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Abstract

This thesis examines the phylogeographic distrdvutif bothDiporeia hoyiand North
American populations dsammarus lacustrisThe first section of this thesis investigates the
genetic distribution and species composition oifvatt dispersediporeia within the
Laurentian Great Lakes. A phylogeographic analgkBiporeia across glaciated North
America concluded that there was no evidence tgestghe existence of two or more
phylogenetic species and that all contemporary ladijpns were colonized from either the
Missourian or Mississippian refugia (average ob%/mtDNA divergence between the

two). Investigations into the phylogenetic histofyjDiporeiarevealed that it represents an
ancient genetic lineage that began to independentive fromMonoporeia affinis
approximately 15.4 Mya and that the two divergenfPontoporeia femoratduring the

early Miocene. Populations &f femorataconsist of two markedly divergent genetic
lineages and represent a cryptic species comptmx.levels of mtDNA sequence divergence
(1.41% average) was detected betw@eracustrishaplotypes and is a result of its recent
invasion into North America from Asi&@ammarus lacustrigh unglaciated regions of the
USA contained a greater level of genetic divergeretereen geographically close
populations then those examined in glaciated regishich showed widespread
distributions of a few haplotype groups. Southaspuations were initially established by
random colonization events, whereas in glaciatgbnsG. lacustriscould also actively

disperse via the proglacial lakes.
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Introduction

Biogeographers seek to understand the principbsgibvern the geographic distribution of
species. However, this endeavor requires that epexid lineage diversity are adequately
characterized. Until the last quarter of a centthrg,identification of species in
biogeographical studies has been based on the wlogital and biological species
concepts. The morphological species concept (M&@)es species on the basis of
phenotypic traits, while the biological speciesagpt (BSC) identifies species on the criteria
of reproductive isolation (Mayr, 1942). There aggeyal inherent difficulties with both of
these concepts when applied to populations. Coeweiand parallel evolution can select for,
and maintain similar phenotypes in different spgcieducing the utility of the MSC
(Bickford et al,, 2006). A major problem with the BSC is thatanhoonly be applied to
sexually reproducing populations, rendering it eselfor a large portion of Earth’s taxa
which reproduce asexually (de Meeadisal, 2003). Furthermore, it has been revealed that
these concepts underestimate the underlying gediegcsity (Avise, 2000; Bickforet al,

2006; Goodmaset al, 2009; Moussallet al, 2009).

Traditionally, morphological comparisons groupedamisms together according to their
overall similarity, but the introduction of cladist in the 1950’s (Hennig, 1950, 1966)
provided a new measure for morphological clasdifica Cladistics, also referred to as
phylogenetic systematics, groups taxa togethehermasis of shared derived traits, or
synapomorphies rather than overall similarity (Wi al, 1991). Advances in the ability to
easily acquire protein and sequence data for a raidge of taxa have allowed the

comparison of many species on the molecular |&ed. development of the phylogenetic
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species concept (PSC) by Cracraft (1983) introda@ceew method to identify species based
on cladistics and molecular data. The PSC defirgggeaies as the smallest diagnosable, well
supported monophyletic cluster that share a patttcommon ancestry and descent. It was
not long until this concept was applied to biog@pipical problems, with focus on the
geographical distribution of distinct evolutiondiryeages at both the inter and intraspecific
levels, resulting in the emergence of the sub-dise of phylogeography (Aviset al.,

1987). The tools for phylogeographic analysis cargd to expand as new methods allowed
for the testing of gene flow between populationseobon the distribution of allelic and
haplotypic frequencies, providing a more accuratgenstanding of the genetic structuring
within species (Charleswortt al, 2003). Eventually the discipline became an irdkepgart

of conservation efforts, with authorities attemgtto preserve evolutionary distinct
populations and lineages across entire rangegrrdtan focusing on single locations that
may not accurately represent the species genatipasition in its entirety (Moritz, 1994;

Barker, 2002; Pearse and Crandall, 2004; Eldezkad, 2008).

The majority of phylogenetic and phylogeographiagts among animal taxa have been
completed with the use of mitochondrial DNA (mtDNBgcause of its unique properties as a
consequence of its matrilineal mode of inheritafide2 arrangement of the genes in animal
mtDNA is highly conserved, allowing for easy amigkttion of target sequences as universal
primers will work on a broad range of taxa (Folraeal, 1994; Pereira, 2000; Sheffiedd
al., 2008). In most animals, mtDNA is primarily mateltg inherited, transmitted from
mother to daughter. Paternal leakage of mtDNA h@véas been documented in some

species including mussels, where it is commonrfdividuals to receive copies from both
2



parents (Cogswedt al, 2006; Kmiecet al, 2006; Whiteet al, 2008). The effective
population size of mtDNA within a given gene paobmaller in comparison to nuclear
genes because it is haploid and primarily mateyniatierited. As a result, it is influenced by
the effects of genetic drift to a greater degreeigBl and Avise, 1986; Hare, 2001). Coupled
with its low effective population size and an irased rate of mutation (Browet al, 1979;
Brownet al, 1982), mtDNA is a powerful tool for studying estt evolutionary events as it
will accumulate fixed mutations between populatiaster than nuclear genes (Avise,

2000).

Even with higher rates of mutations in mtDNA, itlsequires extended periods of time
for distinct sequences to evolve in isolated pojang and for those populations to become
reciprocally monophyletic (Avise, 2004). Recentbrigded populations separated for only a
few thousand years often exhibit low levels of segpe divergence, making it difficult to
tease out recent historical events from contemgon&eractions using phylogenies alone.
The application of population genetic analysis pestie identification of small, but
significant molecular differences within speciesdxamining not only the relationships
between haplotypes, but also their distributiors fas@quencies among populations (Avise,
2004; Pearse and Crandall, 2004). By combining kedge of population structure,
phylogenetic relationships and species distribtiith geological data, phylogeographic
studies can provide insights into the evolution@sgory of species that previous

biogeographical studies based on morphological ctaséd not.

A failure to recognizes lineage diversity, distipcpulations and the interactions of

individuals between groups within a species hasalted in poor conservation practices in
3



the past that did not adequately protect speciesslty (Buhayet al, 2002; Mace, 2004;
Dalenet al, 2006; Ludwig, 2006; Allentofet al, 2009). The identification of genetically
differentiated populations within a species andrtbgatial distribution has become an
important part of phylogeographic studies. The te&wolutionary significant unit’ (ESU)
has been used to describe populations within aesp#tat are reciprocally monophyletic for
mMtDNA, but not nuclear DNA (Ryder, 1986; Moritz,94). The term ‘management unit’
(MU) is used to describe populations that varylielia frequencies at either mitochondrial
or nuclear DNA without regard to the phylogenegtationship of the alleles (Moritz, 1994).
By classifying populations into management unitgservation biologists can focus their
efforts on distinct groups and maximize the amairiversity protected. The concept of
ESU’s and MU’s have been widely accepted and agphenany genetic studies (Dawe

al., 2009; Koumoundourost al, 2009; Munoz-Fuentest al, 2009).

Repeated glaciations in the in North Hemisphereshead a profound impact on the
geographic distribution of species. Climate is sabjo changes due to periodical shifts in
the Earth’s axial wobble, axial tilt and solar eénvhich occur every 21, 41 and 100 thousand
years respectively. These variations adjust thed satlar radiation that reaches the Earth’s
surface, causing intermittent periods of glaciaf@nddiman, 2006). The last 2.4 million
years of the Earth’s history is known as the Qunater Period, which is noted by the
establishment of the arctic ice cap and repeataciajlons (Hewitt, 2000). The Quaternary is
divided into two Epochs, the Pleistocene and thistéme, however Pielou (1991) argued
that the latter is simply an interglacial periodttstarted 10,000 years ago, and should not be

formally recognized. There were several major giaans in the Pleistocene, all of which
4



had dramatic effects on the biota as the ice bd#arced and retreated. The Wisconsinan
glaciation was the last major advance to impactiNAmerica, and reached its maximum
approximately 18,000 years ago. Two ice sheetd, dlneentide and the Cordilleran covered
most of Canada as well as parts of Alaska, anchdetkas far south as Northern Wisconsin
(Dyke and Prest, 1987). Species that were displagdle ice and survived in unglaciated
regions were reduced to a fraction of their origp@pulation size, causing genetic bottle
necks that facilitated the rapid divergence of papons (Pielou, 1991; Hewitt, 2004; Soltis

et al, 2006).

The retreat of the glaciers exposed new habitatcithald be colonized by species without
the difficulty of competing with locally establistigpopulations. This provides a unique
opportunity to examine the impact of dispersaliaesd on the distribution of genetic
variation within species. The phylogeographic congoa of numerous species across both
glaciated and unglaciated North America has corddrie existence of key refugia and
dispersal routs as well as distinct genetic pastexmumerous species (Avise 1987,
Bernatchez and Wilson 1998; Avise 2000; Cox andere?001; Swenson and Howard

2005; Soltiset al. 2006).

Objectives

This thesis examines the impact of the Pleistogaaations on the phylogeography of the
two amphipod specieBjiporeia hoyiandGammarus lacustrighn North America using the
mitochondrial cytochrome c oxidase subunit | (C@dhe. Phylogenetic analyses have

identified high levels of morphologically cryptipecies within the order Amphipoda (Witt



and Hebert, 2000; Gervasio et al., 2004; Hogg.e2@06 Witt et al., 2006; Murphy et al.,
2009) suggesting that both these species may poasegstantial amount of unrecognized
genetic diversity. This thesis will explore the gbdity that North American populations of
DiporeiaandG. lacustrisrepresent species complexes using the phylogespites

concept.

Diporeiaoccurs in deep, cold, freshwater lakes locatddrimally glaciated North
America and is restricted to active dispersal. Prevstudies have revealed that actively
dispersing species possess low levels of intraBp@gnetic divergences (Audzijonyand
Vainola, 2006; Dootlet al, 2006; Kawamurat al, 2009) and it is therefore expected that
Diporeia populations will also exhibit low levels of geretivergence. The glacial melt
waters played a substantial role in the distributéDiporeia, allowing populations to
disperse across the continent (Dadswell, 1974).d¥ew it is not know from which refugia
Diporeia dispersed from, and several active dispersersstiat itggyeographic distribution
do not appear to have colonized North America ftbensame refugia (Kontula and Vainola,
2003; Doolet al.,2006; Sheldoet al, 2008). Comparison of the phylogeographic anslysi
with the distribution of the former proglacial lakeill indicate the most probable refugia
that contemporary populations dispersed fromifforeia dispersed from multiple refugia
then each group will be represented by geneticadiynct populations. The possibility that
Diporeiais a species complex does not imply that thediappersed from the same refugia

and each species may show a unique phylogeography.

Currently there are as many as eight distinct mmadgohotypes oD. hoyiidentified across

North America (Bousfield, 1989); however it is ueet if any of these warrants species
6



recognition. Three malBiporeia morphotypesDiporeia hoyi filicornisandDiporeia hoyi
brevicornissampled from Lake Superior, aBiporeia hoyi erythrophthalm&om Lake
Washington are examined to determine if they represdependent phylogenetic species. If
Diporeiarepresents a species complex, than two or moretigaity divergent monophyletic
lineages will be identified in the phylogenetic Bs&és. Any morphotype that does represent a

distinct phylogenetic species should also be remtesl as an independent lineage.

Gammarus lacustrigs capable of both active and passive dispershhas been identified
in parts of Europe, Asia and North America. Assuteof its ability to passively disperds,
lacustrisis located in both glaciated and unglaciated megiaf North America and unlike
Diporeia, was not reliant on the glacial melt waters tgdrse. Passively dispersed species
have been shown to possess greater levels ofpeitdic genetic divergences than active
dispersers (Witt and Hebert, 2000; Goreeal, 2002; Adamowicet al, 2009). Populations
of G. lacustrisare therefore expected to show a greater levgénétic divergence than
Diporeia. High levels of cryptic speciation and geneticallgences have been detected in
populations of passively dispersed species lodatedglaciated regions (Cox and Hebert,
2001; Witt et al., 2006; Adamowic al, 2009). IfG. lacustrisdoes represent a cryptic
species complex then it is expected that populatiorunglaciated regions will contain
substantially more endemic species and greatelslevéntraspecific divergences in

comparison to their conspecific populations in ferly glaciated habitats.



Chapter 1 - The Mitochondrial Genetics of  Diporeia in the

Laurentian Great Lakes: What is disappearing?

1.1 Overview

Over the past two decades, populationBipbreia hoyiwithin the Laurentian Great Lakes
have declined, resulting in serious ecological eons. Despite these concerns, the
taxonomic status dd. hoyiremains a source of confusion. In this study, amntmdrial
cytochromec oxidase | (COI) gene sequence data are usedeowiat ifD. hoyi

populations in Lakes Huron, Michigan, Ontario angb&ior represent a species complex.
The phylogenetic species concept, as well as aespscreening threshold (SST) are utilized
to discriminate potential species. An analysis ofagoular variance (AMOVA) is also
conducted to estimate the partitioning of genegigation among and within lakes. There is
no evidence to suggest that Great Lakes populatibDgporeia consist of multiple species,
and two commonly encountered morphotyf@iporeia hoyifilicornis andDiporeia hoyi
brevicornisdo not merit recognition as separate species.dtigms derived from individuals
within Lake Superior form a distinct cluster thapiaraphyletic with respect to a cluster
containing haplotypes derived from individuals witkhe remaining Great Lakes. The
average nucleotide sequence divergence betwedwadhgaplotypic groups is 1.8%, and the
differences between L. Superior and the other lakesunt for 58% of the overall genetic
variation, while populations within the other Gréakes are very similar to each other. The
results suggest that the Great Lakes may havedmenized by two separate refugial

lineages during the last Pleistocene glacial retrea
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1.2 Introduction

Over the last few decades, humerous invasive spheane become established within the
Laurentian Great Lakes, altering ecosystem dynaamdsimpacting the native biota
(Dermott and Kerec, 1997; Dermott et al. 1998; Muida et al, 2002; Vanderploegt al.,
2002; Simon and Townsend, 2003). Exotic taxa hatered the Great Lakes through several
vectors, but the most important has been transacshipping and ballast water discharges
(Maclsaacet al, 2002; Baileyet al, 2004; Drake and Lodge, 2007). Many invasive gsec
within the Great Lakes originated from the Pont®@an region -including the mussels,
Dreissena bugensi®ay and Marsden, 1992) amieissena polymorphéHebertet al.

1989), the cladocerary/thotrephegLehman, 1987) an@ercopagigMaclsaact al.,

1999), the amphipoBEchinogammarugWitt et al, 1997), and the gobiégollonia

melanostomandProterorhinus semilunari§Judeet al.,1992; Vanderploegt al, 2002).

Ecological changes within the Great Lakes haveltex$in species composition and
abundance shifts within the benthic invertebrat@manity (Dermott and Kerec, 1997,
Nalepaet al.,1998; McNickleet at.,2006; Nalepat al, 2007). The amphipod crustacean
Diporeia hoyiformerly occurred throughout the Great Lakes sysaedepths greater than 10
meters, but began to disappear at an alarmingitaiteg the 1990’s. A recent study revealed
that the lake wide densities Dfporeiain Lake Huron had decreased from 5365(m
329/nf from 1994 to 2005 and it was virtually absent frimeations shallower than 90m by
2007 (Nalepaet al, 2009a). Similar declines Diporeia densities have been documented in
Lake Erie (Dermott and Kerec, 1997), Lake Huronl@ldaet al.,2003; Nalepat al, 2007,

French, 2009), Lake Michigan (Naleptal, 1998; Nalep&t al, 2009a) and Lake Ontario
9



(Dermott, 2001; Watkinst al, 2007). Populations in Lake Superior appear tetable, and
there is no indication of large scale declines sagthose observed in the other lakes
(Scharoldet al, 2004). The disappearancelporeia may have negative impacts on fish
populations because it provides an important limthe transfer of carbon and energy from
lower trophic levels to the fish community (Gardeéearl, 1990). The decline d@iporeia
populations within the Great Lakes coincided with invasion oDreissenabut the link
between the appearancel@kissenaand the disappearance@poreiais unclear. Several
mechanisms by whicBreissenacould potentially impadDiporeia have been proposed
including competition for resources, toxicity ofgpslofeces, as well as a possible reservoir
and vector for pathogens (Watkiesal, 2007). The exact mechanism cauddrgissena
pseudofeces to be toxic Baporeiais unknown, but it has been suggested that sedefilier
feeding byDreissenaon algae results in the expulsion and accumulatfdoxic algae

strains in the local environment (Vanderpla@l, 2001).

