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travel the world making educational films. | went to get a science degree and she went to film

school. It would have worked too, if it werenOt for those meddling cancer cells.
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ABSTRACT

Clonality is the general term that encompasses all manner of pinching, splitting, budding,
and fragmenting behaviors by which organisms divide their somatic body tissues into more or
less independent units. It can be as straight forward as fragments of a sponge surviving after
being rent apart by a hurricane or as convoluted as the telescoping generations of
parthenogeetic aphids. Clonality is a widespread feature of animal life cycles and the degree of
clonal investment is expected to affect everything from spatial genotypic and gemetiarstto
evolutionary dynamics and ecology interactions. Yet, the shear diversity and complexity of
clonal behavior has hampered efforts to develop a general understanding of how and why
clonality evolves as the adaptive benefits of these behaviors may be as idiosyndnatic as t
mechanisms by which cloning occurs.

Contrary to some past formulations of the problem, the production of clonal progeny is
not typically analternativeto sexual reproduction, as most clonal organisms also reproduce
sexually. While there is often an immediate tradeoff where a unit of energy can either be
invested in gametes or clonal progeny at any given time, there is not inherently a tradeoff
between asexual and sexual reproduction over the span of a lifetime. Dividing somatic tissue in
to separate units can be a way of increasing total lifetime fecundity by increasirgaotass,
more efficiently colonizing open space or promoting longevity by spreading the risk of mortality
over spatially-separated somatic units. With this perspective, understanding the acdipé\ad
clonality becomes a matter of analyzing the holistic suite of fitness effiattarise from
variation in allocating energy among unitary growth, clonal propagation and gametogenesis.

The amount of energy available and the fitness value of a particular investment strategy
are governed in large part by the environment and so understanding the environmental context is
key to understanding the forces shaping life cycle evolution. Temperature, in particular, affects
the metabolic cost of maintaining body tissues and is key in determining the energetically
optimal body size for a unitary animal. Where temperatures fluctuate seasonally or whéere clona
replicates may spread across a heterogeneous landscape, the reaction norm of fission rate, body
size or traits associated with gamete production may be an important target of selection,
influencing which life cycle patterns can evolve.

In this dissertation | examine the influence of seasonal and geographic temperature
variation on fission rate, body size and gamete production of the clonal sea aneradumene



lineata(Verrill 1869), to better understand the constraints and tradeoffs that govern the evolution
of resource allocation strategy; and ultinhatéhe factors that drive the evolution of clonality in
this species. Through a combination of laboratory experiments, field observations, optimality
modeling and genetic tools | demonstrate that (1) fission rates are strongly temperature
dependent, resulting in seasonal and geograjaniation in clonal behavior, (2) the production
of gametes is closely tied to body size and shows an inverse latitudinal patterissiath fate,
(3) the observed reaction norm of fission rate with temperature is consistent with selection to
maximize gamete production across the locally experienced range of temperatures, as opposed to
selection for maximum clonal proliferation, per se, and (4) there is a latitudinal decrease in
genotypic richness and diversity that corresponds with changes in fission rate, suggesting that
variation in fission rate leads to changes in the spatial structure of genetic variatiog sitas.
Together, these results are consistent with the hypothesis that clonality is adiagére
conditions where individual body size is constrained by the environment. Under these conditions
more gametemay be produced over a lifetime by genets dividing somatic tissue into multiple
small units rather than remaining a single large unit. In this species, there is an i cesti&d
dividing a large body into two pieces as the number of gametes produced by two small
individuals sums to less than those produced by a large individual, yet, the lost reproductive
potentialmay be able to be compensated for over time by an increased grosvéh aassmaller
body size. Additional costs and benefits imposed by changes in mortality rate, competitive
ability or mate choice as fission rate changes remain to be investigated and may ke equall
important in understanding and predicting the evolution of clonal behavior in this and other

species.



CHAPTER 1

THE PROBLEM OF CLONALITY

Olt would be instructive to know not only by what physiological mechanism a just
apportionment is made between the nutriment devoted to the gonads and that devoted to the rest
of the parental organism, but also what circumstances in the life history and environment would
render profitable the diversion of a greater or lesser share of the available resources towards
reproduction.O B R.A. FishefTihe Genetic Theory of Natural Selectia830

OIf you wish to make an apple pie from scratch, you must first invent the universe.O B
Carl SaganCosmos1980
1.1 An introduction

The purpose of life is simple: eat enough food to make enough babies. Given this
simplicity, the diversity of strategies that have evolved to accomplish this goal is astpukidi
the heart of understanding life cycle diversity lies an allocation problem that can be summed up
in a seemingly simple equation: the energy available to invest in growth or reproduction is the
difference between the amount of energy taken in and metabolic cost of maintaining the body
(Fisher 1930, Von Bertlanffy 1957, Koojiman 2010). In an optimal world, surplus energy is
divided among investment in somatic growth and gametes in whatever way maximizes lifetim
fitness (e.g. Cole 1954, Gadgil and Bossert 1970, Williams 1975). Different allocation strategies
lead to differences in the timing of life cycle transitions and shape important ecological
characteristics including birth rate, growth rate, longevity and body size, among others. Given
the importance of these characteristics to core ecological and evolutionary questions,
understanding the forces and feedbacks that direct the evolution of one allocation strategy over
another remains a major goal in evolutionary biology.

