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Thesis Abstract

ABSTRACT

This thesis is presented as a collection of research papers synthesising knowledge
gained during the period of candidacy. Its underlying focus is the examination of
evolution from a variety of perspectives for terrestria arthropods (springtails) in an
Antarctic setting. These perspectives include investigation of the ways in which
springtail populations respond both physiologically and genetically to environmental
variability over historical and contemporary time-scales. While the physiological and
genetic may seem two worlds apart, this thesis recognises that, in reality the two are
inextricably linked. Thus, when genetic differentiation between populations of the same
species can be demonstrated, physiologica differentiation of these populations may also
be predicted (and vice versa). Therefore, across several locations and springtail species,
physiological and genetic parameters of individuals and populations are examined both
separately and, where possible, in concert.

The physiological aspect of this thesis focuses on the springtail Gomphiocephalus
hodgsoni from continental Antarctica. In addition to providing the first metabolic rate
data for a continental Antarctic springtail, seasonal variation in metabolic rates is
examined across multiple temporal and spatial scales to evauate the ways in which
individuals and populations respond to environmental variability. Metabolic activity in
this species is intricately linked to a variety of factors, both intrinsic and extrinsic.
These include biologica function, temperature profiles in the local microclimate, and
body mass and genetic differences among populations.

In the genetically-focused aspect of this thesis, population genetic patterns of G.
hodgsoni from several continental locations and Cryptopygus antarcticus antarcticus
from locations across the Antarctica Peninsula are compared. Here, the importance of
differing evolutionary histories in influencing patterns of contemporary genetic
population structure is highlighted. While both species have been similarly affected
genetically by Pleistocene (2 Ma— present) glacial cycling, it is clear that differencesin
timing of colonisation events and subsequent population expansions have left distinct
genetic signatures in each species. In a separate molecular study, phylogenetic analyses

are employed to study members of the circum-Antarctic springtail family Isotomidae.
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The genetic ancestry among these closely related species is shown to reflect a diverse
evolutionary origin in the Miocene (23 — 5 Ma), subsequent to which both vicariant and
dispersal processes have been important. Phylogenetic re-constructions tease out the
relationships among sister species, and the identification of several genetically distant
lineages suggests that a revision of current species designations is required.
Finaly, two studies that integrate the physiologica and molecular genetic are
presented. First, metabolic rate variation across several locations on sub-Antarctic
Marion Island in the springtail Cryptopygus antarcticus travei is examined. This
variation is related to the genetic structure of populations to show that historical and
contemporary environmental characteristics have left their trace in the expression of
both genetic and physiological variability of these populations. Second, the perceived
association between metabolic rate and genetic (mutation) rate is investigated more
closely - a sophisticated Bayesian correlation analysis detects that there is an indirect
relationship between metabolic rate and underlying species phylogeny in C. a. travai.
Thus, the physiological and molecular genetic elements of this thesis test or
advance important hypotheses within their own fields, and the integrated approach
applied is a new step in interpreting evidence of physiological adaptation in Antarctic
species. In its multi-faceted approach to evolutionary studies, this thesis enhances

understanding of the current picture of springtail evolution in polar environments.
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Chapter One Thesis Introduction

1.1 INTRODUCTORY STATEMENT

Biological diversity exists in the dimensions of form, space and time (Pachepsky et al.
2001). Indeed, we understand the essence of biologica diversity as a result of the
history of life upon Earth, expressed through change across these dimensions.
Examining such change is examining the substance of evolution.

Evolution is the maor unifying principle of biology, and evidence of its effects
colour al levels of biological organisation, from molecules to populations to
ecosystems. Clarifying how evolutionary processes have governed the ways in which
populations and species are structured is akey goal of evolutionary biology.

This thesis is presented as a collection of research papers synthesising knowledge
gained during the period of candidacy. Its underlying focus is the examination of
evolution from a variety of perspectives for terrestria arthropods (springtails) in an
Antarctic setting. These perspectives include investigation of the ways in which
springtail populations respond both physiologically and genetically to environmental
variability over historical and contemporary time-scales. These responses are then
characterised in the context of the underlying mechanisms that may drive genetic and
physiological variability. Thus, this thesis has three main themes: (1) the physiological;
(2) the (molecular) genetic; and (3) the mechanistic relationship between these.

To honour these themes, the thesis borrows from a number of knowledge platforms.
The following sections serve to outline important concepts drawn from these platforms
to form the foundation of this work. A description of the factors that come into play
when using Antarctica as a research ecosystem is followed by a section on the target
taxa (springtails), which outlines the ways in which these organisms cope with ‘life in
the freezer’. A section on evolution asit relates to this thesis follows, with descriptions
based on evolutionary processes (metabolic and genetic) at both the population and
individual (i.e. molecular) levels. Having introduced the underlying concepts relevant
to the scope of this thesis, the next section serves to explain how the individua chapters
that follow employ these concepts in order to address the major themes of the thesis.
Finally, a brief passage outlines the contributions of others to the work presented in this

thesis.
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1.2 CONCEPTS

1.2.1 Antarctica and springtails as templates

1.2.1.1 Antarctica

Antarctica, the southern-most continent, is surrounded by the Antarctic Circumpolar
Current and Polar Frontal Zone, which isolate it and its outlying archipelagos
geographically, climatically, thermally and oceanographically (Clarke et a. 2005;
Barnes et a. 2006). Alongside this isolation, Antarctica experiences a unique set of
environmental conditions (Walton 1984; Convey 1996a), including a climate of
‘extremes’. Prolonged low temperatures are characteristic in Antarctica; indeed, the
lowest recorded temperature in the world (-89.6 °C) was measured at inland Vostok
Station (Convey 1996b). More than ten glacia cycles have dominated the Antarctic
landscape over the Pleistocene (~2 My') and ‘full’ interglacial conditions have persisted
over just 10% of thelast 2 My (Barnes et a. 2006).

Terrestrial life, a high proportion of which is endemic (Pugh & Convey 2008) is
restricted to the small ice-free pockets of accommodating habitat that are partitioned
across just ~0.3% of the continent (British Antarctic Survey 2004). Antarctic terrestrial
environments are characterised by low primary productivity and biodiversity (Convey
1996b) and have been remarkably stable from a geological perspective over the past few
million years (e.g. Lawver & Gahagan 2003; Sugden et al. 2006; see also Convey et al.
2008). Continental Antarcticain particular has a limited thermal energy budget due to
short summers with low air temperatures (an upper limit of 10°C). Organisms there
face elevated UV radiation, large daily fluctuations in temperature, very low (< -50°C)
winter temperatures, extensive freeze/thaw events, desiccation stress and long periods of
low water and nutrient availability (Convey 1996b).

Ecological (i.e. biotic) interactions (e.g. competition, predation) are thought to be
relatively unimportant in the simple Antarctic terrestrial ecosystem (Convey 1996b;
Hogg et al. 2006). Primary producers are restricted to algae, lower plants (bryophytes)

and lichens, and the highest invertebrates in soil food webs are microarthropods (Block

! Throughout this thesis “My” refersto ‘millions of years and “Ma’ refersto ‘millions of years ago’
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1984; Virginia & Wall 1999; Convey 2001). Under such circumstances, the impacts of
abiotic factors are presumed to dominate (Convey 1996b; Sinclair & Sjursen 2001), but
in reality, little is known about the effects of the Antarctic environment (both historical
and contemporary) on either physiological or genetic parameters of populations.
However, repeated glacial cycles, physical barriers (e.g. ice sheets and glaciers) and
environmental heterogeneity are likely to have had important effects on biological
responses over short-, intermediate- and long-term (i.e. evolutionary) time-scales
(Sinclair et a. 2003a). In particular, survival of taxa through glacial episodes has only
been possible in ice-free refugia (Wise 1967; Hogg & Stevens 2002; Stevens & Hogg
2006; Convey & Stevens 2007). Populations that become restricted to such refugia may
undergo divergence in isolation, leading to patterns of both physiological and genetic
differentiation, with the ultimate potential result of speciation. Indeed, genetic
differentiation within populations over both small (< 1 km) and intermediate (tens to
hundreds of kilometres) spatial scales has been reported for several Antarctic terrestrial
invertebrates (e.g. Frati et al. 2001; Fanciulli et a. 2001; Stevens & Hogg 2003;
McGaughran et al. 2008, 2009a) and physiological diversification among populations
has been demonstrated in studies of sub-Antarctic taxa (e.g. Chown et a. 1997; Klok &
Chown 2003). Thus, Antarctica provides a ‘natura laboratory’ in which to study

genetic and physiological structure among populations.

1.2.1.2 Springtails

Terrestrial life in Antarctica possesses well-developed stress tolerance abilities for the
environmental conditions faced. In particular, invertebrates can experience daily
temperature fluctuations of >30°C, annual fluctuations as high as 80°C, and frozen
environments with long periods of restricted or zero resource availability (Peck et al.
2006). During these periods, invertebrates may spend considerable time inactive and
uncoupled from ecosystem processes in a cryptobiotic survival state. Thus, when
conditions alow, they must maximise activity, growth, development and progression
through their life cycle. In addition, they must obtain sufficient resources within the
limited ‘summer’ growing season (ranging from < 1 to 6 months across the

geographically widespread Antarctic habitats) with which to survive the long inactive
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winter (Convey 1996b; Worland & Convey 2001). This places a limit on the range of
life history strategies available to polar invertebrates, and many species display
common ‘solutions’ to the problems imposed by Antarctic existence. Indeed, Convey
(1996b) notes that in such an extreme environment, characteristics of the Antarctic
habitat itself may be responsible for the evolution of certain aspects of organism life
histories.

In practice, however, survival of terrestrial taxa requires very little morphological
specialisation to the Antarctic environment. Indeed, while Antarctic arthropods are
generally classified as A-/S- (adversity or stress) selected (Greenslade 1983; Convey
1997) most of the underlying strategies employed are ancestrally characteristic of the
taxonomic groups concerned. These include many morphological (e.g. melanism, wing
reduction), behavioural (e.g. habitat selection, thermoregulation, activity patterns),
ecological (e.g. life cycle extension) and physiological (e.g. freeze tolerance and/or
avoidance, elevated metabolic rate, desiccation resistance, supercooling) strategies
(Block 1990; Sinclair & Sjursen 2001). In addition, multiple life stages of many
Antarctic terrestrial taxa are capable of over-wintering (Convey 1996b; Hayward et al.
2003) and the phenomena of increased life spans and rapid growth rates under short-
term favourable conditions have been widely reported in polar invertebrates (see
Convey 1997).

The springtail fauna of Antarctica (approximately 25 species, Greenslade 1995),
includes a high proportion of endemics. Springtails are often the numerically dominant
arthropod of Antarctic terrestrial habitats, and many species have wide (although
fractured) distributions. They are often endemic in their respective Antarctic regions
(Pugh & Convey 2008) and are restricted to areas of high soil moisture and/or access to
water (e.g. lake edges, snow patch edges, moist river beds, glacier foregrounds,
vegetated areas) (Kennedy 1993). Where present, springtails generally occur in the soil
and vegetation, and on the underside of rocks, which provide shelter from wind and
desiccation (Stevens & Hogg 2002). |In fact, Antarctic springtails have been referred as
model organisms on account of the extent of physiological research that they have been
the focus of, and their dominant role in Antarctic terrestrial ecosystems (Sinclair et al.
2003b).
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1.2.2 Evolution’sraw material: individual variation

1.2.2.1 Metabolic rates

The low thermal energy budget of terrestrial habitats is an important feature which
essentially dictates the scope of Antarctic life. Several factors contribute to the energy
budget of organisms, including activity, growth and metabolism. In particular,
‘metabolism’ defines the complex of biochemical reactions that govern the flow of
energy and transformation of materials in organisms (Hochachka & Somero 2002).
Because it affects the rate of most other organic processes (e.g. rates of survival, growth
and reproduction), metabolic rate may be considered a fundamental biological rate
(Brown et a. 2004).

In Antarctica, arthropods may employ an opportunistic metabolic strategy that
enables exploitation of small thermal increments within microhabitats through elevation
of metabolic rates to alow activity at temperatures that would immobilise temperate
forms. Thisis known as metabolic cold adaptation (MCA), whereby an animal living at
low temperature is described as cold-adapted if its metabolic rate is greater than that of
a comparable temperate species measured at the same temperature (Block 1990). The
mechanisms underlying this ability remain to be clarified. However, this hypothesis
essentially relates to a specia case of spatia variation in the expression of population
metabolism in response to environmental differentiation. Such adaptation demonstrates
the potential ability of terrestrial Antarctic invertebrates to ‘tune in’ to the temporal
variation in their local microhabitat and respond appropriately (Convey 1996; Worland
& Convey 2001).

Optimal utilisation of positive developmental periods as they occur (Worland &
Convey 2001) is an important element of Antarctic invertebrate life history strategy,
because costs will be incurred if organisms are stimulated to respond inappropriately to
misleading environmental cues. Since energy input to different areas of Antarctica
varies (exposing resident taxa to different degrees of environmental severity that include
lower temperatures and shorter growing seasons at more ‘extreme’ sites), variable rates
of energy turnover across locations are expected (Chown & Storey 2006), and from this,
evolutionary effects will likely cascade. Thus, Antarctic terrestrial species are expected

to show a coordinated response to environmental selective pressures and studies of such
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responses will increase knowledge about the ways in which species are able to persist in

the face of environmental change.

1.2.2.2 Genetics

In addition to physiological evolution of life history parameters such as metabolic rate,
popul ations undergo genetic evolution in response to environmental variation over time.
Environmental processes may therefore influence the ways in which populations and
species are structured genetically. In addition, ecological forces such as isolation, local
extinction and recolonisation, and geographical forces (both tectonic and
palaeobiological) are important factors that affect the observed genetic variation both
within and among natural populations (Harrison & Hastings 1996).

As mentioned earlier, patterns of genetic differentiation (expressed as low levels of
connectivity between populations and/or large variability within populations) are
common in Antarctic terrestrial invertebrates (e.g. Frati et a. 2001; Fanciulli et a. 2001;
Stevens et a. 2007; McGaughran et al. 2008, 2009a). This has been inferred to be a
consequence of the effects of Plio-Pleistocene glaciations over the last ~2 My (and
longer) on species ranges and population sizes (e.g. Stevens & Hogg 2003). In
particular, the fragmentary nature of the Antarctic landscape in conjunction with the
perceived limited dispersal abilities of most Antarctic terrestrial taxa, have resulted in
common patterns of divergence among populations that have been isolated for some
time.

As populations become isolated in space, divergence over time may result in
alopatric speciation. For most Antarctic taxa, this is likely an ongoing process.
Indeed, potential incipient speciation has been detected in one continental Antarctic
springtail (Stevens & Hogg 2003) and the genetic structure of the springtall
Cryptopygus antar cticus antar cticus around the Southern Hemisphere has recently been
suggested as harbouring a number of cryptic species (Stevens et al. 2006). Patterns of
regionalisation and differentiation are also evident in the Antarctic marine benthos
where evolutionary patterns detected by classical and molecular phylogenetic
approaches also require the parallel existence of multiple refugia (e.g. Allcock 2005,
Linse et a. 2006; Raupach & Wagele 2006; Lorz et a. 2007).
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Despite the potential difficulties of dispersal in many Antarctic terrestria
organisms, re-colonisation events from refugia following glacial periods are also likely
to be important components of population structure in Antarctic terrestrial organisms.
In particular, dispersal following oceanic and atmospheric currents and occasional
successful long-distance dispersal events over land has been detected in springtail
populations (e.g. Stevens & Hogg 2002; Hughes et a. 2006; McGaughran et a. 2008).

Thus, genetic studies based on Antarctic taxa can provide insight into evolutionary
pathways, including species origins and relationships and connectivity (both historical
and contemporary) between populations.

1.2.2.3 Mutation rates

Despite the considerable literature exploring genera physiological and genetic patterns
and processes, terrestrial invertebrate evolutionary principles in the cold are largely
unexplored (but see Clark et a. 2004), and little is known about how evolutionary
(mutation) rates vary within and between taxa with environmental/climatic changes
(Held 2001).

Therole of life history parameters in affecting evolutionary rates both generally and
in polar climates gives rise to the ‘metabolic rate’, ‘body temperature’ and ‘ generation
time hypotheses (Ritchie et al. 2004 and references therein). In each of these, the
respective parameter is given ultimate responsibility for ‘controlling’ evolutionary rate
(e.g. Martin & Palumbi 1993; Gillooly et al. 2001; Allen et al. 2006). For example,
metabolic rate has been mechanistically related to the molecular process of mutation —
this effect being mediated by oxygen radicals (highly reactive molecules with free
electrons that can damage DNA directly by attacking the sugar-phosphate backbone or
nucleotides) (Barja 1999; Cooke et al. 2003). Documented effects of body temperature
mostly relate to the consequences of higher temperatures increasing reaction rates
through speeding up molecular movement (e.g. Gillooly et a. 2005), or conversely
lower temperatures leading to lower efficiency of protein manufacture (Fraser et a.
2002). Finally, a theoretical association between generation time and accumulation of
nucleotide substitutions is expected if most substitutions are via replication errors and if

there are broadly similar numbers of cell divisions per generation of species. species
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with a short generation time will experience similar numbers of cell replications and the
same degree of DNA substitution per generation as do long generation time species, but
will accumulate a greater number of DNA changes per year (Martin & Palumbi 1993;
Mooers & Harvey 1994).

In practice, it is difficult to tease apart the effects of each of these mechanisms. For
example, in animals the association between metabolic rate and DNA substitution rateis
confounded by correlations between these parameters and body size, generation time,
and other physiological life history variables. Thus, current thinking tends to point to
an overall ‘metabolic theory of ecology’ (Gillooly et al. 2001; Brown et al. 2004; West
& Brown 2004; Allen et a. 2006). In this theory, two fundamental variables influence
the tempo of evolution — the generation time and the mutation rate, and both are direct
consequences of biological metabolism. They are governed by the body-size and
temperature dependence of mass-specific metabolic rate (Allen et a. 2006). While the
mechanistic view behind this theory is a subject of controversy in the literature (e.g.
Makarieva et al. 2008), most authors do not refute the evident relationships that exist
between metabolic rate, temperature, several other life history variables, and
evolutionary rate.

Importantly, much of the empirical work attempting to investigate this issue further
has drawn from large inter-specific datasets (e.g. Gillooly et al. 2001, 2007; Brown et
al. 2004; West & Brown 2004; Allen et al. 2006). Investigations to find a direct link
between metabolic rate and the rate of DNA substitution in polar environments, and
from intra-specific platforms, are notably absent. Such work would potentially advance
metabolic-based theories of the mutational process by enhancing knowledge about the
mechanistic basis by which evolution proceeds.

1.3 FRrRoM CONCEPTSTO PRACTICE

Having introduced the underlying concepts relevant to the scope of this thesis, the
following section serves to explain how the individual chapters that follow use these

concepts in practice.
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1.3.1 Chapter detail
This thesis employs a multi-faceted research strategy encompassing both physiological
and molecular genetic approaches to study evolution in Antarctica. Chapter Two
investigates spatial and temporal variation in metabolic rates of an Antarctic springtail.
Variation in physiological responses over spatial and temporal scales is known to exist
in terrestrial Antarctic systems (e.g. Sinclair 2001; Hugo et a. 2004; Adams et a. 2006;
Peck et a. 2006; Chown & Convey 2007). However, prior to the work presented in
Chapter Two, little was known about metabolic responses to the unpredictable Antarctic
environment, particularly with regard to terrestrial biota (although logical deduction
allowed the assumption that native species should be able to respond to their loca
environmental conditions in atimely and efficient manner, e.g. Convey 1996). In fact,
metabolic rate had never been investigated in a continental Antarctic springtail. Thus,
Chapter Two addresses questions regarding metabolism through examination of
seasona variation in metabolic rates of the continental Antarctic springtall
Gomphiocephalus hodgsoni. The study results are evaluated in the ecological context
of species response to environmental cues in the form of microhabitat variation. This
work is published in the Journal of Insect Physiology (McGaughran et al. 2009b).
Chapter Three extends the work of Chapter Two by examining metabolic rate
variation in G. hodgsoni at two further scales: (1) annual (variation across seasons); and
(2) spatial (variation within a season across locations). The objective of thiswork isto
explore how differences in physiological attributes among populations may evolve and
how they can be affected by environmental factors. Specifically, metabolic measures
made in a second season (with a different environmental profile) at continental Cape
Bird are examined to expand knowledge about the ways in which organisms respond to
tempora variation in environmental conditions. In addition, metabolic rates are
reported for G. hodgsoni collected from two additional inland locations to examine the
influence of spatia variation. This spatial variation is largely influenced by differential
environmental characteristics, such that the inland locations experience lower
temperatures, potentially drier conditions and shorter growing seasons than does Cape
Bird. Such differences may lead to lower rates of energy turnover and greater allocation

of resources to survival (hence lower metabolic rates) for the inland populations.
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Alternatively, greater metabolic adaptation may mean that individuals are better able to
utilise the more limited opportunities of a shorter active season at the inland sites. Thus
Chapter Three explores temporal and spatial structure in metabolic rates in the context
of underlying ecological, physiological and genetic differences among populations.
Thiswork is published in the Journal of Insect Physiology (McGaughran et al. 2009c).

In Chapter Four, differences among populations are examined further in the twin
evolutionary contexts of molecular and physiological divergence using the springtail
Cryptopygus antarcticus travel from sub-Antarctic Marion Island.  Historical
geographic barriers on Marion Island are known to have led to population
differentiation from a molecular perspective for many of its inhabitant species (e.g.
Mortimer & Jansen van Vuuren 2006; Myburgh et al. 2007). The same environmental
characteristics that have influenced this genetic differentiation may also be responsible
for sustaining physiological differentiation of populations across this island. Thus, in
this chapter, a multi-disciplinary approach is employed that generates metabolic rate and
molecular genetic datasets for C. a. travei from several populations across the island.
This dataset is used to assess metabolic rate structure in the context of underlying
molecular genetic structure and systematic environmental variation. The work
presented in Chapter Four is submitted to the journal Polar Biology.

Chapter Five extends the work of Chapter Four by further examining the possible
link between metabolic rate and the tempo of DNA evolution in a theoretical context.
In particular, this work investigates increasing evidence for a postulated relationship
between physiological parameters and rates of DNA evolution. Portions of the
mitochondrial (MtDNA?) and metabolic rate datasets developed for C. a. travel in
Chapter Four are used to examine whether a correlation between mass-specific
metabolic rate and root-to-tip (i.e. genetic) distance on a set of mtDNA trees can be
detected, and whether population metabolic rates are in any way related to their
underlying phylogeny. Thus, the ‘metabolic rate hypothesis of nucleotide mutation is
tested using data on relative intra-specific genetic divergence. The work presented in

Chapter Five is submitted to the journal Evolution.

2 This abbreviation will be used hereafter to refer to ‘mitochondrial DNA'
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An appreciation of the fundamental role of genetic processes to the overdl
evolution of populations underlies Chapters Six and Seven, which each employ
molecular genetic approaches to further decipher the evolutionary history of Antarctic
springtails. Chapter Six presents paralel phylogeographic studies of the springtails
Cryptopygus antar cticus antarcticus and G. hodgsoni from the Antarctic Peninsula and
continental Antarctica, respectively. These species are the most common springtails in
their respective regions and are thought to have had similarly long continuous
associations with the Antarctic landscape (e.g. Convey & Stevens 2007; Convey et al.
2008). Using information in mtDNA cytochrome ¢ oxidase subunit | (cox1) and Il
(cox2) genes, this work aims to identify refugia and colonisation routes, and describe
population structure and demography separately for G. hodgsoni and C. a. antarcticus.
In addition, population genetic and demographic patterns for these species are compared
to determine whether postulated common evolutionary histories in the separate
Antarctic regions have resulted in similar genetic signatures across these contemporary
populations. Thiswork is published in the Journal of Biogeography (McGaughran et a.
2009a).

Finally, Chapter Seven presents a regiona phylogenetic analysis of the springtail
genus Cryptopygus and its close relatives (Isotomidae). Samples from several locations
throughout continental-, maritime- and sub-Antarctica are examined at three different
genetic loci in order to investigate relationships among species and test hypotheses
about species origins. The origin of many Antarctic species remains unclear (e.g. Frati
et a. 2000), however species distributions are thought to reflect a varied derivation for
many springtails (Frati & Carapelli 1999) that includes both relic and more recent
immigrant species (e.g. Wallwork 1973; Greenslade 1995; Marshall & Pugh 1996;
Marshall & Coetzee 2000; Pugh & Convey 2000). Chapter Seven examines this
evolutionary dichotomy of old and young with a view to establishing the
biogeographical pathway of Cryptopygus species in Antarctica and elucidating
connectivity among locations. In addition to building a more accurate reconstruction of
the phylogenetic relationships among these particular Antarctic springtail species, the
relative importance of forces responsible for the contemporary distribution of Antarctic

12
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Cryptopygus are evaluated using dispersal-vicariance analysis. The research presented
in Chapter Seven is submitted to the journal Molecular Phylogenetics and Evolution.

Chapter Eight completes the thesis with a section entitled Future Research, which
outlines plans to continue some of the work begun here and also suggests future areas of
investigation for the respective research fields. This is followed by a thesis summary.
Finally, off-prints of two additional (published) research papers completed during the
course of the PhD period are included in an Appendix at the end of the thesis. The first
(McGaughran et al. 2008), is based on research completed during Masterate study, with
further analysis and write-up occurring during the PhD period; the second (Stevens et
al. 2007), is based on new research performed during the PhD period.

1.4 CONTRIBUTION OF CO-AUTHORS

Acknowledgements follow the main body of work in each chapter. Beyond this, the
work presented here is my own, however it has benefited from contribution of co-
authors and this section serves to outline those contributions in detail .

In the case of the physiological work, | was responsible for al project design,
funding and field-work. Comments on early project design for Chapter Two were
provided by Pete Convey. | performed all analyses for the physiological data, except
the GLM analyses in Chapter Four, which were performed by Steven Chown. Gabe
Redding provided me with a script to analyse metabolic rate data and also assisted me
with equipment design and maintenance (Chapters Two, Three and Four). The co-
authors contributed in some form to the writing for Chapters Two, Three and Four,
however in all cases, the maority of thiswork is my own.

| performed al molecular genetic work (Chapters Four to Seven) with a few
exceptions: Giulia Torricelli and Mark Stevens performed some of the sequencing in
Chapters Six and Seven, respectively; while colleagues from the University of Siena
contributed significantly to the cox2 dataset for Cryptopygus antarcticus antarcticus in
Chapter Six. Project design for Chapter Five was based on my own ideas, with the
expertise of Barbara Holland allowing them to be tested. In particular, Barbara showed

me how to use many of the phylogenetic programmes employed, and also walked me
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through the analyses in her capacity as co-supervisor. This extended to providing
comments and discussion on the manuscript, the final draft of which was aso
commented on by David Penny. | designed the project in Chapter Six and performed all
of the analyses. The co-authors contributed comments on a final version of the
manuscript. Initial project design for Chapter Seven was based on contributions from
Mark Stevens. All subsequent design and analyses were based on assistance from
Barbara Holland and discussions with Matthew Phillips, Jing Wang and David Penny.

A final draft of the manuscript was contributed to by the co-authors.
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2.1 ABSTRACT

Terrestrial systems in Antarctica are characterised by substantial spatial and temporal
variation. However, few studies have addressed the paucity of data on metabolic
responses to the unpredictable Antarctic environment, particularly with regard to
terrestrial biota. This study measured metabolic rate variation for individual springtails
a a continental Antarctic site using a fiber-optic closed respirometry system
incorporating a custom-made respiration chamber. Concurrent measures of
(behavioural) activity were made viadaily pitfall counts.

Metabolic rate of Gomphiocephalus hodgsoni measured at constant temperature
varied systematically with progression through the austral summer, and was greatest
mid-season. This finding of clear intra-seasonal and temperature-independent variation
in mass-specific metabolic rate in G. hodgsoni is one of very few such reports for a
terrestrial invertebrate (and the only such study for Antarctica), and paralels
physiological studies in the Antarctic marine environment linking metabolic rate
elevation with biological function rather than temperature adaptation per se. However,
response to temperature at relatively short time-scales is also likely to be an important
part of the life history strategy of Antarctic terrestrial invertebrates such as G. hodgsoni,
which appears capable of both physiologically and behaviourally ‘tuning’ in to short-
term thermal variability to respond appropriately to the local unpredictable Antarctic
habitat.

2.2 INTRODUCTION

Terrestrial ecosystems in Antarctica are characterised by substantial spatial and
temporal variation at several levels encompassing both the organisma and the
ecologica (e.g. Sinclair 2001; Hugo et a. 2004; Lawley et al. 2004; Adams et a. 2006;
Peck et al. 2006; Chown & Convey 2007). In particular, temporal variation among
individuals is strongly linked with phenotypic plasticity, which appears prevalent in
Antarctic terrestrial species and may be strongly influenced by environmental
unpredictability (Chown & Convey 2007). Indeed, life histories of terrestrial taxa tend
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to be dominated by responses to the seasonally variable, ‘stressful’ environment
(Convey 1996; Vernon et a. 1998) in conjunction with the low Antarctic energy budget.
Environmenta constraints such as large daily microhabitat temperature fluctuations (>
30°C) and long periods of limited resource availability (Peck et al. 2006) are reflected in
terrestrial arthropods by slow growth rates and extended life cycles compared to their
temperate counterparts (Convey 1996).

Optimum utilisation of positive developmental periods as they occur (Worland &
Convey 2001) is another facet of this system because costs will be incurred if organisms
are stimulated to respond inappropriately to misleading environmental cues. Thus,
Antarctic terrestrial species are expected to show a coordinated response to
environmental selective pressures. Sinclair et a. (2003) note that such a response may
manifest over three broad scales. daily (short-term), seasonal (intermediate) and
evolutionary (long-term). Rapid (daily) response strategies would seem particularly
beneficial in the context of the unpredictable Antarctic climate, enabling individuals to
track changes in habitat temperature and respond appropriately. This is demonstrated
by the maritime Antarctic isotomid springtail Cryptopygus antarcticus antarcticus,
which has the ability to vary its supercooling point within a matter of hours in response
to natural environmental variations in temperature (Worland & Convey 2001). This
species also exhibits an evolutionary response developed over the longer term to cope
with the short growing season imposed by the Antarctic environment — its metabolic
rate is elevated relative to that of comparable temperate rel atives (a phenomenon known
as ‘metabolic cold adaptation’ (MCA)) (Dunkle & Strong 1972; Block & Tilbrook
1975, 1978; Block 1990). Over intermediate (seasonal) time-scales it is now largely
accepted that, in the thermally stable Antarctic marine environment where MCA has not
been identified, systematic seasona variation in individual metabolic rates is driven by
the requirement for respiration products (i.e. ATP) to fuel specific processes such as
food digestion or egg maturation (see Clarke 1993, 1998; and Peck et al. 2006 for
review).

Unfortunately, variation in metabolic rates over all three time-scales has only rarely
been investigated in terrestrial invertebrates (Zinkler 1966; Block & Tilbrook 1975,
1978; Kauri et a. 1975; Block & Young 1978; Testerink 1983; van der Woude &
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Joosse 1988), and very few studies have attempted to examine field metabolic rate
variation at the intraspecific level for either range-restricted species or invertebrates in
general. Metabolic studies of terrestrial Antarctic Collembola are particularly limited to
early work, which focused on C. a. antarcticus (Block & Tilbrook 1975, 1978), and the
metabolism of continental Antarctic arthropods remains unstudied.

This lack of research data may have considerable significance in an evolutionary
context, since springtails are likely to have had a continuous (isolated) history within
continental Antarctica over time-scales sufficient for development of evolutionary
responses to extreme environmental stresses imposed by glaciation processes (Stevens
et al. 2006; Convey & Stevens 2007; Convey et a. 2008). The paucity of metabolic
investigations in the Antarctic is aso unfortunate in that metabolic rates are often
related to the overall energy turnover of populations, to the extent that they may be
responsible for determining species distribution patterns, abundances and range limits
(Novoa et a. 2005; Slabber & Chown 2005). Furthermore, maximum and basal
metabolic rates are likely to determine survival in extreme circumstances. In particular,
phenotypic plasticity in metabolism may be crucial for maintenance of an individua’s
energy budget in the face of changing environmental conditions (Novoa et al. 2005).

Thus, the aim of the current study was to examine whether systematic metabolic
rate variation was detectable over time when measured at constant temperature through
the austral summer in the endemic continental Antarctic springtail Gomphiocephalus
hodgsoni Carpenter, 1908 (Collembola: Hypogastruridae). This was made possible
through the development of a novel and sensitive technique that permitted measurement
of individual animal metabolic rates. A supplementary am was to evaluate whether
patterns of metabolic rate variation could be placed into an ecological context by
attributing them to environmental cues at the microhabitat scale, and by comparing
them to concurrent measures of behavioura activity (via pitfall traps) on intra-seasonal

time-scales.
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2.3 METHODS

2.3.1 Location and species

Cape Bird (77°13'S, 166°26'E) is an ice-free area at the northern tip of Ross Island in
the Ross Sea Region of Antarctica (Fig. 2.1). Work was carried out from 29 November
2006 to 29 January 2007 (encompassing the bulk of the austral summer at this site) and
all animal collections were made under permit in a< 10 m? area southeast of Cape Bird
research  hut  (Antarctic  Specially  Protected Area  (ASPA)  116;
http://www.era.gs/resources/apa).

The springtail G. hodgsoni was used for all analyses in this study. This species,
endemic to southern Victoria Land, is a representative of a dominant arthropod group
inhabiting ice-free regions throughout Antarctica, and is the only springtail present at
this location, where the population is a single evolutionary unit (ESU) (McGaughran et
al. 2008). Collections of large (non-juvenile) animals were made by gently sweeping

individuals off the underside of rocks into a collection vessel using a very fine

paintbrush.
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Figure 2.1 Location of Cape Bird in the Ross Sea Region of Antarctica.
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2.3.2 Metabolic rate measurements

2.3.2.1 Equipment used and measurement technique

A fiber-optic oxygen sensing system (Ocean Optics Inc., USA) was used to monitor
oxygen partial pressure (pO,) over time for individual animals in a closed respirometry
system. The oxygen sensing system was calibrated for multiple temperatures and
oxygen percentages by the manufacturer, and was then calibrated before each reading
using both the calibration data provided (Ocean Optics) and asingle point calibration in
air (20.95 vol % oxygen, as recommended by the manufacturer). Following calibration,
individual ‘field-fresh’ animals that had been collected from the underside of rocks
between 0900 — 1500 h and then stored for 1-2 hours at the research hut ambient
temperature (~6 — 8°C), were placed in a custom-made 40 pl volume chamber (Fig. 2.2),
into which the oxygen probe was inserted. The chamber was sealed with a glass slide
pressed firmly against a rubber o-ring. A metal ‘lid’” was then screwed down over the
glass dlide to ensure an airtight seal. During a 3 hr period, the partial pressure of

oxygen in the chamber was recorded continuously.
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Figure 2.2 Custom-made respiration chamber used to measure metabolic rate of individua
Gomphiocephalus hodgsoni specimens; left, top view; right, side view.

Temperature, held a 10 + 0.1°C using a custom-made heating chamber, was

monitored concurrently using oxygen sensing software during each measurement run
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(OOISENSOR ver. 1.05, OceanOptics Inc., USA). This chamber temperature was
somewhat higher than the mean summer microhabitat temperature (~3.5°C) over the
entire two month period at Cape Bird, but well within the range experienced within the
species typical microhabitats (Janetschek 1963; Fitzsimons 1971; Sinclair & Sjursen
2001; Sjursen & Sinclair 2002). Analysis of temperature data during the 0900 — 1500 h
collecting times for the 40 days of metabolic rate measurements showed that the mean
temperature during thistimewas 7.4° + 0.5°C [S.EE.M.].

Upon completion of a run, partial pressure profiles were used to calculate oxygen
consumption rates on a per animal basis for each individual, using the observed drop in
pO, over a given time period in conjunction with the chamber volume. The first ten
minutes of each run was discarded prior to this analysis in order to alow for system
equilibration and animal adjustment to the measurement chamber. Individua animal
mass was used to express corresponding oxygen consumption rates on a mass-specific
basis. As accurate mass measurement was not possible at this remote study location, a
photographic technique was used to estimate mass using the relationship: W =
6.1894L39 x 10 (after Block & Tilbrook 1975), where W = mass (ng), L = length
(um), as modelled for the similarly sized springtail C. a. antarcticus. Photographs of
individual springtails on a background grid were taken with a camera kept at a constant
height using a fixed tripod. The length of each photographed individua was then
measured using software (SCREEN CALIPERS ver. 3.3 [Iconico, Inc. 2006]) calibrated to
the background grid. As estimated by this method, adults of G. hodgsoni used in this
study had amean livemassof 19.2+ 1.5 ug[S.E.M.].

2.3.2.2 Equipment sensitivity

Given the small size of G. hodgsoni, respiration rates were expected to be near to the
resolution limit of the oxygen sensing system (see www.oceanoptics.com). Hence,
blank runs (n = 10) were completed following the protocol above except without the

addition of an animal to the measurement chamber.
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2.3.2.3 Equipment application

The methodology described above was repeatedly applied over a 40 day period (20
December 2006 — 28 January 2007) on a total of 53 field-fresh individuals in order to
examine tempora variation of metabolic rates during the austral summer. Field
restrictions meant that data could not be collected on all days, or at all times during
particular days, hence the number of measurements made per day varied from O — 5.
Microclimate data was also collected over this time to alow investigation of any
relationship(s) between metabolic rate variation and changes in the microclimate (see
below).

2.3.3 Pitfall traps

In parallel to measurement of metabolic rates, a measure of behavioura activity
throughout the field period was obtained using pitfall trapping. In brief, small plastic
traps (n = 10) consisting of a via (4.5 cm diameter; 6 cm depth) partialy filled with
mono-ethylene glycol and placed in a PVC deeve, were sunk into the ground in the
same < 10 m? areac. 1 m apart on 30 November 2006. These traps were placed within
the general vegetated area as described in the ASPA 116 management plan (see
References, section 2.6), but without disturbing the sensitive bryophyte vegetation
protected by this plan. Traps were checked twice daily (at 0900 and 2100 local time;
encompassing the period of direct sunlight at this site for most of the summer) for
presence of springtails. Field practicalities dictated that traps were operated for 4
consecutive days, and closed every 5 day. We recognise that activity data collected in
this manner may be compromised by systematic progression through different life
stages in species with synchronised development. Unfortunately, field developmental
data are not available for G. hodgsoni, although the general features typical of life
cycles of Antarctic terrestrial invertebrates (multi-year life cycles, limited growth
opportunity per season, lack of synchronisation, overlapping of generations; Convey

1996) mean that such a developmental pattern is unlikely to apply to this species.
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2.3.4 Microhabitat parameters

iButton thermochron and hygrochron data loggers (DS1921, DS1923; Maxim Integrated
Products, Sunnyvale CA, USA) were used to monitor temperature (+ 0.5°C) and relative
humidity (£ 0.6%) every 30 minutes over the study period. Five iButtons were placed
in soil under rocks (with surface area < 100 cm?) representative of those chosen for
springtail collection. Replicate temperature (T) and relative humidity (RH) data were
then processed to obtain mean maximum (max), minimum (min), mean (o) and range
(R) statistics for the day of metabolic rate measurement (Do) and days 1 (D-1), 3 (D-3)
and 5 (D-s5) preceding the day of measurement. These latter three measures were made
in order to evaluate whether any variation in metabolic rates related to the microclimate

was subject to atime lag.

235 Satistical analyses

All satistical analyses were performed using MINITAB (ver. 14, Minitab Inc.,
Pennsylvania, United States). Variation in relative metabolic rates was analysed by
grouping the data into four 10-day measurement blocks (End December (‘ED’; n = 15);
Beginning January (‘BJ; n = 14); Mid January (‘MJ'; n = 11); and End January (‘EJ'; n
= 13)). This was necessary in order to provide significant resolution of the metabolic
rate variation for the period in question because field restrictions meant that data could
not be collected on al days. Following normality tests, ANOVAS, where appropriate
with Tukey’'s post-hoc pairwise comparisons, were used to determine whether live
mass, metabolic rate and environmental temperature differed significantly between
measurement blocks.

Linear least-squares regression analyses were performed to determine the
relationships between metabolic rate and microhabitat data (RH, Tmax, Tmin, Ta, @nd Tr
on Dy, D-1, D-3 and D-5). A Spearman’s rank correlation was performed by ranking the
metabolic rates of each period according to both the time period, and the mean
environmental temperature of the period in question.

Numbers of springtails caught daily in all pitfall traps were analysed using ANOVA
to examine the degree of temporal variation in behavioura activity. Linear least-
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squares regression analyses were performed between daily pitfall counts and daily

environmental temperature variables (Tmax, Tmin, Ta, TraNd RH, on D).
2.4 RESULTS

24.1 Metabolic rates

2.4.1.1 Equipment sensitivity

Blank measurement runs (n = 10) generated very low estimates of equipment generated
‘noise’, averaging 0.004 + 0.002 %0..hr* [s.d]. This was much lower than, and
significantly different from, rates obtained during runs using individual live animals
(mean for al data: 0.179 + 0.068 %0,.hr' [s.d] (ts2 = 18.71; P < 0.001) (Fig. 2.3).
Hence, the resolution achieved by this equipment and protocol is appropriate to permit
measurement of true rates of metabolism in G. hodgsoni.
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Figure 2.3 Illustrative changes in percentage oxygen over time in the metabolic chamber for a‘blank’ run
with no animal present (black line) and an experimental run (dark grey line) using an individua of
Gomphiocephalus hodgsoni. Note that readings start at 630 seconds because the first ~10 minutes of each

run was excluded from analysisin order to alow for system equilibration and potential animal adjustment
to the measurement chamber.
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2.4.1.2 Metabolic rate variation

Mean mass-specific metabolic rates of field-fresh animals measured at 10°C varied
significantly across the different measurement periods (Fig. 2.4), thus an intra-seasonal
effect on metabolic rate was apparent (F3s, = 4.09; P = 0.012). In particular, metabolic
rates in the ED period were significantly greater than those in the MJ and EJ periods
(Tukey’'s post hoc P < 0.05). Body mass of measured animals did not differ
significantly across the 10-day data blocks (Fss, = 1.30; P = 0.287), however there were
significant differences in the microclimate data obtained during these periods (see
below).
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Figure 2.4 Mean metabolic rate (+ S.E.M.) of Gomphiocephalus hodgsoni individuals over four 10-day
blocks (‘ED’ = end December; ‘BJ = beginning January; ‘MJ = middle January; ‘EJ = end January) in
2006/07.

2.4.1.3 Metabolic rate variation and microclimate variables

Microhabitat (under rock) temperature did not drop below -1.9°C and was relatively
stable (mean 3.5 £ 0.4°C [S.E.M.]) over the period of recording (Table 2.1). In
particular, maximum, minimum and mean temperatures under rocks at the end of
January were 3.5°C, -0.2°C and 2.2°C warmer than those measured at the beginning of
the study period, respectively. Like temperature, the microclimate data indicated that
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relative humidity remained reasonably stable across the season. Despite the general
increase in microhabitat temperature as the season progressed, an ANOV A showed that
the significant differences across the four 10-day blocks (Fz 2, = 4.18; P = 0.017) did not
conform to a successive change, as the highest mean temperatures occurred during the
MJ period followed by: EJ>BJ> ED (Table 2.1).

Table 2.1 Mean (S.E.M.), maximum, minimum and range of temperature and relative humidity in air, 2 —
3 cmin soil, and under a rock, during the entire period 29 November 2006 — 29 January 2007. Full, 24-
hour data for the periods during which metabolic rate analysis took place are also provided for under rock
temperature (‘ED’ = end January; ‘BJ = beginning January; ‘MJ = middle January; ‘EJ = end January;
see text).

Variable Level Mean Max Min Range

Temperature (°C) Air 3.5(0.1) 15.2 -2.9 18.1
Soil 3.4(0.2) 22,0 -3.0 25.0
Rock 3.5(0.4) 17.1 -1.9 189
ED 2.1(0.7) 6.5 -0.8 7.3
BJ 3.6(1.1) 8.9 -0.2 9.1
MJ 5.9(0.8) 11.9 0.6 11.3
EJ 5.5(0.7) 12.6 -0.3 12.9

Relative humidity (%) Air 72.1(0.4) 108.5 26.0 82.5
Soil 108.6(0.1) 115.8 75.8 40.0
Rock 114.4(0.4) 121.8 97.1 247

Metabolic rate of field-fresh animals and environmental temperature were
positively correlated (Spearman’sr = 0.297; P = 0.020). Regression analyses identified
the strongest significant relationships between metabolic rate and Tnin on Do (F118 =
10.87, r? = 37.6%, B = -0.000775; P = 0.004) followed by metabolic rate and T, on D1
(FL1s= 9.67, r? = 34.9%, B = -0.000793; P = 0.006) (Table 2.2).

2.4.2 Behavioural activity

2.4.2.1 Pitfall activity variation

Pitfall activity varied significantly across the season and, like metabolic rate, peaked in
the ED period when analysed in 10-day study blocks (Fs44 = 4.14; P = 0.001). An
additional peak was also recorded for pitfall activity in the EJ period (Tukey’s P < 0.05)
(Fig. 2.5).
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Table 2.2 Results of the regression analyses of metabolic rate against various environmental
(microhabitat) temperature variables for Gomphiocephalus hodgsoni. Upper value in table is the F-test
value (df = 1,18 for al F-values), middle value is the regression coefficient (r%), lower value is the
regression slope (8); ‘*’ indicates P < 0.05

Time Ta Tmax Tmin TR
Do 7.74*% 5.87* 10.87* 3.51
30.10 24.60 37.60 16.30
-0.000251 -0.000129 -0.000775 -0.000115
D-, 7.62* 7.35* 9.67* 5.08*
29.70 29.00 34.90 22.00
-0.000233 -0.000132 -0.000793 -0.000126
D-3 9.24* 7.56* 2.39 6.51*
33.90 29.60 11.70 26.60
-0.000268 -0.000150 -0.000455 -0.000155
D-5 3.94 4.40 0.06* 4.60*
17.90 19.70 0.40 20.40
-0.000270 -0.000177 -0.000090 -0.000190
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Figure 2.5 Mean pitfall activity (+ S.E.M.) of Gomphiocephalus hodgsoni individuals over six 10-day
blocks (‘BD’ = beginning December; ‘MD’ = middle December; ‘ED’ = end December; ‘BJ = beginning
January; ‘MJ = middle January; ‘EJ = end January) in 2006/07.
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2.4.2.2 Pitfall activity variation and microclimate variables

When pitfal counts were regressed against mean microclimatic temperature variables
for each day of the season, significant relationships were identified for T (Fi3s =
5.55, r? = 12.7%, = 4.50; P = 0.024) and Tg (F13s = 7.39, r* = 16.3%, f = 5.39; P =
0.010).