Despite their important ecological role and decdlihnumbers within the Great Lakes, the
taxonomic composition dbiporeiaremains a source of confusion. As many as 8 distin
adult male morphotypes have been identified adlmsth America, with the majority of
them purportedly present in the Great Lakes bd&wugfield, 1989). It has been implied that
these variants represent distinct species (Bodsfi€l89), but there is currently little
evidence to support these claims, &ploreiais often referred to d3iporeiaspp in the
literature (e.g. Kiziewicz and Nalepa, 2008; Buheelal, 2009; Messick, 2009; Nalepa
al., 2009b). Diporeiawas first recorded in Lake Superior by S. I. Sniit&71) who

identified it asPontoporeia affinisa related European amphipod. Following more oger
10



morphological comparisons, North American populadiavere designate@lontoporeia hoyi
(Smith, 1874), although the name did not enter comase until over a century later.
Additional morphological analyses resulted in tesignment oPontoporeia hoyto the
genusDiporeia (Bousfield, 1989). A molecular study based on altoe electrophoresis
further supported this assignment, as deep gediegcgences were identified between these

genera (Vainola and Varvio, 1989).

The two most widely distributed morphotyp&sh. filicornis andD.h. brevicornis,both
occur within the Great Lakes, sometimes in the siaceion. Allozyme comparisons
between the two suggest that they are not genlgtidiffierentiated, and do not support the
hypothesis that the morphotypes represent distipeties (Vainola and Varvio, 1989).
There was, however, a difference at one locus (Ms@afhosphate Isomerase) in Lake
Mazinaw, where a statistically significant Hardy-Mieerg deviation was detected. The
authors acknowledged the possibility that this ddaé reflective of reproductive isolation
between the two morphotypes, but other factorsacaount for this, and the authors argued

that they do not warrant species recognition (Vid@maind Varvio, 1989).

This study investigates the genetic structuring pmglogenetic species composition of
Diporeia populations in Lakes Huron, Michigan, Ontario &wuperior. The mitochondrial
cytocromec oxidase | (COIl) gene is employed to constructdqageny of individuals
sampled throughout these lakes, and to assessvileof genetic differentiation among
populations. This gene has been successfully ediltp investigate amphipod population
structure and species composition in numerousesu@vitt and Hebert, 2000; Hogg al.,

2006; Wittet al.,2006; Browneet al.,2007; Leféburet al.,2007; Henzler and Ingolfsson,
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2008; Carliniet al.,2009). The phylogenetic species concept (PSCriwtiassifies a
species as the smallest well supported monophyietage, has become an important tool in
species identification among taxonomists. A magrcern with the PSC is the potential
recognition of weakly divergent monophyletic clustaithin a species as separate taxa,
which has previously resulted in the designatioepEcies that are inconsistent with the
biological and morphological species concepts (idam;, 1998; Avise, 2004). The
implementation of a universal barcoding systemaisine COI region has resulted in
thousands of sequenced individuals. Comparisomgbiyhdetailed taxonomic groups has
revealed that the level of COIl sequence divergbeteeen sister species is substantially
larger than the divergence observed within spgtiebertet al, 2003; Hebereét al, 2004).
However, when investigating poorly described grotigan be difficult to determine what
level of genetic divergence is significant at thbedes level. The application of a standard
species screening threshold (SST) has been suddedtag genetically distinct lineages as
provisional species for further investigation (Hele al, 2004; Wittet al 2006). In a case
study using birds, the application of a SST basedl®times the intraspecific variation
discriminated over 90% of all species examined @idt al, 2004). Poor species
characterization iDiporeia prevents the development of an SST using intralspec
divergences. However, a similar approach was pexpby Wittet al., (2006) using the
mean within-population pairwise haplotype divergemstead and the authors justify its

replacement by arguing that the two values ardyligenilar within small geographic ranges.

The phylogenetic relationship Biporeia specimens from Lakes Huron, Michigan,

Ontario and Superior, as well as the two male matygesD.h filicornis andD.h.
12



brevicornisare investigated to help clarify there taxonontatiss. The application of an SST
will prevent the recognition of intraspecific varta as independent phylogenetic species and
flag divergent lineages that may represent promadigpecies. IDiporeia populations

contain two or more phylogenetic species, than @aktive represented by a well supported

monophyletic lineage with divergence levels greditan the estimated SST.

Recent population subdivision amoDgoreia populations will not likely be reflected in
the phylogenetic analysis and can be more adeguzitalacterized by examining the
geographic distribution and frequency of haplotyyhesughout Lakes Huron, Michigan,
Ontario and Superior. Pairwise population compassand a hierarchical analysis of
molecular variance (AMOVA) are employed to detereiinthere are significant genetic

differentiations amon@iporeia populations both within and between the four lakes

1.3 Materials and Methods

1.3.1 Collections

Diporeia specimens were collected from 17 locations withalkés Huron, Michigan,

Ontario and Superior between April and October,61@9g. 1.1). The specimens were
collected at depths ranging between 29 and 100rsnesing a benthic drag and identified as
sub-adults, adult female’®. h brevicornisor D.h. filicornis males (Segerstrale, 1971a).
Samples oD.h. brevicornisandD.h. filicornis type males were acquired from a single
population in Lake Superior. A specimenMddnoporeiaaffinis was obtained from the
Beaufort Sea, off Tuktoyaktuk (NWT, Canada) for asean outgroup in the phylogenetic
analyses. All individuals were preserved and stameabsolute ethanol.

13



1.3.2 DNA sequence analyses

Total DNA was extracted from 15-16 individuals fra@ach population, as well as Dh.
filicornis and 9D.h. brevicornismales from Lake Superior (Table 1.1) by grindingain

50 uL of proteinase K extraction buffer (Schwen898). A 680 base pair fragment of the
mitochondrial cytochrome oxidase | (COI) gene was amplified using the preMieC01490
and HCO2198 (Folmeat al.,1994). The 50 L PCR reactions contained 2.Q of DNA
template, 5.0L 10x buffer, 0.2 mM of each primer, 0.2 mM of eattiTP and 0.5 units of
Taqg DNA polymerase. The PCR conditions consiste®Dod at 94°C followed by 5 cycles of
60 s at 94°C, 90 s at 45°C, 60 s at 72°C; followe@5 cycles of 60 s at 94°C, 90 s at 51°C,
60 s at 72°C; followed by 5 min at 72°C. The PCBdoicts were gel purified using the
Qiaex kit (Qiagen Inc.). Products were sequencaemhexdirection using primer LCO1490 on

an ABI 3730 automated sequencer (Applied Biosystems

The sequences were aligned by eye, and haplotgipasified by constructing a distance
tree using the unweighted pair group method wiithisretic averages (UPGMA) using a
matrix of nucleotide differences between all pagavsequence comparisons in MEGA 4.1
(Tamuraet al, 2007). Nucleotide composition, mean pairwisagi@on/transversion ratios,
nucleotide (p-distances) distances matrices, andaatid translations (invertebrate

mitochondrial code) for all haplotypes were alslzalated using MEGA 4.1.

1.3.3 Population level analyses

Haplotype diversity (h) and nucleotide diversity)(for each population was estimated in

DnaSP (Rozast al, 2003). An analysis of molecular variance (AMOW&4s conducted

14



usingDiporeia haplotypes and their population frequencies inpitoegram ARLEQUIN
version 3.01 (Excoffieet al, 2005).Diporeia h. brevicorniandD. h. filicorniswere
excluded from the AMOVA analysis. The analysis Wasarchically structured to determine
the contribution of three genetic covariance congmbs to the total genetic variation: among
lakes, among populations within lakes and withipylations. Pairwise exact tests of
population differentiation andsks (0.05 level of significance) between all popwlatpairs

were conducted using ARLEQUIN version 3.01 (Excoféit al, 2005).

Unique COI haplotypes from each population werealuseestimate the mean within-
population pairwise sequence divergences usingukes and Cantor model (JC) (Jukes and
Cantor 1969) of nucleotide substitution for all ptations that possessed 2 or more
haplotypes. The species-screening threshold (S&%)set at 10 times the average of the
within-population estimates (Wiét al, 2006). The resulting value was then used as the
minimum level of sequence divergence required ¢ogaize groups indentified in the

phylogenetic analysis as species.

1.3.4 Phylogenetic analyses
A phylogeny of all 88 haplotypes, was constructsithgi the Neighbour-Joining (NJ)

distance method (Saitou and Nei, 1987) using thend@el of nucleotide substitution in
MEGA 4.1. Confidence in the NJ analysis was asskgsig the bootstrap method and

interior branch test with 1000 replicates each.

As a result of computational constraints, the datavas reduced to 31 haplotypes and the
program MODELTEST version 3.0 (Posada and Craniia88) was used to estimate the
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best fit model of nucleotide substitution using Aleike information criterion (Posada and
Buckley, 2004). A maximum likelihood analysis (Mlvas conduced in PAUP 4.0b10
(Swofford, 2001) using the model and parameteimastd by MODELTEST. The ML
analysis was executed using a heuristic searchthtistarting tree obtained using the NJ
method, and the tree bisection reconnection (TBR)dh swapping algorithm. Confidence

in the tree was assessed using the bootstrap meitlo800 pseudoreplicates.

A Maximum Parsimony (MP) analysis was conductedgisiis data set in PAUP 4.0b10.
The MP analysis was carried out using a heurisi@zch with 1000 replicates with each
starting from a random tree, and the TBR branclpgimg method. Confidence in the MP
analysis was determined using 1000 bootstrap pseplitates, with each pseudoreplicate
consisting of 4 heuristic search replicates, aptlaates were started with a random tree,

using the TBR branch swapping method.

Since the relationships among haplotypes in phyletie trees are assumed to have a
bifurcating branching pattern, most phylogeneti¢hods do not accommodate the presence
of ancestral haplotypes in the data set. As atigbal evolutionary relationships among
closely related sequences are better resolved esmigtionary networks as opposed to
phylogenetic trees (Posada and Crandall, 2001;istory 2005). Evolutionary networks
represent the relationship of haplotypes withiropyation without assuming a hierarchical
pattern of decent or direction of change. A stiaagiparsimony network with 95%
connection limits was constructed with all Bioreia COIl haplotypes using the program
TCS version 1.21 (Clemest al. 2000). Each connection between haplotypes invaarnkt

represents a mutational step, or a single basdpErence between them. In the statistical
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parsimony network intermediate haplotypes thanateepresented in the data set are
indicated by circle. A haplotypes age and relatigm$o other sequences can be inferred
from its position and connections within the netkvddlder haplotypes are located in the
center of the network and contain many connectiwhgre as a newly derived haplotype are
often characterized by a single connection. Loapsyoles present in the network indicates
uncertainty in the relationship between haplotype suggests parallel, convergent, or back
mutations (Posada and Crandall, 2001; Morrison520&/ithin sexually reproducing
organisms loops may also represent recombinatidineage hybridization events (Posada
and Crandall, 2001), however since mitochondrialAD8lprimarily maternally inherited and

haploid, recombination is an unlikely source of auhy within the network.

1.3.5 Morphotype analysis

Two adult male morphotypeB,.h. brevicornisandD.h. filicornis were collected from a

single population in Lake Superior and identifiedtbe basis of variations in the
segmentation and length of the second antennasasibled by Segerstrale (1971a). Nine
D.h. brevicornisand 10D.h. filicornis adult males were sequenced and analyzed. An exact
test of population differentiation andFwvas estimated between the two morphotypes using

ARLEQUIN version 3.01.
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1.4 Results

1.4.1 Collections

TheDiporeia samples contained only female and/or sub-aduivithdals at 16 of the 17
locations sampled. Specimensnh brevicornisandD.h. filicornis were collected from a

single population in Lake Superior.

1.4.2 DNA sequence analyses

Two-hundred and sixtRiporeia COIl sequences were obtained, and the final alighmvas
637 base pairs in length. Among these sequencag)i§Be haplotypes were identified.
Eighty-two variable sites were identified among 88ehaplotypes, with 44 sites being
phylogenetically informative using the parsimonigesion. The average nucleotide
frequencies among the 88 haplotypes are T: 0.36,X9; A: 0.25 and G: 0.20, and the mean
pairwise haplotype divergence is 0.011 (SE=0.00B¢ overall mean pairwise
transition/transversion ratio is 2.63 (SE =1.7aniAo acid sequence translations were

unambiguous, and no gaps or nonsense codons weratkin the data set.

1.4.3 Population level analyses

The haplotype diversities in populations are hagtg range from 0.5333 to 0.9619 (average
h =0.8261, SE = 0.1093) and nucleotide diversareslow, with being less than 0.01 in

all populations (Table 1.1).

The hierarchical AMOVA conducted on populationshiwtLakes Huron, Michigan,
Ontario and Superior indicated that the contributd the covariance components among

lakes and within populations contributed the gretatie the total genetic variation, but among
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populations within lakes accounted for only 6.18Pal{le 1.2). The values otF Fsc, and
Fcr were respectively estimated as 0.6425, 0.14780&807, and all are significant (p <

0.05).

The pairwise exact tests of population geneticeddtiation indicated that all populations
in a given lake were significantly differentiatedri populations in the other three lakes with
the exception of Lake Huron, Goderich, which wassignificantly different from three
Lake Ontario populations: Niagara on the Lake,i&te41, and 50 Point (p = 0.092, 0.240,
and 0.160 respectively). Differences between paiparis in Lake Superior and those in
Lakes Huron, Michigan and Ontario account for mgjasf the variation among the four
lakes; the average pairwise estimate gflfetween populations in L. Superior and
populations within Lakes Huron, Michigan and Ordas 0.7501. In contrast, the average

pairwise kst estimate between populations among the lattee tlatees is 0.2337 (Table 1.3).

Four to 12 haplotypes were detected in th®ii®reia populations (Table 1.1). The mean
within population pairwise haplotype divergence W&s03% (SE = 0.074%), resulting in a

species screening threshold (SST) of 5.03%.

1.4.4 Phylogenetic analyses

The preliminary NJ analysis of all 88 haplotypesoteed two clusters (Fig 2). Haplotypes 1
to 63 form cluster 1, and occurred within Lakes ¢tyrMichigan, and Ontario (Fig 2), with
the exception of H33, which was indentified in Leeperior. Cluster 2 consists of
haplotypes 64 to 88, which occurred in Lake Supemith the exception of H71, which was
identified in 3 individuals sampled from Lake Hur@woderich (Table 1.1). The NJ analysis
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revealed that cluster 2 is paraphyletic with respecluster 1. The average pairwise
haplotype divergence between the two clusters8®%XSE = 0.4%) while the average
pairwise haplotype divergence within cluster 1 ahgter 2 is 0.61% (SE = 0.094%) and

0.58% (SE 0.013%) respectively.

The reduced data set composed of 32 sequenc&i8feia and outgroup) possessed 145
variable sites (52 in the ingroup alone) with 3ingenformative based on the parsimony
criteria. The overall mean pairwise (+ SE) trawsitiransversion ratio for the sequences was
3.32 (SE=1.89). The mean base pair frequencies (W¢i@ 36, (C) 0.19, (A) 0.25, and (G)
0.20 and there was no evidence for heterogeneatlsatile composition (homogeneitg =

8.078, d.f. = 252, P > 0.999).

The Akaike information criterion indicated that auitthe 56 DNA sequence substitution
models, the data were best explained by the HKY +idglel of sequence substitution with

=0.5345, proportion of invariable sites = 0.3756 ds/Tv = 4.7913. The ML analysis
resolved the same clusters as the NJ analysisclusiter 2 again paraphyletic with respect
to cluster 1 (Fig. 1.3). The MP analysis identifetll equally parsimonious trees (length =
58 steps, consistency index = 0.5690, retentioaxrnd0.8311). This analysis also resolved

the same haplotype clusters, placing cluster 2pbstatic with respect to cluster 1.

The statistical parsimony analysis of all 88 mitmetirial haplotypes discriminated the two
haplotype clusters identified in the phylogenetialgses (Fig. 1.4). The two groups are
connected by a loop which indicates uncertaintytywach evolutionary path consisting of 6

mutational steps. The first of the two paths commelusters 1 and 2 through H40 to H68,
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while the second path connects either H52 or H&3Ab. Several loops have been identified
within cluster 1 and the majority of haplotypeghis group are derived from either H17 or
H52 by a single mutational step (Fig. 1.4).These haplotypes are also the most widespread
in Lakes Huron, Michigan and Ontario, and accoon9t7% and 6.4% of all individuals
sequenced in the Great Lakes respectively. Theria@ haplotypes in cluster 2 were
derived from H71 by a single mutational step (Rigt) and H71 accounted for 32.9 % of all
individuals sequenced in Lake Superior (7.2% ofrallviduals sequenced from the Great

Lakes) (Table 1.1).