Complications arise because all of the elements that determine allocatioyystrate
dynamic. Metabolic cost increases with temperature and scales allometritallyody size
(Atkinson 1994, Gillooly et al. 2001, Brown et al. 2004, Koojiman 2010). Both the magnitude of
surplus energy available and the way that it is allocated can change over a lifetimadtétyla
al. 2011) and can depend on the abiotic environment (Angilleta et al. 2004). Likewise, the fitness



benefits of investing in growth vs. reproduction depend on the ecological context (Gadgil and
Bossert 1970, Boyce 1979, Hamilton et al. 1987, Partridge and Harvey 1988, Berrigan and
Charnov 1994), which can change over time and space. Parsing the influence of any one
variable, such as temperature, requires an integrated exploration of the proximate mechanisms
influencing the growth and behavior of individuals (Flatt and Heyland 2011) while keeping an
eye on the population and species level influences that emerge from these mechanisms (e.g.
population density and spatial genetic structure) and help to create the ecological context that
ultimately determine the relative fithess of one strategy over another (Eckert et al. 2016).
Nowhere is the need to understand the costs and benefits of various allocation strategies
more apparent than in the evolution of clonal organisms. In addition to splitting resources
between growth and gametes, clonal organisms also divide their somatic tissues irtp spatia
separated units. The timing and magnitude of investment in clonal progeny is expected to be
under selection to maximize the lifetime reproductive output* of the genet (all clonal progeny
sharing a genotype), rather than each ramet (an individual clonal replicate) (Pearse 1989,
Hamilton et al. 1987; *complications discussed in section 1.2). As such, investment in clonal
progeny is expected to increase either genet survival (Jackson and Coates 1986, Wulff 1991) or
reproductive output (Sebens 1982), often despite short-term tradeoffs reducing ramet-level
growth and gamete production (Jackson and Coates 1986, Hughes 1989). One argument
supporting the adaptive value of clonal growth is that because clonal animals grow by the
addition of isometric units rather than the increase in size of a unitary body, clonal organisms
escape allometric constraints that cause somatic growth rates to asymptote \(\@bbages
1982, Hughes 2005). Thus, the reproductive value of an individual can increase indefinitely as
genet size increases (Caswell 1985, Hamilton et al. 1987), so over time can outperform a unitary
individual. Clonality may be the ancestral state for metazoans (Blackstone and Jasker 2003) and
has certainly been gained and lost repeatedly among lineages (Geller and Walton 2001, Geller et
al. 2005), suggesting that it is a core feature of animal life. Yet, our understanding of the factors
driving clonal life history evolution lags behind that of unitary organisms and clonality, and
other complex life cycle features have largely been left out of general treatmentsistdifg
evolution (Sterns 1992, Roff 2002). Where complex life cycles have been explicitly studied in a
life history framework, selection on the fission, growth and allocation behavior of individual



ramets has shown to promote the evolution of clonal life cycles under some conditions (Hamilton
etal. 1987).

The role of phenotypic plasticity has not been el (0)(0)
formally integrated into models of the evolution of clonal| etz ®
life history despite the prevalence and importance of Sao . S ®
plasticity in clonal organisms. | approached this problem 'm s
with a set of experiments and observations examining th__
causes and consequences of variation in clonal behavio!

the widespread intertidal sea anembm@dumene lineata
(Figure 1.1). Originally a native of East Asia (Uchida
1932), this species has become established in temperat '

bays and harbors worldwide (WoRMS database) after 1

years of hitchhiking on ships, debris and cultured oyster Figure 1Top) The Iife —
Its rate of binary fission is strongly temperature dependengycle ofDiadumene lineata
(Miyawaki 1957, Minasian 1979) and so presents a modefBottom) Several individuals

nestled among live oysters
where genotypic and environmental sources of variation and mussels in Georgia, USA
can be examined for clues to the adaptive value of
clonality. Here | take an integrative approach, using field observations, common garden
culturing, simulation modeling and genetic markers, to build a story about the role of seasonal
and geographic environmental variation on the costs and benefits of clonality in this species.

In chapter 2, | demonstrate that seasonal temperature patterns drive seasonal fluctuations
in fission rate and individual body size in populations across the North American east coast.
Using a reciprocal common garden design, | show that genetic variation in fission rate plasticity
combined with site-specific differences in temperature pattern leads to a latigrdisiant in
the expression of clonality. Body size data collected over four years from three field sites across
the east coast corroborates the seasonal patterns discovered in the lab.

In chapter 3, | demonstrate a latitudinal gradient in individual gamete production that has
a negative correlation with mean annual water temperature, but not Chlorophyll A @ coars
measure of food availability); conversely, within-patch population density is predicted by Chl A,
but not MAWT. | also describe the positive correlation between summer body size and egg

number, the shape of which suggests a tradeoff between fission and gamete production at the



level of an individual ramet, where the sum of the eggs produced by two daughter clones is lower
than the eggs that could be produced by an undivided individual.

In chapter 4, | build a simulation model around a simple model of temperature dependent
allometric scaling (Von Bertalanffy 1957, Sebens 1982) to explore the optimal allocation
strategy for individuals under high and low seasonal temperature fluctuationenipeeature
patterns explored mimic those found across the North American Atlantic and Pacific coasts
where the species occurs. Here, relationships among temperature, body size, fission rate and
gametogenesis measured in chapter 2 and 3 are combined to explore the expected genet-level
fitness across sites under a set of selection scenarios. A three-way tradeoff entergas be
maximizing body size, ramet production and gamete production, leading to the prediction that an
optimal life cycle pattern requires a unique reaction norm dependent on the mean annual
temperature and extent of seasonal fluctuations at a site.

In chapter 5, | develop six new microsatellite markers to diagnose clonal replicates, four
of which are useful for analyzing genetic population structure. | use these markers to document a
latitudinal decline in site-level genotypic richness. This decrease in clonal ricturessponds
with patterns of increased clonality predicted in chapter 2. These results suggest that the
variation in life cycle expression mediated by differences in water temperature amsmgeasite
lead to differences in spatial genetic structure. In addition, these data show that populations i
the Gulf of Mexico are genetically distinct from those on the Atlantic coast, so observed
differences in fission behavior (ch. 2), gametogenesis and body size (ch. 3) may have a genetic
as well as an environmental basis.

Finally, in chapter 6, | summarize the findings of these projects and discuss how this new
information furthers our understanding of the factors that can drive the evolution of clonality,

particularly in highly variable environments.