2.5 DIsScussION

Metabolic rates for Gomphiocephalus hodgsoni (mean obtained across the austral
summer from 53 individuals: 0.0017 + 0.0002 plO,.ugthr [S.E.M.]) are comparable
to those reported in previous studies of maritime Antarctic springtails. For example,
metabolic rates at 10°C for a similar sized isotomid springtail (C. a. antarcticus) from
the Antarctic Peninsula averaged 0.0015 plO..ug™.hrt (Dunkle & Strong 1972) and
studies on temperate springtails of the family Isotomidae (Zinkler 1966) also fall within
the range of magnitude of metabolic rates found in this study. Taken in a comparative
context, the current study is consistent with earlier findings in support of MCA in
Antarctic springtails (e.g. Dunkle & Strong 1972; Block & Tilbrook 1975, 1978).
Metabolic rate variation (measured at constant temperature) was detected on an
intra-seasonal  timescale in the current study. Specificaly, it was apparent that
springtails increased or decreased their resting metabolic rate across periods as short as
ten days. Seasona changes in metabolic rate of springtails have been shown previously
in a limited number of studies with longer experimental periods than employed here.
For example, Testerink (1983) measured mass-specific metabolic rate at 15°C in the
springtail Orchesella cincta (Entomobryidae) from the Netherlands, and found that
animals in the spring had significantly higher metabolic rates than those in autumn.
This was attributed to differences in energy partitioning, whereby the spring population
assigned relatively more energy to growth and reproduction while in autumn population
energy use was restricted to general maintenance. Conversely, van der Woude and

Joosse (1988) found no seasonal variation in mass-specific metabolic rate measured at
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15°C for the temperate springtails O. cincta (Entomobryidae)® and Tomocerus minor
(Oncopoduridae) in the Netherlands. Instead, a reduction in metabolic costs during
drought and frost was apparent®. An additional study by Kauri et al. (1975) reported a
winter reduction in mass-specific metabolic rate at 8°C (after 3 — 10 d acclimation at
10°C) for two isotomid springtails (Isotoma viridis and Tetracanthella britannica) in
Norway. The common thread among these studies is the impact of environmental
conditions upon changes in energy expenditure.

This link was investigated further here, through analysis of the relationship between
metabolic rate variation and the corresponding variation in microclimate variables.
Metabolic rate of G. hodgsoni in the present study responded to microclimate
temperature, with increases in Tp,in in particular appearing to play the most significant
immediate role (compared to T,, Tma and Tgr) oOn increases in metabolic rate. In
addition, minimum temperatures on the preceding day may act as a cue for ‘setting’
metabolic activity levels on the current day, as T, on D-; was also significantly related
to metabolic rate. Concurrent measures of pitfall activity showed an additiona effect of
microclimate variation on activity levels. In this case, Tma Showed the strongest
relationship with pitfall activity, indicating a rapid ‘migrational’ response of G.
hodgsoni to high microclimate temperatures as they occur. Thus, G. hodgsoni appears
to be capable of both physiologicaly and behaviouraly ‘tuning’ in to short-term
thermal variability to respond appropriately to the local unpredictable Antarctic habitat.

However, despite finding a relationship between metabolic rate and local
microclimatic parameters, it is clear from the current study that metabolic rate in this
species is not simply a direct function of temperature, because the decreases
demonstrated during later measurement periods (Table 2.1; Fig. 2.4) occurred while
mean microhabitat temperatures had increased. This observation is one of very few

® Note added following publication: In fact, these authors did find a reduction in metabolic rate in O.
cincta over the winter, however this reduction was not large enough to distinguish differences brought
about throughout the year as aresult of individual moulting

* Note added following publication: Droughts and frosts in summer resulted in a reduction of metabolic
rates in O. cincta in order to reduce metabolic costs during these low-resource periods, thus providing

some support for an (intra-seasonal) effect of environmental conditions on metabolic rates
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from the polar terrestrial environment that provides comparability with more extensive
studies on Antarctic marine species (e.g. Clarke 1991a,b, 1993, 1998; Peck et a. 2006).
It provides the first strong implication that, as widely found in the marine environment
(Clarke 1993), systematic metabolic rate variation in the terrestrial environment may be
related to intrinsic energetic requirements — in this case with elevated metabolic activity
coinciding with that portion of the summer season during which important life history
functions such as replenishing nutritional status after the depleting Antarctic winter take
place (cf. Wise & Spain 1967) — rather than only the extrinsic influence of temperature
per se.

Conclusive proof of this linkage will require a considerable expansion of
autecological and ecophysiological work on this and other polar species as, while the
restriction of ‘short active season’ is widely appreciated (see Convey 1996), there
remains a general paucity of detailed studies at the species level (Hogg et al. 2006).
Further, the possibility of systematic variation in metabolic rate over time within an
individual organism in response to specific energetic requirements remains difficult to
assess. Metabolic rate elevation alone merely imposes an increased energetic cost on
the organism and, in the absence of comparable rate elevation in other key processes,
will simply result in an increased rate of resource depletion (Clarke 1991b, 1993;
Convey 1996; Chown & Gaston 1999). Hence, an important requirement for the
advancement of understanding of metabolic rate variation lies in identifying its

functiona consequences for terrestrial biota.
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3.1 ABSTRACT

Spatial and temporal environmental variation in terrestrial Antarctic ecosystems are
known to impact species strongly at a local scale, but the ways in which organisms
respond (e.g. physiologically, behaviouraly) to such variation are poorly understood.
Further, very few studies have attempted to assess inter-annual variability of such
responses.

Building on previous work demonstrating intraseasonal variation in standard
metabolic rate in the springtail Gomphiocephalus hodgsoni, we investigated variation in
metabolic activity of G. hodgsoni across two austral summer periods at Cape Bird, Ross
Isand. We aso examined the influence of spatia variation by comparing metabolic
rates of G. hodgsoni at Cape Bird with those from two other isolated continental
locations within Victoria Land (Garwood and Taylor Valleys).

We found significant differences between metabolic rates across the two years of
measurement at Cape Bird. In addition, standard metabolic rates of G. hodgsoni
obtained from Garwood and Taylor Valleys were significantly higher than those at Cape
Bird where habitats are comparable, but environmental characteristics differ (e.g.
microclimatic temperatures are higher).

We discuss potential underlying causes of these metabolic rate variation patterns,
including those related to differences among individuals (e.g. physiological and genetic
differences), locations (e.g. habitat quality and microclimatic regime differences) and
populations (e.g. acclimation differences among G. hodgsoni populations in the form of
metabolic cold adaptation (MCA)).

3.2 INTRODUCTION

Studies examining variation among populations of the same species are crucia for
understanding how differences in physiological attributes evolve and how they can be
affected by environmental factors (Lardies et a. 2004). The Antarctic terrestrid
environment is known for its seasonal variability and the extreme challenges it presents
to the organisms that inhabit it (Peck et al. 2006). Over sufficient time scales, the
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environmental characteristics of local habitats may drive the evolution of certain aspects
of organism life histories (e.g. Southwood 1977, 1988; Convey 1996; Vernon et al.
1998). In particular, adaptive strategies of Antarctic terrestrial taxa are largely
dominated by responses of individuals to their immediate environment. These
responses include characteristics which maximise activity, growth, development and
survival throughout the short (1 — 3 month) active season, in addition to obtaining
resources sufficient for surviving the inactive winter (Convey 1996; Worland & Convey
2001).

In terrestrial habitats in Antarctica, microhabitat temperatures can vary widely on
both daily and seasonal scales (annual ranges of 50°C or more are not uncommon), and
differences in water availability occur seasonaly and between habitats (Davey &
Rothery 1996; Convey et a. 2003; Peck et al. 2006). Thus, climatic unpredictability is
a consistent feature of the Antarctic terrestrial environment, and differences among
individuals across both temporal and spatial scales that generate differential fitness
consequences may be expected to be significant over both the short- and long-term
(Chown 1993; Davey & Rothery 1996; Kingsolver & Huey 1998). Indeed, variation
within individuals over time is characteristic of most physiologica traits (Chown 2001)
and differences among individuals in a variety of such traits may have profound effects
on fitness at both individual and population scales. Despite this, such differences have
received scant attention in an ecological context and investigations of intra-specific
physiological variation (not to mention intra-seasonal and inter-annual variation) are
rare (e.g. Davey & Rothery 1996; Spicer & Gaston 1999; Castafieda et al. 2004, Lardies
et a. 2004; but see Lam 1999 and references therein).

Thus, although variation in physiological traits forms the substance of evolutionary
physiology, the way in which this variation is partitioned is poorly known (Chown et al.
1999) and tempora intra-specific variation in metabolic rates has only rarely been
investigated in terrestrial invertebrates (see McGaughran et a. 2009a and references
therein). Also, despite the considerable research effort that has been devoted to studies
of the ecophysiology of stress tolerance in arthropods of extreme environments, detailed
metabolic studies of terrestrial Antarctic Collembolawere, until recently, largely limited

to one species from the maritime Antarctic (Chown & Convey 2007).
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Recent work evaluating temporal metabolic rate variation in the continenta
Antarctic springtaill Gomphiocephalus hodgsoni  Carpenter, 1908 (Collembola:
Hypogastruridae) demonstrated that standard metabolic rate in this species varied
systematically during the short summer activity period, with changes unrelated to
diurnal cycling and body mass being apparent over periods as short as 10 days
(McGaughran et al. 20098). Additionally, seasonal changes in metabolic rate of
springtails have been shown in a limited number of studies; however, all consist of
measurements taken within a one-year period (e.g. Kauri et a. 1975; Testerink 1983;
Bennett et al. 1999). Indeed, few ecophysiological studies have extended to replicate
work across years (for a notable exception, see Kukal & Duman 1989).

Conversely, severa studies of physiological processes other than metabolism have
incorporated an ‘annual’ element and much work has looked at temporal variation over
shorter time scales. This includes an 11 year study on water status in arthropods in the
maritime Antarctic (Convey et a. 2003) and severa reports of immediate (i.e. daily)
(e.g. Baust & Lee 1983; Worland & Convey 2001; Sinclair et a. 2003) and seasonal
(e.g. Davey & Rothery 1996; van der Merwe et al. 1997) responses of Antarctic
arthropods to environmental cues (Chown 2001). In addition, recent work by Hawes et
a. (2007) incorporated multiple scales of temporal resolution into an examination of
cold-hardening responses in the Antarctic mite Halozetes belgicae, finding phenotypic
plasticity in cold-hardening ability in the form of seasonal, weekly and hourly
acclimatization.

Spatial variation in the expresson of physiological traits has received
comparatively greater attention, driven largely by recognition of the importance of
temperature (often via its proxy, latitude) in defining population parameters.
Temperature is known to affect physiological performance, so its variation likely
accounts for an array of features that may define population dynamics (Chown 1993).
For example, many studies have found differences in low-temperature capabilities of
species over latitudinal gradients (e.g. Hawes & Bale 2007 and references therein) and
cold tolerance strategies have been shown to vary between hemispheres (Sinclair &
Chown 2005). Further, Lardies et al. (2004) suggest that geographic variation in life

46




Chapter Three Temporal and spatial springtail metabolic rate variation

history traits may underlie differences in metabolic rates among individuas from
different populations (see also Lardies & Bozinovic 2008).

Metabolic rates have been found to differ between populations or species from
habitats differing in latitude, altitude and (correspondingly) temperature (Klok &
Chown 2003; Chopelet et a. 2008). In some cases, such differences have been
attributed to ‘metabolic cold adaptation’ (MCA) - a phenomenon where, at the same
trial temperature, species from colder locations have elevated metabolism compared
with those from warmer locations (see Block 1990). This is potentially an important
element of spatial metabolic rate variation and, amongst terrestrial invertebrates, has
been reported in beetles, grasshoppers, weevils and several polar microarthropods (see
Addo-Bediako et a. 2002 and references therein). However, MCA is not a universal
feature of polar (or alpine) species, and there are several published studies of species
showing no evidence for its expression (e.g. Lee & Baust 1982; Nylund 1991; Chown
1997).

Here, we examine (i) the magnitude of temporal (intra- and inter-annual)
differences in individual metabolic rate for a population of the springtail G. hodgsoni at
a continental Antarctic site, and (ii) address spatial variation in metabolic rate by
comparing metabolic rates of G. hodgsoni in isolated populations from comparable
habitats at three separate locations in Victoria Land. Using this combined approach, we
discuss potential underlying influences of temporal and spatial structure in metabolic
rate, including differences among individuals (e.g. physiological and genetic), locations
(e.g. environmental) and populations (e.g. acclimation differences corresponding to
MCA).

3.3 METHODS

3.3.1 Location

This study extends previous work on the springtail G. hodgsoni that took place at Cape
Bird (Ross Island, 77°13'S, 166°26’'E) (Fig. 3.1) during the period 29 November 2006 —
29 January 2007 (Season One (S1), see McGaughran et a. 2009a). Collections of large

(> 1 mm in length (i.e. non-juvenile)) animals were made by gently sweeping
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individuals off the underside of small rocks into a collection vessel using a very fine
paintbrush. Tempora variation over inter-annual scales was investigated by replicating
S1 work between 12 — 23 November 2007 and 7 — 23 January 2008 (Season Two, S2).
These dates were defined by Antarctic logistic practicalities, with the intention of
covering the maximum possible proportion of the short ‘summer’ season.

In order to examine spatial variation in metabolic rates, analyses on samples
collected from Garwood (78°01'S, 163°55'E) and Taylor Valeys (77°40’'S, 163°06’ E)
(Fig. 3.1), were performed in the Scott Base ‘Wet Laboratory’ from 23 — 28 January
2008 (S2) (see below). These samples were collected in the same manner as collections
made at Cape Bird from comparable habitat (i.e. from the underside of small rocks in
areas of snow-melt/alongside streams) to minimize differences among sites as far as
possible.

4

- southern
~ Victoria Land

| Taylor VaIIey.

Garwood Valley.

Figure 3.1 Map showing the location of the Ross Dependency and southern Victoria Land in Antarctica
(inset), and the geographic locations within this region that are referred to in the text.
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3.3.2 Metabolic rates

Standard metabolic rates were measured in S2 following the protocol of McGaughran et
al. (2009a) during S1, except with a modified chamber of reduced volume (from 40 pl)
which allowed shorter machine run times and consequently, higher sample throughput
[tests performed at Massey University showed that metabolic data obtained from New
Zealand springtails were not significantly different among the two chambers (data not
shown)]. In brief, this protocol employed a fiber-optic oxygen sensing system (Ocean
Optics Inc., USA) to monitor oxygen partial pressure (pO,) over time for individua
animals in a closed respirometry system. Following machine calibration, individual
animals that had been collected from the underside of rocks between 0900 — 1500 h and
then stored for 1-2 hours at the research hut ambient temperature (~ 6 to 8°C), were
placed in a 10 pl volume chamber. During a2 hr period, where, following the protocol
of S1, the temperature was maintained at 10 = 0.1°C (which is within the range
experienced within the species’ typical microhabitats, see McGaughran et al. 2009a),
the partial pressure of oxygen in the chamber was recorded continuously. Completed
partia pressure profiles were used to calculate oxygen consumption rates on a per
animal basis for each individual, using the observed drop in pO, over a given time
period in conjunction with the chamber volume. Because accurate mass measurement
was not possible at this remote study location, individual animal mass was calculated
using a photographic technique (based on the relationship between weight and length:
W = 6.1894L3*9 x 10°, where W = weight (ug), L = length (um), as modeled for the
similar sized maritime Antarctic springtail Cryptopygus antarcticus (see Block &
Tilbrook 1975)), and the programme Screen Calipers ver. 3.3 (Iconico, Inc. 2006) (see
McGaughran et a. 2009a).

Given the small size of the animals in this study, respiration rates were expected to
be near the resolution limit of the oxygen sensing system (see www.oceanoptics.com).
Hence, blank runs (n = 10) were completed following the protocol above except without
the addition of an anima to the measurement chamber, to provide an estimate of the
drift or ‘noise’ of the equipment used (see McGaughran et al. 2009a for quality control
information). Trial runs indicated that metabolic rates of individuals measured during

the S2 November period were too low to separate from equipment noise. Hence, in this
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part of the season, groups of five individuals were pooled for metabolic measurements,
with all other experimental details remaining the same. The necessity of using this
approach allowed examination of population variation (i.e. comparing November to
January in S2) but resulted in aloss of resolution of individual variation.

In addition to metabolic measures performed at Cape Bird in S2, samples collected
from Garwood Valley on 20 January 2008 and Taylor Valley on 22 January 2008 (see
Fig. 3.1) were returned to Scott Base immediately for storage at 4°C in containers with
soil and stones to replicate field conditions. Samples were subsequently moved to the
Scott Base Wet Laboratory and kept at ambient hut temperature (~ 6 to 8°C) for 1-2 h
prior to metabolic rate measurements, which were performed from 23 — 28 January
following the methodology described above. The metabolic rate measurements made
for Garwood and Taylor Valley samples were then compared to those made at Cape
Bird in the period 18 — 21 January.

3.3.3 Microhabitat parameters

McGaughran et al. (2009a) determined that conditions under small surface rocks were
most representative of the microhabitat conditions experienced by G. hodgsoni. Hence,
ten iButton (five thermochron and five hygrochron) data loggers (DS1921, DS1923;
Maxim Integrated Products, Sunnyvale CA, USA) were used to monitor temperature (+
0.5°C) and relative humidity (£ 0.6%) in soil under ten separate rocks in the small
collection area (< 50 m?) at Cape Bird, logging every 60 minutes for the entire field
period in S2 (i.e. 14 November 2007 — 20 January 2008). All replicate temperature (T)
and relative humidity (RH) data were processed to obtain average maximum (T max;
RHmax), minimum (Tmin; RHmin), mean (T,; RH,) and range (Tr; RHR) for the day of
metabolic rate measurement (Do) and the day preceding the day of measurement (D-;).
In addition temperature data were used from iButtons deployed during S1 at the Cape
Bird field site, and al available further data for December 2006, January 2007,
December 2007 and January 2008 were downloaded from Automatic Weather Stations
for ‘air a Cape Bird (7722 S, 16644 E, 38 m asl,;
http://uwamrc.ssec.wisc.edu/aws/capebirdmain.html), and for ‘air’ and ‘soil’ (0 cm) at
Taylor Valey (Lake Fryxel Station; 77.10 S, 16310 E, 19 m asl,;
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http://www.mcmlter.org/queries'met/met_home.jsp), and processed to obtain Ty, Tmax,
Tmin and Tr. Comparative datafor Garwood Valley do not exist.

3.34 Satistical analyses

All statistical analyses were performed using the program Minitab (ver. 14, Minitab
Inc., Pennsylvania, USA). Initia regression-based anayses of the allometric scaling
relationships (whereby metabolic rate is predicted to scale with the three-quarter power
of body mass;, eg. West et al. 2002) between mass-specific metabolic rate and mass
showed considerable variability in the dataset (see Table 3.1), hence all subsequent
analyses used whole animal metabolic rates.

Relationships among whole anima metabolic rate and: (1) tempora (i.e. time
period); and (2) spatial (location) variability were investigated with univariate tests of
significance using a general linear model (GLM). For each test, we used whole animal
metabolic rate as the dependent variable and mass as covariate, with time period (both
within S2 — i.e. November 2007 vs. January 2008, and between S1 and S2 — i.e.
December 2006, January 2007 (S1) vs. November 2007, January 2008 (S2)) and
location (Cape Bird, Garwood Valley, Taylor Valley) as additional covariates. In each
test, the covariates were analysed separately and also crossed.

T-tests were used to determine differences in temperature and relative humidity
regimes between November and January (S2), and between S1 and S2. Linear least-
squares regression analyses were aso performed on the S2 data to determine the

relationships between metabolic rate and these microclimate variables.

3.4 RESULTS

Blank measurement runs generated very low estimates of equipment generated ‘noise’,
equating to 0.0040 + 0.0012 %O..hr' [sd]. This was much lower than, and
significantly different from, rates obtained during runs using individual live animals
(mean for all January data: 0.183 + 0.041 %0O,.hrt [sd] (ts4 = 17.58, P < 0.001),
indicating that the equipment resolution was sufficient to allow measurement of true
metabolic rates in this study.
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3.4.1 Intra-seasonal variation in metabolic rate, live mass and microclimate

Mean whole animal metabolic rates of ‘field fresh’ animals measured at 10°C varied
significantly between the November and January measurement periods of S2 (Fs79 =
21.51; P < 0.001) (Table 3.1, Fig. 3.2 — time periods 3 and 4) and this was unrelated to
differences in mass (F379 = 0.58; P = 0.450) or interactions between mass and time
(Fs70 = 0.52; P = 0.473). Specifically, metabolic rates in November were significantly
lower than those in January (0.0027 + 0.0015 pl.hr* [s.d.] and 0.0105 + 0.0025 pl.hr
[s.d.], respectively).
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Figure 3.2 Mean metabolic rate (+ s.d.) of Gomphiocephalus hodgsoni over four time periods across two
Antarctic seasons (1 = December 2006; 2 = January 2007; 3 = November 2007; 4 = January 2008) at
Cape Bird (Ross Island), Antarctica. Statistical comparison revealed significant differences between all
periods (F; 79 = 21.51; P < 0.001).

Mean microhabitat (under rock) temperatures varied greatly between the two
measurement periods of S2 (tgip = -14.39; P < 0.001). In January the microhabitat
temperature did not drop below -1.8°C and was relatively stable (4.3° £ 0.2°C [s.d.]),
however, maximum, minimum and mean temperatures under rocks for the January
period were 3.5°C, 7.1°C and 4.3°C warmer than those measured in the November

period, respectively (Table 3.2).
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Table 3.1 Metabolic rate ( s.d.) and mass ( s.d.) data, and their allometric relationship, for Gomphiocephalus hodgsoni temporally (across four time periods),
spatially (across three locations), and for the overall dataset. Regression equations are given in the form y = a + bx, where 'y’ is In(metabolic rate) and ‘X’ is
In(mass), and ‘b’ is the scaling exponent.

Dataset Metabolic rate (pl.hr) Mass (ug) Regression equation F r P
Temporal (Cape Bird)
December 2006 (S1) 0.0025(0.0016) 14.6(7.5) y =-2.87 + 0.162x F113=0.34 2.6 0.569
January 2007 (S1) 0.0014(0.0014) 21.0(11.2) y =-3.27 + 0.244x Fi3=201 5.7 0.165
November 2007 (S2) 0.0027(0.0015) 24.0(6.3) y =-3.42 - 0.418x Fi2=3.02 9.7 0.093
January 2008 (S2) 0.0105(0.0025) 30.9(9.4) y =-2.03 —0.994x Fie0=74.37 55.3 <0.001
All temporal data 0.0054(0.0046) 24.9(10.7) y =-2.57 —0.606x F1140 = 15.93 10.2 <0.001
Spatial (S2)
Cape Bird 0.0098(0.0022) 34.3(7.3) y =-3.75+ 0.133x F11,=0.13 1.0 0.729
Taylor Valley 0.0134(0.0067) 18.6(6.8) y =-3.05-0.083x F113=0.16 12 0.697
Garwood Valley 0.0166(0.0052) 28.0(5.8) y =-4.33 + 0.698x Fig=122 13.2 0.302
All spatial data 0.0127(0.0055) 27.0(9.6) y =-2.53-0.578x F137=10.46 22.0 0.003
Spatial + Temporal 0.0071(0.0057) 25.4(10.4) y =-2.57 —0.593x Fi170=21.17 10.6 <0.001




Table 3.2 Air and microclimate (soil) temperature and relative humidity data at Cape Bird and Taylor Valley during relevant time periods. All soil data collected
from Cape Bird are from iButtons deployed during S1 and S2, while ‘air’ data from Cape Bird and all Taylor Valey data are from Automatic Weather Stations
(see Methods, section 3.2.3); any gapsin the table indicate periods for which no data are currently available.

L ocation Time period L ocation Temperature Relative Humidity
Mean(s.d.) Max Min Range Mean(s.d.) Max Min Range
Cape Bird Dec 06 Sail 2.4(1.5) 11.2 -1.9 13.0 114.3(2.6) 118.3 109.0 9.2
Air -2.7(2.2) 7.1 -9.6 18.1
Jan 07 Sail 4.9(2.3) 17.1 -1.1 18.1 115.1(1.8) 119.7 106.6 13.1
Air 0.6(1.3) 75 -3.6 111
Nov 07 Sail 0.0(1.5) 125 -8.9 214 107.7(3.1) 115.8 88.5 27.3
Air -7.5(4.7) 7.2 -31.6 38.8
Jan 08 Sail 4.3(1.6) 16.0 -1.8 17.8 110.2(0.9) 113.8 104.9 8.9
Air -0.9(2.0) 7.2 -11.6 18.8
Taylor Valley Dec 06 Soil -3.9(2.6) 26 -10.2 12.9
Air -3.8(2.8) 26 -10.2 12.9 63.3(17.2) 97.2 22.5 74.6
Jan 07 Soil 4.8(1.7) 20.2 -4.2 24.4
Air -0.2(1.2) 55 -55 11.0 63.6(14.2) 100.0 21.1 789
Nov 07 Sail -6.9(8.0) 13.1 -26.4 39.5
Air -9.9(7.4) 0.2 -333 335 69.7(15.2) 100.0 27.7 72.3
Jan 08 Sail 3.2(5.0) 17.8 -8.3 26.0

Air -1.8(2.2) 3.7 75 11.23
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Relative humidity remained largely constant within periods over S2 and did not
drop below 99.9% under rocks in January. However, the November period was distinct
from the January period (tggz = -10.12; P < 0.001) most likely as a result of the
comparatively lower November minimum (88.5%) (Table 3.2).

Within S2, regressions of whole anima metabolic rate against temperature and
relative humidity variables identified severa significant linear relationships. The
strongest of these linear relationships for the temperature data were with T, a both Do
(T = 6.16, r* = 71.7%, B = 0.00938; P < 0.001) and D.; (T = 6.50, r* = 73.8%, f =
0.00954; P < 0.001). Conversely the strongest linear relationships for the relative
humidity data were found between metabolic rate and RHmx a Do (T = 6.38, r? =
73.1%, B = -0.217; P < 0.001) and D.; (T = 4.87, r* = 61.3%, # = -0.180; P < 0.001)
(Table 3.3).

Table 3.3 Results of regression analyses of metabolic rate against various environmental (microhabitat)
variables for Gomphiocephalus hodgsoni. Abbreviations correspond to temperature and relative humidity
mean (T, RH,), maximum (T e RHmax), minimum (Tin RHmin), @and range (Tg; RHR) for the day of
metabolic rate measurement (Dg) and the day preceding day of measurement (D-;). Upper value in the
table is the T-test value, middle value is the regression coefficient (r?), lower value is the regression slope
(B); “*' indicates P < 0.05.

Variable Time Te T max Trin Tr
Temperature Do 5.58* 2.96* 6.16* -0.57
67.5 36.9 717 21
0.00496 0.00245 0.00938 0.00903
D 4.75* 1.49 6.50* -1.72
60.1 12.9 73.8 16.5
0.00476 0.00409 0.00954 0.01200
RH, RH max RHin RHg
Relative humidity Do 457 6.38* 2.70* -1.07
58.2 73.1 32.8 7.1
-0.1380 -0.2170 -0.0531 0.0102
D 4.65* 4.87*% 4.34* -3.17*
59.1 61.3 55.7 40.1
-0.1020 -0.1800 -0.0479 0.0127
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3.4.2 Inter-seasonal variation in metabolic rate, live mass and microclimate

Variation in metabolic rates between S1 and S2 revealed significant differences
associated with time (Fs 132 = 12.92; P < 0.001) but not mass (F3 132 = 0.20; P = 0.653) or
itsinteraction with time (Fz 132 = 0.26; P = 0.613) (Table 3.1, Fig. 3.2).

The S2 November field period was earlier than and did not overlap with the
commencement of fieldwork in S1, hence microclimate data to alow direct comparison
between the two seasons are unavailable. Comparison of microclimate temperature data
from December 2006 with overlapping data for December 2007 (T4, Tmax, Tmin, @0d TR)
indicated that the data for the entire months were generally similar, although the first
week of December 2006 was significantly different to the same period in 2007 (t14 =
7.22; P <0.001; t14 = 3.63; P = 0.003; t34 = 5.00; P < 0.001; t14 = 2.05; P = 0.060; for
To, Tmax, Tmin, @nd Tg; respectively) (Fig. 3.3). In particular, the average temperature
was 2.9°C higher in the first week of December 2006, while the maximum and

minimum temperatures for this period were 4.3° and 1.7° warmer in 2006 than in 2007.
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Figure 3.3 Microclimate data comparing mean, maximum, minimum and range of temperature under a
rock at Cape Bird (Ross Island), Antarctica in December 2006 (grey squares) and 2007 (black triangles).
In particular, note the differences between data collected from 1 — 7 December in each year.
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Comparison of relative humidity data between S1 and S2 revealed significant
differences between the seasons in all variables (RH,: tgs = 11.38; P < 0.001; RHpax: tos
= 14.63; P < 0.001; RHpn: tog = 3.30; P = 0.001; RHR: tgg = 3.81; P < 0.001), the most
notable of which is the low minimum (88.5% RH) reported in the November 2007
period (Table 3.2).

3.4.3 Spatial variation in metabolic rate, live mass and microclimate

Mean whole animal metabolic rate varied significantly at the spatial level and this
variation corresponded to mass (Fs37 = 32.13; P < 0.001), location (F337 = 4.29; P =
0.045) and the interaction between mass and location (Fs37 = 18.40; P < 0.001) (Table
3.1). In particular, metabolic rates for samples from Taylor Valley (0.0134 + 0.0067
pl.hrt [s.d]; n = 15) and Garwood Valley (0.0166 + 0.0052 pl.hr* [s.d]; n = 10), were
significantly higher than those for samples analysed over a similar time frame at Cape
Bird (0.0098 + 0.0022 pl.hr* [s.d.]; n = 16) (Table 3.1, Fig. 3.4).
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Figure 3.4 Mean metabolic rate (+ s.d.) in January 2008 of Gomphiocephalus hodgsoni at three locations
(Cape Bird, Taylor Valley, Garwood Valley) in the Ross Dependency showing significant metabolic rate
differences across |ocations (Fz 3; = 4.29; P = 0.045).

Examination of the limited available microclimate data across sites shows that, in

all cases, Taylor Valley displays lower mean and minimum temperatures, and in all but
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one case lower maximum temperatures than Cape Bird (Table 3.2). The available
relative humidity data correspondsto ‘soil’ at Cape Bird, and ‘air’ at Taylor Valey, so a
direct comparison of this variable across sites is not possible (Table 3.2). However, if
relative humidity variation follows the same pattern as temperature variation (these
variables were found to be correlated at Cape Bird in Sl1; A. McGaughran,
unpublished), then the inland valley sites may also experience lower levels of relative

humidity than Cape Bird.

3.5 DISCUSSION

We previously reported the first clear evidence of intra-seasona variation in standard
metabolic rate, measured at constant conditions, for a polar terrestrial invertebrate
(McGaughran et a. 2009a). Metabolic rates of G. hodgsoni measured in the current
study (mean mass-specific metabolic rates in January 2008 at Cape Bird for 54
individuals: 0.00037 + 0.00016 plO,.ugthr® [sd]) fal a the lower end of the
published range for Antarctic micro-arthropods (0.0003 — 0.0017 plO,.pug*.hr* (Block
& Tilbrook 1975; McGaughran et a. 2009a)) but again displayed temporal variation,
both in the form of intra- and inter-seasonal differences. An important conclusion from
data obtained in S1 was that metabolic rate in G. hodgsoni varies systematically over
time, most likely as a function of demand for the product of respiration (ATP)
(McGaughran et a. 2009a). However, superimposed on this, as indicated in the current
study, is the influence of microclimate temperature on metabolic rate in terms of both
daily variability in minimum temperatures and differing environmental conditions
between years.

The significance of temperature in the life of ectotherms is well appreciated for its
effects on a diverse array of physiological traits including metabolism (Kingsolver &
Huey 1998 and references therein). Its role as a primary cue dictating activity in
Antarctic arthropods (in addition to other factors such as feeding and moisture
availability) is also acknowledged (Worland et a. 2007). The results of the current
study suggest the importance of temperature cues early in the season, which may be

capable of setting the precedent for al future activity within that season. In addition,
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the extremely low metabolic rates identified in the November period (S2), may help to
define the commencement of the active season in biological terms. Indeed, the average
soil temperature around this time was 0.0°C + 1.5 [s.d.], and above-zero microhabitat
temperatures do not become prevalent until December (see Table 3.2). The lowest
relative humidity (88.5%) was also logged during November (S2) and, while it is
unknown how these measurements translate into hydration states of individuals,
desiccation stress has been noted at 98% RH in other soil-dwelling springtails (e.g.
Holmstrup et al. 2001; Kaersgaard et al. 2004), while seasonal cycles identified in body
water content of maritime Antarctic springtails have been interpreted as a direct signal
of changing levels of desiccation stressin their micro-environment (Convey et a. 2003).
Thus, the high metabolic rates detected in S1 around the end of December/beginning of
January may indicate that springtails are active and replenishing exhausted energy
reserves following emergence of al life stages from inactive ‘winter’ and/or desiccation
states at this time (see McGaughran et a. 2009a).

Alongside the roles of temperature and other environmental factors (e.g. relative
humidity) in dictating temporal variation in metabolic rates, are their potential effectsin
driving spatial variation among populations from different locations. However, there
are severa problems inherent in comparing individuals from different areas because of
potentia individual and/or population differences in acclimation, activity level, mass,
sex, reproductive status, underlying genetic characteristics, hydration state and diet
(Lardies et a. 2004).

Of these, body mass is known to be strongly influential on metabolic rates
(Hochachka & Somero 2002) and analysis of mass among the three populations of this
study showed that this variable was important in driving patterns of spatial metabolic
rate variation. However, our analyses showed that variability apparent at the local
population level on spatial scales appears to far outweigh any underlying scaling
relationship (see Table 3.1), thus spatial variation in metabolic rates is only partly
explained by differencesin mass.

Indeed, the GLM analyses highlighted location and the interaction between mass
and location, as additional significant factors accounting for metabolic rate variation.

Location may be considered as a proxy for severa factors, including temperature and
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relative humidity differences among sites, and the available climate data suggest that
Taylor Valley experiences a more ‘extreme’ climate than Cape Bird (see Table 3.2).
While no data are currently available for Garwood Valley, we expect that its climate is
likely to parallel that at Taylor Valley given its inland continental location. In practice,
the two valley locations experience lower temperatures, potentialy lower relative
humidity (see Results, section 3.4.3) and a shorter growing season than Cape Bird, thus
we might predict lower rates of energy turnover and greater allocation of resources to
survival for these populations. However, our data indicate that metabolic rates
measured in Taylor and Garwood Valey individuals were significantly higher than
those of Cape Bird individuals. This observation is perhaps consistent with greater
metabolic adaptation of the Valley populations in the form of expression of MCA, such
that individuals at these more ‘extreme’ sites may be better able to utilize the more
limited opportunities of a shorter active season or better withstand temperature and/or
desiccation stresses. In the case of potential relative humidity differences among sites,
variation in hydration status of individuals has been recently shown to affect metabolic
rates in the Antarctic invertebrate Belgica antarctica (Benoit et al. 2007).

Finally, differential fitness among populations/locations may also be affected by
processes operating a the molecular scale. For example, several studies have
demonstrated a significant genetic contribution to variation in individua energy
budgets, and heterozygosity is often spatially or temporally correlated with variation in
environmental factors and whole-anima physiological processes (Garton 1984;
Hawkins et al. 1986; Mitton et al. 1986; Teska et a. 1990; Pujolar et a. 2005). In
particular, individuals with greater heterozygosity have been shown to have a greater
aerobic scope for activity (Mitton et al. 1986). Previous genetic work has shown that
the Cape Bird population of G. hodgsoni has very low levels of heterozygosity
compared to Taylor Valey (Stevens & Hogg 2003). Furthermore, McGaughran et al.
(2008) describe low levels of genetic variability in the mitochondrial gene cytochrome ¢
oxidase | at Cape Bird, while sasmples from Garwood and Taylor Valeys show much
greater variability at this locus (McGaughran et a. 2009b). Therefore, differences in
genetic variability among populations, if accompanied by differential effects on fitness
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(e.g. via adaptability potential), may also be important in structuring spatial metabolic
rate variation of populations, such as seen here.

In summary, it is clear that the life history strategy of Antarctic terrestria
arthropods such as G. hodgsoni is governed by a matrix of factors (both biotic and
abiotic). Over temporal scales, both intrinsic seasonal variation and local microhabitat
conditions clearly have strong influences on metabolic rate variation, including
potentialy setting restrictive limits on activity very early in the season. From a spatia
perspective, metabolic rate variation may be caused by differences among populations
in mass, energy assimilation and expenditure (i.e. MCA), climatic and habitat
differences and/or a combination of other factors including genetic variability and its
relationship to fitness. In addition, a suite of other factors that in some cases remain
difficult to quantify and/or account for (e.g. diet, developmental stage, sex, thermal
history, hydration status) may be important influences of both spatial and temporal
patterns of physiological variability. Studies to isolate and quantify these factors are
clearly required.
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4.1 ABSTRACT

We investigated the ways in which populations express spatial heterogeneity in the twin
evolutionary contexts of molecular and physiological differentiation.

Measurement of metabolic rates (made at constant temperature) of individuals of
the springtail Cryptopygus antarcticus travel from six geographicaly distinct
populations on sub-Antarctic Marion Island were supplemented with mtDNA (cox1)
haplotype analysis to examine in parallel both physiological and genetic variation of
distinct populations.

We found evidence of genetic structure among populations and a general indication
of long term isolation with limited gene flow. While we found support for an overall
pattern of metabolic rate structure among populations from different geographic
locations on the idand, we were unable to demonstrate a coherent common pattern
between this and genetic variation.

However, spatial structure in metabolic rate variation was strongly related to the
extent of variability in microclimate among sites, and also showed some indication of a
phylogeographic signal. Thus, over the relatively short timescale of Marion Island’s
history (< 1 million years), the periodic geographic barriers that have influenced
population differentiation from a molecular perspective may aso have resulted in some
physiological differentiation of populations.

4.2 |INTRODUCTION

Spatial variation in the environment is known to affect species in various ways, and
subsequently to dlicit a variety of responses. In particular, differences in energy
assimilation and expenditure are important in shaping population structure and
dynamics (e.g. Convey 1998; Koztowski et al. 2004; Lardies et al. 2004). In polar
environments, physiological processes that influence energy assimilation and use, and
their variation in response to environmental conditions, are likely to have a significant
influence on the evolution of life history strategies (Convey 1996a; Clarke 1998; Chown
& Convey 2007), especialy since diversity is low and extreme conditions are either
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common or unpredictable (Fischer 1960; Southwood 1978, 1988; Greenslade 1983;
Peck et a. 2006). Indeed, adaptive strategies of Antarctic terrestrial taxa are largely
dominated by responses of individuas to their immediate environment, and include
characteristics which maximise activity, growth, development and survival (Convey
1996a,b; Worland et al. 2000; Worland & Convey 2001; Sinclair & Chown 2003;
Sinclair et al. 2003; Hawes et al. 2006; Lee et a. 2006). Under such circumstances,
physiological variation among individuals and populations that generates differencesin
fitness may be significant.

Nonetheless, such differences have received scant attention in an ecological context
in the region (but see e.g. Davey & Rothery 1996; Convey 1998; Klok & Chown 2003,
2005). Investigation of intraspecific variation in metabolic energy supply in particular
would prove beneficia in this context because metabolic rate (generally measured
indirectly as VO,) is essentially a measure of the energetic cost of living, its function
being to provide the ATP that fuels all processes within the organism (Clarke 1993,
1998). Thus, metabolic efficiency likely has a significant influence on organism fitness
(Koztowski et a. 2004; Lardies et al. 2004; Lardies & Bozinovic 2008).

Severa studies from the polar regions have shown that metabolic rates differ
between populations or species from habitats differing in latitude, atitude and
(correspondingly) temperature (e.g. Block & Young 1978; Young & Block 1980;
Stramme 1986; Sgmme et al. 1989; Chown 1997; Chown et a. 1997). In some cases,
such differences have been attributed to ‘metabolic cold adaptation” (MCA) - a
phenomenon where, at the same trial temperature, species from colder locations have
elevated metabolism compared with those from warm locations (see Block 1990).
However, differential fitness among populations may also be influenced by processes
operating at the molecular scale.

Elsewhere, severa studies have demonstrated a genetic contribution to variation in
individual energy budgets, and heterozygosity is often spatially or temporally correlated
with variation in environmental factors and whole-animal physiological processes
(Garton 1984; Hawkins et a. 1986; Mitton et al. 1986; Teska et a. 1990; Pujolar et al.
2005). Individuals with greater heterozygosity have also been shown to have a greater

aerobic scope for activity (Mitton et al. 1986). Another element of molecular work also
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considers the role of life history parameters such as metabolic rate, body size, and
generation time in affecting evolutionary rates. In practice, it is difficult to truly define
the role of individual parameters, however, current thinking points to an overal
“metabolic theory of ecology’ (Gillooly et a. 2001; Brown et al. 2004; West & Brown
2004; Allen et al. 2006) which supposes that generation time and mutation rate (both
direct consequences of biological metabolism) are governed by the body-size and
temperature dependence of mass-specific metabolic rate (Allen et a. 2006). While the
mechanistic view behind this theory is a subject of controversy in the literature (e.g.
Makarieva et a. 2008), most authors do not refute the evident relationships that exist
between metabolic rate, temperature, several other life history variables, and
evolutionary rate. Thus a variety of factors including functional (ATP-demand, MCA)
and genetic, may influence contemporary patterns of population metabolic rate
structure.

Recently, evidence of regionalisation and molecular divergence within terrestria
arthropod species has been identified across sub-Antarctic Marion Island (Mortimer &
Jansen van Vuuren 2006; Myburgh et al. 2007). Moreover, evidence is accumulating
that substantial spatial differences in microclimate across the island are not only
associated with elevational change or with changes in soil depth, but also with spatia
position both at the island-wide and local scales (Boelhouwers et a. 2003; Hugo et al.
2006; McGeoch et al. 2008; Nyakatya & McGeoch 2008). The acclimatisation
conditions resulting from local geographic variation in climatic regimes across Marion
Island therefore provide a natural framework allowing investigation of evolutionary
physiological responses to climate variation. Of particular interest here are differences
related to current environmental factors and those resulting from large-scale variation in
environmental conditions over longer time-scaes (e.g. as caused by volcanism,
glaciation).

In this study, we focus on the springtail Cryptopygus antarcticus travei Déharveng,
1981 (Collembola, Isotomidae), to examine the extent of spatial metabolic rate variation
in a sub-Antarctic ectotherm. This subspecies of the widely distributed nominate
species C. antarcticus is endemic to Marion Island, a geologicaly young (< 1 Mg
McDougall et a. 2001) island subjected over its short history to subdivision by major
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cycles of glaciation and periods of substantial volcanic activity (see Myburgh et al. 2007
and references therein). This has resulted in genetic differentiation of populations of
indigenous terrestrial arthropods, including C. a. travel (Mortimer & Jansen van Vuuren
2006; Myburgh et al. 2007), which appears to have been an early coloniser in the
island’ s history (Stevens et a. 2006).

Specifically, we investigated whether the long-term persistence of C. a. travei on
Marion Island, as well as allowing clear genetic differentiation of geographically
discrete populations (see Myburgh et a. 2007), has also led to differentiation of
metabolic rates, possibly via differential environmental regimes across the island. We
did this by adding significantly to the molecular dataset currently available for C. a.
travel to examine genetic characteristics of Marion Island populations of this species.
In conjunction with this work, we obtained complementary data on metabolic rates
(measured at constant temperature) for a subset of individuals from six populations in
order to examine metabolic rate structuring among populations. Using this combined
genetic and physiological dataset, we determined whether spatial structure in metabolic
rates can usefully be interpreted in the context of parallel underlying genetic structure
and systematic environmental variation.

43 METHODS

4.3.1 Location and sample collection

Marion Isand (46°54'S, 37°55'E) and Prince Edward Island form an isolated
archipelago in the Indian Ocean sector of the Southern Ocean (Fig. 4.1). Around 400
km? in size, the island rises to an ice plateau (1200 m as.l.) at its centre. Its climate is
cool, wet and windy, with limited seasona temperature variation and high annual
precipitation (Chown & Froneman 2008). Thus, low and high temperatures (in the
context of local ranges of variability) can occur at any stage of the year, and warm
periods in winter and/or cold periods in summer are not uncommon (Deere & Chown
2006). Given its oceanic location, the interplay between stability and unpredictability in
terms of temperature variation is likely to have been a feature throughout the history of
Marion Island (see Boelhouwers et al. 2008).
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The springtail C. a. travei is found across the island, often associated with mosses
and the alga Prasiola crispa Menegh. Lightf. Collections of adult animas (and
subsequent analyses) were made from six geographic regions (Trypot Beach (TR), Cape
Davis (CD), Katedraalkrans (KA), Swartkop Point (SW), Kildalkey Bay (KD), and
Mixed Pickle (MP)) (Fig. 4.1; Table 4.1) on Marion Island between 14 April and 5 May
2007. After collection, samples were kept outside the laboratory for a minimum of one
day and a maximum of three days in order to maintain near-natural field conditions.
Individuals were then moved to plastic vials containing a moist Plaster-of-Paris base
and moss shoots as a food source (the moss habitat aso includes epiphytic algae, likely
to be the primary diet of this species, cf. Worland & Lukesova 2001), and stored at 10°
*+ 0.5°C in a Sanyo MIR incubator (Sanyo, Loughborough, UK) (12:12 L:D) for 24 h
prior to metabolic rate measurement.

Cape Soulh Africa
I Davis (CD) ot .
L An?grica Maril%?and
N
\ Australig
Mixed ® ! zaandg!
Pickle (MP) /I _ 800m~ "~ AN ". Trypot
T ee Plateau 0 Hendrik ~ Beach (TR)
/ H S~-  a Vister Kop (HV) e
/ , 1200m < _ \. .
Y { ,~--+ Katedraalkrans:_ Archwayg
lor S (KA) N Bay (AB)
P 7 NS ,’/ Stony @
Swartkops ,~ 1 .- N | Ridge (SR)
Point (SWY VT AT !
o - \ ,
| ’| \\ ,
/ J
————————— \\ //
\\ _ ‘,’ .
-0 Kildalkey
Greyheaded Bay (KD)
Albatross Ridge (GH)
5 km

Figure 4.1 Map showing the geographic locations on Marion Island referred to in the text. Locationsin
bold type indicate those for which collected individuals underwent both metabolic rate and genetic
analyses (see Methods; section 4.3.1). Additional locations represent sampled populations from Myburgh
et a. (2007) (see Methods, section 4.3.3). Inset: Marion Idand’ s location in the Indian Ocean.
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4.3.2 Population metabolic rate structure

The method employed to measure rates of oxygen consumption followed that of
McGaughran et al. (2009). In brief, afiber-optic oxygen sensing system (Ocean Optics
Inc., USA) was used to monitor oxygen partial pressure (pO;) over time for individual
animals in a closed respirometry system calibrated (by the manufacturer) for multiple
temperatures and oxygen concentrations. Before each rate measurement was made, a
single point calibration in ar (20.95 vol % oxygen) was completed as per
manufacturer’ s instructions.

Following calibration, individual animals that had been starved for 24 h were
placed in a custom-made 40 pl chamber (see McGaughran et a. 2009), into which the
oxygen probe was inserted. During a 3 h period, temperature and pO. in the chamber
were recorded continuously using oxygen sensing software (OOISENSOR ver. 1.05,
OceanOptics Inc., USA). Temperature during runs was held at 10° + 0.1°C using a
Sable Systems PTC-1 cabinet (Sable Systems, Las Vegas, USA). This measurement
temperature was slightly higher than the average summer microhabitat temperature later
measured at Marion Island (see Results, section 4.4.4), however, was selected primarily
for comparability to existing metabolic rate work on springtails in continental
Antarctica (e.g. McGaughran et a. 2009). Partial pressure profiles were used to
calculate oxygen consumption rates on a per animal basis for each individual using the
observed drop in pO, over agiven time period in conjunction with chamber volume and
gas density calculations using the ideal gas law. An estimate of individual animal mass
was used to express corresponding oxygen consumption rates on a mass-specific basis.
Photographs of individual springtails were measured using image anaysis software
(LEICA APPLICATION SUITE, Leica Microsystems, South Africa) and mass was estimated
using the relationship: W = 6.1894L3° x 10 (after Block & Tilbrook 1975), where W
=mass (ug), L = length (um), as modelled for the nominate subspecies C. a. antarcticus
on maritime Antarctic Signy Island.