1.4.5 Morphotype analysis

The pairwise exact tests of population differemgiabetween the sympatriz.h. filicornis
andD.h. brevicornismorphotypes from Lake Superior revealed that Hreysignificantly
differentiated (P =0.00095, SE=0.0008) and thewa& estimate of & between the two

was 0.167. Four haplotypes were identified fromheaorphotype, and both variants possess
a single copy of H71 (Table 1.1). The haplotypesifibothD.h brevicornisandD.h.

filicornis did not form independent monophyletic clusterg,ibstead were distributed within
cluster 2 identified in Lake Superior in the phytogtic analyses (Fig. 1.2) and the haplotype

network (Fig. 1.4).

1.5 Discussion

This study has identified the presence of distieetls of genetic variation withiDiporeia
populations among Lakes Huron, Michigan, Ontarid Saperior. Multiple COI haplotypes

and high levels of intra-population genetic vadativere revealed at all locations. Despite
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high haplotypic diversity, all haplotypes identdigvithin populations were closely related,
which is reflected in low population nucleotide elisities (Table 1.1Diporeia populations
within the same lake are not significantly diffeiated from one another, and divergences
between them only contributed 6.18% of the totalateon observed. The divergences
among the four lakes accounted for 58.07% of thed genetic variation within the Great
Lakes. This is primarily attributed to the haplagmpequenced from individuals in Lake
Superior, which are genetically distinct from thadentified from Lakes Huron, Michigan

and Ontario.

The phylogenetic analyses revealed two haplotypstets (Fig. 1.3). The first cluster
consists oDiporeiaindividuals sequenced from Lakes Huron, Michigad ®ntario, while
the second group of haplotypes was identified ikeLSuperior. The statistical parsimony
analysis also identified these two clusters, sdjpayshem by 6 mutational steps, but could

not resolve the evolutionary path connecting the iig. 1.4).

There is no evidence to support the existence dtipfeiDiporeia species in the Great
Lakes using the phylogenetic species concept. Wheslusters of haplotypes identified did
not form reciprocally monophyletic clades, but est cluster 2 is paraphyletic with respect
to cluster 1 (Fig. 1.3), with an average nucleosidguence divergence of 1.8% between the
two groups. This level of sequence divergence falsw the calculated SST of 5.03%.
Haplotypes sequenced from the two morphotypss filicornis andD.h. brevicornisdid not
form monophyletic clusters and therefore do warthatrecognition of separate phylogenetic

species.
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1.5.1 Diporeia species composition in the Great Lakes

This study did not identify phylogenetically distirspecies oDiporeia, but it does not
exclude the possibility of reproductively isolat@dlogical species existing within the Great
Lakes. It does imply however, that if two or mopesies do exist in the Great Lakes, their
divergences are the result of recent evolutionaents. Over time, single haplotypes and
their descendents will alternately become fixeceproductively isolated populations. Once
this occurs the populations are considered to tipnecally monophyletic. The rate at which
a new mutation will become fixed in a populatiomisectly related to the generation time
and effective population size N Caballero, 1994; Neiman and Taylor, 2009) of the
species. The average densityDgporeia within Lake Michigan has been estimated at
3,800/nf (Hondorpet al.,2005) and as high as 13,686/(cDonaldet al., 1990), which
equates to potentially millions of individuals irkidometer radius. With an average life cycle
of two years, it could potentially take on the ardéhundreds of thousands of years for a
single mutation to become fixed in a newly divergpdcies. This is assuming the effective
population size is equivalent to the census siaetie N is usually revealed to be

substantially lower (Frankham, 1995).

Several distinct morphotypes of fully develofd@goreia males have been identified in the
Great Lakes basin and it has been suggested that@present separate species (Bousfield
1989), although there are no distinguishable charnatics among females and juveniles, and
only two (ilicornis/brevicornig have been adequately characterized. The most comm
morphotypeD.h. filicornis, is in fact a normal aduld. hoyimale and received its name as a

result of its elongated antenna (Smith 1874; Ségdesl971a)Diporeia h. filicornisshould
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not be considered a separate species, but rathaathe should be used as a descriptive term

for a normal adult male.

Diporeia h. brevicornisnales are widely distributed throughout the Gledtes Basin and
other parts of North America, and often coexigh® same populations amdh. filicornis
(Henson 1954; Segerstrale 1971a). These malessitg distinguished by their smaller size
and the reduction of the second pair of antenn&winly reaches half of their body length
as a result of fewer and shorter segments. Integdgtthe morphological characteristics of
D.h. brevicornisstrongly resemble the penultimate stag® of. filicornismales, and it is
the last molt that produces much of the phenotgmdifications observed ifilicornis males
(Segerstrale 1937; 1971a). Individualdoth. brevicornisare regularly present in warmer,
shallower waters, often at or above the thermog¢Buwisfield 1989; Vainola and Varvio
1989). It is possible that due to increased exmoBulight and higher temperatur&sh.
brevicornismales mature more quickly, not allowing sufficiéinte for all secondary sexual

characteristics to develop, and represent a neoterm.

Although the phylogenetic analysis did not suppleetrecognition oD.h. filicornis and
D.h. brevicornisas separate phylogenetic species, the exactftpepalation differentiation
did reveal that the two are significantly differatéd. A single haplotype (H71) was
sequenced from both morphotypes, but H71 is likelyancestral haplotype (Fig. 1.4) and
was identified in all Lake Superior populationsi§leal.l). It is important to note that the
sample sizes for both morphotypes were small aatdtiiey may share more haplotypes that

were not sampled in this analysis. High haplotyperdities were revealed in all populations
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and it is possible that the difference betweernweemorphotypes is simply an artifact of

insufficient sampling (Table 1.1) and does not ssaely reflect isolation between them.

An allozyme analysis conducted on the two morphesyip Lake Mazinaw identified a
statistically significant Hardy-Weinberg deviatiahone locus (Mannose Phosphate
Isomerase), but the authors concluded that thetaphotypes do not represent independent
species (Vaindla and Varvio, 1989). The differamtimwas observed when Tih.
brevicornismales, collected at 25m were compared to all sesngbllected at 100m (10
filicornis and 1brevicornismales). Caution should be applied when interpgetnms result,
as the sample size Bthfilicornis at 100m was small, and the two morphotypes wete no
sympatric. Even with this in consideration, the gf@nvariations detected betweBrh.
filicornis andD.h. brevicorniscould be a result of a recent speciation eventdmt the two
that is not reflected in the molecular data. Ifytkhe represent distinct species, it is likely that
the two morphotypes diverged from one anothersimgle speciation event and dispersed
across North America during the last glacial retrel@wever, it is possible th&t.h.
filicornis andD.h. brevicornishave independently evolved at multiple locatidmetgh
parallel sympatric speciation. During last decagweral studies have suggested that similar
environmental conditions can trigger the indepenégolution of phenotypically similar
forms or “species” at multiple locations (Johanoas£2001; Riceet al, 2003; Adamet al,
2008). To test this hypothesis, extensive genetieeying of multiple sympatric populations

would need to be conducted using fast evolving mdé markers such as microsatellites.

The phylogenetic analysis did not identidyh. filicornisandD.h. brevicornisas separate

phylogenetic species, despite the population diffeation detected between the two. The
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results of this analysis support the conclusiongretiious studies (Segerstrale 1937; 1971a,;
Vainola and Varvio, 1989) that there is insuffidienidence to classifi2.h. filicornis and

D.h. brevicornisas independent species.

1.5.2 Phylogeographical distribution in the Great L  akes

The phylogographic patterns of several fish speaid¢ise Great Lakes were documented to
have similar genetic distributions Bgporeia. Populations of Brown bullhead (Murdoch and
Hebert, 1997), small mouth bass (Stepeal, 2007), walleye (Stepien and Faber, 1998)
and yellow perch (Sepulveda-Villet al, 2009) in Lake Superior were all revealed to be
genetically divergent from their conspecific pogidas in Lakes Erie, Huron, Michigan and
Ontario. The pronounced genetic divergences betweefish populations were all attributed
to independent colonization events into Lake Supdrom separate refugia than those that
colonized the remaining Great Lakes. Approximaldly000 years ago the Laurentide ice
sheet permanently retreated from what is presgntdkes Erie, Huron, Michigan and
Ontario, providing the opportunity for colonizatibg aquatic organisms from the
Mississippian or Atlantic refugia (Eschman and Iary 1985; Hansel et al., 1985; Muller
and Prest, 1985; Larson and Schaetzl, 2001). Hawthe Superior basin was still covered
by the Superior Lobe of the Laurentide ice sheaheee populations would have been
prevented from entering the basin. When the Supkioe did retreat, separate colonization
events presumably occurred from the west via Lagja@saiz (Dyke and Prest 1987,
Dadswell, 1974) from the Missourian or BeringiaasBd on the results of this study, |

suggest that the strong genetic divergence obsémtken Lake Superi@iporeia
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populations and those from Lakes Huron, Michigath @ntario are the result of two

independent colonization events from separate r&fpgpulations.

1.5.3 Implications for conservation practices

The two distinct groups ddiporeia should both be treated separately when conservatio
management practices are considered. The uniquaigelversity within Lake Superior
may result in different biological responses tes$ors in comparison Riporeia

populations within Lakes Huron, Michigan and Ordaifihe genetic distinction between the
two groups, though low, may be reflective of sigraht biological differentiation. Studies on
the metabolic responses of various chemical stress®iporeia specimens taken from
Lake Superior and Lake Michigan revealed differmaetabolic profiles between the two
(Ralston-Hoopeet al, 2008). The variations observed in the metabelactions of the two
groups may reflect different responses to diseasdsesource competition. To date, there
has been no documented declin®iporeia populations within Lake Superior (Schareid
al., 2004) despite the presencelotissenaspecies in the lake (Griffithet al, 1991;

Grigorovichet al.,2008).

TheDiporeia specimens used in this study were collected ir6,LpAor to the major
declines in population densities. The continuedisal of Diporeiain Lakes Huron,
Michigan and Ontario, despite their reduction iminers, and in Lake Superior suggests that
both genetic lineages are still present. As alre$ypopulations within a lake being highly
similar, decreasin@iporeia population size may not have substantially impatbeir

genetic diversity. The true impact of the decliaa oot be assessed until current populations
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are examinediporeia specimens from Lake Erie were not included in ghigly, but it is
almost certain that COI sequences from those ptpntawould fall into cluster 1 of the
phylogenetic analysis (Fig. 1.2). The fish spewialieye, brown bullhead, yellow perch and
small mouth bass were all revealed to possessasigeinetic distributions within the Great
Lakes adDiporeia and the genetic composition of the four specidsake Erie resembled
those identified in Lakes Huron and Ontario. Theref despite the substantial decline of
Diporeia within Lake Erie, it is unlikely that a genetigatlistinct lineage became extinct.
Similarly of the populations between these lakes aldicates that there is a strong potential
for reintroduction oDiporeia back into Lake Erie if favorable conditions retu@urrently,
nothing can be done about the invasioDgissenasince they have established themselves
in the lakes. HoweveBiporeia’s high genetic diversity warrants mild optimism abtheir
ability to recover, as high genetic variation isretated with a population’s capability to

adapt to new stressors (Frankham, 1995; Wisd, 2002; Pertoldet al, 2007).

1.6 Conclusions

This study has significant implications for conggronal management @fiporeiain the
Great Lake basin. There was no phylogenetic evelémsuggest the existence of two or
moreDiporeia species present within Lakes Huron, Michigan, @atand Superior. The
examination oD.h filicornisandD.h. brevicornisspecimens collected from Lake Superior

did not support their recognition as separate ggeci

High levels of genetic variation have been ideatifin allDiporeia populations, but

populations within the same lake are very simibeedéch othemDiporeia haplotypes derived

28



from individuals in Lake Superior are geneticaligtohct from those present in Lakes Huron,
Michigan and Ontario, and may be the result of e@ation from different Pleistocene
refugia lineages. The marked genetic differentrabbserved between Lake Superior and the
remaining lakes underscores the importance of stalaling the evolutionary history of a
species. It is recommended that conservation sffortnaintairDiporeia populations within

the Great Lakes address the two lineages andtlretat as evolutionary significant units.
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Figure 1.1. Map showing sample location®gdoreiain the Laurentian Great Lakes.
Population names indicate sample locations andviollable 1.
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Figure 1.2. NJ phenogram showing relationships an@&cytochrome oxidase | (COIl)
haplotypes. Numbers above nodes indicate interemdh test and NJ bootstrap percentages
respectively.
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Figure 1.3. NJ tree showing the relationships an8#hgytochrome oxidase | (COI)
haplotypes. Numbers above the nodes give NJ baptpircentages, interior branch test
percentages, ML bootstrap percentages, MP bootgaa@ntages, and partition percentages
among the 471 equally parsimonious trees respégtive
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Figure 1.4 Statistical parsimony network showing télationships among 88 mitochondrial
cytochromec oxidase | haplotypes. Line connecting haplotypecates a single mutational
step and the solid circles represent hypothetitatmediate haplotypes that were present in
the data set. Loops indicate uncertainty in thati@hships between haplotypes.
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Table 1.1. Populations, sample size (n), haplotipersity (h), nucleotide diversity () and haplotypes presence (H) for the 260
Diporeia individuals sequenced from the Great Lakes. Tipotygpe designation follows Fig 1.2, and the nunibgrarentheses
beside the haplotype indicates the number of titn@scurred in each population.

Lake, Population n h H
H1 Huron, Goderich 15 0.83810 0.00584 H17(5) H24(1) H26(2) H42(1) H52(3) H71(3)
H2 Huron, Hope Bay 15 0.83810 0.00381 H9(2) H17(1) H27(1) H28(4) H29(5) H30(1) H52(1)
H3 Huron, North Channel 16 0.75000 0.00245 H25(2) H40(2) H44(1) H49(1) H50(1) H51(1) H52(8)
M1 Michigan, 29m 15 0.92381 0.00411 HI1(4) H2(1) H4(1) HI17(1) H18(1) H21(1) H35(1) H36(2) H53(1) H56(2)
M2 Michigan, 45m 15 0.77143 0.00375 HI(1) H3(1) H14(1) HI17(3) H34(1) H54(1) H56(7)
M3 Michigan, 100m 15 0.77143 0.00297 HI(1) H17(3) H19(1) H53(1) H55(1) H56(7) H57(1)
Ol Ontario, 50pt 15 0.83810 0.00222 H11(1) H17(6) H20(1) H22(2) H39(1) H52(2) H6E0(1) H61(1)
02 Ontario, 85m 15 0.92381 0.00288 H6(1) HI15(1) H16(1) HI17(4) H22(2) H32(1) H39(1) H45(1) H47(1) H60(2)
03 Ontario, Cobourg 15 0.94286 0.00492 H13(1) H17(2) H22(1) H37(4) H38(1) HA4L(l) H46(1) H4A7(1) H52(1) H58(1) H60(1)
04 t?]ztigi’e'\“agarao” 15 0.92381 0.00411 H8(1) H17(4) H22(1) H31(1) H39(1) H43(1) H47(2) H48(1) H52(1) H63(2)
O5 Ontario, Port Credit 15 0.95238 0.00360 H5(1) H10(1) H17(2) H22(1) H23(1) H39(1) H47(3) H52(1) H59(1) H60(2) H63(1)
06 Ontario, st41 15 0.84762 0.00282 H7(1) HS8(1) H12(1) HI15(1) H17(4) H37(1) H52(5) H62(1)
S1 Superior, Pancake pt 15 0.83810 0.00536 H33(1) H65(2) H66(5) H71(4) H78(1) H82(1) H83(1)
S2  Superior, st2 15 0.76190 0.00291 H64(1) H65(3) H66(2) H71(7) H74(1) HT76(1)
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S3  Superior, st164 15 0.67619 0.00291 H69(1) H71(8) H80(3) H87(3)
S4  Superior, st221 15 0.96190 0.00474 H71(2) H72(1) H73(1) H75(2) H77(1) H79(1) H80(2) H81(1) H85(1) H86(1) H88(2)
S5  Superior, Filicornis 10 0.53333 0.00207 H66(7) H67(1) H71(1) HB84(1)
S5  Superior, Brevicornis 9 0.77778 0.00386 H65(4) H68(2) H70(2) H71(1)
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Table 1.2. AMOVA partitions amoniporeia haplotypes identified in Lakes Huron,
Michigan, Ontario and Superior. All sources of aion are significant (p<0.05, 1023
permutations).

Source of Variation Covariance Component Percentage of Variation
Among Lakes 1.91069 58.07
Among Populations Within Lakes 0.20340 6.18
Within Populations 1.17630 35.75
Total 3.29039 100
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Table 1.3. Averagedr values for all pairwise population comparison®gioreia between
lakes. Standard errors are in parentheses.