1.2 A note about the scope of the project
There are many fascinating intellectual avenues one could go down while exploring the
rich natural history of an animal likBjadumene lineatalo prevent madness, one must set
boundaries, however artificial or temporary, on the scope of the problem to be explored. In this
dissertation, | have chosen to treat asexual and sexual reproduction in a simplified way to
facilitate a focus on the energetic, rather than genetic, factors involved in the evolution of



clonality. By focusing on the energetic factors involved in reproductive investment, | address a
key gap in our understanding of how clonal growth and sexual reproduction relate to one another
both physiologically and ecologically. In light of this goal, | treat clonal replication as a form of
somatic growth rather than as an alternative form of reproduction (sensu Pearse 1989)
throughout this work. This approach, of course, excludes many of the facets of the system that
are likely to be both fascinating, and ultimately, essential for fully understanding the aadises a
consequences of fission rate variation in this system. Here | will briefly discuss dlsteof

ideas, explain how they relate to my current investigations, and to my decision to treat asexual
reproduction as | have.

One of the major advances in understanding the genetic mechanisms underlying the
evolution of sex has come through the development of modifier theory (Nei 1967; advances
reviewed by Otto and Lenormand 2002, Otto 2009), which offers a formal framework for
analyzing when recombination and sex should persist. These models typically follow the fate of
an allele that induces or increases recombination in a population of asexually reproducing
individuals. Early models suggested that the evolution and maintenance of sex should be rare or
even impossible (Kimura 1956, Nei 1967). However, by systematically exploring complicating
factors, including mutation (Charlesworth 1990, Hartfield, et al. 2012), drift (Barton and Otto
2005), condition dependent sex (Hadany and Otto 2007, 2009), selection interference (Hill and
Robertson 1966; Charlesworth et al. 2009), species interactions (Hamilton et al. 1990, Morran et
al 2009) and mating system (reviewed by Hartfield 2015), theoreticians and empiricists have
been able to expand the conditions in which recombination is expected to be favored. Through
these models and a handful of empirical examples (reviewed by Hartfield and Keightley 2012),
we have learned that investment in sexual reproduction might be favored by individual selection
when the environment changes rapidly in time (e.g. Red queen hypothesis) or space, to reduce
selective interference among mutations (Fisher-Muller hypothesis), or to avoid the build up of
deleterious mutations (MullerOs ratchet). Additionally, differences among species eifelogy, |
history and genetic structure should affect the relative importance of these phenomena, leading to
different evolutionary trajectories in different circumstances. These models are pdweedute
they provide a way to describe and compare diverse modes of reproduction in a common
currency and promise to help us understand why life cycles are so diverse.



On first glance, species that undergo both clonal and sexual reproduction, especially
where fission rates appear to be variable, seem like an obvious place to test predictioms derive
from recombination modifier models. After all, fission rate directly affects the numbsexdiia
propagules produced, so there may be an analogy that can be drawn between selection on alleles
that promote fission and those that suppress recombination. However, the relationship between
clonal and sexual investment can be complicated in real organisms. In modifier theory, the
benefits of sexual and asexual reproduction are independent and do not indirectly influence each
other through energetic tradeoffs or synergies. In real organisms, such interactions occur on
many levels. Primarily foD. lineata increased clonal proliferation may actually increase the
lifetime production of gametes (Ch. 2, 4) under conditions where smaller bodied individuals
grow better. In this case, the adaptive value of fission could be rela@beothe transmission
advantage of passing on a full compliment of genetic material to offspribgould be related
to increasing lifetime sexual fecundity through increased somatic growth. On an ecologl¢al leve
clonal organisms may interfere with their own fertilization success either by incrdasing t
distance to a mate, or by increasing the likelihood of self-fertilization relative tol $ieeages
(Vallejo- Marin et al. 2010). But, if ramets can disperse, more mating opportunities may be
available for genotypes with higher fission rates (Van Drunen et al. 2015). Such complications
make empirical tests of the concepts derived from modifier theory difficult withoutetktail
information about the physiological, ecological and genetic mechanisms that shape the
connection between fithess and degree of asexual investment.

ForD. lineatg we are at the very beginning of understanding what drives the evolution of
sexual and asexual reproduction. Prior to this dissertation, very little was known about the degree
of variation in fission rate or fission rate plasticity among genotypes or among populations, nor
how these traits affected the lives of organisms in the field. Nothing was known about the
relationships among fission, body size and gametogenesis. However, the level of genetic and
plastic variation present in the life cycle expression of this species makes it aipgomis
candidate for advancing our understanding of the connection between physiological, ecological
and genetic mechanisms involved in the evolution of clonality. The work in this dissertation
provides a solid base of natural history information on which to develop theory-based questions
about the role of genetic diversity in offspring success, the ecological limits of clonaliexpans
and the degree of genetic variation among clonal descendants, among many others.



CHAPTER 2

THE ROLE OF SEASONAL AND GEOGRAPHIC TEMPERATURE DIFFERENCES IN
PATTERNS OF BODY SIZE AND FISSION RATE PLASTICITY
2. 1 Introduction

Relationships among body size, metabolism and temperature govern the acquisition and
allocation of resources and so are expected to influence the diversification of life (Kargsol
and Huey 2008). The well-supported correlation between temperature and body size, known as
the temperature-size rule (TSR; Atkinson 1994, Kingsolver and Huey 2008), predicts that adult
body size should decrease with increasing temperatures. When respiratory surface area scales
allometrically with mass, passive diffusion through respiratory surfaces can becaoting las
body size increases (Atkinson et al. 2006, Hirst et al. 2014, Gillooly et al. 2016). Fac aquat
species, a warmer temperature means an increased aerobic metabolic rate attiheeshate
water becomes less capable of holding oxygen, so the body size at which diffusion becomes
limiting is smallerand results in amaler optimum body size (Forster et al. 2012). The
importance of avoiding oxygen limitation in the lives of aquatic species has led to the hypothesis
that acclimatization behaviors, including growth rate, morphological or behavioral plasticity,
should be under strong selection as these traitsgifiain adequate gas exchange across a
range of temperatures (Atkinson et al. 2006). For animals with unidirectional growth and
development (i.e. those that lack the ability to shrink or undergo fission), temperature dependent
metabolic relationships have been shown to be predictive of key life history parameters
(Atkinson et al. 1996, Kingsolver and Huey 2008).