While measurements of activity were not possible, al metabolic runs showed
constant rates of oxygen percentage decrease over time, therefore we consider that the
measurements obtained are a reasonable estimate of standard metabolic rate. Given the

small size of the animals in this study, respiration rates were expected to be near the
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resolution limit of the oxygen sensing system (see www.oceanoptics.com). Hence,
blank runs (n = 10) were completed following the protocol above except without the
addition of an animal to the measurement chamber, and a mean baseline was cal culated

and subtracted from each metabolic rate measurement.

Table 4.1 Location where samples of Cryptopygus antarcticus travei were collected during April 2007
from Marion Island (in italics); and of samples from Myburgh et al. (2007).

Location Latitude Longitude Altitude (m)
Trypot Beach (TR) 46°53 05" S 37°52°05" E 13
Swartkop Point (SW) 46°55'28" S 37°35'44" E 57
Kildalkey Bay (KD) 46°58'01" S 37°31'10" E 19
Ship’s Cove (SC) 46°51'14" S 37°50'30" E 30
Hendrik Vister Kop (HV) 46°53'12" S 37°48'49" E 282
Katedraalkrans (KA) 46°53'54" S 37°46'29" E 768
Long Ridge (LR) 46°52'55" S 37°47'11" E 515
Archway Bay (AB) 46°53'56” S 3795342 E 39
Greyheaded Albatross Ridge (GH) 46°57'43" S 37°42'31" E 84
Mixed Pickle (MP) 46°52'20" S 37°38'21" E 50
Cape Davis (CD) 46°49'41" S 37°42'14" E 63
Stony Ridge (SR) 46°55'03" S 37°51'31" E 162

4.3.3 Population genetic structure

Following metabolic rate analysis, total DNA was extracted from individuas via a
‘sating-out’ procedure (Sunnucks & Hales 1996). Upon extraction, a 710 bp fragment
of the mitochondria cytochrome c oxidase (cox1) gene was amplified using the primers,
cycling conditions, and purification methods described in McGaughran et a. (2008),
and sequenced on a capillary ABI3730 genetic analyser (Applied Biosystems Inc.,
Foster City, CA) at the Allan Wilson Centre Genome Service, Massey University. In
addition to the 51 sequences obtained in this manner, a further 62 sequences
incorporating six extra populations (Ship’s Cove (SC), Hendrik Vister Kop (HV), Long
Ridge (LR), Archway Bay (AB), Greyheaded Albatross Ridge (GH), Stony Ridge (SR);
Fig. 4.1, Table 4.1) from Myburgh et a. (2007) were used to estimate a haplotype
network in the programme Tcs (ver. 1.21; Clement et al. 2000) using a connection limit

of 95%. An additional haplotype network including only individuals for which

76




Chapter Four Physiological and genetic variation in Marion Island springtails

metabolic rates were obtained was also generated. Individua metabolic rates were
arbitrarily grouped into three categories corresponding to ‘low’ (< 0.0010 plO,.pg™t.hr
1, “medium’ (0.0010 < x < 0.0020 plOy.pgt.hr?), and ‘high’ (> 0.0020 plO.pgt.hr?),
and mapped onto this second network to examine the relationship between the
partitioning of metabolic rate and molecular genetic structure among populations of C.
a. travel. In both networks, missing data in the alignment (which can distort networks;
Joly et a. 2007) were not included, and loops were resolved using the criteria suggested
by Crandall and Templeton (1993).

The programme ARLEQUIN (ver. 2.000; Schneider et al. 2000) was used to explore
genetic characteristics of the distinct populations. Specifically, we obtained measures
of haplotype (h) and nucleotide (n) diversity indices (Nei 1987) separately for each
population, and pairwise differentiation (p-st values) between populations using simple
p-distances. Finally, analysis of molecular variance (AMOVA; Excoffier et al. 1992)
was used to measure the extent to which genetic variance could be assigned to the
hierarchical structure of population organisation for the six populations with both
genetic and physiological data available (testing both with no group structure, and with
group structure according to a possible north-east/south-west break based on metabolic
results (see below): Group 1: ‘Cape Davis, Mixed Pickle, Swartkop Point’, Group 2:
‘Katedraakrans, Kildalkey Bay, Trypot Beach’), with statistical significance of variance
components tested with 16,000 permutations.

4.3.4 Microclimate measurements

To determine whether the microclimate differed among locations, iButton thermochron
data loggers (DS1921; Maxim Integrated Products, Sunnyvale CA, USA) were installed
by other investigators in April 2008, and used to monitor temperature (+ 0.5°C) at five
of the six sites every 60 minutes. iButtons were placed just below the soil surface for
locations CD, MP, KA and SW and a 20cm below the soil surface for TR.
Temperature data were processed to obtain mean daily maximum, minimum, mean and

range for each population.
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435 Satistical analyses

Statistical analyses were performed using MINITAB (ver. 14; Minitab Inc., Pennsylvania,
United States). ANOVA was used to determine if live mass or metabolic rate differed
significantly among populations. A Spearman’s rank correlation was used to test for
any direct relationship between metabolic rate and mean population mass. The same
analysis was also used to test for correlation between metabolic rate and mean
microclimate measures for each population.

In addition, we investigated the relationships among metabolic rate, genetic
haplotype and geographic location using univariate tests of significance and a general
linear model (GLM). Initially, we used metabolic rate as the dependent variable and
tested for significance using mass as covariate and location as the categorical factor.
This was then repeated using haplotype as the categorica factor. Finaly, a GLM
analysis was performed where location and haplotype were crossed. These tests were
based on the simplified a priori assumption that a functional relationship would exist
between cox1 haplotype and metabolic rate. The premise underlying this was based on
the relationship between metabolism, oxidative stress and DNA mutation, whereby
findings of increased metabolic rate correlate to findings of increased oxidative damage
(through generation of DNA-damaging metabolic by-products such as free radicals) and
increased rates of DNA mutation (e.g. Sohal et a. 1990; Adelman et al. 1998; Barja
1999; Cooke et al. 2003)°.

44 RESULTS

4.4.1 Population metabolic rate structure

Blank measurement runs generated very low estimates of equipment-generated ‘noise’,
averaging 0.0012 plO,.hrt, which equates to 0.000077 plO,.pgt.hrt (2 sf.) using the
mean live mass of 17.7 pug. This was much lower than, and significantly different from
rates obtained during runs using individual live animals (mean of all data = 0.0019 *
0.0002 plOz.pugt.hr! [SEM.] (n = 51)) (ts2 = 18.71; P < 0.001). Hence, the equipment

® See also Chapter Five.
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resolution was sufficient to allow measurement of true rates of metabolism for the size
of animalsin this study.

Live mass estimates differed significantly between the six populations (Fs 43 = 3.35,
P = 0.012), with the TR population showing the highest mean mass (26.1 + 4.6 ug
[SE.M]), followed by SW > KD > CD > KA > MP (Table 4.2). Comparison of
metabolic rates also revealed significant differences between these populations (Fs 43 =
3.00; P =0.021). In particular, the SW population showed the highest mean metabolic
rate (0.0029 + 0.005 plOz.pg™.hr* [SE.M.]), followed by: MP> CD > KD > KA > TR
(Fig. 4.2, Table 4.2).
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Figure 4.2 Mean metabolic rate (+ S.E.M.) of Cryptopygus antarcticus travel from six populations (‘' TR’
= Trypot Beach, ‘CD’ = Cape Davis; ‘KA’ = Katedraalkrans; ‘SW’ = Swartkop Point; ‘KD’ = Kildalkey
Bay; ‘MP = Mixed Pickle) across sub-Antarctic Marion Island.

This corresponds roughly to a north-east/south-west metabolic rate break among
populations, with the highest metabolic rates on the south-western side of the island,
and the lowest on the north-eastern side (see Fig. 4.1). Metabolic structure among
popul ations was confirmed by the GLM analyses, which revealed that metabolic rates of
the SW population were significantly different from the other populations (Fs 4, = 8.196;
P < 0.001), with mass non-significant (Fs4> = 0.531; P = 0.470). In addition, the
Spearman’s correlation analysis showed that the differences in metabolic rates among

popul ations were not correlated to mass differences (r = -0.257; P = 0.623).
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Table 4.2 Mean live mass(S.E.M) and metabolic rate(S.E.M) (with baseline subtracted) for the six
geographic locations on Marion Isand, from which Cryptopygus antarcticus travel samples were
collected and analysed. Results of the ANOVA for each variable are given in the last line of the table
(see Methods, section 4.3.5).

Location n Mean live mass Mean metabolic rate
(h9) (WOz.pg™.hr)
Trypot Beach (TR) 14 26.1(4.6) 0.0009(0.0002)
Cape Davis (CD) 9 11.2(1.8) 0.0021(0.0003)
Katedraalkrans (KA) 9 11.1(1.6) 0.0014(0.0005)
Swartkop Point (SW) 11 22.6(3.3) 0.0029(0.0005)
Kildalkey Bay (KD) 4 14.4(3.8) 0.0016(0.0007)
Mixed Pickle (MP) 4 8.2(2.6) 0.0024(0.0011)

Fsss=3.35P=0012 Fs4=3.00; P=0021

4.4.2 Population genetic structure

The network displayed in Figure 4.3 shows relationships among the 39 unique
haplotypes (30 singletons), obtained from the complete data-set (469 bp; GenBank
Accession no.s. GQ848918:GQ848956) of 113 sequences of C. a. travei. A single
haplotype (H1 — found in 53 individuals) dominates the network, with the maority of
specimens connected by one to three steps to this haplotype. Given this, we putatively
assign potential ‘ancestral’ status to this haplotype. A single path in the lower half of
the network connects a more ‘derived’ set of haplotypes that are separated from the core
by a greater number of mutational steps (Fig. 4.3). Overall, the configuration of this
network conforms closely to that of the 610 bp network presented in Myburgh et al.
(2007).
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Figure 4.3 Haplotype network showing the nuclectide substitution relationships among 39 haplotypes
(113 individuas) of Cryptopygus antarcticus travei from Marion Island. For each haplotype, the central
label is the haplotype code, the upper value in parentheses is the haplotype frequency (when > 1), and
lower label is the population code (see text and Table 4.1). Each line represents one mutational step,

while ‘" indicates an inferred or missing haplotype.

Haplotype-sharing among C. a. travel populations was common, with 39
haplotypes shared among 113 individuals and six (or 15%) of the total haplotypes
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present in more than one population/location. The most common haplotype (H1), was
present in al populations except SC, while the number of haplotypes present in each
population was relatively high (e.g. eight haplotypes were present in both the KD and
KA populations). Unique haplotypes were present in all populations except MP, and in
particular, six unique haplotypes were present in the KD population (Table 4.3). Of al
populations, KA showed the greatest number of genetic relationships to other
populations with four of its eight haplotypes shared with other populations.

Table 4.3 Population statistics and genetic characteristics of sampled locations for Cryptopygus
antarcticustravei: n, number of individuals; H, number of haplotypes; P, number of polymorphic sites; h,
haplotype diversity; , nucleotide diversity. Genetic population codes correspond to those used in Table
4.1.

Genetic n H P h(s.d.) n(s.d.) Distribution of
population haplotypes within
populations
TR 15 5 9 0.562(0.143) 0.003(0.002) H1, H2, H3, H4, H5
SwW 20 5 3 0.505(0.126) 0.001(0.001) H1, H4, H6, H7, H8
KD 15 8 10 0.895(0.053) 0.006(0.004) H1, H9, H10, H11,
H12, H13, H14, H15
SC 3 3 7 1.000(0.272) 0.009(0.008) H5, H16, H17
HV 9 5 8 0.861(0.087) 0.006(0.004) H1, H18, H19, H20, H21
KA 13 8 9 0.808(0.113) 0.004(0.002) H1, H4, H15, H186,
H22, H23, H24, H25
LR 4 4 3 1.000(0.177) 0.003(0.003) H1, H26, H27, H28
AB 6 5 5 0.933(0.122) 0.004(0.003) H1, H29, H30, H31, H32
GH 7 5 7 0.905(0.103) 0.007(0.004) H1, H4, H15, H33, H34
MP 4 2 5 0.500(0.265) 0.005(0.004) H1, H19
CD 11 5 5 0.618(0.164) 0.002(0.002) H1, H4, H16, H35, H36
SR 6 4 4 0.800(0.172) 0.003(0.002) H1, H37, H38, H39

Haplotype diversity (h) for C. a. travel (excluding locations where n < 4), ranged
from 0.505 — 0.933 and was highest (h = 0.933 £ 0.122 [s.d.]) in the AB population
(Table 4.3). Measures of nucleotide diversity (m) were highest in the GH population (n
= 0.007 = 0.004 [s.d.]). Severa ¢.st values were large and significant — a general
indication of long-term isolation and low gene flow between locations (Table 4.4). The
similarity of KA to other populations (see above) was indicated by comparatively low .
st values (ranging from 0.006 — 0.417 between KA and other populations; Table 4.4).

82




Chapter Four Physiological and genetic variation in Marion Island springtails

AMOVA analysis revedled high levels of significant genetic structure among the
subset of six populations (Table 4.5). In particular, ~72% of variation was apportioned
within populations. When group structure was assigned to populations for each species
(see Methods, section 4.3.3), the amount of variation among groups and among
populations within groups was similar (10 — 20%), with most variation (~68%) again
apportioned within populations (Table 4.5). Thus, variation within populations
outweighs any significant support for a north-east/south-west genetic break among these

Six populations.

4.4.3 Metabolic rate and genetic structure

The relationship between patterns of metabolic rate and genetic structureisillustrated in
Figure 4.4. While individuals with the central haplotype (H1) represent all populations
and al metabolic rate ranks (see Fig. 4.4 legend), several of the haplotypes from
individuals with high and medium metabolic ranks were more ‘derived’ genetically (i.e.
they are one or more mutational step(s) away from the central haplotype). Conversely,
individuals with a low metabolic rank have haplotype designations that include the
central (putatively ‘ancestral’) haplotype ‘H1', and severa haplotypes that are within 1
— 3 mutational steps from this haplotype. The only exception to this pattern involves
two haplotypes that represent individuals with ‘low’ metabolic ranks (H5 and H14) in
the lower part of the network. Thus, Figure 4.4 appears to provide some support for an
overall similarity between population genetic and metabolic rate structure among

popul ations.
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Table 4.4 Pairwise population ¢.st values based on 516bp of COI for 113 Cryptopygus antarcticus travei specimens. Numbers in italics denote comparisons for
which P < 0.05; average pairwise differences within localities are indicated in the diagonal

Population TR SW KD SC HV KA LR AB GH MP CD SR
Trypot Beach (TR) 0.132

Swartkop Point (SW) 0.021 0.194

Kildalkey Bay (KD) 0.488 0.559 0.374

Ship's Cove (SC) 0.472 0.635 0.100 0.330

Hendrik Vister Kop (HV) 0.050 0.111 0.278 0.144 0.103

Katedraalkrans (KA) 0.027 0.006 0.417 0.385 0.016 0.108

Long Ridge (LR) 0.026 0.153 0.473 0.397 0.071 0.017 0.128

Archway Bay (AB) 0.072 0.174 0.491 0.429 0.118 0.065 0.028 0.162

Greyheaded Albatross Ridge (GH) 0.206 0.304 0.065 0.013 0.012 0.116 0.193 0.233 0.154

Mixed Pickle (MP) 0.043 0.072 0.251 0.076 0.163 0.085 0.000 0.044 0.090 0.078

Cape Davis (CD) 0.035 0.009 0.497 0.512 0.070 0.034 0.046 0.082 0.226 0.004 0.140

Stony Ridge (SR) 0.017 0.090 0.495 0.465 0.100 0.019 0.006 0.040 0.233 0.030 0.025 0.138
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However, the GLM analyses were unable to corroborate this suggestive pattern;
when haplotype was used as the categorical factor, both haplotype (F.45 = 0.619; P =
0.543) and mass (F;45 = 1.942; P = 0.170) were non-significant. Additionally, the GLM
analysis where location and haplotype were crossed gave a non-significant result (Fs3s
= 0.619; P = 0.652).

Table 4.5 Percentage (%) of variation of molecular variance attributed to levels of hierarchical population
structure for Cryptopygus antarcticus travei (mtDNA cox1 sequences), with significance (P-value) in
parentheses. Test 1 is with no group structure enforced in the AMOVA analysis, Test 2 is with group
structure enforced according to a proposed north-east/south-west break (see Methods, section 4.3.3)

Test Source of df Sum of Squares Variance Percentage of
Variation Components Variation

1 Among populations 5 21.619 0.41253 Va 27.88(< 0.001)
Within populations 43 45.892 1.06725 Vb 72.12(< 0.001)
Total 48 67.510 1.47978
Fsr: 0.27878

2 Among groups 1 7.906 0.19172Va 12.28(0.286)
Among populations 4 13.712 0.30190 Vb 19.34(0.008)
within groups
Within populations 43 45.892 1.06725Vc 63.38(0.002)
Total 48 67.510 1.56087

Fsc: 0.22050; Fsr: 0.31625; Fcr: 0.12283

4.4.4 Microclimate measurements

The microclimate data showed that the CD, SW and MP populations (all from the west-
coast; Fig. 4.1), were dl relatively similar in their temperature mean, maxima, minima
and range profiles, however differences between these populations and KA and TR
were apparent (Table 4.6). In particular, the high altitude site (KA) had lower
temperatures than the other low altitude (coastal) sites and had a lower range of
temperature variability. The TR population had the highest mean and minimum
temperature of al sites and also the lowest range, however these differences were for
data collected 20 cm below the soil surface, which would be expected to experience a
lower range of variability and are of limited comparative value with the other sites
(Table 4.6).
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: TR

“CD ' (H9)
KA@2) ‘ 4
< (H176)/,«7'

Figure 4.4 A haplotype network showing only those individuals for which a metabolic rate is known.
The shading indicates whether individuals with that haplotype have low (< 0.0010 plO,.ugthr?; light
grey), medium (0.0010 < x < 0.0050 plO,.ug™.hr; darker grey) or high (> 0.0050 plO..ug™.hr; black)
metabolic rates. Labels within haplotypes refer to population codes (see text and Table 4.1) and numbers
in parentheses indicate haplotype frequency (when > 1).
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Table 4.6 Microclimate temperature parameters (°C), including mean, maximum, minimum, and range
for five geographic locations on Marion Island 2008 (TR = Trypot Beach; SW = Swartkop Point; KA =
Katedraalkrans, MP = Mixed Pickle; CD = Cape Davis) for various periods throughout 01 April - 14 May
2008.

Location Period of data collection Mean Maximum Minimum Range
TR 06.04.08 — 18.04.08 6.9 7.7 6.3 14
SW 14.04.08 — 14.05.08 5.0 9.3 2.0 7.1
KA 01.04.08 — 15.04.08 20 32 11 20
MP 12.04.08 — 12.05.08 52 9.3 2.2 7.1
CD 12.04.08 — 12.05.08 5.0 8.0 2.3 5.8

"NB: these data were collected at 20 cm below the soil surface; all other data was collected from just
beneath the soil surface

445 Metabolic rate and microclimate

The Spearman’s rank correlation analysis showed a strongly significant relationship
between mean metabolic rate and temperature range (r = 0.972; P = 0.006). However,
the Spearman’s correlations with mean and minimum temperature were non-significant
(r=-0.107 (P = 0.865) and r =-0.400 (P = 0.505), respectively).

45 DISCUSSION

Local and regional environmental variability have been found to underlie spatial
variation of a range of (non-metabolic) factors that are significant in determining
organism life histories and wider scale biological distributions. For example, current
patterns of biodiversity across the Antarctic continent are thought to be a response to
geographic variation in environmental conditions over time (Peck et a. 2006).
Investment in reproduction is greater in northern (sub-Antarctic) populations of the mite
Alaskozetes antarcticus than in southern (maritime Antarctic) populations (Convey
1998) and, in plants, the balance between sexual or asexual modes of reproduction and
dispersal changes with progression into more extreme environmental conditions
(Convey 1996a,c; Adams et a. 2006).

Such spatia assortment corresponding to the landscape may also be prevaent at

fine scales. In the current study, metabolic rates of C. a. travei were found to vary
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significantly among discrete populations on Marion Island. In particular, populations
from the western side of the island (SW, MP, CD) had higher mean metabolic rates than
populations located centrally (KA) or on the eastern side of the island (KD, TR) (Fig.
4.4). A north-east/south-west divide in population genetic structure, and the importance
of central grey lava outcrops as refugia, have been proposed for arthropod species on
theisland (Mortimer & Jansen van Vuuren 2006; Myburgh et al. 2007), and may also be
influential factors in the current study. However, while metabolic rate variation among
populations was apparent, our analyses indicated that neither genetic haplotype nor
location was responsible for its patterns. Indeed, variation in physiological parameters
may be influenced by a variety of factors, of which location and genetic haplotype may
be viewed as proxies for differentiation brought about by variation in (1) loca
environmental (microclimate) factors (i.e. location) and (2) historical environmental
processes (which may be teased out via genetic inference). Nonetheless, it isintriguing
that an east-west signal in temperature mean and variability has been detected on the
island (Nyakatya & McGeoch 2008), and that some historical and population genetic
evidence also exists for a substantial north-east/south-west geological divide (Mortimer
& Jansen van Vuuren 2006; Myburgh et al. 2007; Boelhouwers et al. 2008). Thus,
closer examination of both microclimate and genetic data may yield further information
about any spatia structuring among popul ations.

Contemporary climate conditions have been described along an atitudinal gradient
for Marion Island, where the mean annual temperature experienced by invertebrate
fauna was approximately 6°C in lowland areas of the island, and 3°C at 750 m asl
(Chown et al. 1997). Investigating the consequences of this temperature gradient for
biota, Chown et a. (1997) found that metabolic rates of weevil species (Coleoptera)
were generally greater in high-altitude populations, providing an example of metabolic
cold adaptation. A further study focusing on thermotolerance variation in Marion Island
weevil species found significant intraspecific differences across a climatic gradient
(Klok & Chown 2003). The present study suggests that in addition to such atitudinally-
related variation, other forms of spatial variation in physiological variables might also
exist and should be investigated.
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In general, temperature clearly impacts all physiologica and biochemical
processes, and thus plays a central role within alarge component of animal life histories
(Nespolo et a. 2003). However, as other environmental variables can interact and/or
covary with temperature, it is often difficult to separate the causal effects of temperature
alone (Addo-Bediako et al. 2002). Nevertheless, mass-specific metabolic rates obtained
in the current study account for body size (the primary determinant of resting metabolic
rate in interspecific comparisons among invertebrates alongside temperature; Gillooly et
al. 2001; Makarieva et a. 2005), and individual mass, while different among
populations, did not explain metabolic rate differences. Thus, a strong contender for a
contemporary determinant of the patterns observed in this study is likely to be ambient
temperature variation across microhabitats in the different regions of Marion Island.

Indeed, while the microclimate data obtained in the current study contained only a
small amount of overlap between populations, it did provide an indication that the
temperature of springtail habitats differs among locations on Marion Island (see Table
4.4). In particular, KA and TR were found to have significantly different temperature
regimes than the other locations. Specificaly, KA was subject to much lower
temperatures and a lower range of variability, which is not surprising given its high
atitude (768 m a.s.l), while TR differed from the other coastal locations by having the
highest mean and minimum, and lowest range of temperatures. It isinteresting that KA
differed in temperature profile from the other locations and aso had one of the lowest
mean metabolic rates. It is possible that for this site, low temperatures at high altitude
place a restriction on organism activity. Conversely, the SW, MP and CD populations
al had similar (high) temperature mean and maxima, and a comparatively high degree
of variability (i.e. a high temperature range), and these populations had the highest
metabolic rates in this study. The Spearman’s correlation analysis found support for a
very strong relationship between mean metabolic rate and microclimate temperature
range, thus the higher environmental variability of these coastal sites may have resulted
in an enhanced ability of local populations to take advantage of higher temperatures
when they occur.

In addition to the demonstrated importance of the modern microclimate, historical

environmental factors are likely to have played a role in directing population structure
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(Avise 2000) on Marion Island. Indeed, clear genetic differentiation of populations at
fine scales appears to be a feature of Antarctic systems (e.g. Fanciulli et al. 2001,
Stevens et a. 2007; McGaughran et a. 2008) that extends to the sub-Antarctic
environment (e.g. Mortimer & Jansen van Vuuren 2006; Myburgh et al. 2007). In
particular, the combined effects of periodic volcanism on Marion Island and of
Pleistocene glaciation have led to a pattern of inter-population divergence for several
terrestrial arthropods (Mortimer & Jansen van Vuuren 2006; Myburgh et al. 2007).

The data obtained in the current study provide further support for the genetic
differentiation of populations of C. a. travei, with up to 72% of variation apportioned
within populations in the AMOVA anayses. Of the twelve populations studied, unique
haplotypes were present in eleven populations (all except MP) — a pattern consistent
with divergence in isolation. Conversely, high haplotype sharing among the 113
individuals, in addition to specific genetic relationships shown at the population level
(e.g. KA shared four haplotypes with other populations;, GH, TR and CD each shared
three haplotypes with other populations) suggests the presence of a ‘globa pool’ of
genetic diversity, from which extant populations are likely sourced. Indeed, the star-
like structure of the network presented in Figure 4 indicates a population expansion in
the recent genetic history of C. a. travel (see Slatkin and Hudson 1991), and a high-
atitude refugia population such as could have been provided by KA, may have played
aroleinthis.

The mean metabolic rate structure among populations showed a pattern of: SW >
MP > CD > KD > KA > TR. Although TR and KA populations had the lowest mean
metabolic rates, individual members of these populations aso have ‘high’ and ‘ medium’
metabolic rates. When examined in concert with the haplotype distribution, the KD
population is very distinct from the other populations (with six unique haplotypes), but
still shares two haplotypes (H1 and H15) with KA. The remaining populations for
which metabolic rate data exist also share haplotypes (e.g. H1 and H4) with KA. Thus
it is possible that the KA population represents a refugial source population from which
current populations have spread and become structured (both genetically and
physiologically).
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The collective results of this study suggest that the conditions that have influenced
molecular structuring of populations of C. a. travei may aso have resulted in some
degree of differentiation in physiological parameters between populations over time. In
addition, differences between populations are likely to reflect variation in loca
environments, in particular that of temperature variability (range) across the island in
different microhabitats. We suggest that responses to both historical factors and
contemporary environmental variability have likely played a significant role in defining
physiological and genetic structure among populations of C. a. travel on Marion Island.
Further development of this hypothesis requires comparative studies on species from
Marion Island and beyond, to enable a greater understanding of the roles contemporary
and historical environments play in shaping population parameters. In addition, further
development of the ‘metabolic theory of ecology’ would benefit from future studies
designed to find empirica evidence for a functiona relationship between DNA
haplotype and metabolic rate.
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5.1 ABSTRACT

Thereisincreasing evidence for a postulated link between physiology and rates of DNA
evolution. In particular, metabolic rate, body size and generation time are suggested to
play important roles in the rate of nucleotide substitution through their effects on DNA
damage and replication frequency.

Here, we examine the relationship between metabolic rate and the tempo of
MtDNA (cox1) evolution by addressing rates of microevolutionary change at the within-
species level in a pre-existing genetic and metabolic rate dataset for the springtall
Cryptopygus antarcticus travei from sub-Antarctic Marion Island. We test the
metabolic rate hypothesis, whereby rates of mtDNA evolution are postulated to be set
primarily by mutation pathways mediated by mutagenic by-products of respiration.
Using data on relative intra-specific genetic divergence, we examine whether mass-
specific metabolic rate is correlated with root-to-tip distance on a set of mtDNA trees,
and whether metabolic rates are in any way related to these underlying trees.

Using Bayesian analyses and a novel application of the comparative phylogenetic
method, we did not find significant evidence that contemporary metabolic rates directly
correlate with the distance from the tree root to the tree tip (i.e. with mutation rate) once
the underlying phylogeny is accounted for. However, we did find significant evidence
that metabolic rate is dependent on the underlying mtDNA tree, or in other words,
lineages with related mtDNA aso have similar metabolic rates. We anticipate that
future analyses that apply this methodology to datasets with longer sequences or more
taxa may have greater power and genetic variability to detect a significant direct
correlation between metabolic rate and mutation rate. We conclude with suggestions
for possible future analyses that may extend the preliminary approach applied here, in
particular highlighting ways to potentially tease apart oxidative stress effects at the
mtDNA from the effects of population size and/or selection coefficients operating on
the molecular evolutionary rate.
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5.2 INTRODUCTION

The rate of molecular evolution is known to vary in three predominant ways (changes
in: mutation rate, population size, and selection coefficients; Bromham & Penny 2003),
but in practice, the specific causes of rate signature are difficult to isolate (Mooers &
Harvey 1994; Mindell et al. 1996). Recent interest has focused on the contribution of
nucleotide mutation rate to the rate of molecular evolution. While general trends of this
rate variation can be attributed to differences in repair equipment among taxa
(Bromham & Penny 2003), multiple variables are expected to affect mutation rate itself.

Mutations arise through unrepaired errors accrued during DNA replication and
other damage-causing processes. However, the mutation rate may also be influenced by
the life history of a species (Spradling et al. 2001; Bromham & Penny 2003). Thus,
factors including body size, generation time, and metabolic rate may play important
roles in determining the evolutionary rate of taxa through their effects on the mutation
rate. Recently, mutation rates have been anaysed indirectly using these biological
variables with the intention of developing an all-encompassing theory to describe the
patterns and processes of evolutionary rates for a range of taxa (Martin & Palumbi
1993; Mooers & Harvey 1994; Bleiweiss 1998; Gillooly et al. 2001; 2005, 2007; Allen
et a. 2006; Wright et al. 2006). According to proposed theories, animal taxawith large
body sizes, long generation times, and low mass-specific metabolic rates should have a
slower mutation rate (Nunn & Stanley 1998; Barja 1999; Giss et a. 2000; Estabrook et
a. 2007). Thisis consistent with observations that ectotherms have lower evolutionary
rates than endotherms and that small vertebrates with high metabolic rates have higher
substitution rates than large vertebrates with lower metabolic rates (Bromham & Penny
2003).

Metabolic rate and generation time (both correlated with body size) may affect
mutation rates by altering the mean residence times of nucleotides, such that these
would tend to be shorter in small, short-lived and metabolically active species (Bowen
et al. 1993). In particular, normal cellular metabolism is well established as a source of
reactive oxygen radicals — harmful by-products that account for the background levels
of oxidative DNA damage detected in normal tissue (Cooke et a. 2003). In healthy
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organisms asmall but significant part of respiratory activity generates such radicals (e.g.
hydroxide: OH"), which are capable of modifying several types of macromolecules,
including DNA (Cooke et a. 2003). Antioxidants eliminate many of these radicals,
however the remaining fraction can cause significant damage. This is generally
expected to occur near the sites of radical generation, since the most reactive radicals
are poor diffusers (Barja 1999). Thus mtDNA (the site of respiration) is likely to be a
prime target for oxygen radical-caused damage, and indeed has a higher rate of
molecular evolution than nuclear genesin animals (Bromham & Penny 2003).

Mitochondria are able to repair at least five different types of DNA damage (Barja
1999). However, the repair of mtDNA oxidative damage has been reported as a
relatively error-prone process (Souza-Pinto et al. 1999; cited in Barja 1999). In relation
to a ‘metabolic rate hypothesis’, rates of mtDNA evolution are postulated to be set
primarily by mutation pathways mediated by mutagenic by-products of respiration.
Thus, if reactive oxygen radicals have a mutagenic effect on DNA, then taxa with
higher metabolic rates should generate higher concentrations of mutagens and sustain
more DNA damage. Indeed, empirical studies have demonstrated that species with
higher metabolic rates experience higher rates of reactive oxygen radical production
(e.g. Sohal et al. 1990) and higher rates of oxidative DNA damage (Adelman et a.
1988; Cortopassi et al. 1992; Rand 1994).

Interest in metabolic rate for its influence on nucleotide rate variation among
populations was stimulated by Martin and Palumbi (1993) and Rand (1994) who
documented effects of body size, temperature and correlated variables, including
generation time and metabolic rate, on DNA substitution rate across various animal
species. More recent work has supported these findings (e.g. Allen et al. 2006; Wright
et a. 2006). The mass-specific metabolic rate model of Gillooly et a. (2001) used
thermodynamic equations to relate temperature and body size to metabolic rate and
Gillooly et al. (2005) demonstrated that body mass, temperature and metabolic rate
explain a significant fraction of the variance in nucleotide substitution rates in a broad
sample of organisms. Most recently, Gillooly et a. (2007) showed that rates of protein
evolution are largely controlled by mutation rates, which in turn are strongly influenced
by individual metabolic rate.
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A limited number of studies have addressed this question through empirical work
(eg. Avise et a. 1992; Adachi et a. 1993; Martin & Palumbi 1993; Rand 1994;
Bleiweiss 1998; Nunn & Stanley 1998; Martin 1999). However, studies of this type
have run into inherent difficulties because the effects of different variables on
evolutionary rates are hard to tease apart. Divergent groups of taxa usually differ in
many respects (e.g. nucleotide generation time, G + C content, various life history
traits), making it difficult to isolate single factors acting on DNA evolution. Therefore
investigations of rate heterogeneity at an intra-specific level may be helpful, through
their avoidance of these particular confounding factors (Zhang & Ryder 1995).

Indeed, few studies to date have examined intraspecific levels of rate heterogeneity.
Notwithstanding the difficulties of teasing apart population size and selection effects on
rates of evolution (see above), this is most likely due to the relatively small number of
mutational events that occur between closely related samples, making it difficult to
achieve a statistically significant number of nucleotide mutations between sequences.
Choice of a relatively fast-evolving mtDNA gene may go some way towards
overcoming this.

Felsenstein (1985) also pointed out that comparative studies must account for the
hierarchically structured phylogeny that underlies all species when assessing whether
one physiological variableis correlated with another. Thisis because treating species as
the units of analysis in a comparative study assumes that the traits under investigation
evolved independently in each individual. Owing to the phylogenetic structure of the
data, however, the species will share some portion of the path lengths leading from the
root to the tips of a phylogenetic tree, and for closely related species, this may be most
of the path length. As a consequence, if taxa with a certain physiological trait are all
closely related, they will tend to have alow genetic distance to each other regardless of
their trait status (Pagel 1998). Thus, ignoring the underlying coaescent history of taxa
will amost certainly bias estimates of any correlation. Fortunately, there are techniques
available which can account for the underlying phylogeny when examining hypotheses
about trait data (see Pagel 1998).

Here, attempt to use such a method to examine the relationship between metabolic
rate and mtDNA (cox1) mutation rate. We use mtDNA because, although data on DNA
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repair in non-model organisms are scarce, there is evidence that DNA repair efficiency
varies in natural populations and may thus be influenced by natural selection (Woodruff
et al. 1984; Mason et a. 1985; Nothel 1987; Martin 1999; Sniegowski et al. 2000;
Lanfear et a. 2007). It is also recognised that molecular evolution can be highly
variable within and among taxonomic groups, at least for mtDNA (Martin 1995).
Further, evolutionary lability in metabolic traits including metabolic rate (and by
inference, DNA damage rate) mean that variation among individuals will exist at the
intra-specific level. Collectively, variation in mtDNA may therefore be used to explore
the intraspecific relationships between metabolic rate and the rate of DNA mutation (as
opposed to the rate of nucleotide substitution, which is a population-level measurement
involving the incorporation of somatic mutations into the germ line).

We explore this by making use of an existing metabolic rate and mtDNA dataset
that forms part of a broader project (McGaughran et a. 2008, 2009), to examine the
relationship between metabolic rate and mtDNA (cox1) mutation rate in the springtail
Cryptopygus antarcticus travei Déharveng, 1981 (Collembola, Isotomidae) from sub-
Antarctic Marion Island. We base our work on the ssmplified a priori assumption that a
functional relationship exists between cox1 haplotype and metabolic rate. The premise
underlying this is based on the relationship between metabolism, oxidative stress and
DNA mutation outlined in detail above, whereby findings of increased metabolic rate
correlate to findings of increased oxidative damage (through generation of DNA-
damaging metabolic by-products such as free radicals) and increased rates of DNA
mutation (e.g. Sohal et al. 1990; Adelman et al. 1998; Barja 1999; Cooke et a. 2003).
Specifically, we test the * metabolic rate hypothesis’ using data on relative intra-specific
genetic divergence to determine whether: (1) the trait (mass-specific metabolic rate) is
correlated with mtDNA genetic distance (i.e. mutation rate) among individuals, and (2)

whether thistrait is dependent on the underlying tree.
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53 METHODS

5.3.1 Location and sample collection

Marion Island (46°54'S, 37°55'E) forms part of an isolated archipelago in the Indian
Ocean sector of the Southern Ocean. The springtail Cryptopygus antarcticus travei was
collected from six locations across the island (Fig. 5.1) during a 3-week period in April
2007.
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Figure 5.1 Map showing the geographic locations on Marion Island referred to in the text. Inset: Marion
Island’ slocation in the Indian Ocean.

5.3.2 Metabolic rate measurements

The method employed to measure rates of oxygen consumption followed that of
McGaughran et al. (2009). In brief, afiber-optic oxygen sensing system (Ocean Optics
Inc., Dunedin, FL) was used to monitor oxygen partia pressure (pO,) over time for
individual animals in a closed respirometry system calibrated by the manufacturer for
multiple temperatures and oxygen percentages. Upon completion of a run, partia

pressure profiles were used to calculate oxygen consumption rates for each individual,
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and an estimate of individual animal mass was used to express corresponding oxygen
consumption rates on a mass-specific basis (see McGaughran et a. 2009 for further

information, including quality control).

5.3.3 DNA extraction, amplification and sequencing
Mitochondrial DNA cytochrome ¢ oxidase | (cox1) sequences were obtained from all
individuals for which a metabolic rate was measured (n = 45). Extraction, thermal

cycling and sequencing conditions are outlined in McGaughran et al. (2008).

5.3.4 Haplotype network analysis

Tcsver. 1.21 (Clement et al. 2000) was used to estimate a haplotype network using the
statistical parsimony algorithm of Templeton et al. (1992) and a connection limit of
95%. Metabolic rate data was grouped arbitrarily into three roughly equal-sized
categories corresponding to ‘low’ (< 0.0010 plO,.pg™.hr?), ‘medium’ (0.0010 < x <
0.0020 plO..ugt.hrt), and ‘high' (> 0.0020 plO..ug™.hr') and mapped onto this
network to give a graphical representation of any relationship between mutation rate and
metabolic rate.

5.35 Combined metabolic rate and DNA mutation rate analyses

To explore whether metabolic rate is correlated with evolutionary rate (distance from
the ancestral haplotype), we took two approaches. The first was based on the haplotype
network directly; we calculated two test statistics that were designed to measure (1) if
similar haplotypes had similar metabolic rates, and (2) if haplotypes that were further
from the putative root of the network had higher metabolic rates. The significance of
these two test statistics was assessed using a randomisation test. The second approach
was to perform correlation analysis on a set of trees generated using Bayesian analyses
in the programme BAYESTRAITS ver. 1.0 (Pagd 1999; available from

www.evolution.rdg.ac.uk). These approaches are outlined in more detail below.
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5.3.5.1 Randomisation tests
Thefirst test statistic, T, was the sum, over al pairs of haplotypes whose distance in the

haplotype network was less than k, of the absolute value of the difference in metabolic

rate: T,(k) =Y > |m(i) - m(j)| ; where an individual j isin the neighbourhood Ny(i) of

i JON (i)
an individual i if the distance in the haplotype network between i and j is less than k,
and m(i) is the metabolic rate of individual i.

The second test statistic, T,, was the sum, over al directed edges (u,v) in the
haplotype network, of the average metabolic rate of individuals at node v minus the
average metabolic rate of al individuals at node u.

The null distribution of each of these test statistics was determined by reassigning
the metabolic rates to individuas at random without replacement (i.e. shuffling the
metabolic rates) and recalculating the test statistic 1000 times. The most prevalent
haplotype was used as the putative root of the network, and all edges were directed
away from the root. For each test statistic we report a p-value, which is the number of
times out of the 1000 randomisations that the value of the test statistic was higher than
for the real (un-shuffled) metabolic rates.

5.3.5.2 BAYESTRAITS (correlation) analysis

5.3.5.2.1 Background to BAYESTRAITS

BAYESTRAITS implements two models of continuous trait evolution: the standard
constant-variance random wak model (Model A), in which the given trait evolves
randomly (i.e. with no overall tendency to increase or decrease) along a phylogenetic
tree; and a directional random walk model (Model B), in which the trait tends to either
increase or decrease along the tree, leading to the expectation that mutationa steps from
the root will be correlated with the trait value (Pagel 1999).

In the standard BAYESTRAITS approach Model A and Model B are compared in
order to test the hypothesis that tips further from the root have different average trait
values from tips nearer the root due to directional selection (Pagel 1999). Here, we use
BAYESTRAITS in a novel way, however, the hypotheses tested produce the same

patterns: if there is a causal link between mass-specific metabolic rate and mutation rate
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then metabolic rates will be higher for tips that are further from the presumed root of the
tree (Model B pattern), whereas if there is no direct correlation between metabolic rate
and mutation rate there should be no trend of higher metabolic rates for tips that are
further from the presumed root of the tree (Model A pattern).

In the analyses presented here, we determine significance of results based on the
use of Bayes Factors as described in the BAYESTRAITS manua (Pagel 1999;
www.evolution.rdg.ac.uk). The use of Bayes Factors applies logic similar to that used
in likelihood ratio tests, except the margina likelihoods of two models are compared
rather than their maximum likelihoods. The marginal likelihood (approximated by the
harmonic mean of the maximum likelihoods in BAYESTRAITS when the Markov chain
has run for a sufficient number of iterations; see BAYESTRAITS manual) of a moddl is
the integral of the model likelihoods over al values of the models parameters and over
al tree results. Thus, to compare two models, the Bayes Factor ‘test statistic’ is:
2(log[harmonic mean(better model)] — log[harmonic mean(worse model)]; any positive
value favours the dependent model, but conventionally, aratio > 2 is taken as ‘positive’
evidence, > 5 is ‘strong’ and > 10 is ‘very strong’ evidence for support of one model
over the other (Pagel 1999; www.evolution.rdg.ac.uk).

5.3.5.2.2 Analysis using BAYESTRAITS
We initially ran MODELTEST ver. 3.7 (Posada & Crandall 1998) in PAUP* on the coxl
dataset to determine the best model of evolution for subsequent Bayesian analyses —
both the hierarchical Likelihood Ratio Test (hLRT) and Akaike Information Criterion
(AIC) returned the HKY model. We then used the programme BAYESPHY LOGENIES to
generate a Bayesian phylogeny estimation over 100,000,000 iterations, sampling every
100,000™ tree (Pf = 100,000) using the HKY model. We reviewed the resulting filesin
TRACER ver. 1.4.1 (Rambaut & Drummond 2007) to check convergence and proceeded
with atree file (with 10% burn-in discarded) of 900 trees, to BAYESTRAITS analysis.

All our analyses used the sub-programme ‘CoNTINUOUS within the software
package BAYESTRAITS. We felt that the most appropriate approach here was to use the
programme in MCMC mode (vs. ML mode) on a set of trees generated by Bayesian

analyses. Such trees come from the posterior distribution, i.e. they are sampled in
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proportion to their likelihood given the sequence aignment data and the model of
sequence evolution; this means that running BAYESTRAITS in MCMC mode is
effectively averaging over the tree estimate or treating it as a nuisance parameter.

As we required rooted, fully-resolved trees, we assigned an arbitrary individual
bearing the most common haplotype (see Fig. 5.2) to the outgroup and forced the
analysis to retain zero length branches (using the pset collapse=no command in PAUP*)
rather than collapsing branches. We note that this approach may affect the comparison
of Model A and B in BAYESTRAITS as an incorrect root node may hamper the detection
of trait evolution, hence we repeated our analyses assigning another arbitrary individual
bearing the most common haplotype to the root node and checked for concordance of
results.

First, we used BAYESTRAITS (in MCMC mode) to examine the correlation between
the root-to-tip distance (i.e. mutation rate) of our phylogenetic estimates and the trait
(mass-specific metabolic rate) under both the Random Walk (Model A) and Directional
(Model B) models of trait evolution. Initial runs showed that the MCMC chain was not
mixing well; this was solved by scaling the metabolic rate dataset up by a factor of
1,000, and by lowering the ratedev parameter to 0.002 (Mark Pagel, persona
communication). Second, we performed additiona anayses under Model A to
investigate whether metabolic rate was dependent on the underlying tree. This was
assessed by calculating the Bayes Factor for a comparison between a model in which
the lambda (A) parameter was freely estimated versus a model in which it was set to 0
(the latter corresponds to variation in the trait being entirely independent of the
underlying phylogeny).

54 RESULTS

5.4.1 Haplotype network analysis

There were a total of 16 unique haplotypes for the coxl dataset and the maximum
number of mutational steps between these was nine (Fig. 5.2). The haploytpe network
showed a pattern of one most common (i.e. presumed ‘ancestral’) haplotype (n = 27)

from which several singletons (and one haplotype with n = 4) were derived.
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Of the 45 individuals, 17, 11 and 17 corresponded to ‘low’, ‘medium’ and ‘high’
metabolic rate categories, respectively.  The ancestral haplotype had a mixture of
individuals with ‘low’, ‘medium’ and ‘high’ metabolic rates, however a genera trend
where more derived haplotypes (i.e. those with a greater number of mutational steps
from the proposed ancestral haplotype) have higher metabolic rates was evident. In
particular, 11 of the 15 derived haplotypes were from individuals with ‘medium’ or
‘high’ metabolic rates. Thus there appears to be some support for an overal pattern of

metabolic rate structure coinciding with genetic structure.

Figure 5.2 Haplotype network for the mtDNA cox1 dataset for Cryptopygus antarcticus travei from
Marion Island. Shading indicates whether individuals with that haplotype have low (< 0.010 ulO.ug™.hr
% white), medium (0.0010 < x < 0.0020 plO,.ugt.hr; light grey) or high (> 0.0020 plO,.ug™.hr; dark
grey) metabolic rates. Numbersin parentheses indicate haplotype frequency (when > 1).
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5.4.2 Combined metabolic rate and DNA mutation rate analyses
5.4.2.1 Randomisation test analyses
The first test statistic we evaluated, T1(0), measures the similarity in metabolic rates of
individuals with identical haplotypes. The p-value for this test was 0.061 meaning that
individuals that share the same haplotype have more similar metabolic rates than
expected by chance at a 10% level of significance. The p-value for Ty(1), which
measures the similarity in metabolic rates of individuals that differ by at least one
mutational step, was 0.208, which means that these individuals do not have metabolic
rates that are more similar than expected by chance at a 10% level of significance.

The second test statistic, T, measures whether there is a directional change in
metabolic rates as we move away from the putative root of the haplotype network. This
test was not significant (P = 0.871).

5.4.2.2 BAYESTRAITSanalyses

The 900 trees from the post burn-in posterior distribution of the BAYESPHYLOGENIES
analysis are summarised as a consensus tree in Figure 5.3. The lack of resolved
relationships in Figure 5.3 (in particular the largest polytomy includes the 27 taxa that
form the main group in the haplotype network) is expected given the haplotype network
(Fig. 5.2) and highlights the importance of averaging over different possible coal escent
histories (i.e. using MCMC mode in BAYESTRAITS). The branch lengths shown are
means (i.e. the length of a given branch is the average value of that branch length taken
over al the trees it appears in); they indicate that there is variation in the root to tip
distances when the root is chosen to be an arbitrary taxon from the main haplotype
group (Fig. 5.3).