Lake Comparison FST
Superior Huron 0.7253 (0.0273)
Superior  Michigan 0.7598 (0.0106)
Superior  Ontario 0.7652 (0.0084)

Huron Michigan 0.2083 (0.0529)

Huron Ontario 0.2488 (0.0371)
Michigan  Ontario 0.1721 (0.0177)
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Chapter 2 - Phylogeographical analysis and evolutio nary
relationships of the North American glacial relict Diporeia hoyi
(Order: Amphipoda)

2.1 Overview

The North American geographic distribution of gidaelict species has been strongly
influenced by the postglacial lake system that futrduring the last glacial retreat. In this
study, mitochondrial cytochroneoxidase | (COI) gene sequences are used to detetine
phylogeographic distribution of the relidiporeia hoyj and to determine its evolutionary
relationship withMonoporeia affiniandPontoporeia femorataPhylogenetic analyses and a
statistical haplotype network revealed the existesfdwo genetically divergem. hoyi
lineages that exhibited a paraphyletic relationstmg a nucleotide sequence divergence of
1.75%. The first lineage dispersed from a Missaurefugia and primarily occurs in the
former lake Agassiz basin, Northern Ontario (inahgd_ake Superior) and Northern
Quebec. Populations located in the Great Lakesiljascluding Superior) and the St.
Lawrence/Gatineau region alternatively dispersethfa Mississippian refuge. Phylogenetic
analyses of the three genera identifzchoyiandM. affinisas sister taxa and the average
sequence divergence between the two is 21.56%.mMavkedly distinct lineages &f.

femoratawere identified, indicating that it representsgtic species complex.

2.2 Introduction

The advance and retreat of the Pleistocene glatéet® profound impact on the

distributions of species across the Northern Heh@sp. There were four major glaciations
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during the Pleistocene, the Nebraskan, Kansanpifin and Wisconsinan, with multiple
smaller advances and contractions between thener&ahd Gibbard, 2008). The
Wisconsinan glaciation was the last major advaadmpact North America, and reached its
maximum approximately 18,000 years ago. Two icetshe¢he Laurentide and the
Cordilleran, covered most of Canada as well aspdrAlaska, and extended as far Indiana
and Ohio (Dyke and Prest, 1987). The vast quastitfevater trapped in the glaciers caused
a dramatic drop in sea level of up to 120 meteqgosing the continental shelves, and
resulting in the recession of the marine littorahe (Rohlinget al.,1998; Fauret al.,2002).
Species that escaped the ice were sundered inlbmrukets of unglaciated regions known
as refugia, while others migrated south to warmmenore favorable environments.
Populations that managed to survive were isolateidreduced to a fraction of their original
size, causing population bottle necks that ultinyatesulted in the loss of genetic variation

(Pielou, 1991; Hewitt, 2004; Soltet al.,2006).

With the retreat of the glaciers came opportuniiiese-colonize new habitats. The melting
ice produced a large influx of freshwater that fechproglacial lakes, a series of large water
bodies along the ice sheet margins that were ioterected at various times during the last
15,000-8,000 years. Aquatic species that gaineelsado the proglacial lake systems were
subsequently able to disperse over large geograpbéas, while the migrations of terrestrial
species were hindered by these extensive wateeb@Bielou, 1991; Gagnon and Angers,
2006; Haileret al.,2007). As the melt waters drained into the oceemsthe proglacial lakes
receded, aquatic species that inhabited them bestaareled and isolated in remnant water

bodies.
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Traditional biogeographic studies focused on molgdioally described species and the
palaeoecological record (through the use of paliaia) to determine the distributions and
colonization histories of the North America flonadafauna. A reliance on morphological
data alone can result in marked underestimatestufdical diversity due to cryptic or
convergent evolution, a problem which has beengseve among aquatic invertebrate taxa
(Witt and Hebert, 2000; Witt al.,2006; Finstoret al.,2007; Segers and Shiel, 2008;
Belyaeva and Taylor, 2009). The development of od& techniques to study the
relationships among organisms led to the emergehpbylogeography, a subdiscipline of
biogeography. Phylogeography is concerned withgtegraphical distribution of genetic
lineages and the forces that influence those Higions. By examining the genetic
structuring of species over their entire range @mdbining it with geological data,
phylogeographical studies can more accurately destie history of species and potentially

trace lineages to the refugia from which they dispé (Provan and Bennett, 2008).

Morphology based biogeographical studies have ifilethiseveral key areas that served as
refugia in North America during the last glaciabaimaum, and the existence of these refugia
have been reaffirmed by recent phylogeographicdesudhe Beringia refuge located in the
North included Alaska, most of the Yukon, sectioh&astern Siberia and portions of the
Bering and Chuckchi Sea that were exposed as @&goesce of reduced sea level (Pielou,
1991; Bernatchez and Wilson, 1998; Hewitt, 2004)mérous phylogeographical studies
have confirmed the important roles that the Misg@an (Danzmann and lhssen, 1995;
Wilson and Hebert 1998; Van Hougltal.,2005; Gagnon and Angers, 2006) and Missourian

basins (Ferguson and Duckworth, 1997; Stepien abeif- 1998; Van Houdtt al.,2005)
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have played as refugia for an array of fish spedibs reduction in sea level and exposure of
the continental shelves created the coastal P4tdicchet al.,2009) and Atlantic
(Danzmanret al.,1998; Colbeclet al.,2008) refugia. A phylogenetic study on Lake
Whitefish identified another refuge situated in lahi National Park in the Northwest

Territories (Footeet al.,1992; Stamford and Taylor, 2004)

As more phylogenetic studies on aquatic taxa wenelacted, a paradox began to emerge
concerning levels of genetic divergence within\xactaind passively dispersed organisms.
Passively dispersed species are capable of catgniw habitats by the use of wind or
animal vectors, and has been reported among maratiagrganisms (Biltoet al.,2001;
Figuerolaet al.,2002; Vanschoenwinkelt al., 2008a; Vanschoenwinket al, 2008b).
Traditional biogeographers hypothesized that pdpmuria of these species would be
genetically similar to each other as consequengeé flow resulting from their strong
dispersal capabilities. Unexpectedly, moleculadi&sirevealed an opposite pattern, and
many of these aquatic organisms exhibited deepspécific genetic divergences (Taysar
al., 1998; Witt and Hebert, 2000; Cox and Hebert, 2@dmezet al, 2002; Adamowicet
al., 2009). Given the strong potential for gene flowoaign such mobile organisms, the deep

genetic divergences within these species are pgicao

Habitats are typically colonized by a few indivitkjacreating a strong founder effect in
newly established populations (Boileatual.,1992). Founder effects can account for the
initial genetic differences among populations, tarinot explain the failure to detect gene
flow. The most prominent explanation for the appatack of gene flow is the

monopolization hypothesis, which postulates thakeam population becomes established, it
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is difficult for new immigrants to survive and sessfully reproduce (De Meestetral.,

2002). New immigrants must compete with locally@eéd individuals for resources and
potential mates, and even if reproduction is acdevhere is a high probability that their
alleles will be lost within a few generations daoggenetic drift (De Meestat al.,2002;
Bohonak and Jenkins, 2003; Weisse, 2008). The amatibn of founder events and the
failure of migrants to contribute to establishegylations could account for the high level of

intraspecific genetic divergence observed amongiypaly dispersed species.

Conversely, actively dispersing aquatic specieahg capable of gaining access to new
habitats by direct movement through the use ofidors (i.e. water ways, rivers streams
etc.). If there are no channels present to allogration, the populations become effectively
isolated from one another, and allopatric divergenl occur. It is therefore expected that
populations within these species would quickly diefrom one another as a result of
isolation, and multiple divergent lineages wouldserver large geographical ranges. In the
Northern Hemisphere however, many actively disperspecies exhibit low levels of
genetic divergence between lineages (Danzneamh,1998; Van Houdet al, 2003;
Audzijonyt and Vain6la, 2006; Dooét al.,2006; Barretteet al, 2009; Kawamurat al.,

2009), contradicting traditional expectations.

The glacial marine relicts are a group of actiwdigpersing organisms confined to deep,
cold freshwater lakes. In North America they cohgfghe crustaceanbjysisdiluviana
Diporeia hoyj Limnocalanus macrurysenecella calanoidesnd one fish species,
Myoxocephalus thompsoniihe distributions of all five relicts are rested to lakes that

occur within the former proglacial lakes basinsdBaell, 1974).
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The origin of the relicts has been somewhat enignfat the last century and until
recently, little was known about their evolutiormerl sluicing-up” hypothesis has been the
most prominent explanation, which asserts thatehets are remnant populations of arctic
marine species that were trapped by the advancengheets and forced inland (Hogbom,
1917). After gradually adapting to freshwater, tbkcts eventually would have become
established as independent freshwater speciesstidreg morphological resemblance
between the relicts and their arctic marine reéstj\combined with their co-distributions, led
early researchers to suggest that the relicts eddlvgether during the Pleistocene (Ricker,
1959; Dadswell, 1974; Segerstréle, 1977). Holmigi859, 1970) however, argued that
they were ancient and stable freshwater speciéssaggested an origin as far back as the

Oligocene.

Recent molecular studies have revealed that tlwagjl@licts did not invade the continent
in unison, but rather have independently adaptédedreshwater environments.
LimnocalanusnacrurusandM. thompsoniappear to have diverged from their marine
relatives during the Pleistocene as first hypotteskithough they likely invaded the
continent independently during one of the earllacigtions. AlternativelyM. diluviana
displays a deeper level of genetic divergence vesipect to its marine relativisi(
segerstrale), suggesting a Miocene origin (Audzijony2005). Not only does the timing of
the invasions vary, but the relicts also exhibitedent phylogeographic patterns across
North AmericaLimnocalanus macruruandM. thompsoniappear to have re-colonized
North America from a single refuge each (Kontuld &@&in6la, 2003; Dookt al, 2006;

Sheldoret al.,2008). The dispersal df. diluvianawas slightly more complicated and a
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total of four refugial lineages have been idendifieith overlapping ranges in the Great
Lakes region, indicating the potential for secogdamtact of different stocks (Dot al.,
2006). All lineages within these three speciestaklow levels of mitochondrial DNA

sequence divergence despite their poor disperdaiesh

The distribution of the amphipddiporeia, like the other North American relicts, is
restricted to the former proglacial lake basing,dpopulation also occurs in Lake
Washington. A very low level of intraspecific geicetariation was detected amobgporeia
populations using allozymes (Vain6la and Varvio39p but the authors note that their study
was geographically limited (restricted to the aseaounding Lake Ontario) and more of the
species’ range needs to be sampled for an acastteate of diversity. As discussed in the
previous chapteDiporeia populations in Lake Superior are genetically uriqu
comparison to those in the other Great Lakes, siiopggethat Vain6la and Varvio’s (1989)
genetic diversity estimates are likely conservatiitéhas also been suggested that the
morphotypes oDiporeia (see chapter one) may represent unigue speciesfiiBiol, 1989).
Vain6la and Varvio (1989) also provided insight®ithe relationships among the genera
Diporeia, MonoporeiaandPontoporeia Their allozyme study revealed the presence of
strong genetic divergences between the three lesegishing back the estimated divergence

of these genera from the Pleistocene into the drgr{iVaindla and Varvio, 1989).

This study investigates the history@poreia and the effect that the last glacial retreat had
on its distribution across North America. | test thypothesis that the two lineages of
Diporeiaidentified within the Great lakes, one residind.ake Superior, and the other in

Lakes Huron, Michigan and Ontario, represent déffierefugial lineages. These two lineages
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are expected to exhibit a wider geographic distrdmuacross North America. The
mitochondrial cytochrome oxidase gene (COI), as well as the nuclear rib@samernal
transcribed spacer (ITS-1) gene will be employedet@rmine the number of glacial refugia
Diporeia survived in, and subsequently dispersed from.nihechondrial COI gene has
been used in many phylogeographic studies (Baat., 2006; Browneet al.,2007;
Lefébureet al.,2007; Audzijonyt et al, 2009; Carliniet al.,2009) because it rapidly
accumulates mutations allowing the detection oéméevolutionary events (Brown, 1979;
Brown, 1982; Gisset al.,2008). A secondary goal of this study is to clatife relationship
among the three genei@iporeia, MonoporeiaandPontoporeiain the family

Pontoporeiidae by utilizing phylogenetic reconstiattechniques. The allozyme study by
Vainola and Varvio (1989) indicated that the thgeaera have been independently evolving
for millions of years, and th@iporeia andMonoporeiaare the most closely related. The
problem with allozyme data is that they are basedlele frequencies and are not reliable
for phylogenetic reconstruction (Likhnova and Lededl995). It is expected thBiporeia,
MonoporeiaandPontoporeiawill each form monophyletic lineages reflectingith

independent evolutionary trajectories.

2.3 Materials and Methods

2.3.1 Collections

Diporeia specimens were collected from 42 locations acrasthNMmerica between 1994

and 2001 (Fig. 2.1). Specimens were taken at deptiggng between 29 and 100 meters
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using a benthic drag and classified>agoreia hoyi or Diporeia hoyi erythrophthalma

(Waldron, 1953)

Samples oMonoporeiaaffinis were obtained from the Beaufort sea, off Tuktoykkind
Pontoporeia femoratavas collected from Hudson Bay off Churchill Marmi& Resolute Bay
(Cornwallis Island, Nunavut, Canada) and Turton Bglpolik Island, Nunavut, Canada).
All specimens were stored in absolute ethanoldture analysis. A North American
specimen olGammarudacustriswas collected for use as an outgroup for the @esetic

analyses of the genetaporeia, MonoporeiaandPontoporeia

2.3.2 DNA sequence analyses

Total DNA was extracted from 4-IBiporeiaindividuals from each population by grinding a
leg in 50 pL of proteinase K extraction buffer (8e&mk, 1996). A total of 3-9 specimens of
MonoporeiaandPontoporeiafrom each location were also extracted. A 637 Ipase
fragment of the mitochondrial cytochroro@xidase | (COI) gene was amplified using the
primers LCO1490 and HCO2198 (Folnetral.,1994). The 50 L PCR reactions contained
2.0-3.0 L of DNA template, 5.0 L 10x PCR buffer, 0.2 mM of each primer, 0.2 mM of
each dNTP and 0.5 unit of Tag polymerase. The P@Rlitons consisted of 1 min at 94°C
followed by 5 cycles of 1 min at 94°C, 90 s at 451Cnin at 72°C; followed by 35 cycles of
1 min at 94°C, 90 s at 51°C, 1 min at 72°C; follovilyy 5 min at 72°C. The PCR products
were gel purified using the Qiaex kit (Qiagen Iramf sequenced using the ABI prism
BigDye terminator sequencing kit (30 cycles, animgaat 55C). Products were sequenced in

one direction using primer LCO1490 and electropsisre/as carried out on an ABI 3730
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automated sequencer (Applied Biosystems). The segsavere aligned by eye in MEGA

4.1 (Tamureet al, 2007).

The primers ITS1crF and ITS1crR were used to ampli05 base pair portion of the
intertranscribed spacer (ITS1) region for@3@oreia specimens. The PCR reactions and
sequencing protocol was identical to the COI methdthe sequences were aligned by eye in

MEGA 4.1.

All haplotypes were identified by constructing atdnce tree using the unweighted pair
group with arithmetic averages (UPGMA) using a maif nucleotide differences between
all pairwise combinations of sequences in MEGA #ldcleotide composition, nucleotide
(p-distance) distance matrices, mean pairwise itrandransversion ratios and amino acid
translations (invertebrate mitochondrial code)dtbmitochondrial COI haplotypes were
calculated in MEGA 4.1. Nucleotide sequence divecgs betweeMonoporeia Diporeia
andPontoporeiawere estimated using the Tamura and Nei (TamuoteNam, 1993) model of

nucleotide substitution.

2.3.3 Phylogenetic analysis of Diporeia
A phylogenetic analysis using the Neighbour-Joir(iNg) (Saitou and Nei, 1987) distance

method and the Jukes and Cantor (JC) (Jukes antdriCa869) model of nucleotide
substitutions was conducted using MEGA 4.1 on D®reia COIl haplotypes. Confidence
in the NJ analyses was assessed using the boatsétiyd and interior branch test with

1000 replicates each.
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As a result of computational constraints, the datavas reduced to 55 haplotypes for use
in all subsequent phylogenetic analyses. A secahdnlysis of the 55 haplotypes was
constructed using the same criterion as the fiils¢. program MODELTEST version 3.0
(Posada and Crandall, 1998) was used to estimateeist fit model of 56 models of

nucleotide substitution using the Akaike Informati@riterion (Posada and Buckley, 2004).