While the TSR provides clear predictions for animals with a fixed adult size (e.qg.
Owarmer is smallerQ), it is less clear how temperature should influence the gtewts pht
species with indeterminate or clonal growth. Such animals, however, have a wide range of
potential morphological responses available when faced with environmental variation (Sebens
1987, Burgess et al. 2017). For example, individuals may alter their surface su&sstatio
through changes in shape or tissue density (Zamer and Mangum 1979, Hirst et al. 2014, Glazier
et al. 2015), by shrinking or growing (Chomsky et al. 2004), or by rapidly changing their body
size through fission. For an animal capable of fission, ramet (i.e. clonal unit) size depends
balance between growth rate and fission rate, so temperature dependent changes in either or both
ratescanchange the average ramet size (Forster et al. 2011). The size of individual ramets of



some clonal animals have been shown to follow the expectations of the TSR in the lab (Atkinson
et al. 2006) and through time in the field (OODea and Okumera 1999), suggesting that the
mechanisms that govern adult body size in unitary organisms might influence ramet size in
clonal animals (Hughes 2005, Burgess et al. 2017). However, we have little empirical evidence
to identify the role of temperature-dependent growth or fission rate in ramet size patterns or to
understand howthese rates evolve in clonal animals (Geller et al. 2005).

Predicting optimal behavior becomes more complicated when different forms of
temperature variation are considered. Patterns consistent with the Owarm is predlition
have been widely documented in temperature manipulation studies (reviewed by Atkinson 1994,
Kingsolver and Huey 2008), but have also been demonstrated across latitude (i.e BergmannQOs
rule, Kingsolver and Huey 2008), in response to seasonal temperature fluctuations (OODea and
Okamura 1999, Horne et al. 2017), and through time in association with directional climate
change (Daufresne et al. 2009, Gardner et al. 2011, Sheridian and Bickford 2011). Together,
these examples highlight the complex patterns of temperature influencing growth, size and
energy allocation in natural populations; thermal reaction norms are shaped simultaneously by
both seasonal and spatial temperature gradients, as well as by long-term environmental trends
(Angilletta et al. 2003). As such, size variation across a speciesO latitudinal rapgetisdeto
be a product of plastic growth and development rates (Forster et al. 2011), as well as local
genetic adaptation that promotes the expression of appropriate growth and reproduction patterns
for a given environment.

In strongly seasonal environments, changes in fission rate with temperature may allow
individuals to vary ramet size in order to track a changing optimum through time. By dividing
somatic tissue into optimally sized units, an organism can maintain positive sgroatib even
when allometry constrains individual growth (Sebens 1982, 2002; Hughes 2005). Where steep
environmental gradients are present, however, unavoidable tradeoffs may limit any one
genotypeOs ability to produce an optimal phenotype across the breadth of possible environments,
leading to differentiation in reaction norm shape among populations experiencing different
environmental regimes (Angilletta et al. 2003, Amarasekare and Johnson 2017). Local adaptation
in thermal plasticity in response to seasonal temperature patterns may also enhance @Horne et
2017) or mask (Conover et al. 2009) the appearance of the latitudinal clines in body size as both
genotype and environment vary over the latitudinal gradient. The interplay between local



adaptation and plasticity is complex, but worth investigatisgatterns of local differentiation
in thermal reaction norms across the latitudinal range of a species can be a strong clue as to the
selective forces that shape body size, life cycle and life history (Conover et al. 2009). In
addition, patterns of fission rate plasticity across these environments may give us ttutea
adaptive value of fissionself.

One way to understanding the role of fission in tracking a changing optimal bodly size
to identify the variation in fission rate expression that exists within and among populations a
to see how this variation is arranged across the latitudinal range. Here | use the clonal sea
anemondiadumene lineta (Orange-striped Green Anemone), which shows temperature-
dependent fission (Miyawaki 1952, Minasian 1978)gxplore the influence of seasonal
temperature change on fission rate and body size. | test the hypothesis that fission ratg plastic
is a plausible mechanism for tracking an energetically optimal body size through time in a
changing environment. Specifically, | address three questions. (1) How does the pattern of
seasonal temperature fluctuations affect the growth, fission rate and body of anemortes over t
year? (2) Do individuals from different parts of the latitudinal species range differ in their
relationship between fission rate and temperature? And, (3) do seasonal changes in average
ramet size follow the pattern predicted by temperature-size theory?

2.2 Materials and Methods
2.2.1 Species description
Diadumene lineat#s a small sea anemone without photosymbionts that occurs in
the upper littoral zone in harbors and sheltered estuarine waters around the world. It is often
associated with oysters, mussels, barnacles and/or green algae that trap water aafwhntialg
help ameliorate fluctuations in temperature and air exposure during tidal cycles. A combination
of robust physiological tolerance to changes in salinity, temperature, and air exposure and a
prolific rate of asexual reproduction were likely important in allowing this anemone to become
globally established (Shick and Lamb, 1977) following a spread from East Asia (Uchida 1932).
On the east coast of North Ameri€a,lineatanow occurs across a latitudinal range from
the Gulf of Mexico to Maine where it experiences average monthly water temperature§ from 3
to 3¢ C (Figure 2.1) with peak temperatures spiking below freezing to ab8\@. B0 short-
term laboratory studies, this species has shown a temperature dependent fission rate, where



warmer water stimulates more frequent episodes of binary fission (Miyawaki 1952, Minasian
1979) and reduces average body size (Minasian 1982). Individuals across the species range vary
by up to four orders of magnitude wet mass and typically undergo annual bouts of both asexual

fission and gametogenesis (Ch. 2), though the timing and interaction of the two processes
remains understudied.
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2.2.2 Measuring the effect of seasonal temperature patterns on fission rate, growth and body size
on individuals from across the species range