For the first analysis run in BAYESTRAITS (comparing Model A to Model B), we
found that, while Model B had a dightly better margina likelihood, the evidence to
support this was not strong (i.e. Bayes Factor < 2) (Table 5.1). This means our analyses
are unable to reject a model in which metabolic rate is not correlated with greater
genetic distance to the ancestral node.

However, in our subsequent BAYESTRAITS analysis examining the lambda

parameter within Model A, we found a significant difference (Bayes Factor > 10)
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between the model where A was estimated and the model where A = 0 (Table 5.1). This
means there is strong evidence that A # O, i.e. that metabolic rate is dependant on the
underlying mtDNA tree.

—9.999999999999999E-6

Figure 5.3 Majority-rule consensus tree of the 900 post-burnin trees from the BAYESPHYLOGENIES
analysis. Branch lengths are averages over the length of the branch in the trees in which it appeared.

Table 5.1 Harmonic mean of log likelihood values of metabolic rate and DNA mutation rate correlation
tests (see Methods, section 5.3.5.2). All tests were performed in BAYESTRAITS on the springtail
Cryptopygus antarcticus travei from sub-Antarctic Marion Island.

Model Harmonic mean of Bayes Factor
log likelihood values

A -77.4104 0.8476
B -76.5628

A(r=est) -77.0837 21.9678
A(A=0) -99.0515
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5.5 DiscussioN

Metabolic rate, body size, generation time and effective population size vary through
evolutionary time. These changes likely introduce substantial noise to comparisons of
physiology and life-history parameters with rate of evolution. Despite this, severa
researchers have reported observing correlations between rate of evolution and other
factors (e.g. Martin & Palumbi 1993; Adachi & Hasegawa 1996; Li et al. 1996). This
includes work that looked at evolutionary rates in two lineages of Hawaiian Drosophila
species and showed that population-level phenomena can be important in understanding
evolution at the molecular level (DeSalle & Templeton 1988, see also the work of
Zhang & Ryder 1995). Metabolic factors were aso highlighted as important correl ates
(if not actual determinants) of variation in evolutionary rates of hummingbirds, whose
metabolism may be great enough to alter substitution rates at the level of the nuclear
genome (Bleiweiss 1998). Slow mitochondria evolution in turtles has been shown to
potentially correlate with generation time and/or metabolic rate (Avise et a. 1992) and
further studies supporting the metabolic rate hypothesis include the work of Cortopassi
et a. (1992) on aging in human tissues, a rate assessment performed by Bowen et al.
(1993) for marine turtles, and Nunn and Stanley’s (1998) study of tube-nosed seabird
evolution.

In contrast, several studies have failed to find support for the metabolic rate
hypothesis (e.g. Adachi et al. 1993; Bromham et al. 1996; Mindell et al. 1996; Spradling
et a. 2001), or have conversely supported body temperature (e.g. Mindell et a. 1996),
generation time (e.g. Mooers & Harvey 1994), speciation (e.g. Mindell et al. 1989;
Barraclough et al. 1996), or some combination of these factors (e.g. Bousquet et al.
1992). Most recently, a study on the New Zealand tuatara noted the highest rate of
molecular change recorded in a vertebrate, but contrastingly slow tempos of metabolism
and growth, and along generation time for thisreptile (Hay et a. 2008).

The current study is among the first to examine this clearly complex relationship at
the intra-specific level, and began with what appeared to be a degree of support for the
proposed relationship between metabolic rate and DNA mutation rate. This support was
in the graphical form of a haplotype network onto which metabolic rates were mapped.
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However, the results of our analyses that tested for a direct correlation between these
variables while accounting for the underlying phylogeny were unable to strongly
corroborate this initially promising pattern in C. a. travei. In other words, metabolic
rate does not appear to directly increase or decrease with evolutionary distance of
individuals from the *ancestral’ root of the tree. Conversely, subsequent analysis within
aBAYESTRAITS lambda framework provided strong evidence (Bayes factor > 10) for the
hypothesis that metabolic rate is dependant on the underlying tree. Thus, we conclude
that, while we find no strong evidence to suggest that metabolic rate and mutation rate
(when measured as the root to tip path length) are correlated directly, there is an indirect
relationship between these two variables, such that lineages with related mtDNA also
have similar metabolic rates.

Testing for a direct correlation between DNA mutation rate and metabolic rate as
well as severa other life history traitsis rendered difficult for several reasons (Spradling
et a. 2001). For example, we cannot assume that relative rates of oxygen radica
production in gonad cells are effectively measured by whole body metabolic rate
estimates (Mindell et al. 1996), and although evolutionary rates reflect the evolutionary
history of each lineage, life history variables are measured in the present time and retain
little information about the way they may have changed over time across a lineage
(Gissi et a. 2000). In addition, metabolic rate is clearly not the only causative force
leading to DNA damage (Martin 1995) and a variety of factors are likely to contribute
to the likelihood of any mutations becoming fixed in the population (e.g. protein
function, purifying selection, population size) (Mindell & Thacker 1996).

In relation to C. a. travei from Marion Idland, it is certainly possible that
differences among individuals relate to different selective pressures among different
populations. In particular, populations from the western side of the island (SW, MP,
CD) have higher mean metabolic rates than populations located on the eastern side of
the idand (KA, KD, TR) (Fig. 5.1; McGaughran et al. submitted manuscript; see
Chapter Four) and this may suggest underlying environmental differences among
locations. Such variation over sufficient timescales may initiate selection processes in

certainloci.
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Finally, the mtDNA cox1 gene may not be ideal for testing these relationships and
the sequence lengths employed here (516 bp) may also be insufficient. Indeed, close
inspection of the BAYESPHYLOGENIES tree file generated in this study reveaded that
many different coalescent histories are compatible with the data (as expected given the
haplotype network; Fig 5.2), and this could obscure any association between mutation
rate and metabolic rate. Unfortunately, this limitation, which essentialy relates to a
poor phylogenetic signal in our dataset, lies at the heart of the intra-specific approach
and islikely to represent the most severe hindrance to studies of this type.

Although we stand by the a priori assumption underlying our research (that a
functiona relationship exists between mtDNA haplotype and metabolic rate based on
the relationship between metabolism, oxidative stress and DNA mutation; see
Introduction), we must acknowledge the limits of our approach in determining between
the effects of metabolic rate and other important factors which cause variation in
evolutionary rate (i.e. population size and/or selection coefficients operating at the
molecular level). With this in mind, we intend our results to be interpreted as a ‘first
step’ in the anaysis of this complicated issue to expand the metabolic theory of
ecology, and wish for them to ultimately serve as a proxy for future studies which are
able to tease apart the various confounding factors.

In particular, we recommend that future work include further analysis following our
methodologica approach and using phylogenetically independent contrasts (PICs). For
example, closely related sister taxa with differing life history variables such as
generation time, body size, colonisation histories, population size, potential selection
coefficients and of course, metabolic rates would provide fertile ground for future study
of thisissue. Examinations at the intra-specific level using larger datasets and including
multiple genetic loci (including nuclear genes) are also envisaged as steps to further
enlarge our preliminary demonstration. These latter suggestions in particular would aid
the process by giving greater power (i.e. phylogenetic signal) to statistical tests such as
the ones performed here. Indeed, we strongly recommend that analyses of this type be
repeated as larger datasets become available, and expect that recent advances in DNA
sequencing technology allowing higher throughput (e.g. of complete mtDNA genomes)
are likely to make such studies feasible in the near future. Finally, our work highlights
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the need for development of new statistical approaches that seek to accommodate
coalescent processes which could potentially drive variation in branch lengths
independently of any underlying variation in mutation rate. We look forward to such
advances and the contribution they may make to the generation of genera conclusions
concerning sources of rate heterogeneity.

5.6 ACKNOWLEDGEMENTS

We thank Mark Pagel for advice regarding the analyses. We aso thank David Penny,
Pete Convey, Jonathan Waters, Brent Emerson, Murray Potter and Jeffrey Thorne for
comments on an earlier version of the manuscript. AM thanks Steven Chown
(University of Stellenbosch), for the opportunity to collect samples and metabolic rate
data on Marion Island. AM was supported by a New Zealand Tertiary Education

Commission Top Achievers Doctoral Scholarship.

5.7 REFERENCES

Adachi, J., Hasegawa, M. (1996) Tempo and mode of synonymous substitutions in
mitochondrial DNA of primates. Molecular Biology and Evolution, 13, 200-208.

Adachi, J., Cao, Y., Hasegawa, M. (1993) Tempo and mode of mitochondrial DNA
evolution in vertebrates at the amino acid sequence level: rapid evolution in
warm-blooded vertebrates. Journal of Molecular Evolution, 36, 270-281.

Adelman, R., Saul, R.L., Ames, B.N. (1988) Oxidative damage to DNA: Relation to
species metabolic rate and life span. Proceedings of the National Academy of
Sciences of the USA, 85, 2706-2708.

Allen, A.P., Gillooly, JF., Savage, V.M., Brown, JH. (2006) Kinetic effects of
temperature on rates of genetic divergence and speciation. Proceedings of the
National Academy of Sciences of the USA, 103, 9130-9135.

Avise, JC., Bowen, BW., Lamb, T., Meylan, A.B., Bermingham, E. (1992)

Mitochondrial DNA evolution at a turtle's pace: evidence for low genetic

116




Chapter Five Using phylogenies in ecology

variability and reduced microevolutionary rate in the Testudines. Molecular
Biology and Evolution, 9, 457-473.

Barja, G. (1999) Mitochondrial oxygen radical generation and leak: sites of production
in States 4 and 3, organ specificity, and relation to aging and longevity. Journal
of Bioenergetics and Biomembranes, 31, 347-366.

Barraclough, T.G., Harvey, P.H., Nee, S. (1996) Rate of rbcL gene sequence evolution
and species diversification in flowering plants (angiosperms). Proceedings of the
Royal Society of London Series B, 263, 589-591.

Bleiweiss, R. (1998) Relative-rate tests and biological causes of molecular evolution in
hummingbirds. Molecular Biology and Evolution, 15, 481-491.

Bousquet, J., Strauss, S.H., Doerksen, A.H., Price, R.A. (1992) Extensive variation in
evolutionary rate of rbcL gene sequences among seed plants. Proceedings of the
National Academy of Sciences of the USA, 89, 7844-7848.

Bowen, B.W., Nelson, W.S., Avise, J.C. (1993) A molecular phylogeny for marine
turtles: trait mapping, rate assessment, and conservation relevance. Proceedings
of the National Academy of Sciences of the USA, 90, 5574-5577.

Bromham, L., Penny, D. (2003) The modern molecular clock. Nature Reviews Genetics,
4, 216-224.

Bromham, L., Rambaut, A., Harvey, P.H. (1996) Determinants of rate variation in
mammalian DNA sequence evolution. Journal of Molecular Evolution, 43, 610-
621.

Clement, M.D., Posada, D., Crandall, K.A. (2000) TCS. a computer program to
estimate gene genealogies. Journal of Molecular Evolution, 9, 1657-1659.
Cooke, M.S,, Evans, M.D., Dizdaroglu, M., Lunec, J. (2003) Oxidative DNA damage:

mechanisms, mutation, and disease. FASEB Journal, 17, 1195-1214.

Cortopassi, G.A., Shibata, D., Soong, N.-W., Arnheim, N. (1992) A pattern of
accumulation of a somatic deletion of mitochondrial DNA in aging human
tissues. Proceedings of the National Academy of Sciences of the USA, 89, 7370-
7374.

DeSdle, R., Templeton, A.R. (1988) Founder effects and the rate of mitochondrial
DNA evolution in Hawaiian Drosophila. Evolution, 42, 1076-1084.

117




Chapter Five Using phylogenies in ecology

Estabrook, G.F., Smith, G.R., Dowling, T.E. (2007) Body mass and temperature
influence rates of mitochondrial DNA evolution in North American Cyprinid
fish. Evolution, 61, 1176-1187.

Felsenstein, J. (1985) Phylogenies and the comparative method. American Naturalist,
125, 1-15.

Gilloaly, J.F., Brown, JH., West, G.B., Savage, V.M., Charnov, E.L. (2001) Effects of
size and temperature on metabolic rate. Science, 293, 2248-2251.

Gillooly, J.F., Allen, A.P., West, G.B., Brown, J.H. (2005) The rate of DNA evolution:
effects of body size and temperature on the molecular clock. Proceedings of the
National Academy of Sciences of the USA, 102, 140-145.

Gilloaly, J.F., McCoy, M.W., Allen, A.P. (2007) Effects of metabolic rate on protein
evolution. Biology Letters, 3, 655-659.

Gissi, C., Reyes, A., Pesole, G., Saccone, C. (2000) Lineage-specific evolutionary rate
in mammalian mtDNA. Molecular Biology and Evolution, 17, 1022-1031.

Hay, JM., Subramanian, S., Millar, C.D., Mohandesan, E., Lambert, D.M. (2008)
Rapid molecular evolution in aliving fossil. Trendsin Genetics, 24, 106-109.

Holland, B.R., Huber, K.T., Penny, D., Moulton, V. (2005) The MinMax Squeeze:
Guaranteeing a minimal tree for population data. Molecular Biology and
Evolution, 22, 235-242.

Lanfear, R., Thomas, J.A., Welch, JJ., Brey, T., Bromham, L. (2007) Metabolic rate
does not calibrate the molecular clock. Proceedings of the National Academy of
Sciences of the USA, 104, 15388-15393.

Li, W.-H., Ellesworth, D.L., Krushkal, J., Chang, B.H.-J., Hewett-Emmett, D. (1996)
Rates of nucleotide substitution in primates and rodents and the generation-time
effect hypothesis. Molecular Phylogenetics and Evolution, 5, 182-187.

Martin, A.P. (1995) Metabolic rate and directional nucleotide substitution in animal
mitochondrial DNA. Molecular Biology and Evolution, 12, 1124-1131.

Martin, A.P. (1999) Substitution rates of organelle and nuclear genes in sharks:
implicating metabolic rate (again). Molecular Biology and Evolution, 16, 996-
1002.

118




Chapter Five Using phylogenies in ecology

Martin, A.P., Palumbi, S.R. (1993) Body size, metabolic rate, generation time and the
molecular clock. Proceedings of the National Academy of Sciences of the USA,
90, 4087-4091.

Mason, JM., Vaencia, R., Woodruff, R.C., Zimmering, S. (1985) Genetic drift and
seasonal variation in spontaneous mutation frequencies in  Drosophila
Environmental Mutagenesis, 7, 663-676.

McGaughran, A., Hogg, 1.D., Stevens, M.l. (2008) Patterns of population genetic
structure for springtails and mites in southern Victoria Land, Antarctica
Molecular Phylogenetics and Evolution, 46, 606-618.

McGaughran, A., Redding G.P., Stevens, M.1., Convey, P. (2009) Temporal metabolic
rate variation in a continental Antarctic springtail. Journal of Insect Physiology,
55, 129-134.

McGaughran, A., Convey, P., Stevens, M.I., Chown, S.L. Metabolic rate, genetic and
microclimate variation among springtail populations from sub-Antarctic Marion
Island. Ecography, submitted manuscript, 20009.

Mindell, D.P., Thacker, C.E. (1996) Rates of molecular evolution: phylogenetic issues
and applications. Annual Review of Ecological Systematics, 27, 279-303.
Minddll, D.P., Sites, JW., Graur, D. (1989) Speciational evolution: a phylogenetic test

with allozymes in Sceloporus (Reptilia). Cladistics, 5, 49-61.

Mindéell, D.P., Knight, A., Baer, C., Huddleston, C.J. (1996) Slow rates of molecular
evolution in birds and the metabolic rate and body temperature hypotheses.
Molecular Biology and Evolution, 13, 422-426.

Mooers, A.J., Harvey, P.H. (1994) Metabolic rate, generation time, and the rate of
molecular evolution in birds. Molecular Phylogenetics and Evolution, 3, 344-
350.

Nothel, H. (1987) Adaptation of Drosophila melanogaster populations to high mutation
pressure: evolutionary adjustment of mutation rates. Proceedings of the National
Academy of Sciences of the USA, 84, 1045-1049.

Nunn, G.B., Stanley, S.E. (1998) Body size effects and rates of cytochrome b evolution
in tube-nosed seabirds. Molecular Biology and Evolution, 15, 1360-1371.

119




Chapter Five Using phylogenies in ecology

Pagel, M. (1998) Inferring evolutionary processes from phylogenies. Zoologica Scripta,
26, 331-348.

Pagel, M. (1999) Inferring the historical patterns of biological evolution. Nature, 401,
877-884.

Pagel, M., Meade, A. (2004) A phylogenetic mixture model for detecting pattern-
heterogeneity in gene sequence or character-state data. Systematic Biology, 53,
571-581.

Posada, D., Crandall, K.A. (1998) Modeltest: testing the model of DNA substitution.
Bioinformatics, 14, 817-818.

Rambaut, A., Drummond, A.J. (2007) Tracer v1.4. Available from
http://beast.bio.ed.ac.uk/Tracer.

Rand, D.M. (1994) Thermal habit, metabolic rate and the evolution of mitochondrial
DNA. Tree, 9, 125-131.

Sniegowski, P.D., Gerrish, P.J., Johnson, T., Shaver, A. (2000) The evolution of
mutation rates. separating causes from consequences. BioEssays, 22, 1057-1066.

Sohal, R.S., Svensson, I., Brunk, U.T. (1990) Hydrogen peroxide production by liver
mitochondria in different species. Mechanisms of Ageing and Development, 53,
209-215.

Souza-Pinto, N.C., Croteau, D.L., Hudson, E.K., Hansford, R.G., Bohr, V.A. (1999)
Age-associated increase in 8-oxo-deoxyguanosine glycosylase/APlyase activity
in rat mitochondria. Nucleic Acids Research, 27, 1935-1942.

Spradling, T.A., Hafner, M.S.,, Demastes, JW. (2001) Differences in rate of
cytochrome-b evolution among species of rodents. Journal of Mammalogy, 82,
65-80.

Steel, M., Penny, D. (2005) Maximum Parsimony and the phylogenetic information in
multi-state characters. Pp. 163-178 in: (Ed. V. Albert), Parsimony, phylogeny
and genomics. Oxford University Press, Oxford.

Swofford, D.L. (2002) PAUP*: Phylogenetic Analysis Using Parsimony (*and other
methods). Version 4.0b10, Sunderland, Sinauer.

120




Chapter Five Using phylogenies in ecology

Templeton, A.R., Crandall, K.A., Sing, C.F. (1992) A cladistic analysis of phenotypic
associations with haplotypes inferred from restriction endonuclease mapping and
DNA sequence data. Genetics, 132, 619-633.

Woodruff, R.C., Thompson, J.N., Seeger, M.A., Spivey, W.E. (1984) Variation in
spontaneous mutation and repair in natural population lines of Drosophila
melanogaster. Heredity, 53, 223-234.

Wright, S.D., Keding, J., Gillman, L. (2006) The road from Santa Rosalia: a faster
tempo of evolution in tropical climates. Proceedings of the National Academy of
Sciences of the USA, 103, 7718-7722.

Zhang, Y., Ryder, O.A. (1995) Different rates of mitochondrial DNA sequence
evolution in Kirk's Dik-dik (Madoqua kirkii) populations. Molecular
Phylogenetics and Evolution, 4, 291-297.

121







CHAPTER SIX:

CONTRASTING PHYLOGEOGRAPHIC PATTERNS
FOR SPRINGTAILS REFLECT DIFFERENT
EVOLUTIONARY HISTORIES BETWEEN THE
ANTARCTIC PENINSULA AND CONTINENTAL

ANTARCTICA

The work in this chapter is published:

McGaughran, A., Torricelli, G., Carapelli, A., Frati, F., Stevens, M.l., Convey, P., Hogg, I.D.
Contrasting phylogeographic patterns for springtails reflect different evolutionary histories between the
Antarctic Peninsula and continental Antarctica. Journal of Biogeography, doi:10.1111/j.1365-
2699.2009.02178.x.
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6.1 ABSTRACT

We examined genetic structure among populations and regions for the springtails
Cryptopygus antarcticus antarcticus and Gomphiocephalus hodgsoni (Collembola)
from the Antarctic Peninsula and continent, respectively. Samples were collected from
24 and 28 locations across the Antarctic Peninsula and southern Victoria Land regions
for C. a. antarcticus and G. hodgsoni, respectively. We used population genetic,
demographic and nested clade analyses based on mtDNA (cox1 and cox2) to identify
potential historical refugia and subsequent colonisation routes, and to examine
population growth/expansion and relative ages of population divergence.

Both species were found to have population structures compatible with the presence
of historical glacia refugia on Pleistocene (2 Ma — present) time-scales, followed by
postglacial expansion generating contemporary geographically isolated populations.
However, G. hodgsoni populations were characterised by a fragmented pattern with
several ‘phylogroups (likely ‘ancestral’ haplotypes present in high frequency),
indicating a strong ancestral presence among present-day populations. Conversely, C.
a. antarcticus had an excess of rare haplotypes with a much reduced volume of
‘ancestral’ haplotypes, possibly indicating historical founder/bottleneck events and
subsequent widespread expansion.

We infer that these differences reflect distinct evolutionary historiesin each locality
despite the resident species having similar life history characteristics. We suggest that
this has predominantly been influenced by variation in the success of colonisation
events as a result of intrinsic historical glaciological differences between the Antarctic
Peninsula and continental environments.

6.2 INTRODUCTION

Species genomes contain resolvable indications of past events. In particular, patterns
of genetic variation within and among populations contain information about the origin
and demography of a species. For example, measures of haplotype and nucleotide
diversity can be used to identify population origins and colonisation routes, because
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intraspecific diversity should decline away from source populations and/or refugia
(Avise 1994; Hewitt 1996). The relationship between genetic and geographic distances
can be evaluated (e.g. by a Mantel test; Mantel 1967) and simple estimates of the
number of differences between DNA sequences (e.g. p-distances) can be used to infer
ages of population and species divergence events through employment of a molecular
clock.

Furthermore, the application of modern coalescent theory alows inferences to be
made about a species’ demographic history, such as past and present population size
and ages of population divergence and growth (Kuhner et al. 1998; Schneider &
Excoffier 1999). This is because episodes of population decline cause decreases in
genetic diversity while episodes of growth cause retention of (rare) alleles or haplotypes
that would otherwise be lost (Harpending 1994). Demographic anayses are particularly
important in the analysis of contemporary patterns of population structure because the
effects of past geological events on the distribution and abundance of species are known
to be significant (e.g. Hewitt 1996). In particular, range expansion and colonisation
followed by demographic expansion is a common result of glacia cycling and it is
possible to find signals of these processes in contemporary populations.

In regions of glaciation, bottleneck events and subsequent population expansions
are thought to be common, and Antarctica provides an ideal location for examining
demographic hypotheses. Glacial events are important in structuring the genetic
diversity of Antarctic terrestrial arthropods (e.g. Frati et al. 2001; Allegrucci et al. 2006;
McGaughran et al. 2008) and other biota (see Rogers 2007). Thus, studies focusing on
population structure are also well-suited to the Antarctic realm.  Specificaly,
fragmentation of populations and isolation in widely dispersed snow- and ice-free areas
(e.g. nunataks, coastal regions, inland dry valleys) that are known to have persisted
during glacial maxima (e.g. Convey & Stevens 2007; Convey et a. 2008) are likely to
have been important mechanisms of population structuring for Antarctic biota (Rogers
2007), both on more recent Pleistocene and longer-term Miocene and Pliocene (23 — 2
Ma) time-scales.

While snow and ice-free areas have been extremely important in terms of species

persistence in Antarctica, they are similarly important over contemporary time-scales,
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where terrestrial habitats essentialy consist of widely dispersed habitats that are
ecologically equivalent to islands surrounded by areas unsuitable for habitation (Beyer
& Boelter 2002; Bergstrom et al. 2006). This, combined with the limited ability of
terrestrial Antarctic arthropods to withstand extended periods of desiccation (e.g.
Convey 1996) results in limited dispersal opportunities and contributes to the disunct
nature of contemporary populations. Accordingly, physical, ecologica and geological
barriers isolate populations presently, and have also been significant factors over the
substantial evolutionary history of Antarctica’s endemic terrestrial species (Stevens et
al. 2006).

It is now clear that persistent ice-free areas have alowed large elements of the
contemporary Antarctic terrestrial biota to have had a long continuous and isolated
history within the region (e.g. Convey & Stevens 2007; Convey et a. 2008) and
endemic arthropods including several species of springtails and mites may be
considered Antarctica's ‘relict’ fauna (Stevens et a. 2006; Pugh & Convey 2008). In
addition, certain regions of Antarctica may be viewed as distinct from each other on
account of a variety of differing ecological and climatic factors. For example, an
ancient biological and geological boundary (the ‘Gressitt Ling’) exists between the
Antarctic Peninsula and continental Antarctica, across which very few terrestrial
invertebrate species are shared (Chown & Convey 2007). Furthermore, separate areas
within the continent also possess high levels of regiona endemism, suggesting that they
too are of dissimilar (ancient) origins (Pugh & Convey 2008).

Despite this, Antarctic terrestrial taxa as a general rule employ similar ‘adversity
selected’ life history strategies (typicaly involving features such as long life cycles,
large investment in survival traits, low reproductive output, limited dispersal abilities) to
cope with the challenges of the Antarctic environment (Convey 1996). Research to date
has shown taxa to have similar patterns of population sub-structuring and differentiation
among widely dispersed localities (e.g. Fanciulli et a. 2001; Frati et al. 2001; Stevens et
al. 2007; McGaughran et a. 2008), although in reality this is based on studies from one
geographical region of the continent (Victoria Land). To redress this, we used the
springtails Cryptopygus antarcticus antarcticus Willem, 1901 and Gomphiocephalus

hodgsoni Carpenter, 1908, indigenous to the Antarctic Peninsula and the continent,
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respectively, to examine whether the hypothesis of similar patterns of population
genetic structure and demography is applicable for these species at the largest scale
across the entire Antarctic continent.

These endemic species (G. hodgsoni) and subspecies (C. a. antarcticus) are the
most common springtails in many habitats in their respective regions and are candidates
for having similarly long continuous associations with the Antarctic landscape (Convey
& Stevens 2007; Convey et a. 2008). Using sequence information from mtDNA
cytochrome c oxidase subunit | (cox1) and subunit Il (cox2) genes, we aimed to identify
refugia and colonisation routes, and describe population structure and demography
separately for G. hodgsoni and C. a. antarcticus. In addition, we compared the patterns
seen for each species, reflecting specificaly on whether postulated common
evolutionary histories of these separate Antarctic regions have resulted in similar

genetic signatures across their contemporary popul ations.

6.3 METHODS

6.3.1 Study areas, species and sample collection

Southern Victoria Land (Fig. 6.1) is alarge continental area dissected longitudinally by
the Transantarctic Mountains. Within the Ross Dependency, Ross Island is linked to
the continent via the permanent Ross Ice Shelf and fast ice adjoins coastal areas for
most (often al) of any given year. The geomorphology of the region, and especialy of
the Dry Valleys of southern Victoria Land supports a record of ice retreat from late
Miocene maxima around 10-12 Ma (Sugden et al. 2006). Low rates of precipitation
combined with typically very low atmospheric humidity result in alarge element of this
area being an ablation zone, thus vast areas are permanently free of ice and snow cover,
and have been for an extended (multi-million year) time period (Lawver & Gahagan
2003).

In contrast, the Antarctic Peninsula is a long narrow mountain chain that does not
have a land connection to the Antarctic continent. However, it is largely covered by
snow and ice that merges with the West Antarctic Ice Sheet at its southern extremity. It
supports ~120,000 km? of grounded ice and has an elevation ranging from 1,000 to >
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2,000 m. The west coast of the peninsula is home to numerous deep fjords, islands and
small ice shelves, while the east coast is characterised by more extensive ice shelves.
Much of the Antarctic Peninsula (Graham Land) hosts an alpine glacier system, which
develops in areas further south (Pamer Land, Ellsworth Land) into a continuous ice
sheet connecting the peninsula to the continent (Fig. 6.1). This north—south partition
sets up strong climatic gradients and the peninsula as a whole experiences precipitation
34 times greater than other parts of Antarctica (Barker & Camerlenghi 2002; Smellie
et al. 2006).

The species Gomphiocephalus hodgsoni (Collembola: Hypogastruridae) and
Cryptopygus antarcticus antarcticus (Collembola: Isotomidae) are the most common
springtails in their respective regions, and were used for all analyses in this study.
These springtails are small (< 2 mm in length) and are restricted to ice-free areas of high
soil moisture and/or access to water (e.g. lake edges, snow patch edges, moist stream
beds) where they inhabit the soil beneath rocks.

Collections were made from the underside of small rocks using an aspirator across
a total of 28 locations throughout southern Victoria Land for G. hodgsoni, and using
Tullgren-type extractions of appropriate substrata at 24 locations throughout the
peninsula and associated South Shetland Island archipelago (King George Island) for C.
a. antarcticus (Fig. 6.1; see Appendix 6.1).

6.3.2 DNA extraction, amplification and sequencing

Total DNA was extracted from specimens following either a ‘salting out’ protocol
(Sunnucks & Hales 1996), or using a DNeasy tissue extraction kit (Qiagen, Hilden,
Germany). Upon extraction, fragments of the mitochondrial cytochrome c oxidase
subunit | (cox1) and subunit Il (cox2) genes were amplified for cox1 using the universa
primers LCO1490 (5'-ggtcaacaaatcatasagatattgga-3’) and HCO2198 (5-
tasacttcagggtgaccaaaaaatca-3') (Folmer et al. 1994) for both species, and for cox2, using
COllam (5’ -aatatggcagattagtgca-3') and COllbm (5’ -gtttaagagaccagtactt-3') (Frati et al.
2001) for G. hodgsoni and CA-COXI-53J (5 -ttaatataacctttttcccccaac-3') and CA-
COXI11-817N (5 -aaaacatccgcagcagaaattaaag-3') for C. a. antarcticus (specifically
designed based on the complete mtDNA sequence of this species; Carapelli et a. 2008).
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Amplifications for each specimen used a 10 pl reaction volume containing 1 pl of
extracted DNA (unquantified), 1x PCR buffer (Roche, Penzberg, Germany) 2.2 mM
MgCl,, 0.2 mM of each dNTP (Boehringer-Mannheim, Mannheim, Germany), 1.0 uM
of each primer, and 0.5 U of Red Hot DNA polymerase (Thermo Scientific, Waltham,
Massachusetts, United Kingdom).

The thermal cycling conditions for cox1 were: 94°C for 1 min followed by five
cycles of denaturation and polymerase amplification (94°C for 1 min, 45°C for 1.5 min,
1 min at 68°C) followed by 35 cycles of 94°C for 1 min, 51°C for 1.5 min and 1 min at
68°C, followed by 5 min at 72°C; and for cox2 were: initial denaturation at 94°C for 2
min followed by 35 cycles of denaturation and polymerase amplification (94°C for 1
min, 50°C for 1 min and 2 min at 68°C), followed by 5 min at 72°C. All reaction
products were purified using SAP/EXO (USB Corp.,, Cleveland, OH, USA).
Sequencing used forward and/or reverse primers and was performed directly on a
capillary ABI3730 Genetic Analyser (Applied Biosystems Inc., Foster City, CA, USA)
at the Allan Wilson Centre Genome Service, Massey University.

6.3.3 Haplotype analysis

Individual sequences were verified as being derived from the relevant taxa using the
GenBank BLASTn agorithm and edited using CONTIGEXPRESS (VECTOR NTI
ADVANCE ver. 10.3.0, Invitrogen Corporation, Carlsbad, CA, USA). In addition to the
new samples extracted for this study, we also included severa published sequences of
G. hodgsoni (see Appendix 6.2 for al GenBank Accession numbers) in al of our
analyses. All sequences were aligned using CLUSTALW as implemented in MEGA ver. 4
(Tamura et al. 2007), which was also used to compute uncorrected p-distances between
unique haplotypes.

6.3.4 Population structure analysis

ARLEQUIN ver. 3.11 (Excoffier et al. 2005) was used to explore genetic characteristics
of populations and to test for the presence of population structure for each species
separately. For each gene, we computed haplotype (h) and nucleotide (x) diversity
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indices (Nei 1987), and the mean number of pairwise differences (0), and segregating
sites 0(S) at the total, region and population levels.

Analysis of molecular variance (AMOVA; Excoffier et al. 1992) was used to
measure the extent to which genetic variance could be assigned to the hierarchical
structure of population organisation (testing both with no implied structure, and with
structure according to regions. ‘Granite Harbour’, ‘Dry Valleys, ‘Southern Dry
Valeys', and ‘Ross Island’ for G. hodgsoni; ‘Northern’, ‘Central’ and ‘ Southern’ for C.
a. antarcticus (see Fig. 6.1; Appendix 6.1)), with statistical significance of variance
components tested with 16,000 permutations. Pair-wise differences between haplotypes
(p-st values) were calculated using ssimple distances and these were used to look for
significant relationships between population genetic distance (p-st) and geographic
distance (Mantel 1967). Exact tests for population differentiation based on haplotype
frequencies (Raymond & Rousset 1995) were also performed.

6.3.5 Demographic analysis

Selective neutrality among populations and genes was tested with significance
evaluated over 10,000 replicates, using Tgimas D (Tgima 1989) and Fu's Fs (Fu
1997), as implemented in ARLEQUIN. Mismatch distribution (MMD) analysis was aso
performed in ARLEQUIN to infer recent demographic changes by plotting the frequency
of number of pairwise differences observed compared to that expected under a sudden
expansion model (Schneider & Excoffier 1999). In such aplot, a unimodal distribution
is taken as support for a population expansion (Rogers & Harpending 1992).
Raggedness (R) indices (Harpending 1994) were also computed as part of the MMD
analysis and were used to assess the significance of the fit of the MMD distribution to
that of an expanding population, where a non-significant, low R index infers population
expansion. In addition, differences between expected and observed mismatch patterns
were tested by caculating the sum of the sguared deviations (SSD) (Rogers &
Harpending 1992) and its significance based on 10,000 replications. A significant SSD
P value is interpreted here as departure from the estimated demographic model of

population expansion.
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The MMD analysis can also be used to obtain estimates of the population
demographic parameters tau (t) and theta (®) at pre-expansion (®o) and post-expansion
(@) time points. We subsequently used estimates of © to date the onset of any
population expansions using the equation: t = ©/21 where t is the absolute time in years
and [ is the mutation rate per locus per generation (Rogers & Harpending 1992). This
analysis assumed a generation time of three years for C. a. antarcticus (see Convey
1992) and five years for G. hodgsoni (based on a shorter active season at continental
sites, see Stevens & Hogg 2006 and McGaughran et al. 2008); and a divergence rate of
1.5 — 2.3% per million years for both genes and species (based on an arthropod strict
molecular clock conservative calibration derived from comparisons between geological
and molecular data; e.g. Brower 1994; Juan et a. 1996; Quek et al. 2004°).

Because methods based on pairwise differences and test statistics do not make use
of al the information contained in the data, we also used maximum likelihood-based
approaches to estimate the times and strengths of demographic events for the overal
datasets for each species. The programme FLUCTUATE (Kuhner et a. 1998) was used to
make simultaneous estimates of present day ® (4Ngu) and the scaled population growth
parameter g, assuming an exponential model of growth. Estimates of the growth rate g
are known to be biased upwards (Kuhner et a. 1998). However, positive values of g
indicate population growth and negative values indicate decline. Here, we consider
mean g minus 3 s.d. > 0 to be significant evidence of population growth (Lessa et al.
2003). The parameters for the simulations included a transition to transversion ratio of
10.0, empirical base frequencies, two rate categories (1 and 10; probabilities 0.95 and
0.05, respectively), Watterson's estimate (Watterson 1975) for initial ® and various
values of initial g (see Kuhner 2003). Runs used ten short chains of 20 increments and
500 steps and five long chains of 20 increments and 100,000 steps and multiple runs
were performed to check sufficiency of chain length.

We aso estimated diversification time between regions for each species with a
coalescent-based mode that generates non-equilibrium estimates of divergence time

independent of gene migration. The programme MDIV (Nielsen & Wakeley 2001) uses

® See Chapter Seven, section 7.3.5 for further information.
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aMonte Carlo Markov Chain approach to generate maximum likelihood estimates of ®;
T, the divergence time between two populations scaled by population size; M, the gene
migration rate between the two populations, and TMRCA, the time to the most recent
common ancestor. We assumed uniform priors and set maximum valuesfor T and M of
10 and 3, respectively. To alow for the possibility of multiple mutations at the same
nucleotide site, we used the HKY model (Hasegawa et a. 1985). For each regiona
comparison, we ran two Markov chains of 5,000,000 cycles with different random
seeds, each preceded by a burn-in period of 500,000 cycles. Estimates of T were
converted to divergence timein yearsusing t = T®/24; where T and © are estimated by
the programme and [ is the mutation rate per locus per generation (for which we used

the same values given above for the MMD analysis).

6.3.6 Nested clade analysis

We used Tcs ver. 1.21 (Clement et al. 2000) to estimate a haplotype network for each
gene separately using the statistical parsimony algorithm of Templeton et al. (1992). A
connection limit of 95% was used for al networks and predictions from coal escent
theory were applied to resolve ambiguous loops (Crandall & Templeton 1993; Crandall
et a. 1994; Posada & Crandall 2001). Populations were specified by their GPS
coordinates and sample sizes, and then defined into a nested structure following the
nesting rules described in Crandall (1996). Using this structure, nested geographical
distance analyses were performed using GEODIS ver. 2.5 (Posada et al. 2000) to obtain a
measure of how any one particular clade was distributed geographically compared to its
closest evolutionary sister clades. Clades with statistically significant values of Dc (the
average distance of an individual from the geographic centre of its clade), Dn (the
average geographic distribution of a clade relative to other clades in the same nesting
category) and/or 1-T (the distance between interior and tip clades within their higher-
level nesting category) were assessed using Templeton's inference key
(http://darwin.uvigo.es/software/geodis.html; accessed December 15, 2008), allowing
investigation of which factor(s) (e.g. restricted gene flow, past fragmentation, range
expansion), may have contributed to significant spatial association among haplotypes.
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6.4 RESULTS

6.4.1 Haplotypeanalysis

To match the existing cox1 dataset, we used 471 bp of unambiguous alignment (no
insertions or deletions) from a total of 289 individuals for coxl, and 733 bp of
unambiguous alignment from 191 individuals for cox2 for G. hodgsoni in all analyses
(see Appendix 6.2). There were 45 unigque cox1 haplotypes ranging in divergence from
0.2 — 2.5% and 58 unique cox2 haplotypes (0 — 2.9% divergence) for G. hodgsoni. The
number of haplotypes per location ranged from 1 to 7 (mean: 3.2 and 4.2 for cox1 and
cox2, respectively) and 57% of populations for cox1 and 95% for cox2 had at least one
unique haplotype (Table 6.1). Of the total haplotypes, a limited number were shared
among populations for both cox1 (~29%) and cox2 (21%). For both genes just over half
of this sharing was within regions, while sharing among regions was mostly between
Granite Harbour and the Dry Valleys. For cox1, sharing between regions also occurred
for the Southern Dry Valley and Ross Island regions, however Ross Island was isolated
(i.e. shared no haplotypes) from the other regions for cox2 (Fig. 6.2a).

The networks for both genes for G. hodgsoni showed a similar pattern of multiple
phylogroups, each with a central, most frequent and widespread (i.e. ‘ancestra’)
haplotype, from which other related haplotypes derive. For coxl, H1 was the most
common haplotype and this was found in 48 individuals from Granite Harbour, Dry
Valley and Southern Dry Valley regions. Connected to H1 were severa other proposed
‘ancestral’ haplotypes. a Dry Valey group (including Marble Point), and two Ross
Island groups, which themselves link to a Granite Harbour/Dry Valley group (Fig.
6.2a).

For cox2, the most common haplotype (H28; n = 23) was present in the Dry
Valleys only. The more central H1 phylogroup (n = 21) included individuals from
Granite Harbour and Dry Valley regions, and this group was connected to a Dry Valley
group (including afew Southern Dry Valley individuals), which then itself connected to
aDry Valley/Ross Island group (Fig. 6.2b).
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Figure 6.2(a) Haplotype network for Gomphiocephalus hodgsoni mtDNA networks for cox1. Shading
indicates regions according to: white (Granite Harbour) (e.g. H35), light grey (Dry Valleys) (e.g. H39),
darker grey (Southern Dry Valleys) (e.g. H9), darkest grey (Ross Island) (e.g. H28) and black (Marble
Point) (e.g. H6); ‘©’ indicates mutational steps (missing haplotypes). Haplotype frequencies > 1 are
indicated in parentheses and for haplotypes where n > 9, the size of the haplotype is relatively

proportional to its frequency.
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Figure 6.2(b) Haplotype network for Gomphiocephalus hodgsoni mtDNA networks for cox2. Shading indicates regions according to: white (Granite Harbour)
(e.g. H2), light grey (Dry Valleys) (e.g. H28), darker grey (Southern Dry Valleys) (e.g. H26), darkest grey (Ross ISland) (e.g. H5); ‘©’ indicates mutational steps
(missing haplotypes). Haplotype frequencies > 1 are indicated in parentheses and for haplotypes where n > 9, the size of the haplotype is relatively proportiona

to its frequency.
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For C. a. antarcticus, we used 618 bp from 139 individuals for cox1 and 669 bp
from 240 individuals for cox2 in all analyses (see Appendix 6.3). Haplotype analysis
for C. a. antarcticus found 89 unique cox1 haplotypes ranging in sequence divergence
from O to 9.2%, with the most divergent haplotypes (H29 and H30) found in the
Northern region (Population 6; see Appendix 6.1) — removing these gave a divergence
range of 0 — 3.7%. For cox2, there were 73 unique haplotypes ranging in sequence
divergence from 0 to 3.3%. The number of haplotypes per population ranged from 1 to
14 (mean: 6.9 and 4.6 for cox1l and cox2, respectively) and unique haplotypes were
present in all populations except 5 and 16 for cox2 (Table 6.1). Asfor G. hodgsoni, a
very limited number of haplotypes were shared among populations for both coxl
(~11%) and cox2 (~19%). For both genes, the most common type of sharing was within
regions, with only 15-20% of the sharing among regions. Sharing among regions
involved Central and Southern populations only for cox1, while one instance of sharing
between Northern and Southern populations (H9) and Central and Southern populations
(H72) was detected for cox2 (Fig. 6.3).

Network structure for both genes for C. a. antarcticus showed similar patterns of
relationships among regions. In both cases, an ‘upper’ Centra + Southern group
connects to a ‘middle’ Northern group, which then connects to a ‘lower’ Southern
group. In the coxl network, this lower group also contains severa Central individuals,
while in the cox2 network several Northern individuals are present in this lower group
(Figs 6.3a,b). For cox1, H1 was the most common haplotype (n = 13), and was found in
Populations 10 (Central), 17 and 18 (Southern), with Populations 4 and 5 holding the
central position among Northern haplotypes (Fig. 6.38). For cox2, the most common
haplotypes (H33 and H73; n = 21) consisted of individuals from Southern (H73) and
Southern and Central (H33) populations (Fig. 6.3b), while individuals from Populations
3, 4, and 5 had the most common Northern haplotype (H1; n = 16).
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Figure 6.3(a) Haplotype network for Cryptopygus antarcticus antarcticus mtDNA networks for cox1.
Shading indicates regions according to: white (Northern), light grey (Central), darker grey (Southern);
‘O’ indicates mutational steps (missing haplotypes). Haplotype frequencies > 1 are indicated in
parentheses and for haplotypes where n > 9, the size of the haplotype is relatively proportiona to its
frequency. The number of mutational steps between haplotypesis given asn =X in several cases.
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Figure 6.3(b) Haplotype network for Cryptopygus antarcticus antarcticus mtDNA networks for cox2.
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parentheses and for haplotypes where n > 9, the size of the haplotype is relatively proportiona to its
frequency.
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6.4.2 Population structure analysis

Haplotype diversity (h) in G. hodgsoni populations ranged from 0 — 1 (mean: 0.499) for
coxl and from 0 — 0.927 (mean: 0.644) for cox2. Regionaly, the Dry Valleys
harboured the highest degree of haplotype diversity and Ross Island, the lowest, for
both genes. Measures of nucleotide diversity (n) were low for most populations and
showed a similar pattern to haplotype diversity, with the highest values found in the Dry
Valley populations (0.004 and 0.007 for cox1 and cox2, respectively) (Table 6.1).

For C. a. antarcticus, h ranged from 0.491 to 1.000 (mean: 0.894) for cox1 with
most values exceeding 0.900, and from 0.000 to 0.953 (mean: 0.637) for cox2.
Regionally, h was dightly higher in the Northern populations (h = 0.923 compared to h
=0.880 and h = 0.886 for Central and Southern regions, respectively) for cox1, and was
similar among regions for cox2 (h = 0.652, 0.655 and 0.616 for Northern, Central and
Southern regions, respectively). In contrast to the pattern found for G. hodgsoni, & was
comparatively high, ranging from 0.004 to 0.040 for cox1 and from O to 0.014 for cox2.
Like h, = was higher in the Northern region (= = 0.018) compared with the Central (x =
0.009) and Southern (z = 0.012) regions for cox1 and was similar among regions (x =
0.005-0.006) for cox2 (Table 6.2).

AMOVA analysis revealed high levels of genetic structure for both species and
both genes (Table 6.3). In particular, slightly more variation was generally found
among than within populations. When group structure was assigned to populations for
each species (see Methods, section 6.3.4), the amount of variation among populations
within groups and within populations was similar, with significant amounts of variation
also apportioned to the ‘among regions level (9.70 — 24.8% depending on the
species/gene) (Table 6.3).

Further support for population structure came from the Mantel tests, which showed
significant correlations between geographic and genetic distance for G. hodgsoni (cox1:
r = 0.245, P = 0.010; cox2: r = 0.319, P = 0.013) and C. a. antarcticus (cox1: r = 0.299,
P =0.011) and a correlation at the 90% level for C. a. antarcticus for cox2 (r = 0.118; P
= 0.067). Global differentiation tests found significant differentiation in both genes for
G. hodgsoni and in cox2 for C. a. antarcticus (P < 0.001), with differentiation detected
at the 90% level for C. a. antarcticus for cox1 (P = 0.087).
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Table 6.1 Population statistics and genetic characteristics of sampled locations in southern Victoria Land for Gomphiocephalus hodgsoni mtDNA cox1 and cox2
sequences: n, number of individuals; x, number of haplotypes; h, haplotype diversity; &, nucleotide diversity; 6, mean number of pairwise differences; 6(S) mean
number of segregating sites; haplotypes shared among populations are indicated in italics; population codes are as referred to in Fig. 6.1.