A maximum likelihood analysis (ML) was conduced@AUP 4.0b10 (Swofford, 2001)
using the model and parameters estimated by MODEOTEThe ML analysis was executed
using a heuristic search with the starting treaioled using the NJ method, and the tree
bisection reconnection (TBR) branch swapping atbaori Confidence in the tree was
assessed using the bootstrap method with 500 psspldates. A Bayesian analysis was
executed in MrBayes, version 3.1.2 (Ronquist andlstnbeck, 2003) using the nucleotide
substitution model estimated by MODELTEST. Four ktarchains were started from
random trees and were run for six million generajavith trees sampled every 100

generations. A total of 31,210 trees sampled poaonvergence were discarded as burnin.

Phylogenetic methodologies assume a bifurcatiagdiing pattern, and that ancestral
haplotypes are not extant. An evolutionary netwamklysis better describes the history
among closely related haplotypes, as it does rsnas that ancestral haplotypes are extinct.
A statistical parsimony network with 95% connectionits was constructed with all 138

Diporeia COI haplotypes using the program TCS version {(3émentet al.,2000).
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2.3.4 Phylogenetic analyses of Diporeia, Monoporeia  and Pontoporeia

A NJ phylogeny of Diporeia, 2 Monoporeia affinisand 6Pontoporeia femorat&Ol
haplotypes was constructed using the Tamura-Nen(ifa and Nei, 1993) model of
nucleotide substitution. A sequenced derived f@ammarus lacustriszvas used as an
outgroup in the analysis. Confidence in the NJymisiwas estimated using the bootstrap

method and interior branch test with 1000 replisaach.

Maximum likelihood and Bayesian analyses were cotetliusing the same methods
previously described for tHeiporeia dataset. The Bayesian analysis was run for orleomil

generations and 3,210 trees were discarded asuthab

2.3.5 Molecular clock analysis

The determination of the time span that lineage® lheen evolving independently can be a
difficult task. Even with a fossil record, estahlisg the point of divergence between
morphologically similar species can be complex. id@a that proteins and nucleic acids
evolve at a consistent rate (referred to as theowtdr clock hypothesis) provided a new
method for inferring the age of genetic lineagdse molecular clock hypothesis relies on the
principles of the neutral theory, which predictattportions of the DNA sequence that are
not subject to selection pressures will undergorestant rate of molecular evolution given a
set mutation rate (Kimura, 1983). This has resultatie application of molecular clocks to
estimate the divergence times between organismmaity phylogenetic studies (Avise,
2004). However, caution must be taken when applgingplecular clock because many

factors can influence DNA mutation rates, resulimgiconsistent ‘clocks’ for different
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species, genera and even the same genes. Variatipapulation size, generation times,
efficiency of DNA repair mechanisms and selectiogspures are just a few potential causes
of discrepancies in rates of sequence evolutionr(iam and Penny, 2003; Kumar, 2005;
Pulquério and Nichols, 2006). To minimize the eimdroduced, if possible it is best to

choose a molecular clock calibrated using closelgted organisms that share many traits.

Examination of the genuslpheus(subphylum: Crustacea) identified an averageohte
1.4% COI sequence divergence per million years (Htom and Weigt, 1998). This rate of
nucleotide evolution was used to estimate how Dippreia, MonoporeiaandPontoporeia

lineages have been diverging.

2.4 Results

2.4.1 Collections

Samples collected at 41 locations yiel@doreia hoyiindividuals and specimens bth.

erythrophthalmawere only identified from Lake Washington.

2.4.2 DNA sequence analyses

A total of 401Diporeia COIl sequences were obtained and 138 haplotypesidentified
among them. The final alignment of the sequences68& base pairs in length with 116
variable positions. Amino acid translations did rexeal any gaps, deletions or nonsense
codons within the sequences. The average nucleatitgosition among the 138 haplotypes
was (T) 0.365, (C) 0.192, (A) 0.247, and (G) 0.28@ the mean pairwise transition

[/transversion ration (Ts/Tv) for all pairwise seqoe comparisons was 2.936 (SE=1.6).
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Two uniqueDiporeia COI haplotypes were sequenced from a populatidkmke Cayuga
that were significantly divergent from all otHeiporeia haplotypes. When the sequences
were translated into amino acids, multiple nonseoes®ns and rare amino acid substitutions
were detected in the protein sequence. Considdmagnportance of the cytochrorne
oxidase | gene in the mitochondria, it is not polgsio introduce nonsense codons into a
functioning copy of the gene and it is thereforelgable that the sequences were
psuedogenes and were excluded from all phylogeartityses. A single ITS haplotype was

identified in all 30Diporeia specimens sequenced.

Twenty-onePontoporeia femoratand 3Monoporeia affinissequences were obtained,
with 6 and 2 haplotypes identified among them respely. The final length of the sequence
alignment was 637 base pairs with 186 variables siteong them. Amino acid sequence
translations were unambiguous, and no gaps or neasmdons were detected among the 6

haplotypes.

2.4.3 Phylogenetic analyses of Diporeia

The initial NJ analysis dDiporeiarevealed two well supported clusters of haplotyjpas
exhibited a paraphyletic relationship (Fig. 2.2)eTirst group of haplotypes (H1-H86) were
identified in Southern Ontario, Eastward into Neark state, and Southern Québec (Fig.
2.1). This group of haplotypes (South-Eastern m@giormed a single monophyletic clade
with an average nucleotide sequence divergenceceetivaplotypes of 0.622%
(SE=0.085%). The second group (H87-H138) is parapioywith respect to the South-

Eastern group and these haplotypes were obtainedNorthern Ontario, Northern Québec
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and Western Canada (Fig. 2.1). The nucleotide dersre between all haplotypes in the
western group was 0.573% (SE=0.092%), while theameesequence divergence between

the two groups was 1.75% (SE=0.39%).

Within the reduced data set of Bfporeia COIl sequences, 80 sites were variable. The
mean base frequencies were T:0.364, C:0.192, A8(ad G:0.196 and there was no
indication of heterogeneous nucleotide compos#imong the sequences including the
outgroup (homogeneity’=7.204, d.f.=162P=1). The Akaike information criterion indicated
that out of the 56 DNA sequence substitution mottedsHKY+G model best explains the
data, with Ts/Tv = 4.6259 and=0.2720. The ML and Bayesian analyses completeti®n
reduced data set recovered the two haplotypic grang the paraphyletic relationship

identified in the initial analysis of all 13Biporeia COIl haplotypes (Fig. 2.3).

The statistical parsimony network of all 1B§oreia COI haplotypes indicated that the
two clusters are separated by 5 mutational stefpgclea H85 and H87 (Fig. 2.5). Most
haplotypes in the South-Eastern group were onlyosri@o mutational steps away from
H47, which was the most broadly distributed hagdetin the group accounting for 12.7% of
all Diporeia sequences analyzed. The network identified meltipbps, which represent
uncertainty in the South-Eastern group. In the Nd¥testern group, H107 was the most
broadly distributed (8% of all sequences obtairaad) the network suggested that the
majority of haplotypes in this group were deriveaht this haplotype (Fig. 2.5). A single

loop was identified in the North-Western group.
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2.4.4 Phylogenetic analyses of Diporeia , Monoporeia and Pontoporeia

The generic data set consisted @iporeia, 2 Monoporeiaand 6PontoporeiaCOl
haplotypes as well as the outgrd@pmmarus lacustrisAmong the 17 ingroup sequences
there were 229 variable positions, with 218 of éhsites being informative using the
parsimony criterion. The average nucleotide fregiemnamong all haplotypes was T:0.358,
C. 0.198, A: 0.235 and G: 0.209, and the mean Te/dy¥5.363 (SE=2.082). The
heterogeneity test revealed no disparities in miicle frequencies among sequences
(homogeneity =28.817, d.f.=51P>0.99). The program MODELTEST indicated that the
data was best explained by the HKY+G model of segaisubstitution with = 0.2484 and

Ts/Tv = 4.4564.

The NJ analysis identified all three genera as sugported monophyletic clades and
placed théDiporeia andMonoporeialineages closer to each other (Fig. 2.4). Twartsst
lineages oPontoporeiafemoratawere identified with an average nucleotide seqaenc
divergence between haplotypes in the two groudsd4% (SE = 1.77%) (Table 2.2).
Identical tree topologies were recovered by thedvid Bayesian analyses and all clades

were well supported (Fig. 2.4).

2.4.5 Molecular clock analysis

The average sequence divergence betigporeia andMonoporeiais 21.56% (SE =
1.95%) (Table 2.2) and the application of a molacualock rate of 1.4% nucleotide sequence
divergence per Myr (Knowlton and Weigt, 1998) sugjgehat they have been independently

evolving for approximately 15.4 Mybiporeia andMonoporeiaappear to have been
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diverging from théPontoporeialineage for about 21.6 Myr. (average divergenc8®26%

(SE = 2.23%)).

2.5 Discussion

This study is the first genetic survey of the ghhcelict Diporeia hoyiacross of its range in
North America. The phylogenetic analyses identiti®d well supported mitochondrial
clusters or lineages, with an average nucleotideesgce divergence of 1.75% between
haplotypes within the two groups (Fig. 2.2). Thatistical parsimony analysis also resolved
these two haplotype clusters, which were sepatatedmutational steps (Fig. 2.5). Strong
phylogeographical patterning of the two lineages wiantified, and the only overlap
between their distributions occurred where LakesoHwand Superior connect (Table 2.1). A
single ITS-1 haplotype was identified aporeiaindividuals sequenced from both

mitochondrial clusters.

The generic level phylogenetic analyse®gdoreia, MonoporeiaandPontoporeia
indicated that they all form well supported mondphy lineages, and are strongly
differentiated from one another (Fig. 2.B)poreiawas revealed to be the sister taxa to the
genusMonoporeia The mitochondrial molecular clock calibrationlofi% nucleotide
sequence divergence per million years (Knowlton\Afaigt, 1998) suggests thaiporeia
andMonoporeiahave been independently evolving for approximai&lyl Myr, and that the
two diverged fronPontoporeia2l.6 Myr. ago. Surprisingly, the phylogenetic asa\also
revealed two markedly divergeRbntoporeiafemoratalineages (Fig. 2.4), with an average

nucleotide sequence divergence 17.64% betweentlgppdwithin the two groups. Using
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the same molecular clock calibration it is estirdatet the two lineages have experienced

12.6 Myr of independent evolutionary history.

2.5.1 North American phylogeography

The average nucleotide sequence divergence betwedwoDiporeialineages is 1.75%,
suggesting that the two began to evolve indepehdpnbr to the last glacial maximum,
18,000 years ago. Haplotypes from the South-Eastaster (Fig. 2.2) were identified in the
Great Lakes basin (excluding Lake Superior), the.8wrence/Gatineau region and the
Finger Lakes (Fig. 2.1). This pattern is indicatbfecolonization from a Mississippian or

Atlantic refuge.

Diporeiamay have gained access to Lake Chicago or LakerMaudrom smaller lakes in
the Mississippi refuge approximately 14,000 yeaf?, Bnd as the glaciers continued to
retreat, dispersed into Lake Algonquin providingess to the upper Great Lakes basin
(Dadswell, 1974). Lake Superior would have beengmted by being colonized from this
refugia as the Superior Lobe of the Laurentidesioeet was still covering the basin (Farrand
and Drexler, 1985Diporeia could have dispersed into Lake Iroquois (presamtlchke
Ontario) directly from Lake Erie, but individualowld have to get past Niagara Falls. The
alternative rout is thddiporeia dispersed from Lake Algonquin, through the Foslsouitlet
(part of the North Bay outlets) and into the Chaanpbkea (Dadswell, 1974). Once in the
Champlain Sed)iporeia could then disperse into the St. Lawrence/Gatimegion, Lake

Vermont, Lake Iroquois and the Finger Lakes (Dadlsi@74; Muller and Prest, 1985).
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Diporeia’s apparent intolerance to salt waters lead Bolas{iE989) to reject the idea that
brackish waters such as the Champlain Sea coulel ézted as a dispersal mechanism, but a
study showed thddiporeia can tolerate up to 20 grams of salt per liter atew for 28 days
in cold temperatures before adverse effects begandur (Gossiaugt al. 1992). This level
of tolerance for brackish waters could have allogabreiato disperse through the upper

zones of estuaries where the salt concentratiorr@lasvely low.

Alternatively, lakes from the Atlantic region halveen suggested as potential refugia for
Diporeia, including Lake Albany and the Salamanca reen{@2atswell 1974)Diporeia
could have entered Lake Vermont and the Champlaanf®m an Atlantic refugia and
dispersed westward. Howev@&iporeia is only capable of active dispersion, and can not
swim against strong currents. The fast moving vgadéthe North Bay outlets and the
physical barrier presented by Niagara falls wowddenprevente®iporeia from dispersing

into the upper Great Lakes from an Atlantic refuge.

The range of the North-Western group of haplotygpns across the proglacial lake
systems in Saskatchewan, Manitoba, Northwest Deeg and Northern Ontario and
Northern Québec. Lake Waterton, which is in theeaxre south west of Alberta and Lake
Washington along the West coast, also contAipsreia populations belonging to the
North-Western group. The North-Western group mi&sty dispersed from a Missourian
refugia because populations@poreia have not been identified in the Beringian refugium
The presence of this lineage in Waterton Lake stpoMissourian source because the
population is located near the southwestern glacabin, which is located at a higher

altitude that was only accessible from a southéspetsal route (Kontula and Vaindéla,
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2003). A significant portion of the lineages distriion correlates with the known extent of
Lake Agassiz, whicliporeia could have entered early on and dispersed northingy

Lake McConnell, gaining access to Great Bear arehtG3lave Lake®Piporeiawould have
dispersed eastward into Northern Ontario and Nant@riébec through a connection
between Lake Agassiz and Lakes Ojibway and Barldwe. corridor that connected Lakes
Agassiz and Ojibway also periodically flooded ihtike Nipigon and down to the Superior
basin (Leveringtoand Teller, 2003). The identification of tBgporeia population in Green
Lake Wisconsin belonging to the North-Western lgeeavas surprising because it is located
in the Mississippi basin, east from Lake MichigBiporeia may have dispersed to this
location through the channeling route of flood watieom Lake Agassiz or Lake Superior

(Telleret al, 2005).

The most puzzling of all populations is the preseoicthe North-Western lineage in Lake
Washington. The lake is situated outside the fonpneglacial lakes system and is the only
known location west of the continental divide totzon Diporeia. It was initially thought
thatDiporeia gained access to Lake Washington by a marine (®it&er, 1959).
Segerstrale (1971b) rejected this idea and contktide populations from the Missouri
refuge could have gained access to the Fraser BRygéem and then dispersed southward in
pooling water along the margins of the Cordillei@sheet. This scenario can be rejected
because there are Doporeia populations along the proposed route. The altemmat
hypothesis was that they were transported by drginater from the proglacial lakes down

the continental slope (Segerstrale, 1971b).
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Glacial Lake Missoula was an ice dammed lake sthitd the south-west of present day
Waterton Lake. The breaking of the ice dams reduitenultiple flash floods draining
westward into Washington though the channeled &aalsl (Shavet al, 1999; Benito and
O’Connor, 2003; Smith 2006). This could have predd potential path fddiporeiato

reach Lake Washington and establish a population.

The South-Eastern and North-Western lineages exlilbow levels of genetic divergence
both within and among groups (average haplotyperdence between groups is 1.75%).
These results are comparable to the low level&pétic divergence detectedDiporeia
using allozymes (Vaindla and Varvio, 1989). The lewels of intraspecific genetic
divergence is congruent with pattern observed inyngtive dispersers, including the North
American Glacial relicteimnocalanus macruru@oohet al.,2006),Mysis diluviana
(Vainola, 1994; Audzijonyt, 2005; Dootet al, 2006), andVlyoxocephalushompsonii

(Kontula and Véinola, 2003).

2.5.2 Diporeia species

Eight morphotypes dDiporeia have been identified in North America and it hasrb
suggested that they each represent distinct sp@oesfield, 1989). It is important to note
that all the morphological distinguishing featuoéshese “species” have only been identified
in sexually mature males. The morphotypesioyi(D. h. filicornis), D.h. brevicornisandD

h. erythrophthalmavere included in the phylogenetic analysis, whihrbt provide any

evidence to support the existence of more tharDopereia species.
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In the previous chapté.h. filicornisandD.h. brevicorniswere analyzed and discussed in
detail. The two morphotypes failed to meet the negient for recognition as distinct
phylogenetic species. The morphotypé intermediavas identified from single specimen
collected in Great Bear Lake and Lake Cayuga (S¢gée, 1971a). Several of their
secondary sexual characteristics morphologicagmeble a mix betwedirevicornisand
filicornis types. The most prominent feature is their antenwéich contain a similar
number of segments &Bcornis, but the segments are shorter, reducing the daarannal
length (Segerstrale, 1971a). As previously sugdestth brevicornisindividuals, it is far
more probable that these males failed to fully tgvé¢heir secondary sexual traits, rather

than represent a distinct species.