Over two weeks in January 2013, lineataindividuals were collected from three sites
across the latitudinal range of the species. Florida (FL) individuals were collected from the
underside of sedimentary cobbles on a sandy beach adjacent to the Florida State University
Coastal Marine Lab boat ramp (GPS 29.915188 N, -84.513690 W). Georgia (GA) individuals
were collected from breakwater rocks near the fishing pier at KingOs village, St. Simon Island
GA (GPS: 31.134196 N, -81.395825 W). Massachusetts (MA) individuals were collected from a
sheltered cove of bench rock near the Northeastern UniversityOs Marine Science Center in
Nahant, MA (GPS: 42.419810 N, -70.903376 W). At each site 60 individuals were haphazardly
picked from the high intertidal area using forceps, leaving 1-2 meters between collection points
to minimize the influence of small-scale clonal aggregations. Individuals were transported t
Florida State University and separated into individual containers in a growth chamiie€at 10
for seven to fourteen days to acclimate to laboratory conditions.
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On February 1, 2013 (20) individuals from each site were isolated in 25 ml glass
test tubes with artificial seawater (Reef Crystals in deionized water at 32 ppit Ds&an,

Blacksburg, VA) and randomly assigned to one of three temperature regimes. Treatment regimes
consisted of seasonal temperature patterns mimicking each of the three cdleesion

establishing a factorial design with site of origin crossed with treatment temperature
Temperatures ranging from 8 to 29 C (+/- I° C) were achieved with environmental chambers.
Anemones were grown in the dark to minimize the growth of fouling algae. It is unknown what
role light plays in the biology of this species, however, field collected individuals are commonly
found underneath rocks in total darkness.

Over the duration of the experiment, the temperature of each chamber was
adjusted every two weeks to match the bi-weekly average temperature observed near each
collection site. Temperature data were taken from the nearest publically availaldeuae
and averaged over the three years prior to the start of the experiment (2010-2012, details below).
Three times per week, all test tubes were flushed with freshwater, refilled witreaewater and
fed with an aliquot of two or three day dddtemianauplii. Once per week all anemones in all
tubes were counted and had their pedal disks photographed for size measurement. Body size was
measured from images using a digital tablet and pen to trace the perimeter of the basal footprint
with Image J software (NIH, Bethesda MD) to calculate the pedal are3 gheach ramet
(individual anemone).

2.2.3 Analysis

A genet (the collective term for all clonal descendants housed in eachvige)
considered to have survived if at least one ramet was still alive at the end of thengear-I
experiment. Comparisons among treatments were made by calculating the proportion of genets
surviving out of the initial number of getsassigned to that treatment. To quantify the effect of
temperature regime on fission rate, the average number of ramets produced per genet in each
treatment combination after 52 weeks were natural log transformed and compared with a two-
way ANOVA.

The temperature threshold below which no fission occurs for each population was
estimated by observing the number of clonal decedents produced over time. The inflection point
where each treatment group began to show a constant or declining number of clones across

multiple weeks after a period of sustained clonal increase was recorded and used to ekaracteri
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the temperature at which fission ceased for each treatment. This value was compased ac
temperature treatments and population of origin with a two-way ANOVA.

The accumulated biomass for each genet after one year was quantified using the pedal
disk area of each individual to estimate a dry biomass equivalent (Figure Al). The elstipate
biomass for all ramets of each géwere summed to estimate a total genet biomass. These
values were natural log transformed and compared among treatment combinations with a two-
way ANOVA.

The influence of temperature regime and site of origin om@nbody size among
treatments was measured by calculating the mean natural log of the pedal afet (i
ramets in each genet each week. Site of origin, temperature treatment and week were used as
predictive variables in a set of individual growth curve models (LME using maximum
likelihood) comparing the shape of the body size trajectory over time amoetygéh week
set as a random factor. Stepwise model selection was then used to identify the combination of
predictive variables that best fit the data. Details of the models and modebsetgetpresented
in Figure A2 and Table Al.

No mature gametes were released through the duration of the experiment, so
gametogenesis could not be quantified. However individuals in colder water did have thickened
mesenteries (observed through the body wall), which typically occurs during early stages of
gametogenesis (Fukui 1995, Ch. 3). Confirming or quantifying gametic investment for
unreleased gametes requires sacrificial sampling; quantifying any such activity wassitwepos
in this experiment.

2.2.4 Tracking changes in body size in field populations

Seasonal changes in average body size measured in the field were compared with those
under laboratory conditions over an annual cycle. On average, field sites in FL and GA were
visited every 2 months, and in MA every 4.5 months from January 2013 through December
2015. All three sites were visited once more in June 2016. During each sampling event, one
person walked a transect line parallel to the waterline through each site and at approsimately
meter intervals, all of the anemones (up to 20 individuals) within a 35rem were collected.

This process was repeated until approximately 50-100 anemones were collected. Because of the
extreme rugosity of some of the habitats (e.g. oyster beds) and the patchDeliseataeven

where it is abundant, it is difficult to estimate population density in a meaningful wap and s



population density was not measured in this study. Collected anemones were returned to the lab,
photographed for pedal area, and preserved for other projects.
2.2.5 Constructing body size and fission rate reaction norms across temperature

To understand the shape of the reaction norms of body size and fission rate with
temperature without the confounding effects of seasonality, a second experiment was gerforme
Clonal replicates of nine genets used above were isolated and divided among growth chambers at
each of five constant temperatures for 12 weeks. Pedal area and fission rate data were used to
construct a species-average reaction norm for each trait. Between March and September 2015,
clonal lines derived from the seasonal temperature experiment were kepCarzbfed two
times per week. In September of 2015, ten individual ramets were randomly selected from each
of the twelve genets (origins - FL: 5, GA: 4, MA: 3) that had suffityelarge populations.