Genetic n X h(s.d.) n(s.d.) 0 (sd.) 0(9)(s.d.) Distribution of

Population haplotypes within
populations

coxl

Granite Harbour

TR 8 2 0.536(0.123) 0.003(0.003) 1.607(1.060) 1.157(0.781) H42, H45

DI 5 1 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) H14

CR 5 2 0.400(0.237) 0.001(0.001) 0.400(0.435) 0.480(0.480) H43, H44

FL 8 3 0.679(0.122) 0.002(0.002) 0.786(0.633) 0.771(0.593) H32, H35, H37

BB 15 6 0.762(0.081) 0.002(0.002) 1.067(0.746) 1.538(0.848) H32, H34, H35, H36, H37,
H38

CG 14 4 0.714(0.079) 0.002(0.002) 0.934(0.682) 0.943(0.614) H24, H32, H35, H38

ME 13 5 0.539(0.161) 0.001(0.001) 0.615(0.518) 1.289(0.768) H24, H32, H33, H34, H35
MS 13 5 0.628(0.143) 0.003(0.002) 1.333(0.883) 2.256(1.156) H1, H2, H3, H12, H13

SB 8 2 0.250(0.180) 0.001(0.001) 0.250(0.311) 0.386(0.386) H1, H11

Mean 9.9 3. 0.501(0.247) 0.002(0.001) 0.777(0.519) 0.980(0.678)

Dry Valleys

SJ 13 6 0.833(0.082) 0.005(0.004) 2.590(1.482) 2.256(1.156) H1, H14, H18, H31, H3g,
H39

CL 6 3 0.733(0.155) 0.003(0.003) 1.600(1.095) 1.752(1.128) H31, H38, H39

MA 6 6 1.000(0.096) 0.009(0.006) 4.133(2.391) 4.380(2.388) H1, H19, H31, H32, H40,
H41

MC 3 2 0.667(0.314) 0.003(0.003) 1.333(1.098) 1.333(1.098) H1, H39

LB 6 1 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) H38

CcoO 3 1 0.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) H6

LF 33 7 0.625(0.068) 0.009(0.005) 4.076(2.085) 2.957(1.202) H1, H5, H6, H8, H21, H22,
H23

LC 1 1 1.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) H21

HG 28 5 0.725(0.043) 0.009(0.005) 4.071(2.093) 2.570(1.110) H1, H6, H7, H14, H21

BG 16 2 0.125(0.106) 0.001(0.001) 0.625(0.517) 1.507(0.826) H20, H21



Table 6.1 (contd)

Mean 11.5
Marble Point 3
Southern Dry Valleys
GV 13
MV 9
LP 4
Mean 8.7
Ross Island

BI 12
CB 14
CcC 19
CY 8
CE 3
Mean 11.2
cox2

Granite Harbour

TR 8
DI 5
CR 5
FL 8
BB 15
H42

CG 8
ME 12
MS 8
SB 7
Mean 8.4
Dry Valleys

SJ 6
CL 5
LF 26
H57, H58

HG 16
BG 8

NNERE U N

ARhUOOO

~N b~ b

0.571(0.387)
0.000(0.000)

0.756(0.097)
0.000(0.000)
0.667(0.204)
0.474(0.413)

0.455(0.170)
0.659(0.123)
0.292(0.127)
0.250(0.180)
0.667(0.314)
0.465(0.197)

0.250(0.180)
0.000(0.000)
0.430(0.237)
0.857(0.108)
0.819(0.082)

0.927(0.084)
0.682(0.148)
0.893(0.086)
0.714(0.181)
0.619(0.323)

0.800(0.172)
0.900(0.161)
0.563(0.108)

0.767(0.066)
0.679(0.122)

0.004(0.004)
0.000(0.000)

0.004(0.003)
0.000(0.000)
0.001(0.002)
0.002(0.002)

0.001(0.001)
0.002(0.002)
0.001(0.001)
0.001(0.001)
0.001(0.002)
0.001(0.000)

0.000(0.000)
0.000(0.000)
0.001(0.001)
0.003(0.002)
0.003(0.002)

0.003(0.002)
0.002(0.001)
0.003(0.002)
0.003(0.002)
0.002(0.001)

0.005(0.003)
0.004(0.003)
0.010(0.006)

0.010(0.006)
0.007(0.004)

1.843(1.756)
0.000(0.000)

1.897(1.155)
0.000(0.000)
0.667(0.626)
0.855(0.962)

0.500(0.456)
0.934(0.682)
0.503(0.447)
0.250(0.311)
0.667(0.667)
0.571(0.252)

0.250(0.311)
0.000(0.000)
0.400(0.435)
2.357(1.433)
2.267(1.318)

2.464(1.486)
1.273(0.859)
2.536(1.521)
2.381(1.468)
1.548(1.070)

3.733(2.189)
2.800(1.769)
7.514(3.626)

7.508(3.702)
4.964(2.700)

1.676(1.440)
0.000(0.000)

3.222(1.531)
0.000(0.000)
0.545(0.545)
1.256(1.725)

0.993(0.652)
1.572(0.872)
0.858(0.550)
0.386(0.386)
0.667(0.667)
0.895(0.442)

0.386(0.386)
0.000(0.000)
0.480(0.480)
2.314(1.308)
3.384(1.546)

2.314(1.308)
1.987(1.067)
2.314(1.308)
2.449(1.412)
1.736(1.157)

3.503(1.972)
2.880(1.758)
5.765(2.159)

6.329(2.586)
6.171(2.989)

H6

H1, H9, H10, H21, H24
H1
H1, H4

H14, H15, H16, H17
H24, H25, H26, H29, H32
H24, H28, H32

H24, H30

H27, H28

H1, H2

H36

H1, H35

H1, H3, H7, H38, H42

H1, H6, H8, H33, H38, H39,

H1, H9, H32, H33, H36, H42
H1, H4, H38, H39, H40, H41
H14, H17, H18, H19, H20
H15, H16, H17, H21

H1, H22, H23, H33
H10, H24, H33, H34
H11, H25, H28, H29, H56,

H10, H28, H30, H36, H56
H12, H55, H56
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Table 6.2 Population statistics and genetic characteristics of sampled locations across the Antarctic Peninsula for Cryptopygus antarcticus antarcticus mtDNA
coxl and cox2 sequences:. n, number of individuals, x, number of haplotypes; h, haplotype diversity; =, nucleotide diversity; 6, mean number of pairwise
differences; 6(S) mean number of segregating sites; haplotypes shared among populations are indicated in italics; population codes are asreferred to in Fig. 6.1.

Genetic n X h(s.d.) n(s.d.) 0 (sd) 0(9)(s.d.) Distribution of

Population haplotypes within populations

coxl

Northern

3 8 8 1.000(0.063) 0.010(0.006) 6.321(3.355) 6.556(3.155) H21, H22, H23, H24, H25, H26, H27, H28
4 10 9 0.978(0.054) 0.017(0.010) 10.800(5.374) 8.484(3.759) H6, H7, H8, H11, H15, H16, H18, H20,
H44

5 10 8 0.957(0.059) 0.004(0.003) 2.489(1.464) 2.474(1.312) H13, H14, H15, H17, H19, H20, H31, H32
6 10 5 0.756(0.130) 0.040(0.022) 24.511(11.784) 17.674(7.459) H10, H29, H30, H38, H39

Mean 9.5 75 0.923(0.113) 0.018(0.016) 11.030(9.608) 8.797(6.427)

Central

7 1 1 1.000(0.000) 0.000(0.000) 0.000(0.000) 0.000(0.000) H9

9 10 9 0.978(0.054) 0.006(0.004) 3.778(2.078) 3.181(1.605) H46, H50, H51, H57, H58, H61, H63,
H64, H68

10 11 4 0.491(0.175) 0.011(0.006) 6.509(3.335) 6.828(3.018) H1, H2, H74, H75

11 12 9 0.939(0.058) 0.005(0.003) 3.136(1.747) 3.643(1.722) H50, H52, H53, H54, H55, H58, H6L,
H62, HE5

12 12 9 0.939(0.058) 0.005(0.003) 3.091(1.723) 4.305(1.980) H12, H59, H60, H61, H65, H66, H67,
H70, H79

13 10 8 0.933(0.077) 0.006(0.004) 4.000(2.183) 4.242(2.040) H37, H56, H69, H71, H72, H79, H80, H81
Mean 9.3 6.7 0.880(0.192) 0.006(0.004) 3.419(2.092) 3.700(2.209)

Southern

14 5 5 1.000(0.127) 0.019(0.012) 11.800(6.456) 10.080(5.361) H47, H48, H49, H82, H83

16 11 9 0.964(0.051) 0.007(0.004) 4.182(2.250) 3.756(1.801) H34, H35, H36, H42, H84, H86, H87,
H88, H89

17 10 7 0.867(0.107) 0.020(0.0112) 12.311(6.081) 9.191(4.044) H1, H3, H5, H73, H78, H79, H85

18 10 5 0.844(0.080) 0.009(0.005) 5.311(2.801) 7.777(3.473) H1, H73, H74, H76, H77

19 10 7 0.867(0.107) 0.011(0.006) 6.578(3.396) 9.191(4.044) H4, H33, H34, H40, H41, H43, H45

Mean 9.2 6.6 0.908(0.069) 0.013(0.006) 8.036(3.770) 7.999(2.511)



Table 6.2 (contd)

cox2
Northern

OO WNPEP

Mean
Centrd

8

9

H49, H50,

10
11
H55, H58, H60,

12
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Mean
Southern
15

16

17

18

19

20

21

22

23

24
Mean

10
10
10
10
10
10
10
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21

10
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10
10
12,5

10
10
10
10
12
10
11
10
12
10
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0.622(0.138)
0.867(0.071)
0.800(0.076)
0.756(0.130)
0.357(0.159)
0.511(0.164)
0.652(0.193)

0.000(0.000)
0.952(0.028)

0.356(0.159)
0.934(0.061)

0.844(0.103)
0.844(0.103)
0.655(0.389)

0.844(0.103)
0.200(0.154)
0.867(0.071)
0.356(0.159)
0.803(0.096)
0.844(0.103)
0.727(0.068)
0.822(0.072)
0.167(0.134)
0.533(0.180)
0.616(0.280)

0.005(0.003)
0.006(0.004)
0.007(0.004)
0.007(0.004)
0.001(0.001)
0.005(0.003)
0.006(0.001)

0.000(0.000)
0.007(0.004)

0.001(0.001)
0.004(0.003)

0.007(0.004)
0.008(0.005)
0.005(0.003)

0.004(0.002)
0.001(0.001)
0.006(0.003)
0.001(0.001)
0.007(0.004)
0.005(0.003)
0.011(0.006)
0.014(0.008)
0.001(0.001)
0.006(0.004)
0.006(0.004)

3.556(1.972)
4.200(2.277)
4.667(2.497)
4.889(2.602)
3.556(0.375)
3.533(1.962)
4.067(0.610)

0.000(0.000)
4.819(2.450)

0.356(0.375)
2.945(1.640)

4.667(2.497)
5.644(2.958)
3.072(2.410)

2.400(1.422)
0.600(0.519)
3.733(2.057)
0.356(0.375)
4.864(2.551)
3.467(1.930)
7.055(3.589)
9.489(4.761)
0.500(0.456)
4,022(2.193)
3.649(2.962)

3.181(1.605)
3.888(1.895
3.535(1.750)
3.888(1.895)
0.353(0.353)
3.181(1.605)
3.004(1.337)

0.000(0.000)
3.335(1.431)

0.353(0.353)
3.181(1.605)

1.060(0.704)
3.181(1.605)
1.852(1.552)

0.353(0.353)
6.623(2.876)
3.888(1.895)
5.462(2.479)
7.423(3.330)
0.993(0.652)
4.242(2.040)
3.145(1.478)
3.535(1.750)
4.242(2.040)
3.991(2.215)

H6, H10, H18

H2, H3, H6, H7, H14
H1, H6, H9, H16
H1, H6, H9, H15, H17

H1, H6
H26, H29, H30

H65

H4, H5, H36, HA41, H44, H45, H46, H47,

H51, H54, H57, H59

H70, H72

H34, H35, H40, H43, H48, H52, HS53,

H61

H37, H38, H42, H56, H64, H66
H37, H38, H39, H42, H62, H67

H9, H20, H22, H24, H25, H26

H9, H28

H13, H19, H20, H21, H22

H32, H33

H9, H11, H26, H28, H33, H68
H12, H26, H27, H28, H31, H33

H33, H71, H72

H23, H32, H33, H73

H69, H73

H8, H9, H63, H73
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Most @-st values were large and significant for both species (G. hodgsoni: coxl
mean: 0.609, cox2: 0.520; C. a. antarcticus: cox1 mean: 0.498; cox2: 0.562), indicating
limited gene flow among populations. At the regional level, ¢-st values were highest in
Ross Island and lowest in the Dry Valleys for both genes for G. hodgsoni, whilein C. a.
antar cticus @-st was similar among regions.

Table 6.3 Percentage (%) of variation of molecular variance attributed to various levels of hierarchical
population structure for Gomphiocephalus hodgsoni and Cryptopygus antarcticus antarcticus (mtDNA
cox1 and cox2 sequences), with significance (P-value) in parentheses. In each case, Test 1 is with no
structure enforced in the AMOVA analysis; Test 2 is with structure enforced according to regions (see
Methods, section 6.3.4)

Species Test Among Among populations Within
Groups within groups populations
G. hodgsoni 1(cox1) 58.34(< 0.001) 41.66
2(coxl) 22.31(0.014) 37.71(< 0.001) 39.98(< 0.001)
1(cox2) 48.60(< 0.001) 51.40
2(cox2) 16.71(0.002) 33.81(< 0.001) 49.47(< 0.001)
C. a. antarcticus 1(cox1) 53.18(< 0.001) 48.82
2(cox1) 9.70(0.046) 44.84(< 0.001) 45.46(< 0.001)
1(cox2) 60.65(< 0.001) 39.35(< 0.001)
2(cox2) 24.82(< 0.001) 38.94(< 0.001) 36.23(0.002)

6.4.3 Demographic analysis
The Tgiima's D tests predominantly detected no departures from neutrality (i.e
population expansions) for populations of both species. However, Fu's Fs test takes a
different approach (D uses information on mutation frequency, Fs on haplotype
distribution) of analysis and has been shown under simulation to be the more powerful
test of the two (Ramos-Onsins & Rozas 2002). This latter test indicated severa
significant departures from neutrality for G. hodgsoni, including populations from
Granite Harbour, Dry Valleys and Ross Island for cox1 and Granite Harbour and Ross
Island for cox2. For C. a. antarcticus various populations from al three regions showed
significant departures from neutrality for cox1, as did populations 8 (Fs = -4.86; P =
0.012) and 20 (Fs=-6.45; P < 0.001) for cox2.

Results of the MMD analysis indicated expansion (in the form of unimodal

distributions) for several populations for both species, as well as non-significant SSD
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statistics and raggedness indices. Regiona analyses indicated expansions for Granite
Harbour, Southern Dry Valleys and Ross Island for cox1 and for Southern Dry Valleys
and Ross Island for cox2 in G. hodgsoni (Table 6.4). For C. a. antarcticus, both genes
showed the same pattern of bimodal distributions (i.e. no expansion) for the Northern
region, and unimodal (expansion) for the Central and Southern regions. Finaly, MMD
analysis for the pooled datasets showed unimodal distributions for both genes in both
species (Table 6.4). This was further supported by the results of the FLUCTUATE
analysis, which showed significantly positive g (growth) values for al datasets (G.
hodgsoni: cox1 g = 653 £ 89 [s.d.], cox2 g = 451 + 115; C. a. antarcticus cox1 g = 86 *
17, cox2 g = 640 + 76).

Dating of population expansions using the population demographic parameter (t)
led to mean estimates ranging from 29,976 — 58,664 yrs for G. hodgsoni and 125,286 —
322,714 yrs (with an upper limit of 231,451 yrs if Population 6 is excluded) for C. a.
antarcticus. Thus, population growth is concluded to have occurred over Pleistocene
time-scales. Regional estimates of expansion dates were highest for the Dry Valleys for
both genes for G. hodgsoni, with the other regional expansion estimates of similar age
for cox1 and Ross Island population growth occurring around one-quarter of the time of
the Dry Valley region for cox2. For C. a. antarcticus, al regional estimates were of
similar age for cox2, while the Northern region yielded the oldest estimate of population
expansion for cox1 (Table 6.4).

Results of the MpIv analysis estimated the divergence of the Dry Valley and
Granite Harbour regions as older than Ross Island and the Southern Dry Valleys by a
factor of ~2 for G. hodgsoni (coxl) and estimated divergence among all regions
similarly for cox2. Estimates of divergence between regionsfor C. a. antarcticus placed
Northern and Central regions in the same age category for both genes, with the Southern
region dated approximately one-quarter (cox1) or three-quarters (cox2) younger.
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Table 6.4 Results of Mismatch Distribution analysis (see Methods, section 6.3.5) for Gomphiocephalus hodgsoni and Cryptopygus antarcticus antarcticus
MtDNA cox1 and cox2 genes: 1, tau; T sy, estimated age of expansion using 1.5% divergence per My; T, 3%, estimated age of expansion using 2.3% divergence
per My; 0o, theta (4N(L) pre-expansion; 04, theta post-expansion; SSD, sum of squared deviations (* = P < 0.05); R, raggedness index; population codes are as
referredtoin Fig. 6.1.

Regl on POp code 1 T1is% T230 0o 04 SSD R Modadl |ty

G. hodgsoni

coxl

Granite Harbour TI 4.006 113,404 73,959 0.008 3 0.273* 0.790 bimodal
CR 0.579 16,391 10,690 0.000 174 4.000 0.200 unimodal
FL 1.017 28,790 18,776 0.000 2,333 0.049 0.290 unimodal
BB 1.243 35,188 22,948 0.000 2,071 0.024 0.175 unimodal
CG 1.188 33,631 21,933 0.000 1,553 0.018 0.167 unimodal
ME 0.769 21,769 14,197 0.000 9 0.015 0.154 bimodal
MS 0.373 10,559 6,886 0.962 6 0.009 0.061 bimodal
SB 0.324 9,172 5,982 0.000 5 0.001 0.313 bimodal
Mean 1.187 33,613 21,921 0.121 769 0.588 0.269 unimodal

Dry Valleys SJ 3.373 95,485 62,273 0.000 11 0.033 0.122 bimodal
CL 4.377 123,907 80,809 0.007 2 0.074 0.240 bimodal
MA 2.617 74,084 48,315 1.908 3,595 0.060 0.204 unimodal
MC 2.287 64,742 42,223 0.001 11 0.265 1.000 bimodal
LF 8.969 253,900 165,587 0.012 2 0.164* 0.246 bimodal
HG 8.910 252,229 164,497 0.006 5 0.105* 0.126 bimodal
BG 3.000 84,926 55,386 0.049 0 0.023 0.797 bimodal
Mean 4.790 135,610 88,441 0.283 518 0.091 0.391 bimodal

S Dry Valleys GV 1.137 32,187 20,991 0.000 2,012 0.038* 0.182 unimodal
LP 1.055 29,866 19,478 0.000 1,997 0.090 0.556 unimodal
Mean 1.096 31,026 20,234 0.000 2,005 0.090 0.369 unimodal

Ross Island Bl 0.624 17,665 11,520 0.000 408 0.009 0.153 unimodal
CB 1.033 29,243 19,071 0.000 2,394 0.006 0.100 unimodal
cC 3.041 86,086 56,143 0.125 0 0.029 0.417 bimodal
CcY 0.324 9,172 5,982 0.000 5 0.001 0.313 bimodal

CE 1.055 29,866 19,478 0.000 1,997 0.090 0.556 unimodal
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Table 6.4 (contd)

24 0.000 0 0 0.000 99,999 0.366* 0.311 unimodeal
Mean 4.970 165,089 107,667 0.162 40,003 0.045 0.273 unimodeal
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Estimates of the time when genes last shared a common ancestor (i.e. TMRCA)
were regionally highest in the Dry Valley region for G. hodgsoni and the Northern

region for C. a. antarcticusin all cases.

6.4.4 Nested clade analysis

The nested clade analysis (NCA) indicated a significant geographical association for a
number of the nested clades for both species and genes. Analysis of suitable clades for
G. hodgsoni with Templeton’s inference key for both genes inferred contiguous range
expansion or allopatric speciation at the oldest temporal scales, while these inferences
(along with restricted gene flow with isolation by distance) also predominated over
medium time-scales. Recent patterns were best explained by a similar pattern of
restricted gene flow with isolation by distance and allopatric fragmentation. The
inferred processes for C. a. antarcticus were similar to those found for G. hodgsoni.
However, severa inferences of long distance dispersal and/or colonisation also
characterised this analysis.

6.5 DISCUSSION

We found evidence for strong genetic structure in both G. hodgsoni and C. a.
antarcticus. In particular, 71 — 79% and 81 — 89% of haplotypes occurred in only one
population for G. hodgsoni and C. a. antarcticus, respectively, depending on the gene
employed. Almost every population for both species had (several) unique haplotypes
and there was very little haplotype sharing among populations. What sharing did occur
was predominantly within regions, such that populations for both species were clearly
isolated from each other at both local and regiona scales. This was also evident from
the significant global differentiation tests among haplotypes and from the ®-st values
(which were largely strong and significant). Finaly, the AMOVA found support for
significant partitioning of variation within and among populations, and among regions,
which the Mantel test indicated was significantly related to geographic distance.
Differentiation over very small spatial scales (< 1 km) has been shown among

highly isolated populations in all of the (few) studies examining population structure in
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terrestrial Antarctica (all studies to date are restricted to springtails and mites in regions
of continental Victoria Land) (Fanciulli et al. 2001; Frati et al. 2001; Stevens et al.
2007; McGaughran et a. 2008). Such patterns are largely the result of repeated
fragmentation of previousy widespread ancestral populations into small
compartmentalised units (refugia) during glaciation. These units then remained isolated
even as conditions ameliorated, due to the intrinsic properties of the organisms (e.g.
limited desiccation tolerance) coupled with distinct local and regiona barriers to
connectivity in the Antarctic landscape.

In the current study, it seems likely that the most ancient refuge for G. hodgsoni
encompasses the unique Dry Valley region, which has been free of permanent ice since
late Miocene maxima (Lawver & Gahagan 2003; Sugden et al. 2006). Previous work
had identified the Dry Valley area as refugia (see McGaughran et al. 2008), but the
addition of several new sequences from individuals around Granite Harbour in the
current study highlight the importance of this more northerly region as an additional
refuge in Pleistocene times. In particular, proposed ancestral (i.e. most frequent and
widespread) haplotypes are found in both the Dry Valleys and Granite Harbour and
many of the haplotypes shared among regions are found at these locations. It aso
seems likely that the source of colonists to the Ross Island region was the Dry Valleys,
since there are haplotypes shared among these locations and haplotype (and nucleotide)
diversity decreases from the Dry Valleys (i.e. the source) to Ross Island. In addition,
Ross Island shares no haplotypes outside of its region for cox2, and has the highest ¢-st
value (with the lowest in the Dry Valeys), suggesting a founder event led to its
colonisation, following which it has likely served as its own refuge and undergone
divergenceinisolation (or loss of the Dry Valley haplotypes el sewhere).

For C. a. antarcticus, the Northern region (Populations 3, 4 and 5) islikely to be the
most ancestral refuge on the Antarctic Peninsula. Measures of haplotype and nucleotide
diversity and ¢-st values were relatively similar among regions; however haplotypes
from the Northern region were located centrally on the haplotype networks, and
provided links to Central and Southern haplotypes. Relative age estimates also
indicated that populations in the Northern region were oldest in most cases. Finally,

there was no contemporary sharing of haplotypes between the Northern and other
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regions for coxl and only one instance of such sharing for cox2. This indicates that
early (Pleistocene) long-distance dispersal events may have been important for initial
colonisation of the species southwards aong the peninsula and highlights the
importance of multiple subsequent refugia through time in the Central and Southern
regions. The NCA inferences are consistent with this hypothesis, with similar overall
patterns found for both species and long distance colonisation and/or dispersal events
featuring for C. a. antarcticus. Such stochastic colonisation processes are also likely to
have largely influenced species distributions in other Antarctic arthropod (e.g. Fanciulli
et a. 2001), tardigrade (e.g. Sohlenius & Bostrém 2006) and lichen (e.g. Romeike et al.
2002) taxa, although these have not yet been the focus of studies using the molecular
analyses employed here. Certainly, there is evidence of Pleistocene (time-scales up to 2
Ma) dispersal of springtails (Cryptopygus sp.) among the sub-Antarctic islands based on
MtDNA (cox1) sequence data (Stevens et a. 2006; see aso Hughes et al. 2006).

Significant Fs vaues, unimoda MMD distributions and the results of the
FLUCTUATE analyses all suggest that population growth has been an important feature of
the demographic history of both species. Expansions were suggested for all regions for
both species except for the Dry Valleys (G. hodgsoni) and the Northern region of the
peninsula (C. a. antarcticus). Meanwhile, estimates of the age of population expansions
were oldest in the Dry Valey and Northern regions for G. hodgsoni and C. a.
antarcticus, respectively, and for G. hodgsoni were mainly youngest in the postulated
most recently colonised location (Ross Island), although the majority of age estimates
corresponded to Pleistocene time-scales. The dependence of these estimates on
specified mutation rates’” and generation time makes them potentially error-prone.
However, both the mDIvV and TMRCA results confirm this pattern and the time-scale of
differentiation among both regionsis clear.

Thus, both species showed strong genetic subdivision and a pattern of multiple
glacial refugia with ancient (Pleistocene) postglacial expansion and subsequent growth
in isolated populations. However, the expression of these patterns was quite distinct for

each species. For example, there were up to two times as many haplotypes per location

" See Chapter Seven, section 7.3.5 for further information regarding the uncertainty of the employed
molecular clock.
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for C. a. antarcticus compared to G. hodgsoni, and C. a. antarcticus had much higher
hapl otype and nucleotide diversity as well as a greater excess of rare haplotypes relative
to G. hodgsoni. This latter pattern is strongly indicative of range expansion, which
results in the replacement of ancestral haplotypes with novel derived haplotypes (Rowe
et al. 2004).

Both species also showed evidence for population expansion. However, for C. a.
antarcticus this appears to have been of such magnitude as to partialy obliterate genetic
ancestry (via replacement) in isolated populations. This process would have been aided
by multiple early (Pleistocene) founding events on the Antarctic Peninsula which would
have caused a decline in ancestral genetic diversity. Indeed, an earlier colonisation
event preceding population expansion would explain the earlier estimated ages of
population expansion found in the coal escent-based anayses for C. a. antarcticus (see
Table 6.4). In contrast, life on the continent (for G. hodgsoni) appears to impose greater
restrictions such that a relative lack of early successful founding events and a more
conservative growth rate of populations have meant that contemporary genetic patterns
remain more representative of ancient roots.

Sequence divergence calculations based on a molecular clock imply a longer
evolutionary period for C. a. antarcticus populations. However, these estimates are
likely to be biased given the perceived higher mutation rate of C. a. antarcticus. The
more severe climate and shorter growing season of continental Antarctic locations
within the distributional range of G. hodgsoni place greater restrictions on the life
history of this species; thus generation times in G. hodgsoni are likely to be at least two-
fold longer than in C. a. antarcticus (Convey 1992; McGaughran et a. 2008).
Furthermore, C. a. antar cticus occupies a diverse range of habitats in comparison to G.
hodgsoni which may account for the apparent greater success of long-distance
colonisation events on the Antarctic Peninsula.

Stevens & Hogg (2006) and McGaughran et al. (2008) reported differentiation of
the mite Sereotydeus mollis in southern Victoria Land that was 7-8 times greater than
the differentiation reported for co-distributed individuals of G. hodgsoni, despite the
two species having similar evolutionary histories. If generation times (or activity

levels) differ between G. hodgsoni and S. mollis, then S. mollis may be living life at an
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accelerated pace compared to G. hodgsoni, and this may also explain the patterns on the
peninsula. Certainly, aspects of life histories specific to separate species cannot be
discounted in demographic and other evolutionary analyses (e.g. Janko et al., 2007).
Finally, the divergence values themselves will be strongly inflated by the high p-
distance values of haplotypes from Population 6 for C. a. antarcticus (cox1). In fact,
these individuals may represent cryptic species or the beginnings of microspeciation
processes, as has been shown using a multivariate morphological analysis for the
Antarctic mite genus Maudheimia (Marshall & Coetzee 2000).

In summary, we found a common pattern of isolated populations and strong genetic
structure in two Antarctic springtails. The general trend of expansion indicates that
most populations are not yet at mutation/drift equilibrium. In addition, the importance
of historical dispersal/colonisation events during the Pleistocene is most evident in the
peninsula species, where multiple founder events and/or bottlenecks and subsequent
divergence in isolation appear to have resulted in a distinct genetic pattern.

Future work should employ a multi-locus approach to more adequately address the
possibility that selection, not population history, has generated the genetic patterns seen
here, since mutation, drift and selection operate independently on unlinked loci
(Knowles 2004). Studies focusing on species from additional Antarctic locations would
also be beneficia for further assessment of how regiona differences may have

influenced distinct evolutionary historiesin local taxa.
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6.8 APPENDICES

Appendix 6.1 Geographic regions and populations referred to in the text for the springtails
Gomphiocephalus hodgsoni and Cryptopygus antarcticus antarcticus from southern Victoria Land and

the Antarctic Peninsula, respectively. Population codes are as referred to in Table 6.1 and Figure 6.1.

Region Population Paop. Latitude Longitude
code (S

G. hodgsoni

Granite Harbour Cape Ross CR 76°44' 162°58' (E)
Tripp Island TI 76°07" 162°25' (E)
Depot Island DI 76°42' 162°58' (E)
Flatiron FL 77°00' 162°25' (E)
Cape Geology CG 77°01' 162°34' (E)
Botany Bay BB 77°00' 162°39' (E)
Mt. England ME 77°02' 162°28' (E)
Mt. Seuss MS 77°02' 161°44' (E)
Sperm Bluff SB 77°05' 161°43' (E)

Dry Valleys St. John's Range SJ 77°20 161°54' (E)
Mautrino Peak MA 77°31 161°85' (E)
Mt. Cerberus MC 77°42' 161°95' (E)
Clark Glacier CL 77°25' 162°07' (E)
Lake Brownworth LB 77°2T 162°43' (E)
Howard Glacier HG 77°40' 163°06' (E)
Borns Glacier BG 77°46' 162°02' (E)
Lake Fryxell LF 77°38' 163°13' (E)
Commonwealth Glacier CO 77°37 163°24' (E)
Lake Chad LC 77°39' 162°46' (E)

Marble Point Marble Point MP 77°26' 163°50' (E)

Southern Dry Valleys  Garwood Valley GV 78°01' 163°55' (E)
MiersValley MV 78°06' 163°46' (E)
Lake Penny LP 78°19 163°24' (E)

Ross Island Cape Bird CB 77°13' 166°27' (E)
Cape Crozier CcC 77°28' 169°12' (E)
Cape Royds cY 77°34' 166°10' (E)
Cape Evans CE 77°38' 166°27' (E)
Beaufort Island BI 76°56' 166°55' (E)

C. a. antarcticus

Northern Thomas Pt., King George Island (1) 1 62°10' 58°28' (W)
Thomas Pt., King George Island (2) 2 62°10' 58°28' (W)
Potter Cove, King George Island 3 62°14' 58°39' (W)
Harmony Pt., Nelson Island 4 62°19' 59°10' (W)
Coppermine Peninsula, Robert Isand 5 62°23' 59°42' (W)
Byers Peninsula, Livingston Island 6 62040' 61°13' (W)
Paulet |dand 7 63°35' 55°46' (W)

Central Danco Idand 8 64°44' 62°36' (W)
Port Lockroy, Goudier Island 9 64°49’ 63°29' (W)
Propsect Point, Graham Land 10 66°01' 65°49' (W)
Paradise Harbour 11 64°51' 62°54' (W)
East Coast Lemaire 12 64°49' 62°57" (W)
Terrada Point 13 64°23' 62°14' (W)
Petermann Island 14 65°10' 64°10' (W)
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Southern

Detaille Island

Mackay Point, Adelaide Island
Killingbeck Island

Reptile Ridge, Adelaide Iland
Rothera, Adelaide Island

North Pt., Rothera, Adelaide Island
Stork Ridge, Adelaide Island
Anchorage Island

Lagoon Island

Col Lakes, Horseshoe Island

15
16
17
18
19
20
21
22
23
24

66°52'
67°32
67°34'
67°33
67°34
67°35'
67°24
67°38
67°37
67°49'

66°48' (W)
68°05' (W)
68°25' (W)
68°98' (W)
68°08' (W)
68°04' (W)
68°10' (W)
67°28 (W)
67°22' (W)
67°18 (W)
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Appendix 6.2 List of GenBank Accession numbers for the unique haplotypes generated in this study
from cox1 and cox2 coding regions for the springtails Gomphiocephalus hodgsoni and Cryptopygus
antarcticus antarcticus, including 12 published cox1 sequences for G. hodgsoni (indicated by ‘*").

Haplotype code GenBank Accession Number
cox1l cox2

G. hodgsoni

H1 GQ215236 GQ215269
H2 GQ215237 GQ215270
H3 GQ215238 GQ215271
H4 AY 294572* GQ215272
H5 GQ215239 GQ215273
H6 AY 294575* GQ215274
H7 GQ215240 GQ215275
H8 GQ215241 GQ215276
H9 AY294571* GQ215277
H10 GQ215242 GQ215278
H11 GQ215243 GQ215279
H12 GQ215244 GQ215280
H13 GQ215245 GQ215281
H14 AY 294564* GQ215282
H15 GQ215246 GQ215283
H16 GQ215247 GQ215284
H17 GQ215248 GQ215285
H18 GQ215249 GQ215286
H19 DQ305360* GQ215287
H20 GQ215250 GQ215288
H21 AY 294605* GQ215289
H22 GQ215251 GQ215290
H23 GQ215252 GQ215291
H24 AY 294584* GQ215292
H25 AY 294583* GQ215293
H26 GQ215253 GQ215294
H27 GQ215254 GQ215295
H28 AY 294501* GQ215296
H29 GQ215255 GQ215297
H30 GQ215256 GQ215298
H31 GQ215257 GQ215299
H32 DQ305357* GQ215300
H33 GQ215258 GQ215301
H34 GQ215259 GQ215302
H35 GQ215260 GQ215303
H36 GQ215261 GQ215304
H37 GQ215262 GQ215305
H38 DQ305356* GQ215306
H39 DQ305359* GQ215307
H40 GQ215263 GQ215308
H41 GQ215264 GQ215309
H42 GQ215265 GQ215310
H43 GQ215266 GQ215311
H44 GQ215267 GQ215312
H45 GQ215268 GQ215313
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Appendix 6.2 (contd)

H46 GQ215314
H47 GQ215315
H48 GQ215316
H49 GQ215317
H50 GQ215318
H51 GQ215319
H52 GQ215320
H53 GQ215321
H54 GQ215322
H55 GQ215323
H56 GQ215324
H57 GQ215325
H58 GQ215326
C. a. antarcticus

H1 GQ215400 GQ215327
H2 GQ215401 GQ215328
H3 GQ215402 GQ215329
H4 GQ215403 GQ215330
H5 GQ215404 GQ215331
H6 GQ215405 GQ215332
H7 GQ215406 GQ215333
H8 GQ215407 GQ215334
H9 GQ215408 GQ215335
H10 GQ215409 GQ215336
H11 GQ215410 GQ215337
H12 GQ215411 GQ215338
H13 GQ215412 GQ215339
H14 GQ215413 GQ215340
H15 GQ215414 GQ215341
H16 GQ215415 GQ215342
H17 GQ215416 GQ215343
H18 GQ215417 GQ215344
H19 GQ215418 GQ215345
H20 GQ215419 GQ215346
H21 GQ215420 GQ215347
H22 GQ215421 GQ215348
H23 GQ215422 GQ215349
H24 GQ215423 GQ215350
H25 GQ215424 GQ215351
H26 GQ215425 GQ215352
H27 GQ215426 GQ215353
H28 GQ215427 GQ215354
H29 GQ215428 GQ215355
H30 GQ215429 GQ215356
H31 GQ215430 GQ215357
H32 GQ215431 GQ215358
H33 GQ215432 GQ215359
H34 GQ215433 GQ215360
H35 GQ215434 GQ215361
H36 GQ215435 GQ215362
H37 GQ215436 GQ215363
H38 GQ215437 GQ215364
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Appendix 6.2 (contd)

H39 GQ215438 GQ215365
H40 GQ215439 GQ215366
H41 GQ215440 GQ215367
H42 GQ215441 GQ215368
H43 GQ215442 GQ215369
H44 GQ215443 GQ215370
H45 GQ215444 GQ215371
H46 GQ215445 GQ215372
H47 GQ215446 GQ215373
H48 GQ215447 GQ215374
H49 GQ215448 GQ215375
H50 GQ215449 GQ215376
H51 GQ215450 GQ215377
H52 GQ215451 GQ215378
H53 GQ215452 GQ215379
H54 GQ215453 GQ215380
H55 GQ215454 GQ215381
H56 GQ215455 GQ215382
H57 GQ215456 GQ215383
H58 GQ215457 GQ215384
H59 GQ215458 GQ215385
H60 GQ215459 GQ215386
H61 GQ215460 GQ215387
H62 GQ215461 GQ215388
H63 GQ215462 GQ215389
H64 GQ215463 GQ215390
H65 GQ215464 GQ215391
H66 GQ215465 GQ215392
H67 GQ215466 GQ215393
H68 GQ215467 GQ215394
H69 GQ215468 GQ215395
H70 GQ215469 GQ21539%
H71 GQ215470 GQ215397
H72 GQ215471 GQ215398
H73 GQ215472 GQ215399
H74 GQ215473
H75 GQ215474
H76 GQ215475
H77 GQ215476
H78 GQ215477
H79 GQ215478
H80 GQ215479
H81 GQ215480
H82 GQ215481
H83 GQ215482
H84 GQ215483
H85 GQ215484
H86 GQ215485
H87 GQ215486
H88 GQ215487
H89 GQ215488
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Appendix 6.3 Individuals of Gomphiocephalus hodgsoni and Cryptopygus antarcticus antarcticus for
which both cox1 and cox2 were obtained. The haplotype code (H) subsequently assigned for each geneis
given, asisthe haplotype frequency (Hf) in order to show whether haplotypes that were common for cox1
were also common for cox2 in each species. Relationships among haplotypes across genes can be
determined by referring to Figures 6.2 and 6.3. Population codes are as referred to in Table 6.1 and
Figure 6.1.

Region Population Individual cox1 cox2
code H Hf H Hf
G. hodgsoni
Granite Harbour CR 1 H43 4 H35 1
2 H43 4 H1 21
3 H43 4 H1 21
4 H43 4 H1 21
5 H44 1 H1 21
TR 6 H42 5 H1 21
7 H42 5 H1 21
8 H42 5 H1 21
9 H42 5 H1 21
10 H42 5 H2 1
11 H45 3 H1 21
12 H45 3 H1 21
13 H45 3 H1 21
DI 14 H14 16 H36 7
15 H14 16 H36 7
16 H14 16 H36 7
17 H14 16 H36 7
18 H14 16 H36 7
FL 19 H32 27 H38 12
20 H32 27 H38 12
21 H32 27 H42 3
22 H35 13 H1 21
23 H35 13 H3 3
24 H35 13 H3 3
25 H35 13 H3 3
26 H37 2 H7 1
CG 27 H32 27 H42 3
28 H35 13 H1 21
29 H35 13 H36 7
30 H38 17 H9 1
31 H38 17 H32 2
32 H38 17 H32 2
33 H38 17 H33 6
34 H38 17 H33 6
BB 35 H32 27 H1 21
36 H32 27 H38 12
37 H32 27 H38 1
38 H32 27 H38 12
39 H32 27 H42 3
40 H34 2 H39 2
41 H35 13 H1 21
42 H35 13 H1 21
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Appendix 6.3 (contd)

43 H35 13 H1 21

44 H35 13 H1 21

45 H35 13 H6 2

46 H35 13 H6 2

47 H36 1 H1 21

48 H37 2 H8 1

49 H38 17 H33 6

ME 50 H32 27 H38 12
51 H32 27 H38 12

52 H32 27 H38 12

53 H32 27 H38 12

54 H32 27 H38 12

55 H32 27 H38 12

56 H32 27 H38 12

57 H33 1 H41 1

58 H34 2 H39 2

59 H35 13 H1 21

MS 60 H1 48 H14 2
61 H1 48 H14 2

62 H1 48 H17 3

63 H1 48 H20 2

64 H1 48 H20 2

65 H3 2 H17 3

66 H12 1 H18 1

67 H13 1 H19 1

SB 68 H1 48 H15 4
69 H1 48 H15 4

70 H1 48 H15 4

71 H1 48 H16 1

72 H1 48 H17 3

73 H1 48 H21 1

74 H11 1 H15 4

Dry Valleys SJ 75 H14 16 H22 3
76 H18 2 H22 3

77 H18 2 H22 3

78 H31 3 H23 1

79 H39 6 H33 6

CL 80 H38 17 H33 6
81 H38 17 H34 1

82 H39 6 H33 6

HG 83 H1 48 H10 8
84 H1 48 H10 8

85 H1 48 H10 8

86 H1 48 H10 8

87 H1 48 H10 8

88 H1 48 H30 1

89 H6 32 H28 23

90 H6 32 H28 23

91 H6 32 H28 23

92 H6 32 H28 23

93 H6 32 H28 23

94 H7 1 H28 23
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Appendix 6.3 (contd)

95 H14 16 H36 7
96 H21 38 H56 11
97 H21 38 H56 11
98 H21 38 H56 11
BG 99 H21 38 H12 1
100 H21 38 H55 3
101 H21 38 H55 3
102 H21 38 H55 3
103 H21 38 H56 11
104 H21 38 H56 11
105 H21 38 H56 11
106 H21 38 H56 11
LF 107 H1 48 H25 6
108 H6 32 H28 23
109 H6 32 H28 23
110 H6 32 H28 23
111 H6 32 H28 23
112 H6 32 H28 23
113 H6 32 H28 23
114 H6 32 H28 23
115 H6 32 H28 23
116 H6 32 H28 23
117 H6 32 H28 23
118 H6 32 H28 23
119 H6 32 H28 23
120 H6 32 H28 23
121 H6 32 H28 23
122 H6 32 H28 23
123 H6 32 H28 23
124 H6 32 H29 1
129 H8 1 H28 23
130 H21 38 H1l 1
131 H21 38 H56 11
132 H21 38 H56 11
133 H21 38 H56 11
134 H21 38 H57 1
135 H22 1 H56 11
136 H23 1 H58 1
Southern Dry Valleys GV 137 H1 48 H10 8
138 H1 48 H10 8
139 H1 48 H25 6
140 H1 48 H26 2
141 H1 48 H26 2
142 H1 48 H31 1
143 H10 1 H13 1
144 H24 36 H45 3
145 H24 36 H45 3
146 H24 36 H45 3
MV 147 H1 48 H25 6
148 H1 48 H25 6
149 H1 48 H25 6
150 H1 48 H27 2
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Appendix 6.3 (contd)

Ross Island CB 151 H24 36 H50 4
152 H24 36 H50 4

153 H24 36 H51 3

154 H24 36 H51 3

155 H24 36 H51 3

156 H24 36 H52 1

157 H26 1 H50 4

158 H29 1 H54 1

CcC 159 H24 36 H43 11
160 H24 36 H43 11

161 H24 36 H43 11

162 H24 36 H43 11

163 H24 36 H43 11

164 H24 36 H43 11

165 H24 36 H43 11

166 H24 46 H44 1

167 H32 27 H43 11

CY 168 H24 36 H50 4
169 H24 36 H53 8

170 H24 36 H53 8

171 H30 1 H53 8

Bl 172 H14 16 H37 1
173 H14 16 H47 2

174 H14 16 H47 2

175 H14 16 H48 4

176 H14 16 H48 4

177 H14 16 H48 4

178 H14 16 H49 1

179 H15 1 H5 1

180 H16 1 H43 11

C. a. antarcticus

Central 9 1 H46 1 H36 1
2 H50 3 H44 3

3 H51 1 H46 1

4 H57 1 H45 1

5 H58 2 H44 3

6 H61 5 H47 1

7 H63 1 H54 1

8 H64 1 H59 1

9 H68 1 H41 1

11 10 H50 3 H60 4
11 H52 1 H34 1

12 H53 1 H48 1

13 H54 1 H43 1

14 H55 1 H40 1

15 H58 2 H58 1

16 H61 5 H60 4

17 H61 5 H60 4

18 H62 2 H52 1

19 H62 2 H60 4

20 H65 2 H61 1

12 21 H12 1 H37 4
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Appendix 6.3 (contd)

22 H59 3 H56 1
23 H59 3 H66 4
24 H59 3 H66 4
25 H60 1 H66 4
26 H65 2 H66 4
27 H67 1 H64 1
28 H70 1 H37 4
13 29 H37 1 H42 2
30 H56 1 H62 1
31 H81 3 H67 4
32 H81 3 H67 4
33 H81 3 H67 4
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CHAPTER SEVEN:
BIOGEOGRAPHY OF SEVERAL CIRCUM-

ANTARCTIC SPRINGTAILS

Thework in this chapter is submitted for publication:

McGaughran, A., Stevens, M.l., Holland, B.R. Historical biogeography of the Circum-Antarctic
springtail family I1sotomidae. Molecular Phylogenetics and Evolution, submitted 7 September 20009.
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7.1 ABSTRACT

Antarctic terrestrial ecosystems are structured by many of the same forces that influence
evolution elsewhere; however the importance of isolation and its subsequent effects on
population and species differentiation is perhaps easier to appreciate on the continent
locked in ice. Here, we examine the effects of isolation over both ancient and
contemporary timescales on evolutionary diversification and speciation patterns of
springtail species in continental-, maritime- and sub-Antarctica, with special focus on
members of the genus Cryptopygus. We employ phylogenetic analysis of mtDNA
(cox1), and ribosoma DNA (rDNA; 18S and 28S) genes in the programmes MRBAYES
and RAXML to estimate accurate regiona phylogenetic relationships among these
species. In addition, we use dating estimates and dispersal-vicariance analysis to
establish the biogeographical pathway of Cryptopygus species in Antarctica and help
elucidate connectivity among locations.

We show that contemporary distributions anong members of the Cryptopygus
group are largely a result of vicariant processes (with persistence in refugia) operating
during the Miocene (23 — 5 Ma) on a widespread ancestral distribution. However,
dispersal events over both ancient and contemporary time-scales have also been
important for this group of species, and these appear to have chiefly followed oceanic
and/or atmospheric currents in an easterly circum-Antarctic direction. Thus, the
evolutionary history of these southern hemisphere springtails reflects a varied and
diverse origin. The phylogenetic relationships estimated here call for a revision of

current ‘ species’ designations.

7.2 INTRODUCTION

Isolation across both ancient and contemporary scales is an important force influencing
population structuring in Antarctic terrestrial environments. Previous glacia cycling
and current dispersal barriers (e.g. glaciers), play a role in defining the limits of
distribution of different species, but other less obvious forces are also important (Rogers
2007). For example, the non-uniformity of ecologica properties such as availability of
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liquid water and ice-free soil also influence population differentiation. Collectively,
glaciological and ecologica forces in terrestrial Antarctic ecosystems have provided a
rich template of patchily distributed species across which the mechanisms of
evolutionary processes such as speciation may be studied.

The perceived limited dispersal ability of species such as soil microarthropods
means that their sub-populations are effectively isolated from one another on
contemporary time-scales (e.g. Frati et al. 2001; McGaughran et al. 2008). In particular,
intrinsic characteristics of springtails, including the absence of wings, limited
desiccation tolerance and reduced body size, have marked effects on dispersa
capabilities, such that evolution of genetic differentiation among populations in these
speciesis likely (Frati et a. 2001). Antarctic springtails are therefore good candidates
for studies of the processes that have led to contemporary species distributions.

Two processes in particular are often invoked to explain genetic and phylogenetic
relationships among species. fragmentation of ancestral populations by vicariant events
or by dispersal across a pre-existing barrier (Sanmartin & Ronquist 2004). Under a
vicariant hypothesis, fragmentation of ancestral populations via an isolating (vicariant)
event would be expected to lead to congruent phylogenetic trees among genera from
geographically equivalent (i.e. formerly connected) locations (Zink et a. 2000).
Alternatively, dispersal hypotheses consider range expansion common and use dispersal
to explain close genetic links between geographically isolated species and incongruent
tree topologies for different genera (Zink et al. 2000).