A single specimen was used to diagnDde. kendallifrom Chamberlain Lake, Maine,
USA (Norton 1909). However upon further investigatSegerstréale (1937) concluded that
the specimen in question was identicabtb. filicornis and that he could not locate any of
the features Norton (1909) claimed were presenerlsampling in Chamberlain Lake did
not yieldDiporeialeading to the conclusion thad:h. kendalli was mislabeled and was

likely sampled from Lake Champlain instead (Segélstl971a; Dadswell 1974).

Lake Washington is the only known locationBiporeia west of the continental divide.
This population was classified as a separate setiespby Waldron (1953) on the basis of
morphological characteristics and was designBmaoporeia affinis erythrophthalma
(currentlyDiporeia hoyi erythrophthalmaThese specimens possess a unique red colouring
of the eyes and bifurcate spines on the basaldbbee first maxilla. Caution is advised

when taking this morphological data as evidenca sfparate species because samples from
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Lake Washington were compared to Finridbnoporeia affinisrather than North American
specimens oDiporeia (Segerstrale, 1977). Four unique haplotypes (H98)r&re
sequenced from this population that formed a mowlegik cluster in the phylogenetic
analysis, but the clusters was poorly supportegl. (Eb). These haplotypes were
distinguished by at least two mutational steps.(Ei§) from H89. Since the colonization of
Lake Washington was likely accompanied by profopadulation bottlenecks the effects of
genetic drift could have been accelerated allovi@sger fixation of mutations relative to

otherDiporeia populations.

2.5.3 Evolutionary divergence among genera

The results of this study indicate thzporeia, MonoporeiaandPontoporeiaare ancient
lineages that began to diverge during the Miocgreele, and all speculation of a Pleistocene
origin of Diporeia should be rejected. The identification of the ¢hgenera as ancient
genetic lineages reaffirms similar conclusionstwirtevolutionary history based on

morphological and allozyme data (Bousfield, 1988jnla and Varvio, 1989).

The relationships among the three genera havedms®ated over the last century and the
current classification was established within @& kwo decadedlonoporeiawas originally
identified asP. affinis(Lindstrom 1855) and is distributed throughout kaarctic, mainly
occupying brackish lakes, estuaries and Europeameaglacial lakes (Bousfield, 1989).
Diporeia, first identified in Lake Superior (Smith, 187Was classified as a North American
version of the Europed®. affinig but after more rigorous morphological comparisibmgs

designated t®. hoyi(Smith, 1874), although the name did not enterrcomuse until over
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a century later. The “specieR" affinisandP. hoyiwere both considered to be close relatives

of P. femorataalthough there was considerable disagreementdieggthere relationship.

It was initially hypothesized that the ancestobgioreia andMonoporeiadiverged from
Pontoporeiain arctic brackish-waters, and that the two geferaded and adapted to
continental waters independently (Lomakina 1952kRi 1959; Dadswell 1974). Segerstrale
(1977) initially agreed with this scenario, buelamorphological comparisons lead him to
suggest that both genera were directly derived fPofemorata The phylogenetic analyses
support the traditional hypothesis of a monophglatiationship betweebiporeia and

Monoporeia and that their common ancestor diverged fRwntoporeia

Diporeia specimens were originally designatedPasmtoporeid’affinis’ because they were
believed to be conspecific populations of Europaaffinis(currently classified as
Monoporeia affiniy When the North American freshwater specimenweclassified as
Diporeia, distinct populations that inhabit the coastalessin Eastern Canada maintained
the nameP. “affinis” . These populations morphologically resemble Eunapé. affinis
(Bousfield, 1958; Bousfield 1989) and a moleculaalgses of the two revealed that they are
closely related (Vaindla and Varvio, 1989). Howetbe genetic divergence among them is
strong and the authors concluded that they warmametsognition as independent species.
North American populations &f. “affinis” should be formally renamed to reflect its

phylogeny and relationship with Europddn affinis

The most surprising result of this study was trentdication of two highly divergent

genetic lineages withiR. femorata(COIl sequence divergence = 17.64%). The lineages
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formed well supported monophyletic clusters andtrtteecriteria for classification as
independent species under the phylogenetic specrezpt. In addition, the genetic
divergence detected between the lineages is colmpdrathe level of variation observed
among the mitochondrial DNA of established crusdacgpecies (Witt and Hebert 2000;
Lefébureet al.,2006) and approaches the observed degree of diveegamond@iporeia
andMonoporeia(Table 2.2). Implementing the molecular clock loadtions, the two lineages
have been independently evolving for an estimag@ Myr. Evolutionary processes of this
time can maintain or select similar phenotypegjltesg) in morphologically cryptic species
(Bickford et al,, 2006).The identification of cryptic species witlhe order Amphipoda is
common (Witt and Hebert, 2000; Gervasiaal., 2004; Hogget al, 2006 Wittet al,, 2006;
Murphy et al, 2009) and the high prevalence of morphologiaallarities among these taxa
supports the use of phylogenetic tools for spadiestification. North American
Pontoporeia femorataepresent a species complex and | recommend furtbkecular
investigation of the genu®ontoporeiathroughout its Holarctic distribution to adequstel

describe the diversity within the genus.

The notion that the North American glacial mariakcts diverged from their arctic marine
relatives, invaded and dispersed across the cantineinison during the Pleistocene
glaciations must be disregarded (Ricker, 1959; Watls1974; Segerstrdle, 1977). The
relicts are a diverse group of organisms, each aithique evolutionary historipiporeiais
an ancient lineage that has likely inhabited fresiewenvironments for millions of years,
similar to the pattern observedhh diluviana(Audzijonyt and Vainoéla, 2005; Dooét al,

2006). These results are more congruent with Halrsits views of the relicts being ancient,
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and stable freshwater species (Holmiquist, 1959019This is in stark contrast to the recent
Pleistocene origin revealed lin macrurus(Doohet al.,2006) and. thompsoni(Kontula

and Vainola, 2003), which have recently divergedrfitheir marine counterparts.

2.6 Conclusions

This genetic investigation contributes to our knealge on the influence of the Pleistocene
glaciations on actively dispersed species. Thelpotg lakes systems have played a
substantial role in the dispersal and geneticibistion of the North American glacial marine
relicts. Colonization of the proglacial lakes hasulted in their co-distribution over a large
geographical range and low levels of genetic digeog within each species. This study
underscores the important roles that the refugie Ipdayed, as isolation and dispersal from
different refugia have resulted in the incongrugimglogeographical distributions of the
relicts. Molecular analyses also indicate thatréiiets possess an array of divergence times
from their marine relatives, ranging from the Mineaup until the Pleistocene. Despite their
similar geographic distributions, the relics do slare evolutionary and phylogeographic
histories. The identification dfontoporeia femoratas a cryptic species complex reveals the
underestimated level genetic diversity presentiwidinctic marine populations. Future
investigations on the speciation events that redutt the formation of the marine cryptic
lineages may provide more insight into the factbed resulted in the various phylogenetic

ages of the relicts.
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Figure 2.1. Map of North America indicating all galmlocations foDiporeia, Monoporeia
affinis andPontoporeia femorataNames oDiporeia sample locations follow Table 1.
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Figure 2.2. NJ phenogram showing the relationshgdld 38 cytochrome oxidase | (COIl)
haplotypes. Numbers above the node indicate NJtraptand interior branch test
percentages respectively.
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Figure 2.3. NJ phenogram showing the relationsaipseng 55 cytochromeoxidase | (COIl)
haplotypes. Numbers above the nodes represent !Nstkap percentages, interior branch test
percentages, ML bootstrap percentages and Bayesmmensus values.
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Figure 2.4. NJ phenogram showing the relationshmpengDiporeia, Monoporeiaand
PontoporeiaCOl haplotypes. Values above the nodes represé&bbhitstrap percentages,
interior branch test percentages, ML bootstrapgregeges and Bayesian consensus values.
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Figure 2.5. Statistical parsimony network showing telationships among the 138 COI
haplotypes. Solid circles represent a single mutatistep.
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Table 2.1. Population, sample size (n) and hap&oprnesence (H) for the 401 sequenbgabreia mitochondrial cytochrome
oxidase | gene. Haplotype designations follow tfdtig. 2.2, and the number in parentheses bek&lbdplotype indicates the

frequency of its occurrence.

Sample Location N H
1 Lake Washington 7 H90(1) H91(1) H92(2) H93(3)
2 Waterton Lake 6 H117(2) H118(4)
3 Great Slave Lake 5 H103(3) H104(1) H107(1)
4 Amisk Lake 9 H100(1) H101(2) H102(6)
5 Lake Athapapuskow 8 H107(1) H127(1) H129(6)
6 Southern Indian Lake 5 H99(4) H107(1)
7 Lake of the Woods 7 H89(1) H124(5) H125(1)
8 Rainy Lake 7 H107(1) H128(1) H129(2) H130(1) H134(2)
9 Lake Nipigon 4 H107(1) H112(2) H122(1)
10 Green Lake 7 H88(2) H111(5)
11 Lake Temagami 5 H41(1) H47(4)
12 Lake Joseph 7 H45(5) H46(1) H57(1)
13 Blue Sea Lake 6 H47(1) H52(1) H82(1) H83(3)
14 Lake Pemichangan 4 H85(1) H86(3)
15 Lake Gilman 6 H87(5) H107(1)
16 Lake Chibougamau 2 H121(1) H123(1)
17 Lake Memphremagog 7 H31(2) H47(4) H63(1)
18 Lake Massiwippi 5 H17(1) H18(1) H19(1) H20(2)
19 Lake Canandaigua 6 H71(3) H72(2) H73(1)
20 Owasco Lake 5 H47(3) H50(1) H53(1)
21 Skeneateles Lake 5 H59(4) H67(1)
C1 Cayuga, site 1 2 H47(1) H56(1)
C2 Cayuga, Long pt. 4 H47(3) H69(1)
C3 Cayuga, Myers pt. 3 H47(1) H59(1) H84(1)
H1 Huron, Goderich 15 H6(3) H15(1) H34(1) H35(2) H47(5) H107(3)
H2 Huron, Hope Bay 15 H6(1) H36(4) H37(1) H38(5) H39(1) H4A7(1) H49(2)
H3 Huron, North Channel 16 H6(8) H7(1) H8(1) H9(1) H14(1) H22(2) H33(2)
M1 Michigan, site 1 15 H2(2) H4(1) H30(2) H32(1) H47(1) H55(1) H65(1) He7(4) He8(1) H70(1)
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M2
M3
o1
02
03
04
05
06
S1
S2
S3
S4
S5
S5

Michigan, site 2
Michigan, site 3
Ontario, 50pt
Ontario, site 2
Ontario, Cobourg
Ontario, Niagara on the
Ontario, Port Credit
Ontario, station 41
Superior, Pancake pt.
Superior, station 2
Superior, station 164
Superior, station 221
Superior, D.h filicornis
Superior, D.h brevicornis

15

10
9

H2(7)
H1(1)
H6(2)

H11(1)
H6(1)
H6(1)
H6(1)
H6(5)

H28(1)

H95(2)

H105(1) H107(8)
H108(1) H109(1)

HO5(7)
H98(4)

H5(1)
H2(7)
H23(1)
H12(1)
H11(1)
H10(1)
H11(3)
H25(1)
H95(5)
HI7(1)

H96(1)
H94(2)

H29(1)
H3(1)
H47(6)
H23(1)
H13(1)
H11(2)
H23(1)
H42(1)
H98(2)
H98(3)
H119(3)
H107(2)
H107(1)
H106(2)

H47(3)
H4(1)
H51(1)
H26(1)
H21(1)
H16(1)
H41(1)
H44(1)
H107(4)
H107(7)
H137(3)
H113(2)
H133(1)
H107(1)

H115(1)
H110(1)

H114(1)

H48(1)
H47(3)
H58(1)
H43(1)
H24(1)
H23(1)
H47(2)
H47(4)

H64(1)
H54(1)
H75(2)
H44(1)
H25(4)
H27(1)
H66(1)
H60(1)

H131(1) H132(1)

H116(1)

H119(2) H120(1)

H67(1)
H67(1)
H78(1)
H47(4)
H40(1)
H47(4)
H74(1)
H61(1)

H79(1)
H62(1)
H41(1)
H61(1)
H75(1)
H80(1)

H126(1)

H75(1)
H47(1)
H70(1)
H77(1)

H135(1) H136(1)

H78(2)
H75(1)
H81(2)
H78(2)

H76(1)

H81(1)

H138(2)

H78(1)
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Table 2.2. Mean genetic distances for the COI dpeteween the geneBiporeia,
MonoporeiaandPontoporeia Groups correspond with lineages identified in. Bigind
sample size is beside the group name in parenthesgances are presented in percent
values and standard errors are in parentheses.

Pontoporeia Pontoporeia

Diporeia  Monoporeia 1 2

Diporeia (9)

Monoporeia (2) 21.56 (1.95)

Pontoporeia 1 (2) 28.99 (2.55) 26.12 (2.37)

Pontoporeia 2 (4) 31.72 (2.71) 2857 (2.48)  17.61 (2.00)
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Chapter 3 — Phylogeography of Gammarus lacustris in North
America: investigating the effects of dispersal abi lities

3.1 Overview

Previous phylogeographic studies have highlighthedrnpacts of active and passive
dispersal strategies on the genetic distributioagqefatic organisms. The discovery of marked
genetic divergences within passively dispersedispedespite their strong potential for gene
flow between populations, came as a surprise téoglepgraphers. In this study a
phylogeographic analysis of the passively dispeasephipod speci€Gammarus lacustris
was conducted over a portion of its North Americamge using the mitochondrial
cytochromec oxidase | (COIl) gene. The results of this studyshuat North Americait.
lacustriscontain six identifiable haplotype groups withauerage nucleotide sequence
divergence of 1.52%. A similar level of geneticeligence was detected between haplotypes
in two refugial groups of actively dispersBgporeia hoyi(average 1.8% mtDNA

divergence). The low sequence divergences detagdtboh North AmericanG. lacustrisare

not congruent with the pattern observed in othespaly dispersed species and is likely the

result of the amphipods recent invasion into Néuherica from Asia populations.

3.2 Introduction

After the retreat of the Pleistocene glaciers, agwatic habitats were available for
colonization across the northern hemisphere. Migrtdrat initially gained access to these
aquatic environments did not have to compete witially adapted individuals and could

easily establish new populations. The distributbgenetic lineages within species
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occupying formally glaciated regions will reflebiir postglacial dispersal patterns.
Comparisons between the genetic structuring withspecies and its dispersal capabilities
provides an opportunity to examine the impactsiiééignt dispersal strategies on
phylogeographical patterns. There are two modesspkrsal for aquatic organisms, active
and passive. Active dispersers can only colonize mebitats via connected waterways,
while passive dispersers are capable of long distanlonization through wind, animal or
avian vectors. It was initially hypothesized tpapulations within actively dispersing
species would exhibit higher levels of genetic dijesice in comparison to passive dispersers
because of the lack of geneflow between distantijadpns. Phylogeographical studies
however, have revealed that active dispersersaviqusly glaciated regions of the northern
hemisphere generally exhibit the opposite patteith low levels of intraspecific divergence
(Kontula and Véainola 2003; Audzijonyand Vaindla, 2006; Dooét al.,2006; Barrettet

al., 2009). This was surprising as the lack of gém& between isolated populations would
be conducive to allopatric divergence. The widéritistions and low genetic variation
within many of these organisms have been attribtdedeir dispersal via glacial melt waters

from a single or a few isolated refugial populasion

In the previous chapter it was revealed that thieely dispersing amphipoDiporeia hoyi
colonized North America from two major refugia, adibits low levels of genetic variation
(average 1.8% mtDNA divergence) between phylogralgspite weak dispersal abilities.
This is attributed t®. hoyi'sstrict reliance on the proglacial lakes systerdiggersal routes

across North America (Dadswell, 1974).
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Passively dispersing species were originally hyesited to exhibit low levels of genetic
divergence between distant populations. The mgnatf individuals was expected to slow
or counteract evolutionary forces, such as sele@ia genetic drift that would cause
populations to genetically diverge. Again, biogegajrers were surprised to discover that
these populations show marked genetic structumgdivergence (De Meester al.,2002;
Gomezet al, 2002; Figuerolat al.,2005; Ketmaieet al.,2008; Adamowiczt al.,2009).
The inconsistency between the results of the pledgoaphical studies and the expected
genetic pattern exhibited by passive and activeaigers indicated a lack in understanding
regarding the impact of dispersal capabilities opysation divergence. This resulted in the
re-evaluation of the mechanisms influencing théritistion and colonization patterns of
species (Biltoret al.,2001; De Meestest al.,2002; Gomez, 2002; Bohonak and Jenkins,

2003).