Individual anemones from each genet were wet weighed and measured for pedal disk area then
isolated in a 50ml Falcon tube of artificial seawater (salinity 32 ppt) and randomly assigned to
one of five temperature chamberéis resulted in two clonal replicates from each genet growing

at each temperature. The water in each tube was exchanged and anemones fed to repletion on 3
day-oldArtemianauplii twice per week. Five temperature treatments were used (6, 9, 14, 21.5,

29 C) spanning the range of average monthly water temperatures experienced by this species on
the east coast of North America.

Mean ramet size and fission rate were calculated for each replicate of eachfigerist
weeks. Individual body size was measured by tracing the outline of the attached pedal disk onto
a sheet of acetate, scanning the drawings into a computer then using Image J software (NIH,
Bethesda MD) to calculate the area of the pedal diské{nffission rate was calculated as the
natural log of the final number of clonal descendants, divided by 12 weeks. The species level
mean and standard error were calculated from the mean trait values of each genet.

Seven individuals died soon after being moved into the experiment rendering three of the
twelve genets without enough data to construct a reaction norm. Thus, only nine genets ((FL: 5,
GA: 2, MA: 2) were used in subsequent analysis. Otherwise, mortality was fairly low during the
experiment.

The sample of genets represented in this portion of the study are likely skewed toward
those with higher fission rates and those that do well in laboratory culture, due to the amount of

material required to construct a reaction norm across five treatment levels. Becausetshea gene

! %



the final sample do not reflect a random sample of the genetic diversity at site of origin, no
attempt is made in this study to describe site-specific reaction norms or to compaoa reacti
norms among genet.
2.2.6 Regression of dry biomass on pedal area
In order to validate pedal area as a consistent proxy for comparing body sizes, 48
D. lineataindividuals (Nua: 9, Nsa: 18, N=.: 21) were sacrificed to construct a regression of dry
weight (mg) on pedal area (Mnindividuals were held in artificial seawater without food for at
leasttwo days to ensure an empty gut, then the pedal area of each individual was calculated from
a photograph as described above. After checking that the body column and foot were free of
detritus under a dissecting microscope, individuals were flushed with freshwater to remove
extraneous salt before being placed in tared foil boats ifi @ d@ying oven for 72 hours. Dry
tissue was reweighed on a microbalance. The natural log of pedal disk area was a good predictor
of the natural log of dry biomasg & 0.871, Figure A1) with a relationship described by the
equation: Ln(dry biomass) = 1.139 * Ln(pedal area) b 1.931. There was no significant difference
detected in the slope of the relationship among individuals collected from the three,sites (F
1.18, p = 0.317, ANCOVA), though note that there is a difference in the range of body sizes
present at each site (Figure Al).
2.2.7 Estimating water temperature
Surface water temperature data were retrieved from publically available dockside
monitoring stations (FL: FSU Coastal Marine Lab dockside station, GA: NOAA dockatdmns
FPKG1 at Fort Pulaski Island, GA, MA: NOAA dockside station BHBM3 in Boston, MA).
Obvious errors in the data were removed, then data were averaged to produce bi-weekly
temperature estimates. While the actual body temperature in the field wouldkkaffected by
tidal cycle and intertidal microhabitat characteristics, these data provide thedksdile
approximation of the average temperature environment. Water temperatures over the duration of
the field collections varied across seasons and among sites. Massachusetts rexgintddho
Georgia or Florida throughout the year, though all sites showed a similar fluctuation of 15-20
degrees Celsius between winter and summer (Figure 2.1).
All analyses were performed in R (v. 3.1.2, R Core team 2014).



2. 3 Results

Genets were lost from all treatments, with most mortality occurring in the first four
months of the experiment. Individuals experiencing the most extreme conditions relative to their
home conditions showed the fastest and overall highest genet extinction, with only 25% of
genets remaining from the OFL in MA® and OMA in FLO treatments Byntbeki6f the
experiment (Figure 2.2). Despite genet level extinction occurring in all treatments, all three
origins showed the highest survival (FL: 58%, GA: 70% and MA: 45%) in their home
conditions. Genets from the intermediate condition (GA) showed the smallest difference i
mortality among temperature treatments (survival range: 55-70%), whereas FL genotypes did
well in both FL and GA conditions, but suffered high mortality in MA. MA genets suffered
equally high mortality in both GA and FL conditions, with many more genets persisting in home
conditions. Home condition survival was lowest in MA genotypes relative to FL or GA
genotypes. Individual ramets also suffered occasional mortality for unknown reasons. This
mortality is represented in aggregate genet biomass measures, but was not quantifigd directl
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Figure 2.2Proportion of genets surviving through time in common garden treatments
mimicking the seasonal temperature pattern at each of threeSuiteival over 52 weeks
depends on population of origin (FL: red dots, GA: green triangles, MAShju@res) anc
temperature treatment (panel).

There were also significant differences in fission rates among treatments. Afieraone
the mean number of ramets per genet for the genets that survived differed significantly among
site of origin (FL: 6.05, GA: 3.15, MA: 3.418;,F;= 28.80, p < 0.001) and temperature
treatment (FL: 6.70, GA: 4.33, MA: 1.58; In=43.14, p < 0.0001; Figure 2.3). Individuals
from FL produced significantly more ramets than either GA or MA individuals pooled across
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temperature treatments (distinguished with TukeyOs HSD). The mean production of genets
pooled across origins was highest under FL conditions, followed by GA, then MA conditions
where very few clones were produced by any genet. There was a significant interaction of the
main effects (origin x temperature treatment;:F= 2.75, p = 0.035) driven by a convergence
onto very low clone production among origins under MA conditions.

The rate of ramet production (for genets that survived the duration of the experiment)
increased predictably as temperature increased in spring and summer and declined again through
the fall in all treatments. This prodestan annual pattern of punctuated clonal proliferation
during the warmest months interspersed with a period of stasis when water temperatures were
below approximately 14-@elsius (Figure 2.3 A). The mean threshold temperature below
which no fission occurs was marginally lower for GA and FL individuals than MA individuals
(F2,63=3.068, p = 0.054, ANOVA, fig. 2A inset). The threshold temperature also differed among
temperature treatmentA{k = 38.274, p < 0.001), with individuals in MA conditions showing a
significantly lower fission threshold temperature than either GA or FL conditions. Most genets
that survived all year underwefgsion at least once during the year. Five of thirteen individuals
from GA and four of nine individuals from MA exposed to MA conditions did not undergo
fission during the experiment. All surviving genotypes exposed to GA or FL temperatures
underwent fission at least once.