Palaeoclimatic changes (e.g. cooling and warming intervals; Clarke & Crame 1992)
may account for vicariance of southern hemisphere fauna; however vicariant hypotheses
usually explain relationships between organisms of the southern continents in terms of
their shared Gondwanan ancestry. The break-up of Gondwana began in the late Jurassic
(~157 Ma), following which progressive separations and the opening of the deep Drake
Passage (~30 — 22 Ma) eventually led to the current positioning of the major southern
landmasses (Lawver et al. 1992; Crame 1999; Convey et al. 2008), including Australia,
New Zealand, Chile and Antarctica (Fig. 7.1). These are thus of sufficient age to have
provided habitats in isolation to taxa over Gondwanan time-scales. In addition, sub-
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Antarctic Tles Crozet (~8.7 My) and Tles Kerguelen (~100 My) (Fig. 7.1) could also
have supported vicariant species distributions.

Elsewhere in the Southern Ocean, islands such as Heard, Macquarie and Marion
Isand (Fig. 7.1) have al become available for colonisation within the last million years
and may be more likely targets for dispersal-derived species distributions. In the greater
Antarctic realm (‘continental’ Antarctica; ‘maritime’ Antarctica — Antarctic Peninsula
and surrounding islands; and ‘ sub’-Antarctica— defined here as islands between 40° and
60° latitude), currents in the Southern Ocean (Fig. 7.1) may provide dispersal routes for
rafted specimens between locations over a variety of time-scales. As these currents
(including the Antarctic Circumpolar Current (ACC), the West Wind Drift (WWD) and
ultimately parts of the southern hemisphere subtropical gyres; Williams et al. 2003 and
references therein) all flow from the west, dispersal in easterly directions may be
important in determining colonisation patterns. Additionally a coastal current close to
the continent flows in the opposite direction (Fahrbach et al. 1992). Other options for
dispersal include wind- and bird-mediated (particularly via atmospheric currents in the
case of wind), and contemporary introduction and/or spread by humans, particularly
over recent time-scales (e.g. Stevens & Hogg 2002), is likely to be a strong dispersal
vector, especialy in the sub-Antarctic (e.g. Frenot et a. 2005; Hughes et al. 2006).

While it has been widely assumed that geographic location and the severity of the
contemporary climate present insurmountable barriers to the colonisation of Antarctica
today (e.g. Allegrucci et al. 2006), the evolutionary relationships among Antarctic taxa
have been interpreted as indicating a mixture of dispersal and vicariant processes. For
example, passive dispersal has been suggested for the introduction of springtails to
‘eastern’ Antarctica (Greendade & Wise 1984) (see Fig. 7.1), and to explain the
digunct occurrence of populations of the springtail Gressittacantha terranova in
northern Victoria Land (Fanciulli et al. 2001). In addition, a combination of recent
range expansion and vicariance in the form of refugia has been suggested to explain
distribution patterns of southern Victoria Land springtail Gomphiocephalus hodgsoni
(e.g. McGaughran et al. 2008). More recently, a study comparing the phylogeographic
structure of this latter species with the springtail Cryptopygus antarcticus antar cticus

from the Antarctic Peninsula emphasised the importance of early colonisation events
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from refugia in both springtail species (McGaughran et a. 2009). Indeed, the
importance of long distance dispersal events in conjunction with vicariant patterns is
becoming widely recognised in evolutionary studies (Sanmartin & Ronquist 2004 and
references therein).

To date 25 springtail species have been described in Antarctica (Greenslade 1995),
with most genera belonging to the Isotomidae, members of which are also widely
distributed globally (Frati & Carapelli 1999). What is known of the evolutionary
origins among these species draws back to the isolating nature of the Antarctic environs.
Thus, within species, genetic differentiation over both small (< 1 km) and intermediate
(tens to hundreds of kilometres) spatial scales is seen (e.g. Fanciulli et al. 2001; Frati et
al. 2001; McGaughran et al. 2008, 2009; Clarke et al. 2009). Over larger spatial scales,
the eastern and western parts of the Antarctic continent (see Fig. 7.1), are recognised as
being very different, sharing no springtail species (Torricelli et a. submitted
manuscript) across what has recently been referred to as Antarctica's “Gressitt Line”
(Chown & Convey 2007) (Fig. 7.1).

In their separate geographical elements, the springtail fauna of Antarcticaincludes a
high proportion of endemic genera. For example, of the 10 speciesin eastern Antarctica
60% of generaand all species are endemic (Wise 1967, 1971; Greenslade 1995; Stevens
& Hogg 2006; Pugh & Convey 2008; Torricelli et al. submitted manuscript), six of
which are from the family Isotomidae (Stevens et al. 2007). In Antarctica, the high
occurrence of endemics is often taken as apparent evidence of divergence in isolation,
suggesting survival of these groups through ancient times (Rogers 2007). In the context
of Antarctic phylogeography, recent mtDNA work has confirmed that some species
carry signals over multimillion year timescales (e.g. Stevens et al. 2006; Convey &
Stevens 2007; Convey et al. 2008; McGaughran et al. 2009). Meanwhile, non-endemic
species with wider cosmopolitan distributions are expected to represent more recent
introductions. Therefore, contemporary species distributions likely reflect a varied
origin for Antarctic springtails (Frati & Carapelli 1999) that includes both relic and
more recent immigrant species (e.g. Wallwork 1973; Greenslade 1995; Marshall &
Pugh 1996; Marshall & Coetzee 2000; Pugh & Convey 2000).
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In addition to this heterogeneity, which still sees the origin of many Antarctic taxa
as unclear (e.g. Frati et a. 2000), there is uncertainty pertaining to the phylogenetic
relationships among Antarctic species. In Antarctica, springtail distribution and
taxonomy received considerable attention in the 1960s and early 1970s (e.g. Gressitt et
a. 1963; Wise & Gressitt 1965; Gressitt 1967; Strandmann 1967; Wise 1967, 1971;
Wise & Spain 1967; Wise & Shoup 1971). However, classification and phylogenetic
relationships among globally distributed springtails has been a subject of disagreement
among various authors (e.g. D’Haese 2002, 2003; Xiong et a. 2008) and Antarctic
species have received little attention in this context. In fact, only one paper (based on
mtDNA cox1 variation) studies phylogenetic relationships within Antarctic I1sotomidae
(Stevens et a. 2006).

Here, we significantly extend the work of Stevens et a. (2006), to achieve a more
accurate reconstruction of the regional phylogenetic relationships among members of
the springtail family Isotomidae from Antarctica and circum-Antarctic locations. We
achieve this by adding severa new individuas/locations to the existing cox1 dataset,
and combining analysis of this maternally-inherited mtDNA gene with bi-parentally
inherited nuclear (18S and 28S rDNA) genes. We apply additional (phylogeographic)
emphasis to the genus Cryptopygus by using dating estimates and dispersal-vicariance
(DivAa) analysis to establish the evolutionary pathway of these speciesin Antarctica and

to help elucidate connectivity among locations.

7.3 METHODS

7.3.1 Speciesand locations

The nominate species Cryptopygus antarcticus was described in 1901 (see Table 7.1).
Subsequent work has shown there to be a variety of undescribed subspecies of this
genus (e.g. Déharveng 1981; Potapov 2001; Rusek 2002; Déharveng et a. 2005;
Stevens et al. 2006). Based on this, specimens of Cryptopygus (including several

undescribed subspecies hereafter referred to as “Cryptopygus a. ‘complex’”) were
extensively sampled from a variety of locations across their entire range throughout the

continental, maritime and sub-Antarctic (Fig. 7.1). Twelve other related species

178




Chapter Seven

Biogeography of circum-Antarctic springtails

(including four geographically-relevant isotomid springtails selected as outgroup taxa)
with more restricted geographic distributional ranges, were heterogeneously sampled
based on specimen availability and successful sequence generation. In addition, several
cox1l sequences from Stevens et al. (2006) were downloaded from GenBank. All

sampling information including location, species and relevant GenBank accession
numbers are given in Table 7.1.
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Figure 7.1 Distribution map of Antarctica and surrounding islands to show locations referred to in the
text, and from which samples were collected.
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7.3.2 Sequence generation

Total DNA was extracted from specimens following a ‘salting out’ protocol (Sunnucks
& Hales 1996). Upon extraction, fragments of the mitochondrial cytochrome ¢ oxidase
subunit | (cox1), 18S rDNA and 28S rDNA genes were amplified using the universal
primers TY-J-1460 or LCO1490 and HCO2198 (Folmer et a. 1994) for coxl; 18S1F,
18S3R, 18S3F, 18S5R, 18SA2.0, 18S9R (Giribet et a. 1996; Whiting et al. 1997) for
18S; and 28Srd1.2A, 28SB (Whiting 2002) or 28Shout (Giribet et al. 2001; Prendini et
al. 2003) for 28S (see Table 7.2).

Amplifications for each specimen used a 10 pl reaction volume containing 1 pl of
extracted DNA (unquantified), 1x PCR buffer (Roche, Penzberg, Germany) 2.2 mM
MgCl,, 0.2 mM of each dNTP (Boehringer-Mannheim, Mannheim, Germany), 1.0 uM
of each primer, and 0.5 U of Red Hot DNA polymerase (Thermo Scientific, United
Kingdom). The thermal cycling conditions for cox1 were: 94°C for 1 min followed by
five cycles of denaturation and polymerase amplification (94°C for 1 min, 45°C for 1.5
min, 1 min at 68°C) followed by 35 cycles of 94°C for 1 min, 51°C for 1.5 min and 1
min at 68°C, followed by 5 min at 72°C; and for 18S were: initial denaturation at 94°C
for 3 min followed by 40 cycles of denaturation and polymerase amplification (94°C for
30 s, 52°C for 45 s and 1.30 min at 68°C), followed by 4 min at 72°C. Cycling
conditions for 28S were the same as those used for 18S except for a 50°C annealing
temperature and a total cycle number of 35. All reaction products were purified using
SAP/EXO (USB Corp., Cleveland, United States). Sequencing used forward and/or
reverse primers and was performed directly on a capillary ABI3730 genetic analyser
(Applied Biosystems Inc., California, United States) at the Allan Wilson Centre
Genome Service, Massey University.

All sequences were checked for consistency with springtall DNA using the
GenBank BlastN search. Nucleotide sequences from atotal of 16 described species and
several members of the undescribed Cryptopygus a. ‘complex’ (81 individuals in total)
were edited in CONTIGEXPRESS (VECTOR NTI ADVANCE ver. 10.3.0, Invitrogen
Corporation, United States) and aligned using ClustalW as implemented in MEGA ver.
4.1 (Tamuraet al. 2007).
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Table 7.1 List of all individuals used in this study (n), and relevant information, including species record, collection location, distribution assigned to dispersal-
vicariance (DIVA) analyses, and relevant GenBank accession numbers (for cox1 individuals only; see Stevens et al. 2006).

Species Record Location DIVA n Accession
No.
distribution
Cryptopygus antar cticus antarcticus Willem, 1901 Antarctic Peninsula— 1 (PEN1) K 3
Antarctic Peninsula— 2 (PEN2) K 4
DQ285353-56
South Shetland Is. (SSI) J 10
DQ285359-66
Cryptopygus antarcticus ‘ complex’ Augtralia (AUS) E 1 DQ285377
Chile (CHI) B 5
Heard Is (HEA) M 1 DQ285373
Macquarie Iand (MAQ) D 7
DQ285367-69,72
New Zealand (NZ) H 1 DQ285370
Tasmania (TAS) E 2
DQ285378-79
Cryptopygus antar cticus maximus Déharveng, 1981 TlesKerguelen (KER) I 8
DQ285381-84
Macquarie Island (MAQ) D 1 DQ285385
Cryptopygus antar cticus reagens Déharveng, 1981 Tles Crozet (CRO) G 10
DQ285386-89
Cryptopygus antarcticus travei Déharveng, 1981 Marion Island (MAR) A 1
Cryptopygus caecus Wahlgren, 1906 Marion Island (MAR) A 1
South Shetland Is. (SSI) J 2
Cryptopygus cisantarcticus Wise, 1967 Cape Hallett (CHA) C 3
Cryptopygus dubius Déharveng, 1981 Marion Island (MAR) A 8
Cryptopygus sverdrupi Lawrence, 1978 Sverdrupfjella (SVE) (0] 1
Cryptopygus tricuspis Enderlein, 1909 Marion Idand (MAR) A 1
Antarctophorus subpolaris Salmon, 1962 Beardmore Glacier (BEA) F 1 DQ285405
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Table 7.2 List of primers used in this study, and their sequences (5’ to 3').

Primer Sequence (5' to 3')
TY-J1460 tacaatttatcgcctaaacttcagec
LCO1490 gttcaacaaatcataaagatattgga
HCO2198 taaacttcagggtgaccaaaaaatca
18S1F tacctggttgatcctgecagtag
18S5R cttggcaaatgctttcge

18S3F gttcgattccggagaggga
18SBI gagtctcgttcgttatcgga
18SA2.0 atggttgcasagctgaaac
18S9R gatccttccgeaggttcacctac
28SB tcggaaggaaccagctac
28Srd1.2A ccessgtaatttaagcatatta
28Shout cccacagegccagttctgcttacc

7.3.3 Data exploration

Multiple datasets were generated: separate ‘cox1’, ‘18S and ‘28S’ datasets, along with
one dataset containing 27 individuals for which a sequence of each gene existed (i.e.
with no missing data) (‘allgenes dataset’; hereafter referred to as ‘AG’) and a complete
dataset for al 81 individuals (i.e. with missing data) (‘allindividuals'; or ‘Al’ dataset)
(Table 7.3). The coxl dataset had no insertions or deletions, while any gaps generated
in the alignment of 18S and 28S sequences were excluded from all analyses (as were
nucleotides on either side of the gap until the next homologous site was encountered).
A partition homogeneity test was performed in PAuP* ver. 4.0010 (Swofford 2002) to
see if the 18S and 28S datasets could be concatenated; this was shown to be an
inappropriate option (P = 0.01), hence subsequent analyses trested all datasets
separately, or with separate partitions.

Exploratory data analysis was performed on the individua gene datasets in the
programme MRBAYES ver. 3.1.2 (Ronquist & Huelsenback 2003) using the GTR+I+T"
model as chosen under the Akaike Information Criterion (AIC) in MODELTEST ver. 3.7
(Posada & Crandall 1998). The Monte Carlo Markov Chain (MCMC) was run from 10-
30 million iterations (to result in a final standard deviation of split frequencies of <
0.01) with a sampling frequency of 10,000. Three runs were performed for each dataset
— one with al data and no constraints enforced (i.e. ‘unconstrained’), one with al data
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and the outgroup (corresponding to: Desoria klovstadi, Isotomurus palustris, Isotoma
(Folsomotoma) marionensis, and Isotoma (Parisotoma) notabilis, Table 7.1) set as a
constraint (‘constrained’), and one with the outgroup excluded (‘no outgroup’). These
analyses were repeated using default settings (i.e. GTR+I) and estimating the
proportion of invariable sites following a Maximum Likelihood (ML) approach in the
programme RAXML ver. 7.0.4 on its web-server (Stamatakis et a. 2008).

Table 7.3 List of the DNA datasets (including outgroup taxa) used in this study, and information on
sequence length (no. bp) and numbers of constant (C) and parsimony-informative (Pl) sites.

Datasets No. bp C Pl
Individual
cox1 (52 taxa) 367 210 146
18S (39 taxa) 427 377 24
28S (40 taxa) 502 410 53
Combined
AG: cox1+18S+28S (27 taxa) 1296 997 199
Al: cox1+18S+28S (81 taxa) 1296 981 234

The 18S and 28S datasets behaved well during these analyses, with the outgroups
consistently faling outside the ingroup in consensus networks generated in the
programme SPLITSTREE ver. 4.10 (Huson & Bryant 2006) using a 10% burn-in (as
determined via the programme TRACER ver. 1.4.1.; Rambaut & Drummond 2007) and a
splits threshold of 0.1. However, this was not the case for analyses with the coxl
dataset, hence, we re-coded third-codon positions as “RY” in this dataset and repeated
the analyses in both MRBAYES and RAXML. Unfortunately, this did not correct the

outgroup problem and (as expected) caused aloss in resolution.

7.3.4 Phylogenetic analysis

As a result of our exploratory data analysis (above), we concluded that the best
approach to generating fina tree hypotheses was to first determine the ingroup
relationships using data with the outgroup excluded (RAXML/MRBAYES) and to then
run RAXML/MRBAYES on the complete dataset (including the outgroup) with the

ingroup relationships constrained to see where the outgroup was positioned in relation
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to the (constrained) ingroup (see Holland et a. (2003), and Harrison et al. (2004), for
discussion as to how an outgroup can disrupt a correct ingroup).

We followed this approach to generate trees for the AG (27 individuals with
outgroup) and Al (81 individuals with outgroup) datasets. Specifically, we used the
ingroup-only analyses to generate an ingroup hypothesis, with bootstrap values
(RAXML) and posterior probabilities (MRBAYES), and then ran each analysis with the
ingroup constrained (MRBAYES) or set as a backbone (RAXML) in order to get the best
outgroup position. As the partition homogeneity test had indicated that it was not
suitable to combine genes, we assigned partitions according to genes, such that each
partition was able to evolve independently under the GTR+I+I" model. All other
parameter settings followed those employed during data exploration (see above). For
MrBayes, this involved the settings: Iset applyto=(1,2,3) nst=6 rates=invgamma; unlink
statefreq=(all) revmat=(all) shape=(all) pinvar=(all); prset applyto=(all) ratepr=variable.
This means that the branch lengths were linked across partitions; but that each partition
was alowed its own GTR+I+G model parameters. Part of the RAXML output is a
‘besttree’ file which is the heuristically best tree based on un-bootstrapped data. For the
AG and Al analyses, we used the RAXML besttree (no outgroup) as the final tree
hypothesis, and rooted this according to the constrained analysis (above) following
concordance checks of the besttree ingroup relationships against majority-rule
consensus trees of the RAXML (bootstrap) and MRBAYES results. In addition, these
final AG and Al ‘best’ trees were checked against those generated for the individual-
gene datasets.

7.3.5 Dating estimates

To obtain magnitude date estimates in order to help distinguish dispersal-vicariant
events, we used the programme PAUP* to estimate GTR+I+I" (as chosen under the AIC
in Model Test; see above) distances between sequences in the three individual-gene
datasets, and the AG dataset. These percentage sequence divergence values were then
averaged as appropriate to include only single representative individuals of each species
and/or location (i.e. lineage). This resulted in a maximum of 26 individuals (with 3

lineages of C. a. antarcticus, 2 lineages of both C. a. ‘complex’ (Macquarie Island) and
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C. a. maximus, 1 or 2 lineages of C. caecus depending on the dataset, and an additional
17 — 19 individua lineages depending on the dataset). The individuals that were
common to al four datasets (i.e. coxl, 18S, 28S, AG) were then compared, and
individuals from the cox1 dataset were used to infer dating estimates among species and
lineages. These were based on the molecular clock rate of 1.5 — 2.3% divergence per
million years commonly applied to arthropod taxa (see Brower 1994; Juan et al. 1996;
Quek et al. 2004). The divergence estimate for the lower bound (1.5%) is derived from
uncorrected p-distances (see Quek et a. 2004), which do not correct for multiple
changes at nucleotide sites, so will become increasingly biased towards underestimating
dates as divergences become older. Thus, we perform our estimates using a divergence
range (i.e. 1.5% — 2.3%), and caution that our branch lengths estimates will be longer
and our older age estimates will likely be larger compared to dating estimates quoted in
the literature for uncorrected p-distances.

7.3.6 Dispersal-vicariance analysis

To reconstruct the distribution history of this springtail group, we used the dispersal-
vicariance approach implemented in the program DivA ver. 1.1 (Ronquist 1996). In
Diva, afully bifurcating phylogeny is used to parsimoniously optimise the distribution
of ancestral species. The method is based on optimisation of a three-dimensional cost
matrix derived from a simple biogeographic model. Distributions are described in terms
of a set of unit areas, and speciation is assumed to divide ancestral distributions
allopatrically into mutually exclusive sets of unit areas. DivA finds the optimal
distributions of ancestral species by minimising the number of dispersal and extinction
events (Ronquist 1996).

Our DiIvA analyses were based on the rooted besttree (see above) generated in
RAXML for the Al dataset (no outgroup). We took this approach because the Al
dataset contains al of the information in the AG dataset, but adds a wider taxon sample,
thusislesslikely to be affected by taxon sampling bias (e.g. Zwickl & Hillis 2002). We
pruned this tree to obtain a final optimal tree hypothesis where each ‘lineage’ within
each clade was represented. This resulted in a tree containing 32 individuals; defining

10 ‘lineages’ of C. a. antarcticus (across two locations on the Antarctic Peninsula and
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from the South Shetland Islands), 8 ‘lineages of C. a. ‘complex’ (3 from Macquarie
Island (from 2 clades), and 1 from each of Australia, Chile, Heard, New Zealand, and
Tasmania), 3 lineages of C. a. maximus (1 from Marion Island and 2 from Tles
Kerguelen), and 2 lineages of C. caecus (Marion Island and South Shetland Islands), as
well as single lineages for the remaining species.

The distribution of each species was classified as present/absent in 15 different
areas corresponding to those given in Table 7.1. The selection of these areas was based
on the geographic distribution of species, and, where possible, matched springtail
species endemism. In the optimisation, we also ran the analysis with the outgroup
included, and both without constraint on the maximum number of ancestral areas
dlowed, and with ‘maxareas set to limit the maximum allowable number of

geographical areas of ancestral speciesto 2, 3, 4, and 5.

7.4 RESULTS

7.4.1 Phylogenetic analysis

Information on the final datasets, including final sequence length, and number of
constant and parsimony informative sitesis given in Table 7.3. In Figures 7.2 and 7.3,
we present the rooted ‘besttree’ results of the RAXML analyses for the AG and Al
datasets (without outgroup; see Methods, section 7.3.4), respectively. Superimposed on
these ML trees are the support values (bootstrap values from RAXML and the posterior
probabilities generated in MrBayes) from the respective ingroup-only analyses. In
Figure 7.2, the ingroup comprises two main groupings, one of which isolates C.
sverdrupi (Sverdrupfjella) (1), C. tricuspis (Marion Island) (2), C. caecus (Marion
Island) (3), N. nivicolus (Granite Harbour) (4), and G. terranova (Terra Nova Bay) (5).
The other grouping (“6” in Fig. 7.2) consists of two sub-groups containing 6(a): C. a.
‘complex’ (Macquarie Island and Heard Island) + C. a. ‘complex’ (Macquarie Island),
and C. a. antarcticus (Peninsula and South Shetland Islands) and C. a. maximus
(Macquarie and Heard Islands); and 6(b): C. a. ‘complex’ (Tasmania) + C. dubius
(Marion Island) + C. cisantarcticus (Cape Hallett) and C. a. complex (Chile) (Fig. 7.2).
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Figure 7.2 RAXML-generated ‘besttree’ for the algenes (‘AG’) dataset of Cryptopygus and its close
relatives. The outgroup (4 individuals) is not included here, although it was used to root this tree; see
Methods, sections 7.3.3, 7.3.4), hence we show 23 of the 27 possible individuals of this dataset. ML
bootstrap values (100 replicates) >50% are indicated above nodes with posterior probabilities from the
MRBAYES Bayesian analyses (>50%) below nodes — these were obtained from analyses without the
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(contd from p188) outgroup (see Methods, section 7.3.4). In each analysis, partitions according to the
cox1, 18S and 28S genes were allowed to evolve independently under the GTR+I+I" model (see Methods,
section 7.3.4 for further information). Location codes correspond to: MAR: Marion Island, CHA: Cape
Hallett, TER: TerraNova Bay, SVE: Sverdrupfjella, GRA: Granite Harbour, TAS: Tasmania, CHI: Chile,
HEA: Heard Island, MAQ: Macquarie Island, KER: Tles Kerguelen, PEN: Peninsula, SSI: South Shetland
Islands. Antarctic locations are indicated with an asterisk. The numbers 1 — 6 on the right-hand side of
the figure refer to the overall main groupings referred to in the text.

This analysis was unable to differentiate the position of C. a. travei (Marion Island)
comparative to these two main groupings and we note that in severa instances our
bootstrap and posterior distribution values are low at deeper nodes of the tree (Fig. 7.2).

The addition of more individuals in the form of the Al dataset (with missing data)
largely retains the overall groupings outlined above; however, the specific relationships
between several groups have changed. For example, C. sverdrupi (group 1) and A.
subpolaris (new to Fig. 7.3) come out as sister taxa, and these, along with C. tricuspis
and C. caecus (groups 2 and 3) now fall as sister groups to subgroup 6(a) (Figs 7.2, 7.3).
In addition, C. a. travel and C. a reagens (absent from Fig. 7.2) form a sister group
within subgroup 6(b), while N. nivicolus (group 4) and G. terranova (group 5) now fall
as sister groups to subgroup 6(b) (Figs 7.2, 7.3). Thus, the main rearrangement going
from Figure 7.2 to 7.3 is that groups 1 — 5 from Figure 7.2 move closer to either of
subgroups 6(a) or (b) in Figure 7.3. This change highlights the prevalence of genetic
associations among geographically distinct locations, although we again note that our
bootstrap and posterior distribution values are low at deeper nodes of the tree (Fig. 7.3).

Because employment of wider taxon sampling generally results in tree hypotheses
that are less biased by systematic error (see Zwickl & Hillis 2002), we expect that the
tree generated from the Al dataset is more accurate than that resulting from the AG
analyses. However, the different analytica methods (i.e. RAXML/MRBAYES) gave
relatively concordant results across genes without outgroups (see Appendices 7.1, 7.2
and 7.3 for results from individual gene datasets). The six main groups (above) were
supported without conflict in the individual coxl and 18S datasets, however there was
some signal for groups 2, 3 and 4 falling in with 6(b), and group 5 faling in with 6(a) in
the 28S dataset (Appendix 7.3).
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Figure 7.3 (p190) RAXML-generated ‘besttree’ for the allgenes (‘Al’) dataset of Cryptopygus and its
close relatives. The outgroup (4 individuals) is not included here (although it was used to root this tree;
see Methods, sections 7.3.3, 7.3.4), hence we show 77 of the possible 81 individuals for this dataset. ML
bootstrap values (100 replicates) >50% are indicated above nodes, with posterior probabilities from the
MRBAYES Bayesian analyses (>50%) below nodes — these were obtained from analyses without the
outgroup (see Methods, section 7.3.4). In each analysis, partitions according to the cox1, 18S and 28S
genes were allowed to evolve independently under the GTR+I+I" model (see Methods, section 7.3.4 for
further information). See Figure 7.2 for location codes — in addition, AUS: Australia, CRO: Tles Crozet,
BEA: Beardmore Glacier. Individuals from Figure 7.2 are highlighted in bold; Antarctic locations are
indicated with an asterisk. The numbers 1 — 6 on the right-hand side of the figure refer to the overall
main groupings referred to in the text. Note that the branch lengths in this figure are not to scale. In
addition, the branch lengths generated for this dataset were based on all three genes, however sister
relationships within the ingroup depicted here were separated by 25% - 30% sequence divergence when
relevant individuals from the coxl dataset were analysed, whereas divergence within species from
different locations (i.e. C. a. ‘complex’ (Heard and Macquarie Islands), C. a. antarcticus and C. a.
maximus) were separated by 2 — 6% cox1 sequence divergence (see text for further details).

7.4.2 Dating estimates

Estimates of percentage sequence divergence among species (or lineages) were fairly
consistent across the coxl, 18S, 28S and AG datasets, athough as expected, these
varied on an absolute scale depending on the gene. In particular, 18S and 28S sequence
divergences were similarly low; values from individuas in the AG dataset were around
2-3-fold higher than these, and coxl values were 6-10-fold higher again (see
Appendices 7.4, 7.5). Since a commonly employed molecular clock exists for the cox1
dataset, we focus on these results for our dating estimates.

In the cox1 dataset (containing 27 representative ‘lineages’; see Methods, section
7.3.5, and Appendices 7.4, 7.5) sequence divergence ranged from 1 — 51% (mean: 30%)
within the ingroup. The mean distance from the ingroup to the outgroup was 36%, and
among ‘subgroups’ of the ingroup ranged from 25 — 35%. In the three cases where the
same species existed across more than one location, comparatively small genetic
distances separated these. This includes C. a. antarcticus from the two Peninsula and
South Shetland Island locations (~2.7% divergent), C. a. ‘complex’ from Macquarie and
Heard Islands (6%) and C. a. maximus from Tles Kerguelen and Macquarie Island
(~2.6%). Finally, a mean distance of 51% separated the two Macquarie Island lineages
in this dataset and divergence among C. a. ‘complex’ individuals averaged 30%.

Using the generalised invertebrate molecular clock rate of 1.5 — 2.3% divergence
per My suggests that the deepest splits within Cryptopygus occurred 22.2 — 34.0 Ma
(i.e. 51% sequence divergence), while the shallowest splits have occurred in the last
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million years and up to ~2.6 — 4 Ma (for C. a. ‘complex from Macquarie and Heard
Islands).

7.4.3 Dispersal-vicariance analysis

The best dispersal-vicariance analysis constructions (i.e. with the least number of
dispersals) in all cases were obtained using no outgroup and no ‘maxareas’ restrictions
(see Methods, section 7.3.6). In addition, the ancestral distributions towards the root
were the same both with and without outgroups included, most likely as a result of the
limited geographic distributions of the outgroup taxa. Increasing the ‘maxareas
settings, as well as dramatically increasing the number of inferred dispersal events (to
~20), increased the number of alternative putative ancestral areas proposed.

The  ancient distribution of Cryptopygus  was  defined as.
“ABCDEFGHIKLNO(IM)”, thus aways encompassing 13 areas and possibly including
areas Jand M (Fig. 7.4, see dso Table 7.1); asis the usua tendency in DivA, this root
node distribution is large and includes many (or al) of the areas occupied by the
terminal species. In particular, the ancestral distribution at the nodes encompassing
subgroup 6(a): “DFIKO(AJM)” and 6(b): “BCEGHLN(A)” (Fig. 7.4), were difficult to
restrict and thus may have been widespread. Interestingly, there is little overlap in
distribution between this main 6(a)/6(b) split, which largely involves maritime- and sub-
Antarctic groups (i.e. DIK(JM)) separating from continental southern hemisphere
groups (i.e. BCEHLN) (Fig. 7.5), and suggests that a vicariant event separated these
lineages early in the evolutionary history of the group.

The optimisation without outgroup and with no restriction on ‘maxareas’ inferred a
biogeographic scenario requiring nine dispersal events (Fig. 7.4). Exact dispersa
events depend on selection of specific ancestra areas when > 1 is considered
parsimonious, however four dispersal events are present in all scenarios (indicated by
“* on tree branches in Fig. 7.4) and these are between: Macquarie Island and Tles
Kerguelen, and the Antarctic Peninsula and South Shetland Islands.
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Figure 7.4 The tree hypothesis used for dispersal-vicariance (DIvVA) analyses, based on a pruned version
of the RAXML-generated besttree for the Al dataset shown in Fig. 7.3. Distributions correspond to: A:
Marion Island, B: Chile, C: Cape Hallett, D: Macquarie Idand, E: Australia, Tasmania, F: Beardmore
Glacier, G: Tles Crozet, H: New Zealand, |: Tles Kerguelen, J: South Shetland Islands, K: Peninsula, L:
Granite Harbour, M: Heard Island, N: Terra Nova Bay, O: Sverdrupfjella. Distributions above nodes
correspond to the ancestral distributions predicted by DivA, while those beside species labels indicate the
contemporary distribution of the relevant species. Asterisks beside species names indicate individuals
from Antarctic locations, while those on branches indicate cases where a dispersal event was indicated
under all Diva optimisations. The numbers 1 — 6 on the right-hand side of the figure refer to the overall

main groupings referred to in the text.
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With atotal of 32 individuals, there are up to 31 possible events. Since nine of these
are dispersal events and extinction events are considered a cost in DIVA (Ronquist
1996), many vicariant and/or speciation episodes are also predicted (i.e. an upper limit
of 22). Thus the biogeographic scenario inferred by DIvA suggests that the current
distribution is a result of a combination of vicariance and dispersal events from a

digunct ancestral distribution (see Fig. 7.5).

7/ g

Figure 7.5 Re-worked version of Fig. 7.1 to show species distributions according to the results of the
Diva analysis for the ancient split of lineages at the nodes encompassing subgroups 6(a) (inferred
distribution: DFIKO(AJM); dark grey shading) and 6(b) (inferred distribution: BCEGHLN(A)”; light
grey shading) from Fig. 7.4; location ‘A’ in the figure is coloured with medium grey shading to highlight
that it is the only location inferred in these distributions which bridges this ancient split. Distributions
correspond to those used in Table 7.1 and Fig. 7.4. See text and associated figures for further details.
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7.5 DIsSCUSsSION

The phylogenetic results presented here are largely consistent with those of Stevens et
al. (2006), in particular confirming the placement of our groups 4, 5, and 6(a and b)
(Fig. 7.3). The addition of new species and genes in this study sees us place A.
subpolaris differently — as sister to subgroup 6(a) (this species grouped with C. dubius —
our group 6(b) —in Stevens et a. 2006 and here, groups with C. sverdrupi — absent in
Stevens et al. 2006) (Figs 7.2, 7.3). In addition, we find lineages of C. a. ‘complex’
from Macquarie and Heard Islands grouping with 6(a) — these grouped with our 6(b) in
Stevens et a. (2006). Finaly, we introduce two additional Marion Island species (C.
tricuspis and C. caecus) to further the reconstruction presented here and these both fall
within group 6(a) (Fig. 7.3).

In al of our phylogenetic analyses, the bootstrap and posterior distribution support
values were quite low at the deeper nodes of our trees. In addition, we had problems
with inconsistent outgroup separation in our cox1l dataset. Given the uncertainty in
taxonomy of this group, it may be possible that the disruption of ingroup sequences in
coxl is not an artefact but rather a description of reality. However, the 18S, 28S, AG
and Al datasets do not support this idea — all resolved the outgroup correctly in all
analyses. Nevertheless, our results do not support monophyly for species within
Antarctic Cryptopygus. For example, several paraphyletic relationships involved
Cryptopygus antarcticus subspecies (C. a. antarcticus, C. a. ‘complex’, and C. a.
maximus). In addition, our analyses including all individuals found sister relationships
between various Cryptopygus species (e.g. C. a. travei, C. caecus, C. sverdrupi, C.
tricuspis) as well as several non-Cryptopygus species (G. terranova, N. nivicolus, and A.
subpolaris), indicating non-monophyly for Antarctic Cryptopygus as a whole. Thus, it
is clear that more work needs to be done to further resolve relationships for both
Antarctic Cryptopygus and Antarctic Isotomidae in general.

In the meantime, the subspecies recognised so far by taxonomists (see Table 7.1)
are confirmed in this molecular approach. The levels of divergence identified among
the composite of undescribed ‘C. a. complex' species as well as the recognized sub-

species (i.e. Cryptopygus antarcticus maximus, reagens, travel) calls for a taxonomic
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revision of this genus, suggesting that the subspecies in particular should be elevated to
species status (see also Stevens et a. 2006).

The high level of genetic divergence between species of this group also suggests
that they have persisted in Antarctica over multi-million year time-scales. For example,
the cox1 dating estimates suggest that the deepest evolutionary splits among lineages
occurred 22.2 — 34.0 Ma (during the Miocene). This corresponds to a largely vicariant
scenario explaining the evolutionary history of these Antarctic Cryptopygus. In this
scenario, ice sheet oscillations through time drive repesated shifts in the distribution of
land species, leading to fragmentation and isolation (allopatric speciation) in refugia
during glacial maxima (Convey & Stevens 2007; Rogers 2007; Convey et a. 2008).
Severa recent studies have invoked such vicariant explanations for contemporary
distributions of Antarctic taxa (e.g. Marshal & Coetzee 2000; Allegruci et a. 2006;
Stevens et a. 2006). In the current study, the ages of sub-Antarctic island Tles Crozet
(~8.7 My) and lles Kerguedlen (~100 My), as well as the more ancient southern
landmasses (Australia, Tasmania, New Zealand, Chile, and the Antarctic Peninsula and
continent) fit well with our suggested Miocene divergence dates, underscoring the
significance of vicariant events in shaping contemporary distributions of the
Cryptopygus group.

However, relationships among the shallow paraphyletic lineages in this study
suggest that dispersal over small geographic scales has also been significant in the
evolutionary history of these species. This includes recent divergence among C. a.
antarcticus from the Peninsula and South Shetland Islands (< 1 Ma) and among C. a.
maximus lineages from Tles Kerguelen and Macquarie Isand (~1 — 2 Ma), each of
which were predicted in the DivA analysis. In addition, phylogenetic (sister)
relationships between Macquarie and Heard Island lineages of C. a. ‘complex’ as well
as subspeciesincluding C. a. travel (Marion Island), C. a. ‘complex’ (New Zealand) and
C. a. reagens (Iles Crozet), and C. tricuspis (Marion Island) and C. caecus (Marion
Island and South Shetland Islands), suggest some form of dispersal over more ancient
timescales (i.e. ~2.6 — > 20 Ma). Taken together, these results indicate that oceanic
currents between latitudes 40° and 60° may have aided dispersal among sub-Antarctic
islands, most likely in an easterly direction. Certainly, the WWD has favoured such
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dispersal in circum-Antarctica, where the islands are proposed to act as ‘stepping
stones' to aid this process (McDowall 1970; Fleming 1979; Winkworth et a. 2002).
The age of habitat availability for several of the sub-Antarctic islands, namely Heard
(~1 My), Marion (~0.3 My) and Macquarie (~0.7 My) Islands (Stevens et al. 2006), fit
well with severa of these dispersal scenarios (although in the case of volcanic Marion
Island, close faunal ties between this and nearby (~19 km) Prince Edward Island (-8 —
18 My) alow vicariant scenarios to also play arole; analysis of samples from the latter
locality would strengthen this suggestion of a deep divergence for the Marion/Prince
Edward Island fauna). However, the large genetic distances separating the two
Macquarie Island lineages (~ 51%) must reflect separate colonisations of two distinct
evolutionary lineages to this recently available habitat.

An implicit assumption in Antarctic biogeography which suggests that obliteration
of habitats following successive glacial events restricts many species to being recent
colonists is gradually lessening its hold on Antarctic biogeography (see Convey &
Stevens 2007; Convey et a. 2008). Indeed, a more accurate biogeographic scenario for
Southern Hemisphere terrestrial taxa places both ancient and recent el ements in the mix
(e.g. Stevens et a. 2006, 2007; Mortimer & Jansen van Vuuren 2007; McGaughran et
al. 2008). Our findings, as outlined above, support this shift in paradigm.

In addition, the dispersal-vicariance analyses support this conclusion, assigning 9
dispersal events and an upper bound of 22 vicariant events from a digunct ancestral
distribution to optimally explain current distribution patterns. We feel the tendency of
DivA to suggest a biased large root node distribution in some cases (Ronquist 1996)
allows us to say little about the true nature of the ancestral distribution here and 1ook
forward to advances in the field of biogeographic inference (e.g. Nylander et a. 2008).
However, fauna similarities have been used in the past to suggest that a large former
insular area of evolution may be a feature of severa sub-Antarctic islands (Gressitt
1970), thus supporting the idea of widely dispersed ancestral taxa in some circum-
Antarctic species. In particular, the Diva analysis highlighted a separation between
largely (younger) maritime- and sub-Antarctic groups (i.e. DIK(JM)) and (older)
continental southern hemisphere groups (i.e. BCEHLN) (see Fig. 7.5). The only

exceptions to this proposed vicariant split were F (Beardmore Glacier) and O
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(Sverdrupfjella), which both fell in with the sub-Antarctic group, and G (les Crozet)
which grouped with the continental locations. In the former case, the genetic distances
separating the species found at F and O (A. subpolaris and C. sverdrupi; respectively)
are large enough to suggest missing (possibly continental Antarctic) lineages, while the
age of lles Crozet (~8.7 My) may explain its grouping with older landmasses.
Interestingly, A (Marion Island) is the only location to overlap this Diva-split and
again, the proximity of the older Prince Edward Island landmass may be important here.

In summary, the evolutionary history of this group of Antarctic springtails reflects
an origin of predominant (vicariant) Miocene isolation interspersed with occasional
episodes of subsequent contact (dispersal). We suggest that the former must imply the
continuous presence of refugia with appropriate environmental conditions, and that the
latter has been aided in some part by the WWD and other oceanic currents.
Collectively, this sees the contemporary distribution of the studied southern hemisphere
springtails as deriving from multiple independent evolutionary lineages from which
largely paraphyletic species relationships have derived. The high level of genetic
divergence associated with this diversification calls for a revision of current ‘species
designations and suggests the need for extreme care to prevent human-mediated
dispersal among these clearly unique sub-Antarctic and Antarctic springtail populations.
Future investigation of this issue should focus on those sub-Antarctic and southern
temperate species of Cryptopygus that were unable to be included in this study, such
that more genera conclusions about wider Antarctic biogeography may be drawn. In
particular, it will be interesting to see if additional sub-Antarctic species are more
closely related to South-American, South-African, Australian or New Zealand species
than to their Antarctic counter-parts.
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7.8 APPENDICES

Appendix 7.1 50% majority-rule consensus tree of the 100 bootstrap trees generated by RAXML under
GTR + | + T model for the cox1 dataset of 48 taxa (no outgroup) of Cryptopygus and its close relatives.
Species and location codes correspond to Fig. 7.1, Table 7.1. The numbers 1 — 6 on the right-hand side of
the figure refer to the overall main groupings referred to in the text.
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Appendix 7.2 50% majority-rule consensus tree of the 100 bootstrap trees generated by RAXML under
GTR + | + T" model for the 18S dataset of 35 taxa (no outgroup) of Cryptopygus and its close relatives.
Species and location codes correspond to Fig. 7.1, Table 7.1. The numbers 1 — 6 on the right-hand side of
the figure refer to the overall main groupings referred to in the text.
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Appendix 7.3 50% magjority-rule consensus tree of the 100 bootstrap trees generated by RAXML under
GTR + | + T" model for the 28S dataset of 36 taxa (no outgroup) of Cryptopygus and its close relatives.
Species and location codes correspond to Fig. 7.1, Table 7.1. The numbers 1 — 6 on the right-hand side of

the figure refer to the overall main groupings referred to in the text.
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Appendix 7.4 Matrix of pairwise (GTR+I+T") sequence divergence values separating individuals representative of species and/or locations. Lower diagonal
presents means for the relevant 20 individuals from the algene (‘AG’) dataset; upper triangle presents means for the relevant 26 individuals from the cox1

dataset.

Species 12 3 4 5 6 7 8 9 10 1112 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
1 C. a antarcticus PEN - L1 0.017 002 0282 0265 0.343 0203 0343 0.267 0357 0114 0098 0277 0273 033 0254 026 0287 0313 0342 0263 0.297 0.414 0262 0415 0414 038
5 C. a. antarcticus PEN - L2 0.033 0297 0299 036 022 0361 0285 0.359 0134 0123 03 026 0345 0285 0301 0.313 0328 0337 0268 0298 046 0244 045 0453 0.4
3 C. a antarcticus SSI-L3 | 001 0286 0292 0377 0216 037 0266 0376 0127 0.1290 0276 0258 0329 0.288 0268 0308 0.327 0344 0.298 0325 0411 027 043 048 0.4
4 C. a ‘complex' AUS 0272 0388 0265 0388 0204 028 0312 03 0254 0305 0.351 0303 0291 0397 0363 0.336 0274 032 0.382 0265 0409 0.517 039
5 C. a ‘complex' CHI 0.08 0.08 0315 0.1% 0316 0.179 0.278 0.282 0332 0272 0354 0303 0.19 0272 0.215 0.308 0308 0.239 031 0302 0.239 0315 0434 0.32
¢ C.a ‘complex' HEA 0.06 0.07 0.9 0.50 0.006 0263 0391 0468 0391 0299 0346 0327 0368 0301 0346 0.32 0399 0405 0318 0.383 0286 0426 0419 038
7 C. a 'complex' MAQ -L1 | 005 0.05 0.06  0.08 050 0278 0338 025 0253 0287 0301 0322 0251 025 0343 0241 0373 0248 034 032 0286 0435 0285 033
g C a ‘complex’ MAQ-12 | 008 0.09 0.9 02 010 0263 0391 047 0392 0299 0346 0327 0369 0313 0.346 0339 0.4 0405 0319 0384 0286 0427 0.452 039
9 C. a ‘complex’' NZ 0.301 0265 028 0296 0328 0272 0246 0259 0231 0322 0323 0243 0245 0278 0.165 0.39%8 0399 0.31
10 C a ‘complex’ TAS 0.08 0.08 0.8 000 008 009 0358 0341 0298 0351 0.334 0482 0317 035 0406 0387 0293 0352 0388 033 0386 0362 037
11 G a. maximus KER - L1 0.03 0.03 0.08 008 005 010 0.08 0.6 0259 031 0341 0283 0344 031 0404 0385 0309 0309 042 0285 0442 0518 042
12 C a maximus MAQ -12 | o2 0.03 0.08 007 005 009 0.08 0.1 0264 0289 0343 0272 032 0293 0376 0373 0307 0301 0449 0251 0389 051 04
13 C. a. reagens CRO 0206 0.3 0292 0287 0.342 0364 0337 0.285 0306 04 0291 0416 0487 0.4
14 C.a. wavei MAR 0.07 0.07 0.0 008 007 010 0.08 008 0.07 0336 0.345 0.323 0371 0422 0315 0388 0335 0476 0.336 0.503 034 041
15 C.caecus MAR - L1 0.09 0.09 0.9 000 00 010 0.09 009 0.09 0.10 0311 0339 0276 0356 035 0296 0313 0.338 0258 0.537 037 038
16 C- cisantarcticus CHA 0.07 0.07 0.06 008 006 009 0.09 007 0.07 0.08  0.09 0275 0324 031 0287 0.299 0288 0.409 0263 0461 0.526 0.42
17 C. dubius MAR 0.08 0.08 0.9 000 008 009 0.09 009 0.09 0.09 010 0.07 0.367 0338 0362 0258 031 0305 0265 0361 0337 032
18 C. sverdrupi SVE 0.07 0.08 0.07 008 008 010 0.09 008 0.07 009 0.09 007 0.10 028 0266 0277 031 0332 0246 0348 0379 033
19 C. tricuspis MAR 0.09 0.09 010 0.0 008 0l 0.10 010 0.10 0.11 009 009 011 009 0.363 0301 0392 0339 0.291 043 0355 0.35
20 A. subpolaris BEA 0297 0345 0.445 0291 0432 0403 039
21 G.terranova TER 0.07 0.07 0.07 0.0 006 010 0.07 007 007 0.08 0.09 007 008 007 0.09 0.188 0334 0.17 0395 0.294 03
22 N. nivicolus GRA 0.07 0.07 0.0 008 008 009 0.08 007 0.07 0.08 008 007 009 008 0.10 0.06 036 0223 0341 0363 0.32
23 D. Kklovstadi CHA 0.12 0.12 0.2 012 ol 012 012 012 0.3 0.14 011 012 012 0.12 0.10 012 0.2 0.277 0377 0.253 0.302
24 I marionensis MAR 0.08 0.08 0.0 008 008 009 0.09 008 0.8 0.10 008 008 0.09 008 0.07 0.07 0.07 0.9 0349 0354 0.326
25 I notabilis MAR 0.10 0.10 010 011 01l 012 0.10 010 0.10 0.12 012 011 011 010 0.11 0.10 0.09 011 0.9 0422 0382
26 I palustris MAR 0.14 0.14 0.4 013 0L 014 0.12 015 0.5 0.13 013 015 013 014 0.12 012 013 011 011 013 0.343
27 Outgroup (mean) 0.11 0.11 011 011 010 012 0.1 011 0.1 0.12 011 011 011 011 0.10 0.10 010 0.1 009 011 0.1




Appendix 7.5 Matrix of pairwise (GTR+I+T") sequence divergence values separating individuals representative of species and/or locations. Lower diagonal
presents means for the relevant 24 individuals from the 18S dataset; upper triangle presents means for the relevant 26 individual s from the 28S dataset.