Gammarus lacustrigs a passively dispersed amphipod species thabitshthe shallow
vegetated areas of fresh water lakes, rivers ardras, and possesses strong long distance
dispersal capabilities, including avian mediatednation (Segerstrale, 1954; Vainio and
Vainola, 2003). It has been recorded in part oflmen Asia, including China and Siberia,
North America, extending as far south as New Mexigd California, and has been
identified in discontinuous populations across perd?opulations db. lacustrison all three
continents have been subject to multiple displacgraed re-colonization events due to the

Pleistocene glaciations.

Like all other amphipods5. lacustrisreleases live young and they do not possess a

diapause stage that is observed in many crustaoghith would allow them to withstand
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desiccation and transport (Fryer, 1996; Hairstath @aceres, 1996; Caceres, 1998; Butorina,
2008). It is via this resting stage that the mayooi passively dispersed crustaceans migrate
to new habitats by latching onto birds, animalsthier aquatic vertebrates (Biltehal.,

2001; Slusarczyk and Pietrzak, 2008). Aquatic apqifs are directly exposed to fluctuating
temperatures and dry environments when they utilizeof water dispersal mechanisms, and
as a result many are restricted to active dispe&ahmarus lacustrifas been observed to
latch onto the feathers of waterfowl, and it hasrbestimated that they may be able to
tolerate travel distances of up to 120-140km pghfl(Segerstrale, 1954). Avian mediated
passive dispersal provid&s lacustriswith the ability to colonize new habitats quickly,

which likely contributed to its extensive distribart. It also provides an opportunity for

geneflow between distant populations.

Currently, there are two published phylogenetidss (Meyraret al.,1997; Houet al.,
2007) and one phylogeographical paper (Vainio aath®fd, 2003) concernin@. lacustris
The phylogeographic study was conducted in Nortkemope and identified marked
allozyme allele frequency differences between Eastad Western populations Gt
lacustris(Vainio and Vaindla, 2003). These two lineagesenenvealed to have an average
genetic distance (Nei's distance) of 0.3, whichttsibuted to isolation and dispersal from
separate refugia during the last Pleistocene dlaniaPopulations within each of these
lineages also exhibited strong genetic divergeneih,genetic distances between them

estimated as high as 0.12 (Vainio and Vaino6la, 2003

The high genetic distances estimated between thepEan populations and refugial

lineages indicate that little or no gene flow iswcing. Often new habitats are colonized by
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only a few individuals creating a strong founddeeff within newly formed populations
(Boileauet al, 1992). The monopolization hypothesis postuldtasonce a population is
established, new immigrants have a reduced prospscirvival as they are competing with
locally adapted individuals and there is a highbatality that their alleles will be lost in a
few generations due to drift (De Mees¢tial.,2002). This could account for the apparent

lack of gene flow observed {B. lacustrisand other passively dispersing species.

Two sub species @b. lacustrishave been identified in North America. The first,
Gammarus. l. lacustrispans the majority of North America from Baffimaisd, to Alaska,
the Rocky Mountains, and south to New Mexico antif@aia. Eastern Canada contains
G.I. limnaeuswhich is confined to the St. Lawrence drainaggrband parts of western
Ontario to eastern Québec (Bousfield, 1958; Hokwindj972). Breeding experiments on
these two sub-species demonstrated that hybridizaetween the two is possible, though
there was a reduction in offspring vitality (Hyreasd Harper, 1972). The two sub species
were distinguished on the basis of morphologicliéinces, but it has been shown that
morphology is unreliable for taxonomic classificatin the genu&ammarugMeyranet al,

1997; Miiller, 2000; Hoet al.,2007).

This study investigates the phylogeographical ithstron of G. lacustrisin North America
using the mitochondrial cytochroncexidase (COI) gene. The rapid evolution of the
mitochondrial genome makes it an excellent tootHerdetection of recent evolutionary
events (Brown, 1979; Brown, 1982; Gissial, 2008). In this study | test the hypothesis that
the passively dispersing amphip@d lacustriswill possess a greater level of genetic

divergence between lineages in comparison to thegrved in the amphipddiporeia hoyi
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which is restricted to active dispersal. UnlBehoyi which is only distributed in the former
proglacial lakes basins (Dadswell, 1978),lacustrishas been identified across formerly
glaciated regions and its range extends into theheon United States which were
unglaciated. These unglaciated regions are expéuteshtain greater levels of genetic
variation than populations @. lacustrislocated within formally glaciated regions.
Haplotypes within glaciated regions are also exguetd show a greater levels of divergence

than that which was observedDn hoyi

3.3 Materials and Methods

3.3.1 Collections

Gammarus lacustrispecimens were collected between 2005 and 20@84drtotal of 52
ponds, lakes and streams within Canada and thedJSiates (Fig. 3.1). Samples were
collected using a dip net and stored in 95% ethordater analyses. A single specimen of

Gammarus pseudolimneawss obtained for use as an outgroup in the phyleteanalysis.

3.3.2 DNA sequence analyses

Total DNA was extracted from 3. lacustrisindividuals from each population by grinding
alegin 50 pL of proteinase K extraction buffecli@&enk, 1996). A 654 base pair fragment
of the mitochondrial cytochromezoxidase | (COI) gene was amplified using the prane
COlcrustDF1 and HC0O2198 (Folmetral.,1994). The 50 L PCR reactions contained 2.0-
3.0 L of DNA template, 5.0 L 10x PCR buffer, 0.2 mM of each primer, 0.2 mMeakh
dNTP and 0.5 unit of Taq polymerase. The PCR canditconsisted of 1 min at 94°C

followed by 5 cycles of 1 min at 94°C, 90 s at 451CGnin at 72°C; followed by 35 cycles of
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1 min at 94°C, 90 s at 51°C, 1 min at 72°C; folloviy 5 min at 72°C. PCR products were
gel purified using the Qiaex kit (Qiagen Inc.) asjuenced using the ABI prism BigDye
terminator sequencing kit (30 cycles, annealing54t). Products were sequenced in one
direction using primer COlcrustDF1 and electropb@evas carried out on an ABI 3730
automated sequencer (Applied Biosystems). The segsavere aligned by eye in MEGA

4.1 (Tamureet al, 2007).

All haplotypes were identified by constructing atdnce tree using the unweighted pair
group method with arithmetic averages (UPGMA) usingatrix of nucleotide differences
between all pairwise combinations of sequencestHGM 4.1. Nucleotide composition,
nucleotide (p-distance) distance matrices, meanvgsa transition/transversion ratios and
amino acid translations (invertebrate mitochonarade) for all mitochondrial COI

haplotypes were also calculated in MEGA 4.1.

3.3.3 Phylogenetic analyses

A phylogenetic analysis was conducted orGallacustrisCOI haplotypes identified using

the Neighbour-Joining (NJ) (Saitou and Nei, 198%)athce method and the Jukes and Cantor
(JC) (Jukes and Cantor, 1969) model of nucleotudbstitutions in MEGA 4.1. Confidence in
the NJ analyses was assessed using the bootstthpdand interior branch test with 1000
replicates each. A North American specimeisammarus pseudolimnaewss used in the

analysis as an outgroup.

Since the relationships among haplotypes in phyletie trees are assumed to have a
bifurcating branching pattern, most phylogeneti¢hnds do not accommodate the presence

80



of ancestral haplotypes in the data set. As atigbal evolutionary relationships among
closely related sequences are better resolved esmigtionary networks as opposed to
phylogenetic trees (Posada and Crandall, 2001;istory 2005). A statistical parsimony
network with 95% connection limits was constructeth all 57 G. lacustrisCOI haplotypes

using the program TCS version 1.21 (Clenetrdl. 2000).

3.4 Results

3.4.1 Collections

Gammarus lacustrispecimens were obtained from shallow, vegetatetiops of the

shoreline at all 52 locations.

3.4.2 DNA sequence analyses

A total of 111G. lacustrisCOI sequences were obtained and 54 haplotypesidenrtfied
among them. The final alignment of the sequences684 base pairs in length and there
were 67 variable positions among them, 44 of tipesétions being phylogenetically
informative using the parsimony criterion. The ag nucleotide frequencies among all 54
haplotypes is T: 0.34, C: 0.22, A: 0.23 and G: pdtid the mean pairwise haplotype
sequence divergence is 1.41 % (SE=0.23%). The lbweean pairwise
transition/transversion ratio was 5.894 (SE =1.4Amino acid sequence translations were

unambiguous, and no gaps or nonsense codons weratkin the data set.
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3.4.3 Phylogenetic analyses

The NJ analysis of all 57 haplotypes revealed lewels of genetic variation among the
sequences withi. lacustrisin North America. The average mitochondrial nuttb®
sequence divergence between@llacustrishaplotypes is 1.41% (SE=0.23%) with values
ranging from 0.15% to 2.65%. The haplotypes inNleanalysis can be divided into 6
groups based on their clustering and the geograbptiistribution of the haplotypes. All
haplotype groups formed monophyletic clusters whnexception of group:Fwhich is
paraphyletic with respect to clusters A to E. Omdylotype groups A, BC; and D have

high bootstrap support, but all groups were revcetdehave strong interior branch test values
(Fig. 3.2). The average nucleotide sequence dimersgeithin and between each group is

estimated as 0.58% (SE = 0.17%) and 1.52% (SE&/4).8espectively.

Group A was only identified in the Southern USAcluding California, Nevada and
Oregon. Haplotypes in Group E were also restritdetie USA and only identified in Idaho,
which also contained H15, the only sequence behan group B(Table 3.1). Two
haplotypes from clusterere sequenced from California and Nevada, whigerémaining
haplotypes were identified in Inuvik, the Northw@stritories. British Columbia contained
both B, and G haplotypes. The largest group of haplotypes, gfaugs distributed across
western North America. Arizona, Utah and Idahaatitained I-haplotypes, and their range
extended into Alberta and Saskatchewan. The digtoib of F, haplotypes is concentrated in
the northern Canadian prairie provinces, and hatesange overlap with the Group in

Saskatchewan and Alberta (Table 3.1). Haplotyp&miang to groups fand F, accounted
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for 56% of all sequences obtained. Samples cotlaat®orthern Québec only contained

haplotypes belonging to group D and were not idiedtiat any other location.

All 6 haplotype groups identified in the NJ anady@tig. 3.2) were resolved in the network
analysis (Fig. 3.3). The haplotype network revedhed groups A, B, Cand G diverged
from a singe ancestral haplotype and would be betgfresented with a polytomous
relationship rather than the bifurcating patterpased by the NJ analysis. A polytomous
relationship was also identified for the divergebeéween groups A-C, D, E and F. The
multifurcating relationships account for the lowolgtrap support observed for these groups
in the NJ analysis, which assumes each divergemites bifurcating in nature. The network
indicates that haplotypes within each group arsetiorelated, often separated by one or two
mutational steps. A single loop, indicating undettg was identified in the network between

haplotypes 8, 9 and 11.

3.5 Discussion

This study revealed low levels of genetic diversvithin North American populations of
Gammarus lacustriswith an average mitochondrial haplotype sequelnergence of

1.41%. Six groups of haplotypes were identifiethie phylogenetic analysis (Fig. 3.2), but
not all of the groups showed strong support. Th®#dtgpe groups were also observed in the
statistical parsimony network and several of themmlat polytomous relationships (Fig. 3.3).
The average nucleotide sequence divergence betvegdotypes in each of the six groups is

estimated at 1.52%.
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The geographical distributions of the haplotypeugooverlap at several locations, with
the exception of group D identified in Québec (Ad.). The south-western United States
was revealed to contain the greatest level of gedetersity, with populations containing

haplotypes belonging to five different groups (TeaBl1).

3.5.1 Phylogeography of Gammarus lacustris

The distribution of the Fhaplotypes extends into the southern USA, expanaiminto the
Canadian prairies where it overlaps with the raoige F, group in Alberta and
Saskatchewan. Populations containindn&plotypes in Arizona, Idaho and Utah may have
acted as a refuge during the Pleistocene, disgengirthward from one or more of these
locations into the Prairie Provinces during thé ¢dacial retreat. However, there were 5
haplotype groups identified in the USA, but thegFoup was the only one that appeared to

have dispersed northward into previously glaciaéggions.

Group k was only identified in populations in Northern Miaba, Saskatchewan, Alberta
and British Columbia (Fig. 3.1). The absence ph&plotypes from southern populations
suggests that these individuals likely colonizezldhea from unglaciated regions in the
north. There currently are insufficient data toedetine the origin of the;Fgroup and
additional samples from the North West Territoriégkon and Alaska are required to

identify where they have dispersed from.

Groups B and C were located in a few isolated lonatin formally glaciated regions.
Haplotypes belonging toBvere only identified in southern British Columlgidl2 and
H14) and in central Manitoba. This group is mossely related to B which was only

84



identified in ldaho. However, the two exhibitedteoag level of genetic divergence between
them (Fig. 3.3), indicating that,Bs not a likely source for the recently establtBe
populations and the region from which thedBoup dispersed can not be currently

determined.

Haplotypes from group 8wnere located in both Canada and the USA. Howebler,
network analysis indicates that the twgl@plotypes identified in California and Nevada
(H19 and H22) are derived from H20 and H21 (Fi8),3which was located in Inuvik,
Northwest Territories. This suggests that the gnmayy have first diverged in the north and
later dispersed south into the USA. Populationgasnoimg H20 and H21 are located near the
north-western boundary of the Laurentide ice shadtwere potentially colonized 6.

lacustrisfrom a northern refuge.

Populations in Québec contained four unique hapkxygroup D) that were not identified
in any other location. These haplotypes howevewsia only limited divergence from the
remainingG. lacustrissampled in North America, and they were separfated each other
by single mutational steps (Fig. 3.3). Quétkedacustrislikely dispersed Northward during
the last glacial retreat from a southern regiomhges from the Mississippian or Atlantic
refugia, rather than from the west, which did nasgess group D haplotypes. To understand
how this group dispersed into Québec will requitditional sampling in Eastern Canada and

the United States.

Although the ranges of haplotype groups did oventepulations that were sampled more

than once contained haplotypes from a single gratth,the exception of three populations

85



in the former Lake Agassiz basin in AlbertaGIf lacustrisdispersed from more than one
refugia, or if multiple haplotype groups gainedesscto the proglacial lakes, then
populations could contain a mix of lineages, whitdy be the case with populations in the

Lake Agassiz basin.

The low level of intraspecific genetic variatioreidified inG. lacustrisis surprising and
contradicts the observed pattern of marked geseticturing and divergent lineages in other
passively dispersed species (Tayoal.,1998; Witt and Hebert, 2000; Cox and Hebert,
2001; Gomeet al, 2002; Adamowicet al.,2009). Investigations into the passively
dispersed amphipddyalella aztecarevealed the presence of seven distinct lineagfgsw
glaciated North America, representing a morpholaltyccryptic species (Witt and Hebert,
2000). The mitochondrial sequence divergence betwesse lineages ranged from 8.5% to
27.5%. The phylogeographic distribution of e&thaztecaspecies within glaciated North
America varied, suggesting each lineage was indipuly isolated and dispersed from
different refugia during the last glacial retrédti{t and Hebert, 2000). A substantial portion
of the diversity within thédyalella genus is restricted to the southern Great Badirgiw
contains an extraordinary level of cryptic diversaihd endemism (Wittt al, 2003; Wittet

al., 2006).

Gammarus lacustribas strong dispersal capabilities which have teduh its holarctic
distribution. A phylogenetic analysis of the ge@mmmarudhas identified Asia as the most
probable origin foiG. lacustrisbased on mitochondrial and nuclear DNA (Hdwl, 2007).
The shallow level of sequence divergence identifiedorth AmericarG. lacustrisis likely

a result of its recent evolutionary and dispersstoiny. The phylogeny of the genus
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Gammarugevealed that North Americda. lacustrisformed a monophyletic cluster nestled
within the Asian specimens. Examination of @eacustrissequences presented by Hxiu
al. (2007) revealed an average of 1.8% nucleotideesenpudivergence between all
haplotypes and 2.5% between the North Americanfamah haplotypes. The formation of a
monophyletic cluster and low molecular divergenbsasved in North America@. lacustris
suggests a single, recent invasi@ammarus lacustrikely invaded North America by
traveling through Siberia, across the Beringiaaighit and into present day Alaska, a rout
which has been established numerous times (Roétiag, 1998; Hewitt, 2004; Let al,
2009). This study did not contain a®y lacustrissample from unglaciated regions of
Alaska, but if North America was invaded through Beringian straight, this region will

likely possess greater levels of variation.