After one year, the mean estimated dry biomass per genet differed significantly among
origins ( k71 = 8.35, p < 0.001Figure 2.3 B) and showed a significant interaction between
origin and temperature treatments; (= 10.44, p < 0.001) but not among temperature
treatments alone §F1 = 0.24, p = 0.791). Anemones from FL produced the greatest average
biomass in warmer conditions (FL and GA temperatures), producing significantly less biomass
per genet under MA conditions (TukeyOs HSD). Individuals originating in GA showed an
opposite trend, producing equally low genet biomass in FL and GA, but high biomass under MA
conditions. Individuals from MA produced the greatest average genet biomass under
intermediate GA conditions, though differences among temperature treatments were not
significant.

Individuals from all three sites showed similar changes in pedal disk area over time
within temperature treatments, with the notable exception of individuals from GA grown under

MA conditions (Figure 2.3 C). Under FL conditions, pedal disk area initially increased, peaking



at the beginning of March (by origin: FL = 13.82, GA = 21.18, and MA = 26.23 msithe
temperature increased past 83and fission begasizethen gradually decreased as temperature
increased and fission continued through the summer. Genets from all three origins showed the
smallestaverage pedal area (by origin: FL = 4.08, GA = 4.84, and MA = 3.03 just after
experiencing the highest temperatures. Finally, size showed a slight increasemsdtssi

slowed and temperatures dropped beloW®(n the winter.

Figure 2.3 Growth, fission and size patterns over seasonal tempdhattumations. (A)
Mean +/-SEnumber of clonal descendants (ramets) produced by each individual
collected from FL, GA or MA (colors/shapes) over 52 weeks inghet biweekly
adjusted temperatures mimicking FL, GA or MA temperature condifwarsels). The
inset presents mean 8Etemperature below which fission ceases by origin, averaged
across temperature treatment. (B) MearSEestimated dry biomass for each genotype
(summed across ramets), treatment combinations same &€ A)ean +/-SE Pedal

Disk Area (mni) of individuals in each combination of origin and temperature treatment
Individual pedal disk areas averaged within treatment without repgenotype to
facilitate comparison with body sizes measured in the field. OQplcti$, gray bars

indicate temperature in treatments over time.
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Under GA conditions, the average size of all three populations of origin initially dipped
before rapidly increasing through March (peak size by origin: FL = 20.13, GA = 28.47, and MA
= 21.27 mn), with individuals from FL and MA more than doubling in pedal area, over five
weeks before declining again at the beginning of April. This sudden decrease isiz@met
corresponds with the start of fission as temperatures increase above approxinia@edydiihd
the end of March. Average pedal area reached a minimum for all origins at the end of August
(by origin: FL = 4.14, GA = 4.50, and MA = 4.27 Mnjust after the treatment temperature
peaked at 29C. As temperatures subsided, individual body size began to increase again through
the fall and winter.

When grown under MA conditions, individuals from all three sites showed an erratic
decline in body size for the first few weeks of the experiment before beginning to increase again
mid-May as temperatures approacl! 00 Average body size increased steadily as the
temperature rose through the summer, though, in MAgtg&om different origins differed in
their response. Individuals from MA achieved the largest average body size (26 1Bimm
August, just before most individuals went through their sole bout of fis$ierthe peak
summer temperature of AT. After a drop in average pedal area following fission, sizes slightly
increased until the treatment temperature dropped beld@ Al which point the average size
began to decline, suggesting either a reduced ability to take in food or an increased metabolic
cost below 10C. Individuals from GA also increased through the spring before exhibiting
reduction in average body size due to fission in August (minimum ~ 18.G% Mawever as
temperature declined the average size increased steadily until stabilizingageedal32 mR)
at the end of November, when temperatures fell beldWC1nhdividuals from FL grew through
the spring and summer, reaching their peak body size at the end of September (2,17 mm
before showing a steady decline in body size as temperature dropped be®wvEd though
no fission occurred.

The bestit individual growth curve model (LME) includes a fourth degree polynomial
relationship between average pedal area and time, supporting the finding of significant seasonal
fluctuations in body size over the year. The model also includes site of origin, temperature
treatment and the interaction of the two factors with time as terms that signyficaptove the
fit of the model compared to the time only model (Log likelihood = - 153.92, p < 0.001, dAIC =
-121.91; see Table A1l for full details). These additional factors support the observation that the
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magnitude and timing of fluctuations in body size are influenced by both the pattern of
temperature and by variation among genotypes.

Over three years, the average pedal area measured in the field over time (Figure
2.4) was smaller in FL than in GA or MA (~ 7 vs. 15 and 16°maspectively). Seasonal
variation in body size however was srealh both FL and MA (Range of monthly means = 6.7
and 15.7Imn¥, respectively) than that observed in GA (31n2#°). The magnitude and timing
of seasonal fluctuations in body size varied from year to year in both FL and MA. In GA, a
strong pattern of body size increasing through the early spring before rapidly decreasing through
the summer was repeated for three years, though there is variation in the timing of the peak
among years. The spahaverage pedal area measured in the field in GA (~ 6 B 35imm
similar to that observed for GA individuals in GA conditions in the lab with both showing an
approximate three fold increase in average body size between fall and spring. Despite year to
year variation, field measured patterns at all three sites are consistent with trends inébody s
measured over time in experimental treatments where individuals were grown in their home

conditions (Figure 2.3 C).
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Figure 2.4 Field measured changes in body size through time. MeBR pédal disk area
(mnT) of individuals measured in the field across four years (pandi),iGA and MA.
Average number of individuals collected per time p@E®2 +/- 9.8 anemones. Where four
or more months have elapse between sampling times, line slope shatkerfreted with
caution as fluctuations in size likely occurred but were not captured.