Species 12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
1 G a antarcticus PEN - L1 000 0.00 0.00 0.04 0.00 000 0.00 0.02 0.00 0.02 0.02 0.03 0.0 0.03 0.01 0.04 0.02 003 007 0.04 004 0.10 0.6
2 C a antarcticus PEN -12 | 0.00 0.00 0.00 004 000 000 0.00 0.02 0.00 0.02 0.02 0.03 001 0.03 001 004 002 003 007 0.04 004 0.10 0.06
3 C.a antarcticus SSI -1.3 0.00 0.00 0.00 0.04 0.00 000 0.00 0.02 0.00 0.02 0.02 0.03 0.0 0.03 0.01 0.04 0.02 003 007 0.04 004 0.10 0.6
4 C a'complex’ AUS 0.04 0.00 000 0.00 0.02 0.00 002 0.02 0.03 0.0 003 001 0.04 002 003 007 004 004 010 006
5 C. a 'complex’ CHI 0.02 002 0.02 0.04 004 0.04 0.05 0.04 0.05 0.05 0.06 0.03 0.05 0.03 0.08 0.04 005 0.1 0.07 007 0.12 0.9
¢ C. a 'complex’ HEA 0.01 001 0.01 0.02 0.00 0.00 0.02 0.00 002 0.02 0.03 0.0 003 001 0.04 002 003 007 004 004 010 006
7 C.a 'complex’ MAQ-L1 |o001 001 0.01 0.01 0.01 0.00 0.02 0.00 0.02 0.02 0.03 0.0l 0.03 0.01 0.05 0.02 003 007 0.04 005 0.11 0.07
g C.a'complex’ MAQ-L2 |006 006 0.06 0.04 005 0.05 0.02 0.00 002 0.02 0.03 0.0 003 001 0.05 002 003 007 004 005 011 007
o C.a'complex’ NZ 0.03 003 0.03 0.02 003 0.0 0.07

10 C. a ‘complex' TAS 0.01 001 0.01 0.00 0.02 001 0.04 0.02 002 0.02 0.02 0.04 0.03 0.04 0.02 0.05 0.03 003 008 0.04 005 0.10 0.7
11 G a maximus KER - L1 0.00 000 0.00 002 0.01 001 006 0.03 001

12 C a. maximus MAQ - L2 0.00 000 0.00 0.02 0.01 001 0.06 0.03 0.0l 0.00 0.02 0.02 0.03 0.0l 0.03 001 0.05 0.02 003 007 004 005 0.11 0.07
13 C. a reagens CRO 0.03 003 0.03 0.02 003 002 007 002 002 003 0.03 0.00 0.03 0.2 003 002 0.05 002 003 008 004 005 011 007
14 C. a. travei MAR 0.02 002 0.02 0.02 0.03 00l 0.06 002 0.02 0.02 002 0.0 0.03 0.2 0.03 0.02 0.05 0.02 003 008 0.04 005 0.11 0.07
15 C.caecus MAR- L1 0.03 003 0.03 0.02 003 003 0.06 004 002 003 003 004 0.04 0.03 005 003 0.03 004 003 006 003 005 0.10 006
16 C.caecus SSI-L2 0.0l 001 0.01 0.0l 001 002 0.05 0.03 0.0l 001 00l 0.03 003 0.0l

17 G cisantarcticus CHA 0.02 002 0.02 0.01 0.03 001 005 003 001 002 002 002 002 003 0.02 0.02 0.01 0.05 0.01 003 0.08 004 005 0.11 0.07
18 C. dubius MAR 0.04 004 0.04 0.02 0.04 004 0.05 0.04 0.02 0.04 004 0.04 004 004 003 0.03 0.03 0.06 0.03 0.05 0.09 0.05 0.06 0.12 0.8
19 C. sverdrupi SVE 0.03 003 0.03 0.04 004 003 0.08 004 004 0.03 003 004 004 005 004 003 005 0.04 0.02 002 0.07 003 004 0.10 0.06
20 C. tricuspis MAR 0.02 002 0.02 0.0l 001 002 0.05 004 0.0l 0.02 002 003 003 002 0.0l 0.0l 003 0.04 0.05 0.04 0.06 0.02 0.05 0.09 0.06
21 G terranova TER 0.01 001 0.01 0.01 001 001 0.05 002 001 0.01 00l 001 001 003 002 001 003 002 0.02 0.03 0.08 0.04 005 011 007
22 N nivicolus GRA 0.01 001 0.01 0.01 001 00l 0.05 002 0.0l 0.0l 00 001 001 003 002 00l 003 002 0.02 0.00 0.08 0.03 0.05 0.10 0.06
23 D. klovstadi CHA 0.04 004 0.04 0.03 004 004 0.05 005 003 0.04 004 005 005 004 003 0.04 005 006 0.03 004 0.04 0.04 0.07 009 0.07
24 1. marionensis MAR 0.02 002 0.02 0.02 002 003 0.04 004 002 0.02 002 004 0.04 003 0.02 003 0.03 005 0.01 002 0.02 0.03 0.04 0.08 0.05
25 I notabilis MAR 0.03 003 0.03 0.01 0.02 003 0.05 003 001 0.03 003 003 003 003 001 002 003 004 002 002 002 002 002 0.09 0.06
26 I palustris MAR 0.04 004 0.04 0.03 0.03 004 0.05 005 0.03 0.04 004 0.04 0.04 004 003 003 004 006 0.03 0.04 0.04 003 002 0.03 0.09
27 Outgroup (mean) 0.03 0.03 0.03 0.02 003 003 0.05 005 002 0.03 003 004 004 003 002 003 004 0.05 002 003 003 003 006 005 0.03
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Chapter Eight Thesis Conclusion

8.1 FUTURE RESEARCH

At the onset of this work, knowledge surrounding both the ecophysiology and
evolutionary history of springtails of the Antarctic was scarce, in reality largely being
limited for the former to a single maritime Antarctic species (Chown & Convey 2007)
and for the latter to a specific region — Victoria Land (Frati et al. 2001; Fanciulli et al.
2001; Stevens et al. 2007; McGaughran et al. 2008).

The studies described in this thesis have gone some way toward addressing this; in
particular, adding molecular genetic data on springtails from the Antarctic Peninsula
(Chapter Six), considerably developing understanding of evolution of a springtail in
southern Victoria Land (Chapters Two and Three), and greatly expanding knowledge of
the evolutionary history of the genus Cryptopygus throughout Antarctica and its
surrounding islands (Chapter Seven). In addition, knowledge of springtail evolution in
the sub-Antarctic across both molecular genetic and physiological scales has been
enhanced (Chapters Four and Five). Nevertheless, it is aready clear that these studies
are merely a catalyst and much work remains necessary to complement and enhance
what is presented here.

From a molecular genetic perspective, the practical logistics associated with
working on Marion Island highlighted the need for an informative guide to the
springtails at this location. In particular, the ongoing research into invertebrates of this
region (e.g. Chown & Crafford 1992; Chown 1993; Chown & Klok 2003; Klok &
Chown 2003, 2005; McGeogh et al. 2006; Mortimer & Jansen van Vuuren 2007) would
greatly benefit from this. Thus, during the 2007 season, representative collections of all
springtail species on the island were made, and these have since been analysed
genetically for mtDNA cox1 and rDNA 28S genes. Analysis of thiswork will employ a
combination of taxonomic and phylogenetic approaches such that users of the guide will
be able to identify species based on both morphological and molecular genetic
characteristics. It is hoped that this work will provide the impetus for further whole-
island studies such that a catalogue of springtail species throughout the peri-Antarctic

region may be assembled.
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In addition to the future molecular genetic analyses planned above, the next bold
move forward for this field should entail further use of molecular approaches (e.g.
Rogers 2007) such as the new high throughput sequence technology becoming
available. Focus should extend to generation of complete mitochondrial genomes for
Antarctic species (e.g. as achieved recently for C. a. antarcticus; Carapelli et al. 2008,
and Friesea grisea; Torricelli et al. submitted manuscript) to enable reconstruction of
phylogenetic relationships at a variety of taxonomic levels and aso examination of
evolutionary rate variation across genes and species. This would help to further tease
out the intricacies of the evolutionary process, from origins to subsequent adaptation,
interaction and evolution of Antarctic species.

If there is a demonstrable need for holistic molecular genetic guides to the Antarctic
springtails, then such a need also exists for comprehensive contemporary physiological
guides to these taxa. For example, Chapter Two provides the first information about
metabolism in a continental Antarctic springtail, and the first such data on any Antarctic
springtail since the 1970s (Sinclair et a. 2006). Further, the approaches to studying
temporal and spatial metabolic variation applied in Chapters Two and Three are
relatively novel, and such in-depth analyses of physiological profilesin springtails are
rare (e.g. Kauri et a. 1975; Testerink 1983; van der Woude & Joosse 1988).

During the work summarised in Chapter Three, several additional experiments were
performed at Cape Bird on G. hodgsoni in order to further examine physiological
tolerance of this species. One noteworthy finding of these experiments is that, contrary
to the commonly held belief that springtails cannot survive air dispersal due to the threat
of desiccation, G. hodgsoni can disperse at least short distances via wind, as has been
shown recently for the maritime Antarctic springtail C. a. antarcticus (Hawes et al.
2007). Upon further analysis, this work will provide a physiologica summary of G.
hodsgoni, covering rafting ability, desiccation tolerance and air dispersal to complement
the existing published metabolic summaries (e.g. McGaughran et al. 2009a, submitted
manuscript (i.e. Chapter Three)). In addition to perhaps providing the impetus for
publication of similar work on Antarctic species, this work will add to our knowledge of
dispersal abilities and col onisation processes of Antarctic taxa
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In Chapter Three, samples from Garwood valley were analysed to examine spatial
variability of metabolic rates of G. hodgsoni in more climatically extreme locations.
Completing thesis-based ideas for future research, this preliminary work was enhanced
during the period 24 December 2008 — 19 January 2009 in afinal Antarctic field season
at Garwood Valley to provide further information on how energy is partitioned at a
location with a shorter active season and colder temperatures. Specificaly, the work on
tempora variation in metabolic rates at Cape Bird (Chapter Two) was replicated at
Garwood Valley to further examine spatia effects on temporal variability.

Data from this visit are till being collated and statistically analysed. However,
early results show that, across ‘measurement periods metabolic rates at Garwood
Valey were very low in the first measurement period, but got progressively higher,
reaching a peak during the third measurement period before dropping off again at the
end of the season. Rates at Garwood Valley were lower than those measured at Cape
Bird in the early part of the season, but became more comparable as the season
progressed. This result is particularly encouraging, in that it confirms the findings in
Chapters Two and Three of very low early-season metabolic rates, thus strengthening
support for systematic underlying seasonal variation in metabolic rate for this species,
as has been widely found in the Antarctic marine environment (Clarke 1991a,b, 1993,
1998; Peck et a. 2006). The next step in this project will involve examination of the
microclimate data at Garwood Valley to determine the role of environmental cues (or a
lack thereof) in defining the patterns identified to date.

In addition to the future work outlined above, the next step for this project should
involve the gathering of additional spatial information. In particular, investigation of
metabolic rates of G. hodgsoni from more northern Dry Valleys and/or Granite Harbour
would be beneficial, as these regions are postulated to have served as refugia in
historical times (e.g. McGaughran et al. 2009a,b) and so may harbour a greater degree
of physiological diversity than the regions studied to date.
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8.2 THESISSUMMARY

Studies examining between-population variation are important for advancing
understanding of how differences in various attributes evolve and may be affected by
extrinsic factors (Lardies et a. 2004). In the Antarctic terrestrial environment, seasonal
environmental variability (unpredictability) over various time-scales is likely to have
played an important role in influencing the evolution of characteristic life history
strategies employed by resident species (Convey 1996; Vernon et a. 1998). Thisthesis
has examined the adaptive strategies of Antarctic terrestrial taxa by investigating the
effects of both the immediate contemporary environment and the environmental
conditions that have factored over historical time-scales, on the physiological responses
and genetic structuring of individual s/populations.

Variation in physiological traits is often a result of extrinsic forces;, however the
ways in which this variation is partitioned are often poorly understood (Chown et al.
1999). Chapter Two of this thesis addressed this by examining metabolic responses of
the springtail Gomphiocephalus hodgsoni to the unpredictable Antarctic environment.
The key finding of this work was the ability of G. hodgsoni to vary metabolic rate
systematically with progression through the austral summer. Intra-seasonal and
temperature-independent variation in mass-specific metabolic rates clearly linked
metabolic rate elevation with biological function in this species. In addition response to
temperature at relatively short time-scales was shown to be an important part of the life
history strategy of G. hodgsoni, which appears capable of holding up a physiological
and behavioural ‘mirror’ to its surroundings and reflecting appropriate responses to the
local unpredictable Antarctic habitat.

Chapter Three extended the work of Chapter Two by incorporating an annual
element to the investigation of tempora variation in individua metabolism of G.
hodgsoni, in conjunction with a spatial element to detect physiological variation as it
may relate to geographically-influenced environmenta variation. This study found
significant differences between metabolic rates across two years of measurement at
Cape Bird, which were potentially attributed to a different microhabitat temperature

profile between seasons in addition to an underlying systematic pattern of seasonal
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variation in rate. Spatial analysis revealed higher metabolic rates in G. hodgsoni
populations from sites further inland (where environmental conditions are more
‘extreme’). Potential explanations for this latter finding include (but are not limited to)
body mass and molecular genetic differences among locations, and local acclimation of
G. hodgsoni populations in the form of metabolic cold adaptation (MCA).

Through the investigations in Chapters Two and Threg, it is clear that the life
history strategy of Antarctic terrestrial arthropods such as G. hodgsoni is governed by a
matrix of factors (both intrinsic and extrinsic). Over temporal scales, both seasonal
variation and local microhabitat temperatures and relative humidity clearly have strong
influences on metabolic rate variation, including setting restrictive limits on activity
early in the season. From a spatia perspective, metabolic rate variation may be caused
ultimately by differences among populations in energy assimilation and expenditure (i.e.
MCA) in response to climatic and habitat differences and/or a combination of these and
other factors including genetic variability and its relationship to fithess. Functional
consequences of the temperature-independent component of metabolic rate variation
identified in Chapters Two and Three may be particularly important given the nature of
current climate change predictions (e.g. warming of up to 5°C in the maritime Antarctic
and Peninsula regions;, King & Harangozo 1998). For example, it is interesting to
speculate on how contemporary springtail populations may respond to warming
predictions — including whether the degree of temperature independence highlighted
here is strong enough to buffer populations from warming in general, and how
populations may be affected by an absence or mis-timing of early season temperature
CUes.

The inextricably linked nature of physiologica and molecular genetic parameters
of individuals and populations (e.g. Martin & Palumbi 1993; Gillooly et a. 2001), that
was identified in Chapters Two and Three was investigated explicitly in Chapters Four
and Five. Indeed, an underlying hypothesis of these chapters was that, if genetic
differentiation could be demonstrated between populations of the same species,
physiological differentiation would also be predicted. In Chapter Four, measurement of
metabolic rates of the springtail Cryptopygus antarcticus travel from six geographically

distinct populations on sub-Antarctic Marion Island were supplemented with mtDNA
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(cox1l) haplotype analysis to examine both physiological and genetic population
divergence. Through this novel approach, Chapter Four showed that physiological
distinctions among populations may be phylogeographically correlated in addition to
possibly paraleling local differences in environmental selection pressures. Thus, as
physiological and genetic parameters are linked, so too are historical and contemporary
factors importantly entwined in defining current patterns among popul ations.

In Chapter Five, the relationship between metabolic rate and mtDNA (coxl)
mutation rate in C. a. travel demonstrated in Chapter Four was investigated in greater
detail. The ‘metabolic rate hypothesis’ of nucleotide mutation was tested in a novel
way using data on metabolic rates and root-to-tip distances on an mtDNA tree. This
correlation analysis found evidence for an indirect relationship between these two
variables, in particular showing that metabolic rates in C. a. travei populations are
related to the underlying phylogeny (mtDNA tree) of this species. Thus, the study
provided some support for a relationship between metabolic rate and the rate of
(mtDNA) mutation. It is hoped that further investigation of this question based on the
unique intra-specific approach and novel application of methodology demonstrated in
Chapter Five, using larger datasets with greater statistical power and genetic variability,
will further tease out the intricacies of thisissue.

Chapters Six and Seven focused on molecular genetic variation. Patterns of
variation among populations are brought about by historical and contemporary
processes and study of these patterns provides important insights into the roles of
geographic and ecological processes in species divergence and subsequent
biogeographic structure (Bermingham & Moritz 1998, Turner et al. 2000). Chapter Six
used molecular genetic data to examine phylogeographic hypotheses in the springtails
G. hodgsoni and C. a. antarcticus from continental Antarctica and the Antarctic
Peninsula, respectively. In both species, the phylogeographic patterns found were
consistent with limited dispersal pathways, intra-regiona (re-)colonisation and glacial
cycling during the Pleistocene. In particular, both species showed strong genetic
architecture, and refugia during glacial episodes have played an important role in
population persistence within their respective regions over time. Expansion from these

refugia during inter-glacial periods has led to comparable patterns of demographic

219




Chapter Eight Thesis Conclusion

growth following colonisation to periphera populations in each species. However, the
analytical approaches employed reveadled that colonisation in the Peninsula species
occurred earlier in the Pleistocene and subsequent divergence in isolation has left only
faint ancestral traces in these populations. The ancestral genetic heritage remains more
obvious in the continental species which may have a more measured life pace.
Phylogenetic data was employed in Chapter Seven to examine relationships among
the springtail genus Cryptopygus and taxonomicaly related species across their
distribution in the continental, maritime and sub-Antarctic. Examination of multiple
genetic loci indicated that both dispersal and refugial-based vicariant processes have
been important in shaping the contemporary distribution of this particular suite of
species. In particular, the origins of Antarctic Cryptopygus are proposed to have
involved a digunct (distribution) ancestral species and, through time, colonisation
events with dispersal often following circum-polar currents (e.g. the West Wind Dirift;
Williams et a. 2003) have been important. Thus, the evolutionary history of these
Antarctic springtails reflects a varied and diverse origin, and contemporary phylogenetic
relationships identified here call for arevision of current ‘species designations.
Collectively, the results of this thesis have highlighted the distinctiveness (both
physiological and genetic) of individuals and populations of springtail species over
several spatial scales in Antarctica. Given that individual e ements within Antarctic
ecosystems are so clearly unique, it is important that steps are taken now in response to
both climate warming predictions (see above) and the ever-present possibility of
human-mediated dispersal events if we are to maintain these exclusive components of
Antarctica. Chapter Six concluded with a recommendation for additional assessment of
the ways in which differences between regions may have influenced distinct
evolutionary histories in local taxa. At the heart of this recommendation is a
recognition of the need to understand variation among populations if we are to
understand how differences among individuals have evolved; indeed, if we are to
understand evolution. As stated at the outset (Section 1.1) of this thesis, our
understanding of diversity relates to the history of life upon Earth, expressed through
change of form (i.e. variation) in time and space. In staying loya to the concept that

variation in genetic and physiological features over temporal and spatial scales forms
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the substance of evolution, this thesis has come full circle. In doing so, the multi-
faceted methodologies applied throughout this work have advanced understanding of
the current picture of evolution in polar environments as exemplified by Antarctic

springtails.
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Alstract

We ssquenced the mbodwmndrial (mi) DMNA cytochrome ¢ oxkdase subundt [ gene 1o examine axmparative phylogeographic patiemns
ot the springiail Gowmphiccephaber hodgsni and the mile Stereotpeleur mollis throughowl their rangss m southern Viclora Land, Ani-
anctica Our amm was lo extend previous genstic work 1o encompess a large jce-lres ares i the Dry Valleys, In pariosdar, we soughd to
determing il ths rew negiom harbounsd high lkevels of genetic diversity and il pattems of genelic struciore wens congrisnl o Lax.
Phylogenetic and nested clade analyies for (7 hodpsond and 8 molis showed dmilar pattems of population sub-structuring smong locs-
e anad b ghlighted several potential nefugts that may have exsted durng glacal maxdma. We identified grester bvel of gendic diver-
gencain & moliy and suppest that there 13 a meleotide substitebon (mutaltion) raie diffrencs between 5 mallir and G hodypsoni, andfor

that & meli hes had 2 longer sssocation with the Antsnclic bndacspe.
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1. Tmimoddue ton

There ame several processes that may influence contem-
porary patterns of population genetic structure (e.g. gens
flow, genetic drift, fragmentation). In particular, repeated
glacial cycles are likely to have had a marked influence
On contemporary species ranges and population sizes
through ther efiect on habitat andfor refugial availability
{e.g. Knowles, 2001; Rowe et al., 2004). Such effects are
likely to be particularly strong in Antarctica, where the
local fauna has been exposed to a climate of increasing
severity (including maore than ten glacial cycles over the last
million years (Hays et al., 1976)) ance its &olation in the
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southern ocean following the break-up of Gondwana.
The contment has been covered in & permanent ice sheet
for ~34 My, and the variable extent of this sheet over time
has likely resulted in repeated shifis of species distributions
in both the land and marine realms of the Antarctic (Rog-
ers, 2.

It iz well documented that several Antarctic locations
have emained ice-free throughout the Last Glacial Maxi-
mum {¢.g. coastal areas, Burgess et al, 199%4; Gore ot al.,
Hil: Hodgson et al, 2001; lakes, Cromer et al, 2006).
In addition, continental regions including Dronning Maud
Land (Marshall and Pugh, 1994), the Prince Chardes
Mountains (Fink et al., 2000, the Antarctic Peninsula
{Pugh and Convey, 2000), southem Victona Land ( Stevens
and Hogg, 2003, 2006) and the Elkworth Mountains (Con-
vey and Mclmnes, 2005) have had ice-free areas for millions
of years which arelikely to have enabled long-term survival
of terrestrial taxa m refugia (Cromer et al, 2006 Convey
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and Stevens A7), Comsequently, refugia are hkely tohave
sarved as centres for preservation of biodiversity in fluctu-
ating enviromments (Gamrick et al,, 2007).

Populstions that become restricted to refugia may
undergo divergence in isplation {e.g, through changes in
population size, founder events, menetic drift), especially
when numbers of individuals within sub-populations are
small, Population differentiation and potentially speciation
can result (Vandergast ot al., 2007), and founder events
may also increase genetic differences between populations
(Rogers, 2006). In the Antarctic, high levels of genetic
structure have been found for several terrestrial taxa on rel-
atively short spatial scales {e.g. Marshall and Coetzer,
iel; Fancinlli et al., 201; Frati et al., 2001; Stevens and
Hogg, 03, 2006, Molan et al, 2006), In particular, Ste-
vens and Hogg (2003) found 14 mtDNA (COT) ha plotypes
from 43 springtail | Gomphiscephalis hodgsoni) mdividuak
from throughout southern ¥Wictoria Land in a pattern con-
sistent with divergence of allopatne populations located in
refugia. Across the same region, 18 haplotypes were identi-
fied from 32 mite { Stereot pades mellls) ndividuals (Stevens
and Hoge, 2006). In northem Victoria Land, Stevens et al.
{207}, found 26 mt DNA (COIT) haplotypes { of which only
a single haplotype was found in more than one population )
from 6% individuals for the springtail Desords kbostadi,
while Fancialli et al. (2001) also showed a pattem of high
genetic difiereniimtion for the springtail Gressi tacant ha fer-
ranoie. Motably, the gnetic amalysis of G fterranora
showed three genetically distinet groups, with very little

gene fow between them, and izolaton thought to be cansed
by major ghcial systems (Fanciulli et al, 2001).

Such genetic structuring i common for terrestrial inver-
tebrates in the sub-Antarctic {e.g. Grobler et al., 26,
Mortmer and Jansn van Vuuren, 2007, Stevens et al,
s Myburgh et al, 2007), and elsewhere (e.z, Panly,
1985; Gillespie and Roderick, 2007; Gillespic, 2004; Gar-
rick et al., 27}, snce many species have limited dispersal
ability, which afiects geme flow (Peterson and Demnao,
1998). In addition, these organisms often have specific hab-
itat requirements, such that small paiches of suitable hab-
itat are often separated by large ameas that are
uninhabitable, Under these circumstances, the effects of
glaciations are likely to be important {zee Rogers, 2006,
and mferences therein). However, unlike many non-Ant-
arctic regions whemre post-glacial population expansion
from refugia has been a mpid and extensive process {Rog-
erm, NEM), the Antarctic enviromment contmies to Hmit
habitat availability and the sgnature of glacial impacts
on population structure of Antarctic terrestrial biota & still
legible, Therefore, the fragmented Amntarctic terrestrial
landzcape provides an ideal opportunity to examine pat-
terns of species distribution and genetic population struc-
ture, and to test hypotheses related to the evolutionary
history of taxa relative to emvironmental change brought
about by glacial cycling.

Acrthropod diversity is Imited in southem Victona Land
and consists of three species of springtail and four species
of mite (Strandtmann, 1967; Wie, 1971; see also Adams
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Fgz 1. Samphng locatons for G phdocephalue hodypsomi and Siereompdeus mollin in sonthemn Victoria Land, Anfaroiica Insst: deinbution of samplimg
sies for ¢ hodgsomt and 5. melly within Viciora, Wight and Tayior Valleys. Codes comespond 1o those given in Tahle | Solid squares oorrespaond to
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et al,, 200é; Smclair and Stevens, 2006). We selected Gom-
phiscephaies hodgzoni Carpenter, 1908 {Collembola: Hypo-
gastruridae) and Srereorpdens  mollls Womersley and
Strandtmann, 193 (Acari: Penthalodidae) for a2 compara-
tive study because they are the most numerically dominant
and widespread of the seven species, are endemic, and are
often found topether across ther distributional ranges.
Such comparative approaches am particularly wseful for
phylogeopraphic studies as they may help to identify com-
mon factors that have influenced population genetic struc-
ture (e.g. Bohonalk, 19949,

This study extends earlier work on G hodgsonl and 5.
mollly from southern Victora Land (Stevens and Hogg,
2003, 20G; MNolan et al, 2006), the smmpling for which
omitted a large ice-free area in the McMurdo Dry Valleys.
This unstudied area may be important from & genetic per-
spective since it bes close to Taylor Valley, which has been
suggested a5 an important refugial location for extant pop-
ulations in southern Victoria Land (Stevens and Hoge,
2003, H6). Here we targeted this extensive ice-free area
to incorporate individuals from Wright and Victoria Val-
leys (Fig. 1) into the existing dataset. Phylogenetic and phy-
logeographic analyses were used to identify patterns of
haplotype divemity and distribution, and to test the
hypothesis that these valleys would harbour high level of
geneticdiversity and thus form part of a greater Dry Valley
refugium dunng glacial maxima, We predicted that genetic
linkages (represented by haplotype sharing) would exist
between Diry Valky and geographically distant popula-
tions, with additional unigue haplotypes at distinct loca-
tioms mesulting from divergence in  Bolation snce
colonisation. Furthermore, we tested the hypothesis that
both taxa would display similar patterns of genetic struc-
turing owing to a shared phylogeographic history.

L Materials and methods
2 1. Shuedy aree and coilection of taxa

The McMurdo Dry Yalleys consist of some 4000 km? of
high relief ice-free mountain polar desert topogmphy and,
with a mean anoual temperature of — 20 °C and a predipi-
tation level of B0 mm water squivalent, the area is
described as a hyper-arid cold polar desen (Marchant
and Denton, [996). Taylor, Wright and Victona Valleys
make up the largest ice-free area in the region and these
are separated by the Asgard and Olympus Ranges
{(Fig. 1). The mountains are higher further inland
(=D m), and become pogressively lower towards
coastal regions (Marchant and Denton, 1996).

Gomphiocephaber hodgzoni and 5. modlis are penerally
restricted to areas of high soil mokture andfor access to
water (e.g. lnke edges, mow patch edpes, mokt stream
beds) and were collected from the underside of stones using
an aspirator. Sampling targeted mare than 40 sites acros
ten geographic locations During Jamuary 2004, Wright
and Victoria Valleys were sampled, and 16 sites contained
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one or both species (4 for (& hodgrent; § for 5. moliis, 4 for
baoth spacies) (Fig. | and Tahle 1), Further samples from 28
sites (16 for G fodgsont 4 for 8, melils & for both species)
and eight additional locations were included from previous
studies, thus extending the sample size to encompass the
distributional range for both species (Fig. 1). Upon collee-
tion, 7. hodpsoni and 5 mwollis specimens were stored in
95% ethanol and identified wsing the orignal andfor rele-
vant identification keys (e.g. Strandtmann, 1967, Wise,
1971).

2.2 DNA extraction, ampiification and sequencing

Total DNA was extracted from one to thiee specimens
from each site (Table 1}, following the DMNeasy tissoe
extraction kit ({hagen, Hilden, Germany). Upon extrac-
tion, a fragment of the mitochondrial cytochrome ¢ oxidase
(COT) gene was amplified wsing the universal primers
LCO14%) {5'-grt caa caa atc ata aag ata ttg ga-3) and
HCO2 198 ('-taa act tca ggg tga oca aaa aat ca-3) (Falmer
etal., 1994 for & hodesond, and COF-2R (5'-ger tar tow gar
taw cgt neg wee tat-3) and OO1-2F (F-tty gay coi dyi ger
gea gra gat oc-3) for 5. mollls (Otto and Wilson, 2001).
Amplifications for each G hodgsond and 5. rrellis spoecimen
used a 25p] reaction volume containing 3 pl of the
extracted DNA (unguantified), 1= PCR bufier (Roche,
Perzberg, Germany) 2.2mM MgCly, 02 mM of each
dNTP (Boehringer-Mannheim, Mannheim, Cermany],
1.0 pM of each primer, and 0.5 U of Tag DN A polymerase
{Roche). The thermal cywcling conditions for 7 hodgsoni
were: ™ *°C for 1 min followed by five cydes of dematur-
ation and polymerase amplificaton (94 °C for 1 min,
45 *C for 1.5 min, | min at 72 *C followed by 15 cycles of
24 *C for 1 min, 51 °C for 1.5min and 1 min at 72 *C, fol-
lowed by Smin at 72 *C; and for 5. malls were: nitial
denatumtion at ® *C for 1.5min followed by 40 cydes
of dematuration and polymerase amplification (M °C for
s, 35°C for 30 s and then 1.5min at 72°C), followed
by 5 min at 68 °C,

All reaction products were purified using the QlAguick
PCR Purification Kit ((agen) or usng SAP/EXO (USE
Carp,, Cleveland, OH, USA). Sequencing used forward
and reverse primers, and was performed directly either on
a MegaBACE DNA Analysis System {Amersham Bicsci-
ences, Buckinghamshire, England) at the University of
Waikato DMNA squencing faclity, or on a capillary
ABIITI0 genetic analyser {Applied Biosystems Inc., Foster
City, CA) at the Allan Wikon Centre Genome Service,
Massey University.

2.1 Phyiogenetic analyses

Unigue mtDMNA sequences were lodged with GenBank
{Accession Nos.: DOAEISE-DOA0N5IED for G hodgsoni
and D05361-DOFEIET, DOI0SIH-DA053IB4 for 5.
mallis). Previows samplks already lodged with GenBank
included AYMMIG-AYIG6, AYIMITI-AYIMITS
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Tahle 1
Samplng locations and site oodes for Compltersphalun lodpsomi and
Srareonydeus mallis throoghont sonthem Vicionia Land, Amtarctica

Location Lat (8} Lang (E} Spedes Sne
Wright Valley T SY IEXFIA1Y X molls wi
TEMOF MEFILM S molir Wi
TENSY  EFEAE £ molic Wi
THHA XM EY G hodpow W4
TrFHE EFBEA S molis Wi
TIODAM WEMWAY G hadgsonl Wik
Viciora Valley TS 161°5354  Both spedes VI
TEIAY  EFOEDF S molls V2
TEEN" MPELAT G hoedgson L]
THIENF  I61%E3Y  Both speoes V4
TFILF  GIMEN S mellc V&
TrIOF  GPSLEY S mells V7
TEAY  MGCSE G hoedgson Vi
THILOE  GPS04E X weolhs Ve
Tr4LEF  161°ST.HF  Bothspeges VIO
TIEMOF 16X 5F  Both spedes VI3
Taylar Valley TrREM 0SS G hodpsowl ™I
Tr455r  AXL14  Both speges THVZ
THREM P46 Bothspeas TV
THFEIF MR X mollc TV
TI6AF  WEFMOE G hodpol VG
TEHOE AR G hedpsd TVE
THEEN WEFIT4 G hedpson TVI4
TR IEF17.50 X molls TVIS
TILIY  WEFSLHY G hodpsowl TVIG
TEBLEF  EFNE 6 hedpsw ™%
THLLY  EFSTOF @ hedpsow TVIE
THFMMN  EFNOY G hedpsow TVIO
TIMAE  WEFILIT G hodpsowl TVII
TEINE PRI G hedps TWIT
TENN EFDAM @ hedpon TV
Garwood Valley TEOLIN DM G hoedpson GY
Mz Valley TEASAN  6P453Y  Both speges MV
Granile Harhorr  TTOOSY  DEX360Y @ hodpson GHI
THOLEY EF0F G hedpowi GHE
TR WEFIRIF S molhy GHT
Marhle Point TFWHOT  6EY4.3  Both spegdes MP
Lake Penmy TEIEMW EFME G hedpon LP
Runss Tsland TG 1662645 Both speas RI
THILAE 16670947 Both speoies R2
THEEODF  66263Y  Both spedes R3
TEDAR LY G hodgmon R4
TESLIT  166%M04E X mollc kS
Beaufont [shund TEEE Ay IS4 4Y  Both spemies BRI
AYIMITS, AY204582-A VISR, AV,

AYT4603-AY 204604 for & kadesoni | Stevens and Hogp,
2003) and DQINFIGE, DOINFIEF-DOININE for 5. medlls
{Stevens and Hoge, 2006). Individual sequences were veri-
fied as being derived from the relevant taxa using the Gen-
Bank BLAST algorithm, checked for open reading frames
and then alipned nsng SEQUENCHER ver. 4.7 ((Gene
Caodes Corp., Ml:hima sequence aditor, Data were then
analysed psing PALP* ver. 40610 (Swofford, 2002) and
MrBayes ver, 3 (Ronquist and Huekenbeck, 2003). Preli-
minary phylogenetic analyses utilized several prostigmatic
mite sequences (GenBank Accession Nos.: AFI42132-
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AF142143; Otto and Wikon, 2001) and hypogastrurid
springtail sequences as outgroups {see also Stevens and
Hoge, 2006).

tests as implemented in PAUP® were msad to deter-
mine whether the asumption of equal base frequencies
among sequences was violated in three sabeets of the data:
all sites, paramomy-mformative gtes, and third codon posi-
tions only, Modeltest ver. 3.7 (Posada and Crandall, 1998)
was used to determine the appropriate substitution model
for maximum likelihood (ML) hewnstic searches (using
all unique sequences) with 30 bootstrap replicates. The
mode] selectad for (7. kodpeos was TrNH and for 5 mellis
was Tr-+HT {see Supplementary Infammtlan onling fior
details); all other options in PAUP" remained as default.
Maxinmum parsimony 1:ru::. were also generated using the
default settings in PALF". Bayesian phylogenetic analyses
{MrBayes ver, 3.0b4) were used to perform a partitionsd-
likelihood Bayesian search (substitufion model obtained
usng MrModeltest ver, 22 (Nylander, 2i4)j. Four incre-
mentally heated Metropolis-coupled Markov chain Monte
Carlo (MCMC MC ) were each run for 10,0480 (M genera-
tions, sampling trees and parameters every {0 generations,
with the first 1006} generations discarded as bum-in
determined from plotting log-likelibood values against gen-
ermtion time in TRACER 1.3 (Rambaut and Drummaond,
2007). The comnsensus (majority-rule) tree was obtained
From 180,040 trees sampled afier the initial burn-in period,
obtained with the sumt command wsing MrBayes, and vis-
uvalised vsing TreeView ver, 1.6.6 (Page, 1996). The Bayes-
ianand MP trees displayed the same tree topologies as the
ML, thus ML trees {with Bayesimn posterior probabilities)
are presented. Distance matrices of pairwise nuckeotide
sequence divergence were calculated (uncorrected and caor-
rected distances) wsing all umque sequences (see Appendi-
ces; Supplementary Information online). Comparisons of
log-Tikelihood scores (using §° tests) for ML trees with
and without a molecular clock enfomred [p-rrfmmnd for
springtail and mite alicnments wsing PAUP ] indicated
that thes sequences were evolving in a clocklike manmer
{F =003 in both cases), Subsequently, we estimated age
among lineages based on an arthmopod srict molecular
clock conservative calibration of 1.5-23% divergence per
million years derived from comparisons between gealogical
and molecular data { Brower, 1994; Juan et al., 1996; Quek
et al., J00d).

2.4, Popidation mructire analyses

ARLEQUIN ver. 301 (Excoffier et al, 205) was nsd
to explore genetic characteristics and partitioning of nucle-
otide diversity (presence of population structure) for G.
Fodgsont and 5 malliz. We computed: haplatype (k) and
nuclkeatide (x) diversity indices {Wei, 1987) separately for
each location; hierarchical analysis of molecular variance
(AMOYA, Excoffier et al., 1992) to compare geographic
locations, with statistical significance of variance compo-
nents tested with 16,0600 permutations; pairwise differences
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{5 values) between haplotypes uang smple dstances;
and Tajma’s [ {Tajima, 1989) and Fu's F, (Fu, 1997) to
test for selective neutmlity,

2 5. Nested clode analyses

For both & hodgsoml and 5 melfls, we sstmated a
haplotype nmetwork wsing the algorithm of Templeton
et al. (1992) in TCS wer. 1.21 (Clement et al., 2.
We med 8 connection limit of 95% for both spocies.
For 8 mollls the analysis was unable to conmect all
groups when this connection limit was wsed, hence we
also performed an analysis where we allowed a2 maxi-
mum mumber of mutational steps of 60, and wsad this
information only to suggest possible points where the
digtinet groups may connect. Populations were specified
by their GPS coordinates and sample szes, and then
defined into a nested structure ncluding outgroup prob-
ahilities {Castelloe and Templeton, 198, following the
nesting rules described in Crandall (1996). Finally, nested
geographical distance analyss were performed using
GEODIS wer. 2.4 (Posada et al, 2000, 2002) to obtain
a measure of how any one particular clade was distrib-
uted geographically compared to its cloast evolutionany
sister clades. Clades with statistically significant values
of D, Dn or I-T were assessed wing Templeton's
2005 inference key (hitp:/fdarwinvigo esfsoftware/mec-
dishtml), allowing us to deduce which Fctor(s) (e
regricted gene flow, past fragmentation, range expan-
sion), may have caused significant spatial association
among haplotypes

3. Resuks
3. 1. mtDNA sequence tariation

We usad 471-bp (1537 codons) of unmambigunous align-
ment (no imsertions or deletions) from a total of %6 &
hodgsoni individuals and S04-bp (168 codons) of unambig-
wous alignment from a total of 61 5. malls individuals for
all amalyses, Mudeotide composition averaged owver all
sequences showed an A-T bias of 64.8% (A =269%,
T =378, C=192%, G=160%) for G. hodgsoni and
B2 (A= 360 T=332% C=1600, G=1418%)
for 5 moliz, Base frequencies were not significantly heter-
Ogene0ls among seguences for all sites, parsimony-infor-
mative zites and third codon sites. There were 20
variable {15 parsimony-informative) nucleotide substitu-
tioms for € Aodgson, and 103 variable (93 parsimomny-
informative ) nucleotide substitutions for 5 madll (Appen-
dix 2, Supplementary Information online). The nocleotide
substitutions among haplotypes revealed low sequence
divergence among individuak of G jodgroni (up to
2.1%, uncorrected p-distance), whilke divergence among
5 maollis individuals was considerably higher (up to
14.5%, uncorrected p-distance) (Appendic 1, Supplemen-
tary Information onling).
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3.2 Phylogenatle analyses

For & hadgsoni there were 20 unigue haplotypes rang-
ing in sequence divergence from 0.2% to 2.1%. The ML tres
for & hodgsond showed three main groups; (1) a disjunct
mixture of haplotypes from individuak throughout south-
ern Yictoda Land, (1) one individual with haplotype Gl1
from the Dry Valleys—1.9% divergent; {3) 21 individuals
with haplotype G9 from the Dry Valleys—2.1% divergent
from all other haplotypes. Within the former group, an
additional three sub-groups can be identified: (a) haplo-
types from individuals from all locations except Beaufort
Island; (b) a Beaufort Islind group (G 1% and G20); and
{c) GH from the Dry Valleys (Fig. 2a).

Unigue haplotypes were prsent at several locations:
Victoria Valley (4), Taylor Valley (4), Beaufort Island
{21, Ross Tdand {3), Lake Penny (1) and Garwood Valley
(1) (Fig. 2a). Haplotype sharing was common, with 20
haplotypes shared among %6 G hedgsoni individuak and
six (or M) of the total haploty pes present in individoak
from more than one location. For example, haplotype G7
was present in Victona Walley (VE), Granite Harbour
{GHI, GH&) and Ress Island (R1), and haplotype G3
was present in Victoria Valley (Y1, V3, VE, VI0), Mies
Valley (MV]), Taylor Wallky (TV1), and Lake Penny
{LP) (Fig. Za).

For 5. mellis there were 36 unique haplotypes ranging
in sequence divergence from 0.2% to 14.3%. As for @
hadgsoni, the ML tree showed three main groups: (1) a
mixture of haplotypes from individuak throughout south-
ern Victoria Land, but exchiding Beaufort Island; (2) a
group containing baplotypes present in individuals from
Victoria and Wright Valleys and Beaufort Ishind—
12.9% divergent from all other haplotypes; and (3) a Vic-
toria Valley haplotype (S14)—11.1% divergent (Fig. 2b).
However, unlike the digunct mixture of haplotypes within
group (1) for & kodgrond, group (1) for 5 melle shows
strong genetic structure, with two main groups ({a) all
locations except Beaufort kland and Granite Harbour;
and (b) multiple Victoria Valky individuak and one
Gmnite Harbour indnidual) separatsd by ~9% sgquence
divergence { Fig, 2b).

Unigue haplotypes were found at several locations:
Wright Valley (6), Victoria Valley {16), Taylor Valley
{3), Miers Valley (2), Ross Island (3}, Marble Point (1),
Beaufort Eland (1), and Granite Harbour (1) (Fig. 2b).
Of a total of 36 haplotypes from 61 ndividual, only
three {or 8.3%) of the total haplotypes were found in
more than one location. For example, individoalk with
haplotype 58 were present in Victoria Valley (W1}, Tay-
lor Walley (TV1, TV3, TV15, and Ros Eland (R1),
while those with haplotype 530 were found in Taylor
Valley (TWI3) and Ros Island (R1, B2, R3) (Fig. 3a).
Therefore the level of haplotype sharing among 5. moliiy
individualk was lower than that found for & hodgsom
(8.3% wvs. 3% although the sample sze was lower for
5 mallis,
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3.3, Population siructure analyses

Haplotype diversity (&) for 7. Aodgsond mnged from 029
to 080 {excluding locations where N < 4) and was highest
in Wictoria Walley and Ross Island (k=080 and 0.73 for
Victoria Valley and Ross Island, respectively). The location
with lowest haplotype divemity (for N >4) was Wright
Yalley, however despite intensive searching, we weme only
able to find springtails at the lower end of this valley; this
lower spatial sampling may account for the finding of lower
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ving key); the thers of demiical haplotypes preseni ai amy

diversity. Measums of nuckotide diversity ( x) were highest
in Taylor and Victoria Valleys, as were estimates of effsc-
tive population size 8 5){ Table 2). These findings are likely
to be affected by sampling bias snce locations with higher
sampl @zes portray higher haplotype and nucleotide
diversity statistics. AMOVA analysis revealed a high level
of penetic structure, with 45% (P-<0.001) of vanation
apportionad among geographic locations {Table 3). Maost
@, valies were large and sgnificant, indicating long-term
isolation and low gene flow between locations for (2 hodg-
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Tahle 2

Papulatinn siatictics and genetic characeristios of samplad locations for Cromplisssphalur hodpsont and Sreeondeur malic kb, haplotype diversity; =,
nudenfide diversity, 8 (5}, effecfive popalstion see (Ma, 1957); all statistios calonladed m Arlequin, ver. 300 (Exooffier et al, 5305)

Species Genatic Mo ol Mo, of Ma af &S0y = (S0} aisDy Dstribution of

populatiom mdhvidmls hapleiypes  pohmorphic haplotypes withm
st o ladiions

G hodprent  Vicloria Valley 1% i L11] CLTOT pOieEd)  UDOS (Ol X007 {13y  GOI-GHE
Wright Valley T 2 3 089 0196) 0O (D00, X4 RNy GOIGI
Taylaor Valky ET) 3 12 OS85 0056) OO0 (0005}  LETS (LIM) GO, GIa-i2
Garmnod Valley 1 1 a D000 CL000) G000 (0000 0000 @uodo) I3
Biers Valley 4 1 ] 000 Duo0d)  C0O0 (000} 00 good)  Gad
Granite Harhour & 3 2 0600 D25y DOl (DUD0E)  OETE RERd) GOL, GOT, Gi4
Marble Paoini 3 1 a CLOOD CLCRO0) GO0 ooy 000 D00y GO
Lake Penmy 4 2 1 0667 A4y 000 (000X, 0545 0S8 GO, GIS
Ross Island 17 5 4 QTR OCeEY) 0Ol Oy LEEY gDeRl) GOT, G4, GIE-IR
Beaufori Island 3 2 1 QLGET 0304)  ODON (DDdY)  OU6ET (BT  GIS-XD

3. maolliy Victora Valley x 17 o3 0965 DUR)  (LDES (003) 2SSIXETRD S0E-M
‘Wright Valley i L] 46 Q520 QU0Rd)  QUOTE (D43} TR310 (IRSRD) S01-5 80T
Taylor Valley 11 & 11 CLETS QOTI) QDR (000K} 6146 (2749 SO SIEXE 530
Miers Valley 2 2 8 1000 [0500) 0O0IE (0O1%) 000 TR} | Sil-22
Granite Harbour | 1 a D000 pOUCNOD) Qo000 (0000} 0000 @uOid) 533
Marhle Paint k4 2 i6 D000 0US0d)  QUOE (D03} RE000 (116X} 827,534
Ross [sland i 5 15 Q786 OL151) QOIS (oD%  STES 2EXX)  S0E 30, 5346-3F
Beaufort Island 1 1 Q 1000 0000} 0000 (0000} 0000 uaidy 532

sonl, Finally, no departures from neutrality were detected
{mesults for Tajima's I} and Fu's F, tests were non-agnifi-
cant and are not shown ).