In contrast with the low genetic divergence det@ateNorth America, a study @.
lacustrisin Northern Europe using allozyme data revealgth kevels of genetic variation
between populations (genetic distance as highl&y QVainio and Vainola, 2003). Two
distinct races were identified and the level of @zolar divergences between them suggested
that they may have been independently evolvingifoto 3 million years (Vainio and
Vainola, 2003). These authors also refer to ungbbll mitochondrial sequences showing
6% nucleotide sequence divergence between theineades, and suggested that the Eastern
race was descended from Asian populations (Vainib\&ino6la, 2003). There appears to be
a greater level of genetic divergence between EBao@nd Asian populations, indicating
thatG. lacustrisinvaded Europe before it invaded North Americds Ifacustrisinvaded

Europe first, European populations would have hadentime to diverge then North
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American populations, and would explain the disaregpes in the level of molecular
variation observed within the two continents. Whiss entire range db. lacustrisis taken
into consideration, it is apparent that the pasgigdispersed amphipod does possess some

markedly divergent lineages.

3.5.2 Comparative phylogeography

The low level of genetic variation observed betwkaplotypes irG. lacustriswas initially
surprising (average nucleotide sequence divergehtel1%) and is not significantly higher
than that identified in the actively dispersinga@psDiporeia hoyi(1.15%, see chapter 2).
The two amphipods appear to have similar levelgeoketic divergence, but upon closer

examination it emerges that they differ in thestdbutions.

Diporeia, unlike G. lacustris is not capable of passive dispersal and canaibnize new
habitats through connecting waterways. This reduiiehe geographic distribution of
Diporeiabeing restricted to the former proglacial lakesmagDadswell, 1974), with the
exception of Lakes Washington and Waterton to thstwr his is in sharp contrast with the
distribution ofG. lacustris which is located both inside and outside the lar@gl lakes
system. The ability o6. lacustristo colonize new aquatic habitats through passamesport
accounts for its presence in the proglacial lakesnrs, as well as the Mountains of British

Columbia and the western portion of the United &3tat

Two distinct and well supported genetic lineageBipbreia have been identified with
virtually non overlapping geographic ranges. Thstfineage was primarily distributed
throughout the former proglacial Lake Agassiz baaanoss northern Ontario (including
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Lake Superior) and into northern Québec. The setinadge was identified in the Great
Lakes basin (excluding Lake Superior), the St. lemge basin and surrounding regions (see
chapter 2). The average nucleotide sequence diveedeetween haplotypes of the two
lineages is 1.75%, just slightly higher than thaserved between the haplotype groups

identified inG. lacustris

The geographical ranges of tGe lacustrishaplotype groups overlapped unliRgoreia,
particularly in unglaciated regions in the Unitedt8s. New populations established in the
southern United States would have likely been aatxhby a few individuals and would
have experienced founder events and genetic betksnresulting in the rapid divergence of
their haplotypes (Boileaet al, 1992; De Meestest al, 2002). Passive dispersal Gf
lacustrisis a random event and colonization of local habiidependent upon the
transporting vector. The stochastic nature oftype of dispersal resulted in geographically
close populations containing different haplotypeups. The dispersal @fiporeia on the
other hand was solely determined by the progldakas system and newly colonized
habitats would have had larger population sizediM@ldet al.,1990; Hondorget al.,

2005), resulting in a slower rates of sequenceutiool.

The low level of molecular divergence observed artN AmericanG. lacustrisonly
represents a fraction of the total genetic vamapoesent in the species (Vainio and Vainola,
2003; Houet al, 2007). The ability to passively disperse proviGesacustristhe
opportunity to colonize new habitats tlEporeia can not, and is responsible for is holarctic

distribution. The genetic divergence observeDiporeiais significantly lower than the
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molecular divergence present among Asian, EuropadrNorth American lineages Gf.

lacustris

3.6 Conclusions

This study revealed low sequence divergence witlarth AmericanG. lacustris,similar to

the level detected in actively dispersed specmstradicting the pattern of marked lineage
divergence observed within other passively disgemganisms. The recent evolution and
dispersal ofG. lacustrisinto North America from Asian populations accouifotsthe

detection of low variation. The phylogeography aggively dispersed species is greatly
influenced by local geological processes. Unglaciaegions are subject to less large scale
extinction events resulting in a greater level iwedsity, such as the south western USA.
Populations in these areas can then diverge anergm@llopatric speciation, resulting in

high levels of species endemism (Wdttal, 2006), making conservation practices more
difficult in these regions. The geographic ranggadsively dispersed species, although not
restricted to, were still substantially influend&gthe proglacial lakes systems, which
facilitated the distribution of individual refugipbpulations over large areas in the same way
that they influenced active dispersers. Use optioglacial lakes network has resulted in the
widespread distribution of a few genetic lineageboth active and passive dispersers across
portions of previously glaciated regions. The plyglographic distribution of passively
dispersed species is complex and is heavily inftedrby geological processes that ensue

periodically.
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Figure 3.1. Map showing all sample locations@ammarus lacustri;n North America.
Location codes indicating sample sites follow Tahlke and haplotypes groups correspond to
Fig. 3.1.
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Figure 3.2. NJ phenogram showing the relationshimpeng 5/Gammarus lacustris
cytochromec oxidase | (COIl) haplotypes. Letter designatiomsglthe right indicate
haplotype group and correlate with the haplotymaigs in Fig. 3.3. Numbers above the
nodes indicate the NJ bootstrap and interior braeshpercentages respectively.
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Figure 3.3. Statistical parsimony network represgnthe relationships among &ammarus
lacustriscytochromec oxidase | haplotypes$olid circles represent a single mutational step.
Haplotype names and groupings correspond to thesamd groups identified in the NJ

analysis (Fig. 3.2).
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Table 3.1. Population location, sample size (n) lzayglotype breakdown for all 57
Gammarus lacustri€OI haplotypes. Numbers beside population namespond with Fig.

3.1. Haplotype groups and designation follow Fig. &nd Fig. 3.3

Population name Location n Hap Group Haplotype Brea  kdown

1 Buffalo Lake CA  Alberta 3 F1, F2 H43(1) H51(2)

2 Fork Lake CA  Alberta 3 F1 H45(1) H47(1) H48(1)
3 Hanmore Lake CA  Alberta 2 F1 H47(1) H48(1)

4 HWY 28 Creek CA  Alberta 3 F1, F2 H45(2)  H53(1)

5 Marie Creek CA  Alberta 3 F1, F2 H42(1) H45(1) H50(1)
6 Pad3 CA  Alberta 1 F2 H53(1)

7 Andy-Baily Lake CA  British Columbia 3 F2 H52(1) H53(1) H54(1)
8 Atlin Lake CA  British Columbia 2 C1 H17(1) H16(1)

9 Kidd creek CA  British Columbia 2 Bl H12(1) H14(1)

10 Liard River, Marsh CA  British Columbia 2 F1 H44(2)

11 McDonald Lake CA  British Columbia 1 C1 H18(1)

12 Boot Lake CA  Inuvik, NWT 2 Cc2 H20(2)

13 Travaillant Lake CA  Inuvik, NWT 1 Cc2 H21(1)

14 Eastern Creek CA  Manitoba 3 F2 H55(2) H56(1)

15 Farnsworth Lake CA  Manitoba 3 F2 H55(3)

16 Goose Creek CA  Manitoba 2 F2 H55(2)

17 Landing Lake CA  Manitoba 3 F2 H55(3)

18 Paint Lake CA  Manitoba 2 Bl H13(2)

19 Twin Lakes CA  Manitoba 3 F2 H55(1) H57(2)

20 KJQ-06 CA  Québec 2 D H23(2)

21 Kuujjuarapik CA  Québec 2 D H23(2)

22 Lac Cummings CA  Québec 1 D H25(1)

23 Lac Vert CA  Québec 2 D H24(1) H26(1)

24 Arm River CA  Saskatchewan 3 F1 H45(3)

25 Barrier River CA  Saskatchewan 3 F1 H47(2) H48(1)

26 Last Mountain Lake CA  Saskatchewan 3 F1 H46(1) H49(2)

27 Makwa River CA  Saskatchewan 1 F1 H45(1)

28 Shell River CA  Saskatchewan 3 F2 H53(2) H54(1)

29 Dairy springs USA Arizona 2 F1 H39(2)
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30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

West fork, Wall spring
Mono 3

Thorn spr. #2

Big Flat Creek
Chubb Spring
Hooper Spr. Area
Little Blackfoot River
Outlet Creek

Rock Creek

Sheep creek spr.
Zenda spr.

Catnip Creek
DWS05-41
DWS05-45
DWSO05-109
DWS05-117

Hot Creek

Ana River

Summer Lake, Creek
Big Swamp spr.
Antelope spr.
Heppler spr.

Logan River spr.

USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA
USA

Arizona
California
California
Idaho
Idaho
Idaho
Idaho
Idaho
Idaho
Idaho
Idaho
Nevada
Nevada
Nevada
Nevada
Nevada
Nevada
Oregon
Oregon
Utah
Utah
Utah
Utah

W Kk PP WP, W PP OOWWWWRERrDNOLODN WP, RO DNDNDN

Cc2

Cc2

F1
F1
F1
F1

H38(1)
H22(2)
H3(1)
H5(1)
H29(1)
H30(1)
H31(2)
H27(1)
H15(3)
H36(1)
H41(1)
HO(1)
H2(3)
H1(1)
H19(1)
H7(1)
H22(1)
H3(2)
H4(1)
H33(1)
H45(1)
H45(1)
H40(2)

H42(1)

H6(2)

H32(1)

H28(1)

H37(1)

H10(1)

H2(2)

H8(1)

H34(1)

H46(1)

H11(1)

H35(1)
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Discussion and Conclusions

This thesis investigated the phylogeographicarithstion of the two North American
amphipodsDiporeia hoyiandGammarus lacustrisThe phylogenetic analysesDiporeia
populations did not indicate that it representedyatic species complex and there was no
evidence to suggest that the eight plus morphotgipssribed by Bousfield (1989) are
independent species. A close examination of thehaiypedD.h. filicornis, D.h.
brevicornisandD.h. erythropthalmandicated that they do not warrant recognition as
separate phylogenetic species. When consideringe¢&nesses with the morphological
species concept (MSC), recent studies have foousenhrecognized genetic diversity
(Avise, 2000; Bickforcet al, 2006; Goodmaet al, 2009; Moussallet al, 2009). However,
this study revealed that not all morphological &ons observed indicate significant levels
of genetic divergence and taxonomists should tgklecare to prevent the over splitting of

taxa on the basis of phenotypic variation.

Molecular comparisons betweBporeia and its closest relatives revealed that it has bee
independently evolving froriMlonoporeia affinisor approximately 15.4 Myr, and the two
lineages diverged from arctikontoporeia femorataround 21.6 Myr. These lineages have
been independently evolving for considerably lortgae than previously assumed. The
assumption that they diverged during the Pleisteceas in part based on similar
morphological characteristics (Hogbom, 1917; Rick&59). Phylogenetic analyses revealed
substantial genetic divergences between the thewerg, suggesting that they evolved prior
to the Quaternary Period (last 2.4 Myr), ruling alRleistocene origin. Currently, there are
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no publications suggesting that femoratarepresents a species complex and only a single
species has been recognized using the MSC. NorsthdWwo genetic lineagfs femorata
that show a level of divergence similar to thaniifeed betweerDiporeia andMonoporeia
were revealed. The morphological characteristiesgmt within all three genera do not
necessarily reflect their relationships and thaderlying genetic diversity. This further
supports the use of an integrative approach fatispedentification and taxonomists should
attempt to utilize both morphological and molecuénhniques whenever possible (Gibbs,

2009; Padiakt al, 2009).

Two genetically distinct lineages Diporeia were identified in North America with an
average sequence divergence of 1.75% between theth@y should be treated as
independent management units for conservationg@gsass (Moritz, 1994). After the
Pleistocene glaciations, contemporary populatidri3iporeia dispersed through the
proglacial lakes system from two locations, the ¥isippi and Missouri refugia. The low
level of genetic divergence withDiporeiais consistent with the pattern observed in other
active dispersing taxa (Kontula and Vainéla 2008dAjonyt and Vaindla, 2006; Dooét
al., 2006; Barretteet al, 2009). The wide spread geographic distributimoiag these species
is a direct result of their ability to enter progl lake systems that formed during the glacial
retreat and utilize them to disperse across théreamt. This process would recur each time
the glaciers retreated, resulting in their repedisgdersal and subsequent low genetic
divergence levels across glaciated regions. Mdamig events occur periodically every 21,

41 and 100 thousand years (Hewitt, 2000; Ruddir2@@6), suggesting that dispersal
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opportunities for active dispersers plays a substiarole in the phylogeographic distribution

of these species, potentially influencing genetidation more so than allopatric divergence.

Similar levels of genetic divergence observe®iporeia were identified in the passively
dispersed amphipd@. lacustrisand there was no evidence indicating that it regmes a
species complex. Six haplotype groups were idetiin North America, exhibiting an
average mitochondrial sequence divergence of 1B2%seen them. This is counterintuitive
to the emerging trend of greater levels of intragegenetic divergences detected in
passively dispersed species (Witt and Hebert, 2G@Mnezet al.,2002; Adamowiczt al,
2009). The unexpected low level of divergence oleskrs possibly becausg lacustris
recently invaded North America from Asia (Hetial, 2007) and populations have not had
sufficient time to divergegGammarus lacustripopulations from these two continents do not
show the level divergence observed in other palysdispersed species (Taylet al.,1998;
Witt and Hebert, 2000; Cox and Hebert, 2001; Goetesd,, 2002; Adamowiczt al.,2009).
However, North Americafs. lacustrispossess lower levels of genetic divergence thém bo
Asian (Houet al, 2007) and European (Vainio and Vainola, 2003)uytepons, which were

observed to have mitochondrial sequence divergeaségyh as 6%.

The colonization of glaciated North American ®ylacustriswas not dependent on the
proglacial lake systems. The geographical rangéiseodlifferent groups db. lacustris
overlap, but with the exception of a few locatiamshe former Lake Agassiz basin,
populations only contained haplotypes from a siggéip. This could reflect local

populations excluding new immigrants from beconestpblished through competition for
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resources and mates (De Meesteal.,2002), but it is important to note that the samaple

sizes were small.

Within North America, the unglaciated South-westdmted States contained the greatest
level of G. lacustrisdiversity, with 5 haplotype groups indentifiedtie region. In general,
unglaciated regions contain greater levels of gemtersity among aquatic organisms
(Bernatchez and Wilson, 1998; Cox and Hebert, 2001t et al, 2006; Adamowicet al,
2009). Populations persisted in these regions duha glaciations, allowing allopatric
divergence to occur, resulting in the formatiomaire deeply diverged lineages. After the
glaciers retreat, passively dispersed species th@epportunity to colonize formerly
glaciated regions resulting in the establishmemtest populations, which will subsequently
diverge. However, any unique groups that emerggaciated regions are prone to extinction
once the next glacial cycle begins. The ineffectess of gene flow in passively dispersed
species (De Meestet al, 2002; Bohonak and Jenkins, 2003; Weisse, 2008)ikaly
prevent the establishment of these lineages inagragked regions, resulting in little or no
contribution of these populations to the overahgie variation. Dispersal events initially
play a significant role in the genetic divergenteassively dispersed species, but once
populations are established their genetic varias@ubstantially influenced by allopatric

divergence (Witet al, 2006; Adamowicet al, 2009).

The glaciation of the Northern Hemisphere has pnofily impacted both active and
passively dispersed species, although the modehich it has influenced their genetic
divergences differ. This study highlights the imtporce of understanding the interaction of

climatic processes, along with the ecology of acmg®eto adequately understand its
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geographic genetic distribution. Effective conséprapractices can only be implemented

when species diversity is accurately described.

Future Research

The recognition of only a single phylogenetic spednDiporeiadoes not exclude the
possibility of recently diverged biological specidghe two morphotypebB.h. filicornisand
D.h. brevicornisrecently became reproductively isolated, sufficiene may not have
passed to discriminate them using phylogeneticriigcies. Further investigation of the two
morphotypes would benefit by examining highly vakeamolecular markers such as

microsatellites to determine if they are recentyivked biological species.

Pontoporeia femoratapecimens included in this thesis were collectechf3 populations
in North America, but they are distributed in marimaters throughout the Holarctic. The
specimens were revealed to represent a crypticespeamplex and further phylogenetic

investigation should be conducted across the spetigre range.

Finally, the phylogeographic analysis®flacustrisin this study only represents a fraction
of the species holarctic range and probably doeacrurately reflect its entire genetic
diversity.Diporeiais only located in North America, a product oflitaited dispersal
abilities and the majority of its range was inclddle the analyses. The relationship of North
AmericanG. lacustristo Asian populations has already been establighgdheir
relationship to European populations is not knoWmadequately characterize the effects of
active and passive dispersal abilities on theitigion and genetic divergences of
amphipods their entire range should be incorporetedthe analyses.
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