianum ABI  bp; no variation
Good amplification, tested 31 animals / attempésdp and MgCI2 optimization / most samples had eddf
AjeD84 1  jeffersonianum ABl 279 & 354 bp peaks in addition to others
AjeD94 1  jeffersonianum ABI Ok amplification butmdrmally high amount of variation: 28 animals hadalleles
F104 2 macrodactylum GEL No amplification / printémer only
F11 2  macrodactylum GEL No amplification / primémer only
F12b 2 macrodactylum GEL No amplification
F136 2 macrodactylum ABI All samples, 1 peak @ p2 b
F142 2 macrodactylum GEL No amplification
H120 2 macrodactylum GEL Primer-dimer only
H123b 2 macrodactylum GEL No amplification -
H129 2 macrodactylum GEL No amplification B



H136 2  macrodactylum GEL No amplification
H18 2 macrodactylum ABI Good amplification with 238aks/animal; no variation
H20 2 macrodactylum GEL No amplification
H29 2 macrodactylum GEL No amplification
Ama5-1 3 maculatum GEL Poor amplification; smeanfr200-300 bp
Ama07 3 maculatum ABI No variation ; most with pe@k160 bp
Amalil-2B 3 maculatum GEL Smear and primer-dimer
Amal2-7 3 maculatum ABI Messy; all with 3 - 6 peaks
Ama3-3 3 maculatum ABI Each animal with peaks @,18%,316, 321 bp ; no variation
Ama34 3 maculatum GEL No variation, 1 band appr@®bb all animals
Ama4-10 3 maculatum ABI Every animal with peak4%5,188, 277 bp; no variation
Ama6l 3 maculatum ABI Multiple peaks/sample
AmaCl51 4 maculatum ABI All micropeaks , poor arfigdition, >3 peaks/sample
AmaC40 4 maculatum ABI 2 peaks/sample; no variatimiested; gel only, single band @ 150 bp; néatian
AmaD184 4 maculatum ABI Multiple peaks/sample, gposome with large peak at 280
AmaD203 4 maculatum ABI Poor amplification; micrege
AmaD226 4 maculatum ABI USED IN THIS STUDY
AmaD287 4 maculatum ABI No amplification
AmaD315 4 maculatum ABI No amplification
AmaD321 4 maculatum ABI Only 1 peak in all samgles variation
2-3 peaks/sample; unsuccessfully tried to optimiith temperature and MgCI2 gradients, resulted asthy
AmaD328 4 maculatum ABI  primer-dimer
AmaD367 4 maculatum ABI No amplification
Good amplification but no bi, tri, tetra patterseirnable after 303 animals (alleles range from4ZBbp, 68
AmaD42 4 maculatum ABI total alleles) / attempted temperature and MgCézlgmts
AmaD450 4 maculatum ABI Amplification in only 1 spha which was messy
AmaD49 4 maculatum ABI USED IN THIS STUDY
AmaD95 4 maculatum ABI No variation and poor ampdifion
AmaD99 4 maculatum ABI Amplification, messy
Atex65 5 texanum ABI Some amplification; messy, ssamples have 2-5 peaks; 1 sample with 3 nicespeak
ATS10-7 6 tigrinum GEL No amplification
ATS12-3 6 tigrinum GEL No amplification
ATS14-3 6 tigrinum GEL  All samples smeared
ATS4-11 6 tigrinum GEL Primer-dimer only
ATS4-20 6 tigrinum GEL Bad PCR? or no amplification
ATS4-25 6 tigrinum ABI All with 3 peaks @ 232, 24253 bp ; no variation
ATS5-6 6 tigrinum GEL Poor amplification

0ct



ATS5-7 6 tigrinum ABI Good amplification but no vation, all with peak @ 228 bp
ATS5-8 6 tigrinum GEL No amplification / primer-danonly
Reference

1 Julianet al. 2003b

2 Shields and Liss 2003

3 Wieczoreket al. 2002

4 Julianet al. 2003a

5 Williams and DeWoody 2004

6 Mechet al. 2003

T
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