Haplotype diversity (&) ranged from 0.79 to 0.97 for 5.
madlis from locations where N = 4, thus was higher and les
variahle for this species companed to & hodgeom. How-
ever, the pattern of high diveraty was comparable, with
Victoria, Wright and Taylor Valleys and Ross Island show-
ing simdlarly high estimates of (k) (Table ). Measures of 5.
mollis nuckeotide diversity (x) were an order of magninade
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higher than that found for & hodgsomi but had the same
overall pattern of higher values n slected locations, This
iz likely to be a sampling artefact, since, for both species
the locatiors with greater sample sizes show higher hap-
lotype and nucleotide diversity values. Estimates of effec-
tive population sie H5) also conformed to this pattern
{Table 2). Tajima’s I and Fu's F; tests detected no depar-
tures from neutrality (non-zignificant) and are not shown,
AMOVA analysis revealed some genetic structure, with
~200% (P =0.002) of variation apportioned among loca-
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tions (Table 3). A much greater proportion of varation
was partitioned within 5 mwelll locations (~80%) than
for G kodsgend { ~55%, Table 3), and this i consistent with
the low level of haplotype sharing found for this species,
Fewer -5 values were large and sgnificant for 5 mollls
than for & kodgson,

3.4. Nested clode analyses

The nested cladogram for the 20 unigue & Fodgsond
haplotypes {from % individuak) consisted of ten 1-step
clades and five 2-step clades, and the maximum number
of mutational steps between haplotypes was seven
{Fig. 3a). Analysis of suitable clades with Templeton's
inference key inferred “allopatric fragmentation™ for clades
1-2and 2-2 whik “long distance colonisation possibly cou-
pled with subsequent fragmentation or past fragmentation
followed by range expansion”™ was the most likely explana-
tion for the patterns observed at the total cladogram level
{=oe Table 4).

The nested cladogmm for the 36 unique S, mollis hapl-
otypes {from 61 individuak) comsisted of eighteen 1-step
clades and s 2-step clades. The number of mutational
steps between groups was high, thus we separated the clad-
ogram nio thre distinet groups and proposed linkages
between groups based on a maximum number of 60 muta-
tional steps between groups (Fig. 3b). Inzight into pro-
cesss shaping local population differentiation was gained
at the total cladogram level, whene “'restricted gene fow
with isolation by distance™ was inferred { Table 4).

Table 3

Mested cladograms for both taxa show a small number
of cases of unresolved relationships (e.g. for &, heugsom,
between clades 2-2, 2-3 and 2-5; for 5 mollis within clade
1-16) (Figs, 2b and 3b). This can, in some cases, confound
attempts to recomstruct accurate evolutiorary trees and
infer phylogenstic history | Xu, 20, Posada et al, 2002).
Consequently, any inferences made regarding these clades
need to be mterpreted with caution.

4. Disossion

The mtDNA (COf) gene was relatively homoge neous
among (7 hedgsonl individuals, with only 20 variable macle-
otide sites across 471-bp. The most genetically distinct (7
hadgsoni lingages wem closely related {up to 2.1% diver-
gence). In contrast, 103 nucleotide sites were variable and
levek of divergence were much higher for 5 melils (up to
14.5% for some individuals). Sequence divergence values
for G hedgsond were consitent with intraspecific diver-
gences previowsly found for springtails {e.g. Soto-Adames,
2 Stevens and Hogz, 2003; Hoge and Hebert, 4
Myburgh et al, 2007). However, saquence divergences for
mites are variable in the literature. Several authors have
found similarly high kwvels of purportedly intraspecific
divergence {e.g. Anderson and Trueman, Hol; Salomone
et al, 202, Schaefer et al., 2005 Stevens and Hoge,
J006). In particular, genetic divergence in the mite Stega-
macaru carlos was up to 7.8% for specimens from the same
geographic location, with valies ranging from 16.8% to
23 4% for populations from different islands of the Canary

Amalyss of moleonler varance (AMOVA} (Excoffier o al, 1992} results for Gomphiorsphaler Bodpsoni and Seveorpdeaus mollic, a5 mplemenied m

Arequin ver. 101 {Excoffier et ol 3005

Aneces Source of vanation df Sum of squares Vanmnee componenis Percentage of vanation P

tr. by som Amaong lomtion 9 0.191 Q003 Va 4501
Within locations ] A QDED Vi M <. Gl
Total L] 046 04T
Fiation Index Fpz 0450

&, malfiz Among lomiions T 0399 QOOSET Va 1553
‘Within locatinons & LT OOXIES Vb m4T oo
Total = L4596 sl

Fimtion Index Fopz 0L195

Sntistical mgnificance of varance components m AMOYA tecied with 16000 permmiations:

Tahle 4

Clades with mignaficant geograph il strocture (< L6} and ther liologiml] imerprefation acording 0 Templeton's mierence ley (X005} for miDNA
{00T) data from: Gromyphios ol hodpsoml and Seveorydous mollin

Speces Clade f-l'l;fﬂic P Chain of inference Inference
. hadpzom 12 1354 =0001 1235 S 06-ND Allopatric fragmentation
22 prdii ies) 12340 10VES Allopatric fragmentation
X3 12009 o4z L2 INCONCLISIVE Mo fpfmterior st
Totad clad ogram 000 =00l 123561 RYES Long distance onlonisation possibly ooupled
with sulwaqment fragmentation OR post
fragmentation followsd by range expansion
£ mallis Toatal clad ogram 115,193 aond 12 3LND Resmaed gene fow with solution by destance

Clads not showing genetic or gengraphic varation are exdunded (0o st is possible within such nested coteponies).
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group { Salomone et al, 2002). In contmst, Mortimer and
Jansen van Yuuren { 2007) found just 22% squence diver-
gence for the mite Eupodes mimius n the sub-Antarctic,
However, this species is likely to have a relatively recent
arigin (<1 Ma) on Marion Island,

The molecular clock calibration of 1.5-2.3% divergence
per million years commonly applied to anthropods (e
Brower, 1994; Juan et al., 1994; Quek et al., 2004) sagpests
that & Rodgssnl populations in this study have diverged
within the last million years (i.e. during the Pleistocens/
Holocene), with an earlier (up to 9.6 Ma) Plioceng/Mio-
ceng divergence for 8 mollls. Previows work (Stevens and
Hogg, J006), sugpested that these taxa have both experi-
enced a similar glaciological history predominantly driven
by Mio-Pliocene glacial cycling, and that the discrepancy
in mtDVMA divergences may be the mesult of differences in
nucleotide substitution rates between these two species. A
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Faster rate has been sugpested for some mite taxa {e.g. Mur-
rell etal., 20035) while a slower rate for (7 kodeson was sug-
pested by Stevens and Hoge (2006), Variation m nucleotide
substitution rate can arise due to disparity between specics
in generation times, activity and other life history factors
{sze Marin and Palumbi, 1993). Thus, physiological differ-
ences between mites and springtaik may be responsible for
any rate differences, through their effect on mutation (evo-
lutionary) rates. Ifthem iz a rate discrepancy between these
speecies, then the proposed 1.5-2. 34 molecular clock rate &
subject to a high level of uncertainty, particularly for the
mites,

The haplotype distribution patterns for 5. mediiz and G.
hodgsond are broadly simiar in that there are three main
genctic groups for both species, which may suggest a com-
mon phylogeographic history for these species (Stevens and
Hoge, 2006). However, the patterns are ako different
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encugh to indicate that other explanations may be aqually
appropriate. For example, 5. mollix shows greater genetic
stmicture at the sub-group level than that found in G hodg-
somil, Consistent with this, is the pattern of greater haplo-
type sharng among locations n & hodgsoni than in 5
oy {500 and 32% and 30% and 8.3%, for G Aodgsomi
and 5. moilis for Stevens and Hogg (2006), and the present
study, respectively). While Stevens and Hogg (2006, found
similar numbers of haplotypes for these species (14 far &
hodgsond, 18 for 5. moilk), here we found a much higher
number for 5§ sellis (36), than for G hedsord { 20), despite
a smaller sample size for 5. mollis. Finally, the nested clade
and AMOVA analyses performed here provide additional
suppart for greater genetic structure in 5. madlis. Com-
bimed, these factors suggest that 5 mrollis populations
may have had a longer period of isalation {e.g. in refugia)
and are more genctically differentiated as a result.

If 5. mollis has been associated with the Antarctic land-
scape for a longer period, then & hodgsoni could be either
a more recent arrival or the victim of a2 more recent and
severe bottleneck. Certainly, the greater desiccation resis-
tance and better dispersal ability of 5 smolliy {Sinclair
and Sjursen, H¥]; Sjumsen and Sinclair, 202 may mean
that this species has a greater capacity to respand to emvi-
rommental disturbance and mrecover more rapidly from a
bottleneck event. (ireater dispersal capacity and earher
access to habitats would presumably enable longer periods
in isolation (¢.g. durng glacial maxima), and potentially
allow speciation to occur. A long solated evolutionary his-
tory is thought to indicate an ancient origin for the mite 5
cariosl, which also exhibits surprismgly high divergences
between populations | Salomone et al., 20602} and Cromer
et al, (2006) suppested that a series of temporally overlap-
ping refugia best explaned the continued presence (per-
haps pre-dating the Gondwanan break-up) of the
Frestwater imvertebrate Daplmiopsir sfwderf on the Antarc-
tic continent. While we were unable to detect any morpho-
logical differences in 5 miodlls, it is also possible that, with
such high ‘intmspecific’ sequence divergences, cryptic spe-
cies are present. With the isolating Antarctic conditions,
genetic divergence amang isolated populations may extend
to speciation without reproductive solation, kading to dif-
ficolties in the definition of species.

Within the Mchurdo Dry Vallkeys, we found: { 1) maore
haplotypes at inland sites at the westem ends of the valleys;
and (2] thatinland sites (e.g. ¥VE and V10 of higher alttude
often contained several difierent haplotypes, The former
may suggest potential expamsion of extant populations
from western refugia following an eastern colonisation
ronte towards the Ross Sea, The latter may indicate that
populations persisted in elevated locations during glacial
advances across valley floors, as postulated by Naolan
et al. { 2006) for Taylor Valey during the last glacial period.
The Dry Valley region harboured many of the haplotypes
found elsewhere in southern Victoria Land sugpesting that
thizs area may have served as a refuge during glacial peni-
ods. In particular, genetic links between the Dy Vallkeys
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and Ross Island for both species suggest an mital eolomni-
zation of Foss Island from a Dry Valleys individual, with
subsequent divergence in isolation at this location acoount-
ing for those haplotypes now unique to Ross Ishnd (eg.
G16-G18 and 536-538). Further links between continental
Antarcti¢ locations e g. Marble Point) and the Dry Valleys
{e.g. GO, 527) may also have ansen via dipersal from the
Diry Valley region. Thus, initial dispersal from a Dry Valley
refugium may have been followed by the formation of mul-
tiple refugia at newly colonised locations (e.g. Ross Island,
Beaufort Island ) (see akbo Stevens and Hogg, 2003, 2],

In summary, Mio-Phocene glacial cycles, through their
efiect on spatial and temporal variation in habitat structure
and quality, appear to have played an active role in doving
population structume for & fodgesn and 5. mollis, While
these Antarctic taxa display broadly similar patternz of
phylogeographic structure, the presence of greater genetic
structure in 5 modlis suggests that: (1) there is a mucleotide
substitution rate difierence between these species; andfor
{2) 5 malll has persisted in southern Victorim Land
through a greater number of glacial cycles than G hodgron-
i. Future work focusing on investigation of physiological
parameters capable of affecting evolutionary rates may
help to resolve this bsue further.
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Phylogeographic structure suggests multiple glacial
refugia in northern Victoria Land for the endemic Antarctic
springtail Desoria klovstadi (Collembola, Isotomidae)

Mank L. Stevens, Francesco Fram, AnceEra MoGavcira, Grooso Sersastt & e DL Hoce

Accepeeid: T Deoember 2006
o 10 E 11114635309 2006.002 71 x

Seevens, M. L, Frad, F, MoGseghnan, A Spinsand, (G & Hogg, 1. 1. (2007). Phyiogeographic
strucmare suggeses mudnple glacki refiegis in monthem Viceors Land for the endemic Anmroic
springesil Deronis Bvmads (Collembols, Brooomids:). — Zedopic Soipo, 36, 20-211.

Ve carried ow & phylogeographic snsdy using mel A (COIT) for che endemic spricgail
Dhesora klovreadi {formerly Invomas Eliorsdi) from northers Vioons Land, Anesroocs. Liow
leveis of sequenoe divergence (S 1. 6%) soross 26 unique haplooypes (from 69 indeviduals) were
dissrifmired scooniing m gengraphic locarion. Cape Hallen and Damiell Peoinssls comminesd
the highes nudeoide (boch > 0004 and heplotype (boch > 0.9 diversioy widh 10 (of 16) and
B {of 17} umiqpee haplooypes, repocrively. All ocher popolstons (Foochsf]l Ssddle, Cracer
Cirgue, Cape Janes) had lower diversoy wits 2-4 enigoe baplogypes. Acroes the 59 individnels
from five populations chere was only s single haplogpe shared berween o populstons
(Damniell Peninmsls snd Foochell Saddle). Furdermmore, nesoed chde anabyses revesbed thar
stane of the Daniel]l Peninsuls haplooypes were more closely relsced o Foodall Saddie
haplarypes than oo any ocher populstan. Sudh discrece Raplooype groupings sugges: historical
{rure} dizperml scross the Pleismooene (1.6 moys—11 kbyad snd Hodocene (11 oys-pressnc,
coupded with repested exrincrion, range comracton snd expansion svens, andor incomplere
sampling across the species mnge. The nesed clade snslyses reves| thim 5 common paeem of
chmaric smil geological bastory mver long-term gladal hebiesr frag o b ol imuesc]
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Introduction

Antarctica has beon isolated from othor continents by a
widc ocranic holt (., HIP5—6675) for at lcast 28 million yoars
{Schuler 1995; Lawwor & Gahagan 1008; McLoaghlin 2000).
Simoc that ime the toorestrial landsape has boon inocasingly
domimated by long-tcom habitat fragmentation, with lirtle
morc than 0.3% of the 14 million km® of the continont icc-
Froc today {British Antarctic Survcy 2004; Poat e ol 2007),
and more than 10 major gladal cycles over the last 1 million
yoars (Hays et all 1976). It is now well cstablished that the
Ross Sca soctor (c.g., Victoria Land) is onc of the ow conti-
ncntal n:g_'i-nns- whasc torrestrial funa arc mﬁl:cly o be
rocont colonisers from subantarctic or cmporatc rogions
(Wisc 1967; Brundin 1970; Stovens ef ol 2006a). Consc-
guently, torrostrial lifc in this region has cvolved o mie asa

22007 Tha Authrors X
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uniquoc colloction of endomic fauma and floma (Stovens o o
2006 soc also Adams o of. 2006 for rovicw).

Prolonged how tomperaturcs and incrcascd glacial activity
have meant that many locations in Victoria Land bocame
Further isolatcd and the survival of taza, particularly the
terrestrial invertchrates, coold only be possible in ioc-frec
rcfogia, such as nunataks (Wisc 1967; Frati et of. 1907
Stevens & Hogg 2003). Evidonoc to sapport the availabiliy
of tcrrestrial habitats throoghout the Trans-Anmanctic
Muamtains {incoding Victoria Land) is incroasing (e, Dienton
et al. 1993; Prentice et o, 1993; Marchant & Denton 159,
Dienton & Hughos 2000, and it s likcly that the biogoography
in this rcgion at lcast reflocts, in part, the historical porsistonos
of hiota sines Antarctics bocamic gladated {soc abso Stovens o al.
200k, and reforencos within). Nunataks woald have provided

il
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possible refuges during the last glaciation in this region, but
many torrostrizl habitats have only becomc availablc for
{re-jenlonisation from these rofugos within the corront inter-
gladial (x 17 000 ycars). Habiat Fagmcntion alss influcnos
spodics distribution on a smallor scale, with popuolations boing
whore gladios or other landsmpe fratures may roprosent harricrs
to cffcctive dispersal. The dffccts of habitat fragmonation
may be cnhanced in those organisms; sach 25 arthropads,
with [Emitcd mohility and rodwocd Bkclibood of passive disporal
(Marshall & Cotzoc 2000 Thercfore, hahitat fragmontation
grncrally impodes demographic proccsscs (cg., mobilicy
and rosulting genc flow), particulardy in the contest of range
contraction/cxpansion among glacial popalations (Howitt
2000).

T address guestions concoming the sourocs of biodiversity
as well as pathways of dispcrsal and the formation of com-
munitics in the fragmentcd Antarctic landsape, phylogoo-
graphic analyscs arc ideal, as they can illuminate proccssor of
spociation and population history of crganisms {c.g., Garrice
ef ol I Unfortanacdy, thoe arc fow phylogoographic
stulics that have camincd the importance of Pldstocne
glactal cvents in shaping the distribuetion of gonctic diversiey
for the torrostrial fauna of contincnial Antarctc (Courtright
er-al. 2000, Fancinlli e al. 2001; Fraz er o 2001; Stovens &
Hogg 2003; scc Stovens & Hogg 20062 for roviow )

Victora Land, in the Ross Sca scoctor, represonts an ideal
system o cxamine hypothoses relatod o Ploistnoene spodiation
and the cvolutionary persstenoe of Antarctic taa relative
o long-torm porturbations. The endomic springtail Desrue
klertads (Carponter 1902) {proviously lndoms Blromtadi, sco
Sewens et ol 2006h) From northern Vicorda Land s amang
the most mobilc arthropods in Antarctica with a brger body
sizc amul a woll imetioning forc (jumping organ’). Heore we
cxamincd the spatial distribotion of mitechondrdal DINA
haplotypcs for D). Heestadi in 2 phylogoographic contoxt to
detormine the rdative contributions of past frrgmonation,
rangr cxparsion and rocurmont, rostricted gone Bow.

Individuals of . Hezstads were collected from Bve popo-
bations in northern Victorda Land, Antarctica: Cape Joncs
(T39175, 16922'E), Crater Cirgue (72°375, 16972E),
Danicll Peninsula (727425, 169736°E), and two sibes on
Hallctt Peninsula-Foathall Saddle (727305, 169°42°E) and
Cape Hallett (727255, 169°HFE) (Fig. 1). All individsals at
cach sitc {soc Tzblc 1) wore collocted with an spirator inan
arca of about lmmzlf_.n::Fnﬂddml;Sh:m &Hnggm
for details), and stored in lEguid nitrogen or 35% cthanol &
the ficld, and lator stored a2 =80 *C or in absolute cthanol
until nocdicd for DINA catraction.

In addition to 40 individuals scquenced provioosly (Frad
ef al. 2001} tofal grnomic DINA was cxtractcd from 2 further
10 entire indhirll.na:u:mgum:nfﬂ:m: protocals: (1) a quidk
protocol in which singlc specimens were homogeniscd in
50 pL of 2 solution containing PCR baffer, 1% Twoon 20 and
0.1 mg'mL. proteinas: k. The homogonate was then incubated
for 15 min at—80 %, 2 hat 65 *C and 15 min at 100 °C; i)
a CTAR mecthod (Boyoc er &l 1990, as modificd in Shahjahan
eral 1995) followod by “sbting oat” (Sanmscks & Halos 1906)
or phcnol cxtraction and cthanol procipi mtion; or (i) using
the ‘salting out” tochnigoe enky.

Polymerase chain reaction (PCR) amplification (Saiki er sl
1908} was carricd out using 2 10 or 25 pl. reaction wolumc
consisting of 1-3 pl of tonplate DNA (not quantificd), [x
PCR buffor (Roche), 2.2 mM MgCh, 0.2 mM of cach dNTP
(Bochringer Mannhcim), 1.0 pM of @ch primer and 0006
0.2 anits of Tag DNA polymorasc (Roche) on a Bismema T1
thormocycler (Whatman Biomctra) or a Porkin Elmer 2400
Theormal Cyder. The thermal opding condifions wane 30
cycles with 45 5 of donaturation at 95 °C, | min of anncaling
at 47 P (the first § cpdex) and 50 °C {the romaining 25 cecles)
and 1 min 10 sof cxtension 26 T2 *C. Two primerswhich fank
the DO gene in the mitochondrial genome wone used: CO0T2
(3*-AATATGGCAGATTAGTGCA-3) and COIOb (¥
GTTTAAGAGACCAGTACTT-3) (Frat o of 000 All
reacton products {(~790 bp) wore purificd by nsing SAPEX(D
kit (Eppendonf} or the Conoort Bapid G Extraction Systcm
{uzsing (IO and in somc cascs COMb to resobee ambigaitics;
and/or o intornal primcors; soc Frati et al (2001) for complets
detils) dircctly neing Bigllye™ Torminator chemistry (Porkin-
Elmcr Applicd Binsystoms). Scquencing was performed ona
Perkin Elmor 373A automated scquencer at the Core Faciligy
of lalian MNational Agency for WNow Technologios, Encrgy
and Erviranment (EINEA) in Bomc, or on a capillary ABI3 730
penctic analyser (Applicd Biceystems Inc) as the Allan Wilson
Centre Genomc Scrvice, Masscy University, Wow foaland.

Poprlation Arwcture snalyses

Seqoenoes were dhedked for open reding frames (opsing
MacCrape ver. 4; DR Maddison & WP Maddison 20080) to
check for the proscnee of nudcar copics or other unintended
soquenoe types {Sunnucks & Hales 19%96) and were confirmed
as being consistont with springtail DMNA nsing the GonBank
BLASTn smrch. All 69 scquenocs (EMBL scorsdons: AJ3 12073
AJ3I301Z, Frati er o, 2001; now acccssions: EFT19743—
EF119773) wore aligned wsing seguescram (Geve Cones
wer. 4.43) soquence oditor. This alignmont (with trace files)
identificd svmc amignmont orrors in the original squences
from Frati ef al. (2001}, which have beon corrected hore and i
tho acoossions, namdly that haplotypos B and © arc identical
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Fig.1 The known disriburion for Deria “’, ?:"h:“""
bkl n nomhem Vicmnris Land, Anesrorica 1= TR
(R Sea Region) (indicased by an '@, and =
the: location of the five popolarions used
i chis sy (indicared by an 'A%, Inser
indicaces the lpcsgon of norchemn Viooors - —

Land in refacion to Anmarohic. 1575

b }uplntn:-: A h:ph.ﬂ].'pc R is identical to hrpbnl].'pc 0
haplotype M is identical to haplotype I; and throe incorroct
vohstibations :Eu.ng: the ST OCTICE af hl'p]nt_vpc M. Given
thesc corroctions, hore wo retain population and individeal
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codes from Frati of o, (2000 {c.g., CJ1, F52, cte.) bat hawc
applicd now haplotype codes (.o, A=)

P (ver. 4.0b10) (Swolford 2002} was used to cxaminc
amumptions of homogcnous basc froquendios, variable sitcs
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Table 1 The 9 varable mudeoride siees from che 678-bp mrl XA (OO frsgmens smaong che 26 unique haplocypes for Deoris ol

Mclootida posttion Aming ackd
7122 22 22 22 13 3 &4 4 4 8 55 5 5 68 66 B r

] a4 71 T8 ¥ 2L ER KT N E &# 5 B 9 o o B R B SRR E I TR CUNN R |
Popelition '] 6014065192 F 5579702514 F53 4366 7T 9 1 3
A TTATCT AT CTEAT ATALEGGELGTEGARTEAIRIKG W o e
B0, 3 & . . ; AL T A . . . . T .
COALE G = = T+ E.; T A A . = = T - . Tm
G, T ; : : i ; E : T ERO
ECHE, 812,13 6. ; ; T T - . 5 T FR.
FOEIG 6 . . . T - - . & . 6T . . Mat T
G OHN 5o = = T - ¥ = T = H | PP - . Tm
HAHIA G : : T £:3 G 7 ; E ; T .
1CHIS 6. ; ; T G LA FRR: =
1CHIE - . . s T oo T .. . L n
K F514, 6. DF3 5o 5 B - T E& . : ARG = C | PP Ty
LFES T, IO B EGVECEE- T E-& -~ AL = C T . T T
MEsE . £ B . BT LG . A . T, T Ty
N Fg 6 . 6 6EGE . T C 6. A b L. T . M 13
o o114 G G 5 B LT E -y oo A £ = T val Ty
PLCCES [T ] B E T = AL AL T wal T
0oeL4, 12 6. ; 6 C T s A T . Ty
REFL S 6 . . & T EE ... C A T 13
s5DFE 5o 5 By T % E B~ Ak B, Wis iz Ty
TDFT B EGECRGEASEST s ELr R AL = T . T T
1DFE, 50 . £ BE BTE B A . e S | S
] e e W A . . T. W™ . . W
wWEDE E.& . 5 B+ T C G ¥ A R « @ T.: & o 2 1IgE
XCN, 57,16 G . R ¢ E-1 5 s ok B s . T
TCRAESM . G . 6 . T £ I A A A L . T
1B A . B . &6 . T Co. 6 A A T E.
Hapbotype A oem Cape Halkett (CH) wes usad e thassh e rumisar ol i envds (Focshal Sarkdks (75, Danioll Faninsai (DF), Caps dones (08 and Crsler

hexianida position amocaiad to anine acd danges shown In boi typs, and the anine acd residues whess thess dunges oo (reletve 1o the roforeno haplotypal are shown,

{variablc amino adds wing MycCLADE) and scquenee diver-
genee among all soqueneces. We used ARcrguey wor, 301
(Excofficr er of. 2005) to cxplore genctic charactoristios and
partitioning of nudcotide diversity {prosenec of population
structire); we caloulated haplotype (h) and nodootide (m)
diversity indicos (el 1987) for the spocics as 2 whole, and
scparatcly for cach population; analysis of molooular variance
{amova; Exooffecr er &f. 1907} with statistical significancc
ovaluatcd for 16 000 pormuations; pairwis difforonces {-,
valucs) betwoon haplotypes wsing simple distancos; and
Tajimas D (Tajima 1989) and Faok F, (Fo 1997) to tost for
scloctive noatrality. However, Tajima’s [ and Fu's F, tosts did
nuat dictoct departures Fom montrafity, and wore non-significant
{P < 003, in all cascs), and arc not shown.

Haplotypre network and nevted dade analyses

A haplotypc nctwuork was cxstimated for [, Hevrtadi using
the programme 105 ver. 121 {Cloment & o, 2000) and was
defincd into a nosted strocture fullowing the nesting nales of

Crandall (19%96). An inpot file with osor-defined distances
{ldlomctres between sampling sites caloolated wsing: (1) 'as
the crow flics” and (i) along openffroc wakcr via common
glacial mclt-watcr streams and near-shore coastal ogions),
and oulgroup woights spodficd wore then orcated and man in
the programme GEOME ver. 1.4 (Posada gt o, 3000) in order
to porform nostcd goographical disance analyss on the
. Howntads haplotypes. This programme asscescs the goo-
graphical association(s) botwoon dades by mocasoring the
grographical range of the dades {Dic, the clade distancc); the
distance betwern haplogypos across tip and interior clades
{Din, the nostod dade disanock and the avorage intcriar
dladc and tp clade distances (I-T, the intcrior v tip distance
(Templcton er o, 1995; Templcton 1998)). Clades with
statistically significant values of D, Dinor I-T in the cEoms
output were assossod with the n.pdalnl Inforence H:y for the
Mestod Haplotype Troc Analysis of Goographicl Distances
of Templcton (hetpafdarwin uwign.cs!softwarc/goodis.html)
to scparatc popalation structure from popolation history

204 Toologics Sipta, 36, 3, Math FI07, ppod-217 = ©2007 Thedarhors. oumal mmpiation © 007 e Sonwegia ooy of Somc ad Laflers
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lstionships smong the Deworia blonsdi kaplogpes from che five

.2 Haplogype nemwock analysis (smcstaal ¢

{26

by deducing which factor(s) (cg., rostricted gone flow, pas:
fragmeontation, range cxpansion) crawcd significant spatial
association among haplotypes.

Results

A 678-bp fragment was wcd in all analyses. No inscriions,
delctions or stop codons were detected. The nuclootide
composition of 2l scquenoos was biascd towards A and T
(A=31%T=33%, C=21%, G =14%). Bax froquencics
were homogonos across scquences 25 tostod for all sites
{¥3e = LED, P= 100, for the 29 varishlc sitcs only (33 =
3910, P= 100}, and for the 226 third coden sites anly (3
=019, P= 100 Among the 69 [} Heostadi soquonces thore
were 29 variable (22 parsimony-informative) nuclootide
sabetinmtions that resulted in 26 anique haplotypes (Table 1).
At the first and scoond codon positions there were only
Four variablc sites {positions 46 and 295, 110 and 656, rospoc-
tvcly), with most variability oocuring at the third codon
pomition (B6%) (soc Table [ The nudcotide substinstions
rosulted in six amino acid changes (ot five positionsl two at
thc frst codon position (sitc 46 in all Crater Cirgue (0C)
individuals, and sitc 205 in all Cape Joncs {C]) individuals and
a single Cape Hallett individual (CHI14Y); two at the scoomd
codon position (site 110 in Danicll Peninsula {(DF) and

S N7 T Austhors. b B2%0 Ta and Lafipry

| degicting

POy plocypes from 69 individeals) esing the mrl)™A (OO0 gene. Relarve size of ellipes indicace frequency of esch
‘haplorype (see Table 3), and oumbers s esch branch correspond o che loogion for char mmiional scep shoawn in Table 1

Foothall Saddlc (F5), and sitc 656 in CHL); and two at the
third codon position (stc 111 in DP and FS, and sitc £33 in
CHI0) (Tabic 1).

Pcn:nrhgl: of SCAIECTOT djvcrg:m:l: hetween }:q:lul].'pu
ranged from 0L1% (1 sobstitution) o 1.6% (11 substitations)
(Table ). Thew walucs wore generally highest when com-
paring Capc Hallett {range 04% 1.6%) or Cape Jonos
(0%~ 1.6%) with all other populations; while comparisons
among those othor popubtions wore lower {0L1%—1.2%:)
(Tabilz ).

Haplotype diversity (h) ranged from 0.133 0 0.925 for the
five populations (Tablc 3). CH showed the highcst haplotypc
diversity (h = 0.925) with 10 haplotypos (A-]) identificd Fom
16 indiriﬂua].frshuﬂtr levels ofd.h'l:rﬂ'_r WChs proscol at op
(h=0.924) with & haplotypes (K, O-W) from 17 individnals
{Table 3). Mcasares of nudcotide diversity (8) wore highost in
thesc pq_:u]alincru dm,:swl:n: cxtimates of dfoctive pq)ullum
sinc B(5) (Table 3). The F5 population contained 4 haplotypes
(KE-M) among 10 individuals, Cf had 3 haplotypes (X-2)
from 16 individuals, and at CC only 2 haplotypes (0, F)
wore idontificd from 15 individisak {Tablc 3). Shared haplotypes
betweon populations sccorred in only onc instance — five
individuals at FS were identificd with haplotype K, and this
haplotype was also identificd for a single individoal at DP
(Tablc 3; Fig. 2.

= Tosiogic: Saiphs, 36, 3, Wama 2007, RO 512 205
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Table 2 Uncorrected dismnces hetween all 26 unique haplotypes from 69 Degeris dovsraa? individuals for the 6 78-bp miDNA (COI) fragment.

A8 [4
Cape Hallett

A

B

¢ 0ma 0

b 0o 007 000
E 0004 0004 0008
Fooom? 007 000
G 0Me 006 0007
H 0007 0004 0008
| 000e 0006 00407
bo0e 003 00
foothallSaddle  K* 0012 0.00a 00407
e 0010 002
Qs 000% 0010
aole 0010 0012
0z: 006 0047
03 07T 00
Qoo 0004 0008
0z 0me 00407
0004 0008
0e 0010 002
Qs 0009 0010
Qs 0009 0010
Qo3 0007 000
0oe 0010 0012
Qs 0009 0010
03 007 00

Crater Cmgue

Dan'iell Perinsula

Cape lanes

MHexSs<c-wIovTo=g-
e
=2
=3

]

0008

0004

0004
0008
007
0004
LG
LG
LEGE]
00049
01008
0004
0010
0009
0007

aad
Lk}
a1
0oz
000
@019
000
000
0004
o
0.0
015
0013
00z

M

0004
0009
Qg
a7
0.009
0004
0007
0.008
0.003
0007
am3
amnz
g

ama
0mz
0.009
ang
0008
0009
o7
0004
0009
0ms
ama
amz

a

Lilila)]
Lilila)]
000
000
aoar
Llili)
Llili)
aoar
o
000
aoar

o3
o7
0.0
0009
oo
oo
0003
e
oo
0009

qQ

0004
LECIE]
0.00a
Qo7
Qo7
0.00a
0009
07
0008

0.004
0o
0L00a
0003
T
oo
0009
o7

.00
i1l
0004
0003
000
il
008

0004
0004
[T
s
a3
anz

03
o
ams
amz
ama

aoar
a3
amz
agn

amz
ama 0.0
0 0003 00

Haplatype s are ndi@ted by ther codes (A2

“Hate: Hap latype & at Fooball saddle was also dentified fram a single ndwidual at Dan'ell Peninaula.
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Tabde 3 Sampling smcistcs and yeneoc chsreonersics for the five populatoos for Do blomsdr.

W ol W of ¥ ol Disiribasion of haploypes
: drvichsak Eaphotyy polymophic shies  hisol s 0[50 within popukisons
Cape Hallas 1 0] n 05 N4 04T DNZE) 3315 1501 BB CLEFGHDLI
foothal Saddia 1] 1 4 o g DT s 1474 l0861) ELW.N
Crator Cirgsi 15 1 1 aEE oA U000 0L000E) 38 {030 P
anial] Fonireuk L] 2 n a5 o5 05T 0ms) 3p0 T EQASTUVW
Capm dones 6 3 2 ERS D) D0 Y o) I A5 NI

s, haplotypa diversity- x, neckactido dhearty: B, St [5) (iod 13671, A sttt caloubatosdin Arssoms vor, .00 (ExcoBler of of. 70050, Haplotypa K & the anly sharsd miDRa

taplotypo shows: in bold.

Tabide 4 (a) Arabysis of molecular varance {saove) (Excoffier e al
1952} resls for Drevis bisrmads, a5 mplemeneed in A eogoms ver.
300 (Exeoffier & ol 2005) (B) Pairwise populaton -, valse for
pogralucs sebin D, bk %

(-]
Samol Vortnm  Femmtgoof
Soumm-ofwariation o PR mmpoans wtion P
#mong popalations. QITS  QENEVE  TLAT U0
With populations B 0oEl L0V 1853 -
Total B 030 OooME  —
b}
Fuagiat
Copotiallomic®d — —  — iz =
foothall Saddla P 0" — - - -
CraloOmpe 0t 072" o0&t — —_ —
Oanioll P d0Fd 45" 033" am® — —
Cape hones iC [ T T ot s

Statwtc| sigetficnm of wrianm composents n Aoy iesied with 16 000
parmutations; " indicalos P 005

The haplotype nctwork (Fig. T) shows that haplotypes
From CH arc highly related, as arc those from C]. The
haplotypes found at DP and FS arc linked egcther by no
maore than two sahstitutions and individuals from both
populations appcar nestcd within cach other (Fig. 2, yet
arc scparated geographically by the Tudeer Gladier (Fig. 1).
The 2 haplutypes found at O arc dioscly relatod and linked
tn haplotype ) from DF (Fig. I}, and scparated by the
Whitchall Gladicr (Fig. ). asova analysis revealed a high
level of genctic strocture, with -7 1% of varation apportioned
among populations (P < 0.001) (Table 42). All g-,; valoes
were barge and significant {Tablc 45}, indicting leng-torm
historical isolation and kvw geoc flow bobwoon popalations
For 1. Hawntad:.

Nested dide anbyre

The nosted dadogram for [ Heestadr contained 26 uniquc
|:|a'|:|||:|l]-'_p|:| from 69 individmals and ptmid:d cloven |—sl:|.-_p-
clades {ic., dades whore onc mutational stop scparates wo

22007 Tha Authrors X £ 2% T of
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adjacent haplotypos) and three Z-step clades {wo mutational
strpes scparatc adjacent haplotypes) (Table §; Fig. 3). The
maximum number of motational steps betwoen haplotypes
was five. MNostod contingoney analysis rovcaled significane
assodation of clades and grographicl distainee for dades
I-a, 2-2, 1-3 and the wtal dadogram, which were subsc-
quently analyscd nsing Templctom’s inforoncs by (Table &),
Clade 2-2 gavc an incondusive outoome bocaase it consistod
of only tip dades, honee no gpfintorior status condd be
detcrmined (Table 6). Howover, the most likcly cxplanation
for the patterns obsorved for dade 1-6 and the total dadogram
the inforonos was ‘rostricted gone Bow/fdisporsal with some
long distance dispersal over intormediate arces not eomapicd
by the spodics OR past gone flow followed by cxtinction of
intormediate populations” {rosults wore idontical whether
data utilised distanoes botween populations as “lon by wato”
or km as the oow ficy’, caoopt for the total dadogram  for
which 'long distancr coloniationfand or past ragmeniztion”
was inforred when the nsor-defimed distance was "km as the
crow Hics™) {woc Table &)

Discussion
The mtDMNA (O} gene revealed @ hotocrogeneous haplo-
typc organisation among the fivc . Hestedi populations,
with 26 haplotypes (Fram 60 individils) strsctured acooed-
ing o grographic location. Only | haplotype was sharcd
g populations—haplotype K was prosent ine Foothall
Saddlc (F8) and Danicll Peninsula (DF). This may appcar
sarprising ghvon the limitcd goographic distanoos botweon
thesc popalations. Howorer, provioas: studics have shown
that torrestrial invertchrate txa in Antarctica arc often
characterised by high lovels of sub-strecturing and local
mitochondrial diversity cven on fine. grographical scles
(., Frati et al. 2001; Stcvens & Hogg 2003; Molan er o,
2006). Whilc those stdics identificd a relatively high
numbor of haplotypes for the oumbor of individuals cam-
iJ'md, Iowchs of&imgmn: Img}nphl}'puwmlwmﬂ
haplotypc sharing among populations was very limitcd.
The prosenk !'h.ld].- is consistent with this carlior work, and
our nowted clade analyscs support long-torm historical

and Lt = Tooiogic Sirip, 36, 3, Wam 2007, ppd-T12 7
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Table 5 Meored clade dismmce snalysis of mr 234 (CONT} haplonypes observed i Desarta bt order the ssmmpdon of disperal hyweser’
(geographic dismnce mloolsed along puadve free-waer roues) or "o te cow fies.

Ehpttoni e Sl g v iy B0 A Bk
B B Clal (¢ Bm 0 DCads De Bm O Dn Chis DI Bn Ol B DOn
s L) 7 T 7
0
& L hat am e 2 b2 am mee
L]}
- B 2
= 5 2
% Ho o s }“ AW T
=4
A 4l [T RS HIF R
::?q T NPT ] LT 1T - Fay A B e R Lpx g MPH
it A L e
L] T1E [T T 1§ L) -II.'IF_:
W) MM B h! [T
X omM By L. LN AN 4B M k17 HUT e
) L= e ol B Y]
T M L T BT 4
Wi he Ae im iLw 3 e o
ﬁ i Am M s oqu PR BFF An iw vy I TR ﬂ# :
e am e s A Wk
Ly EM W
L1 e i hm {im om s
FTOILEE LT pp e amb L OBH R ap En e
Brariats raflact tha nesting structons fsea g 31, Oc and Dn e dada d e ety k. 5o Tamipkrion of 2 1995)_ Intarior ve. Bp montces for O

fragmoiation and isoladon with low gone Aow botweon
populations for 0. Heosed.

It has been proposcd that this common pattern of goo-
graphical and genctic subdivision/stroctaring among spocics
and locations in Antarctics is duc to 2 commaon biogrographic
lcgacy (cg., Brundin 1970; Stcvens & Hogg 2004a). In
particular, Pldstoccne and Holocone glacial cycles, throngh
thoir cfcct on spatial and tomporal variation in habitat
structre and quality (Thompson = af. 1971}, appaar to have
played an active molc in driving allopatric Fagmentation of
torrestrial inverbchrate populations in Antarctica. Indocd, the
genctic distances botwoon [ Movstad! individuoals (op to 1.6%
divergenee) and a strict molecutar diock calibration of 1.5%—
13% divorgones por million yoars {scc Stovons et al. 2006h)
sugpests that populations in this study moss likcly diverged
around 0.94 1w 1.4 million ycrs ago. This dme framc sup-
ports the impact of Ploistecone and Holorene glaciations
on presant day phylogoographic pattoms for this mxon, and
comparcs rml:l‘.al:ﬂrdnsdr b &:di\l:l'_gum {npln 1M
across the spodics range) reportcd for the southern Victoria
Land springtail (Gompbrompbaler badgpmm (Stovens & Hoge
2003, 200xk).
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Sovoral stadics have imvestigated the impact of Pldstocene
climatc changos on phylogcographic pattorns, and these have
foumd greater genctic diversity at locliscd joo-froc regions
fic, refugia) relative o gladated sites {cg., Wadar & Hohek
J003; Rowe et af. 300, The proscnos of gladal rohegia cn
cxplain the porsistones of popalations through historical
glacial cydics. In the prosent study, the high lovels of genctic
diversity in the Danidl Peninsula (DF) and Cape Hallett
{CH} populations may rcprosont cither a bige populatdon
sizc or post-glacial romnants soarccd from muoltdple chgia
that persistcd throughout gladal ordes. In contrast, the low
levels of gonctic diversity found for Foothall Saddle (F5),
potcntially a resule of post-gladial cxpansion (foundor cvenis)
of a few individuals or a rclatively small {bottlenccked)
population. Altcrnatively, cach of the five populations may
represent its own historicl rofogiom, and indecd, muldplc
rcfugia arc not onoommon {c.g, Stovens & Hogg 2003;
Weider & Hobzk 2003; Rowe o ol 2004).
trial refizgia is presently bcking for nocthern Victoria Land.
Howover, in East Antarctica the polar ap was thought o
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g 3 Nemed dade design for the miDNA
{C(HI) 16 wnique haplogpes from &9
individmbs of Dessrir Hersash, Haplompes
are indicaced by cheir codes (A} Mising
haploypesfmumtonal seps sre mdicaned

Ty an . The dsdes are ilenfied xing o

rwn number sysem, where the fins momber mh
reders o the newing hierarchy and heserond. | () Dl Wentantly
is an srhitary, individs] chde idenfier. ) Lo P
Than-Ened polygons enclose |-sep dedes

(e, clades where one mumtoos| sop separes ) cup B
o adjscemt haplooypes);  broken-Ened (D) oo Elar
podygons encloe X-soep clades (oro momsons| S
steps separate sdjacens kaplocype. L

==

;

i3

Table & Clade with significent geogrsphicsl soroomre (#* < .05} snd their biologes] imerprecadon for meldNA (OO Devris Hoesmdi

e 1staildic P Cainof nlaone  infarnm

1.6 YELO0D 0N 1-235ETEVES  Rasiriced gons Sowideporm] with soma long detonm dispersal over imemadtate anee not oonsplad by o
spacis OF past gans: fiow followad by axtincson of inlemmediin population.

1z AR OO0 -Z-BOONCILISVE  Fo Opintanor st

Tobl Chdngram  1MI5727 <0OM 81356 TEYES

Fastriciad gone Sowidspars| with some iong detancn digonal ower imarn et s not ooompkad by o
<packe OF st gan fow fuloward by dats popuiztions”

Clades not showing genartic or geoaraphic varation am e (no test & posible within such nested cisgoniel.
*Mote: resuits were el whether dat uiifsed distances betwreon populations 2 o by wartar' o e 2s the oow flies’, axmept in this cse where Tong detan cimbasony
and o past ragmontztion” was infamd for the okl dadogram for disne in Tm 25 the oow fies’

have cstablished as carly asthe Miocene (ca., 14 mya). Exten-
sive dehate {revicwed in Barrctt 1996) cxists over whether
this icc cap has porsistod almost unchanged to modem times
duc to temporature stahility (Hag o &l 1987, or whether ie
has andergone boge Auchmtions in the last 3-5 my, with
cxtonsive dumg;lz in the icc cover {'Wrcbbrtd IQE'!-;“!:HI
& Harwood 1991). In any cvant, the glacial cydios eocarring
dm'i:'tg the ﬂu:bl:rrm'_!,r will have u.'rl:.i.r:]y influcnood the
turnover of deglaciatcd land available for the survival of sail

€ 2007 Toa Authors. Jounat compitafion (£ 2007 The Honsoyian Aoy of Sdonm e Lafior:

inverichrates, but that refhogia cdstod in multdple regions
along the Trans-Antarctic mountains {Thompson o o 1971;
scc also Wolan e o, 2006, Secvens of al. 2006a).
Intcrestingly, the cntire distribution for D Eocstad is
containcd on the northon region of northern Victordia Land
(Fig. 1). This region codncides preciscly with the Bobortson
Bay and Bowors Arc terrancs that form a "wodge’ between the
Marincr Glacicr a]nmg the Victoria Land coast (s Flg. 1}
to Bower Mountzins (ncar Rennick Glacier, TIPS, 1627E)
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bescated west from Elpcﬂthtllmgdchmﬂlﬂnﬂst[mc
Fig. [ in Roland et af. 2004). Thesc ecorancs are thoughe
to have “docked” with the Wilson torranc semetime in the
Mezmoic to Conoenic (Reland et &l 2004), suggosting that
this specics may have "arrived” in Antarctica through toctonic
mecans or that these tormancs have provided rofogia spocific
for I klrortad noe foand clscwhere,

The popalations we analyscd arc distributcd in the sooth-
orn half of the otal known distribution for D Errtadr (scc
Stovens & o, 2006h) and thus might roprocsont poriphcral
populations. Given the potential meapopulation. sconario,
peripheral popalations would have a high probability of
guing throagh locl cxtinctionfre-colnistion cpdes. Such
Auctuating populations would lead w0 haplotypes being
representative of the most oomt colonisers (which arc
potcntially not ropresenicd in the populations hore), rather
than showing any grocaloia! sSgnatre asmocated with 2
history of gone Bow. Acoordingly, further extonsive =mpling
across the known range for D Erortad] is reguired {althosgh
carrently logistically impractical) in ordor to more completcly
ilbustrate the historical prooosses that have shaped popalation
and hapintype distribution.

In contrast to an ovcrall pattemn of isohtion and fragmen-
tation, we found a close assodiation botworn Football Saddlc
{F5) and Danicll Poninsala (DF) populations (c.g., Figs I, 3;
and also supportod by cor nestod dade analyscs). While the
main fnding was ‘restricend gene Bowsdispersal with some
long distancr dispersal ovor intcrmcdiate arcs not cooupicd
by the specics ar past gene flow followed by extinetion of
intermediate populations”, the inforonee for dade 2-3 fwhich
contzins DP and F5 populations) was ‘contiguous range
cxpansion’. & foasiblc cxplanation for the asodation botwocn
these populations is their likdy proxdmity to Todeer Gladicr
melt-watcr streams (sce Fig. 1). The Todeer Gladier itself is
likcly to hawe poscd a barricr to sther D Heovstadr papulations,
thos contribating to the overall pattcrns of fagmontion
and nlation by distancs amodated with gladiors scon here
and disowhere (Fanciulli er . 2001; Stovens & Hogyg 2004a).
However, in the csc of the DP and FS populations, with
wind-mediatcd dispersal being highly unlikcly (Marshall
& Cotwee 2000}, the mdt-watcr strcams may have providod
a possible means of transport betwern popakations, cnabling
genc flow and potontially accoanting for the genctic linkswe
find. Indeod, the onc instance of haplotypc sharing in this
study i between thex two popalations, amd mckt-wator sroams
have boen sumgrstod as the primary disporsal mechznism for
springtails in Victoria Land (Molan e of. 20063,

In ssommary, we intorpret the phylogrographic strectering,
for [, Hrostads to result from long-torm historical frgmon-
tation and isolation coupled with limited gene flow for this
endemic Antarctic springtail. In additon, multiple rcfugia

arc likely to have allowed persistenes of 0. Hoesiad? popula-
tions in northorn Victoria Land since the initial glaciation of
Antarctica and throsghant susbscquent gladial cpelos.
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