! %S



The average reaction norm of mean ramet pedal area with temperature showed a
unimodal pattern and peaked af T4(Figure 2.5). Fission did not occur at eithto69 C but
did at all higher temperatures, increasing, on average, as temperature increased (Figure 2.5). Site-
level differences were not analyzed because the subset of the genets represented were non-
random. There was some variation in the height and slope of curves among genets, however the

general shape described above was consistent among genets.
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Figure 2.5 Species average reaction norm of pedal area and fetsi@ver temperature.
Mean +/- SE pedal area (Mnand fission rate (Ln number of clonal descendants per
week) calculated from clonal replicates of nine genets grown inastriemperature,
common garden culture for twelve weeks.

2.4 Discussion

In the sea anemori lineatg fission and body size clearly respond to temperature and
contribute to region-specific patterns of growth, fission and body size across seasons in both the
laboratory and the field. Beyond the effects of temperature-mediated plasticity, genetic
differentiation among populations increases differences among sites. For example, anemone
from FL, grown in FL- mimicking conditions divide more frequently and are smaller bodied then
anemones collected from other regions when grown in the same FL-mimicking conditions.
Additionally, seasonal fluctuations in body size for all sites of origin are consistarthe
Owarmer is smallerO prediction from the temperature-size rule (Kingsolver and Huey 2008) in
FL-mimicking conditions, but show a more complicated patterns under GA or MA temperature

regimes.



Deviations from th&@ SR prediction can be explained in light of the result that pedal area
follows a unimodal, rather than monotonic reaction norm with temperature (Figure 2.5). Since
the range of temperatures observed at each site is only a subset of those observed across the
species range determines, only a portion of the reaction norm is expressed in conditions
mimicking each site as seasons change. As such, ramet size is positively conighate
temperaturén northern conditions, negatively correlated with temperature in the south and
unimodal with temperature at intermediate sites. The expression of these patternsaswed se
conditions results in the observed site-specific patterns of body size change over the year (Figure
2.3 C).

There appears to be a threshold temperature for fission at all sites, which interestingly,
falls very near the temperature at which maximum body size is attained (~1€Jp ABove the
threshold temperature, fission rate increases with temperature and ramet body sizeideclines
manner consistent with predictions for the temperature size rule. In both the reaction norm and
under seasonally changing conditions a correlation between increasing fission rate and
decreasing body size occurs over the warmest part of the species thermal tolerance range, where
oxygen stress is the most likely to occur (PSrtner 2001, Forster et al. 2011). The initiation and
acceleration of fission at higher temperatures is consistent with the hypothesizetiand
surface area to mass ratio) modification through fission is an adaptive response to oxygen
diffusion limitation. Because cold water is able to hold more oxygen at the same time that
metabolic rate is lower, it is unlikely that the observed decline in size with low tetapeis
due to diffusion limitation. Cold temperatures can limit growth by inhibiting mechanicaldanc
needed to capture and digest prey as well as disrupting aerobic respiration (PSrtner 2002). Unlike
the limits imposed at warm temperatures however, these cold-water limitatiorst aicaly size
dependent, so cannot be alleviated through growth or fission. The location of the threshold
temperaturat which fission beginsnay interact with body size, reflecting the point at which
growth becomes inhibited by oxygen diffusion. Alternatively, individuals may respond to the
temperaturdtself as a signal. More investigation is required to understand the mechanism
underlying the relationship of temperature with fission rate.

Despite reductions in ramet size, the total biomass for genets maintained in growth
chambers increased across all seasonal conditions. This is consistent with, although not a

definitive test of, fission allowing for genet level biomass accumulation when unitary izedy s



is allometrically constrained (Sebens 1982, Hughes 2005). Variation in the growth patterns
among populations of origin presents an interesting clue into the types of adaptation that may
occur (Angilletta et al. 2003). For example, individuals from FL clearly show a steeper
relationship between fission rate and temperature than either GA or MA populations. At the
same time, they are able to accumulate biomass at higher rates across warm tes\penagjre
although warm conditions limit individual ramet size, high fission rates allow for incrgases
genet-level biomass In contrast, individuals from GA show similar rates of fission cahtpare

MA across all temperatures, but produce larger bodies and accumulate notably higher biomass
even under the coégtconditions. This suggests that MA individuals either grow less efficiently
or invest energy differently relative to GA individuals. MA individuals may invest more heavily
in cold tolerance mechanisms (e.g. Heat shock proteins [S¢ rensen et al. 2003], Antifreeze
proteins [Zachariassen and Kristiansen 2000] or mucus [McManus et al. 1997]). Or,
tantalizingly, they could be investing proportionally more energy into gametogenesis, which was
not assayed in this study. However, given their low survival rates even in home conditions, it is
also possible that MA genotypes are simply maladapted.

In the field, site-specific patterns of seasonal temperature interact with population
specific growth and fission rateaction norms to produce differing patterns of body size and
clonal proliferation throughout the year. Changes in the average body size through time across
multiple years show the same broad trends found in laboratory experiments, confirming that
seasonal temperature is a major contributor to the size distributions of populations through time
and across the species range. Since relationships among body size, metabolism andremperat
govern the acquisition and allocation of energy, the timing and magnitude of changes in fission
rate and body size likely influence the timing and magnitude of gamete production. While no
mature gametes were produced during the laboratory experiments, field collected anemones from
all three populations did produce eggs and sperm in the summer. While the concept of Osize at
maturityQ is difficult to apply directly to an animal where size, age and development are so
decoupled, there is a threshold size below which gametes are rarely found and the number of
gametes produced above this threshold scales with body size (Ch.3). These size-dependent
gametogenesis relationships suggest that the genetic and plastic fission ratavaria
documented in this study are potentially important in geographic patterns of asexual and sexual

investment in addition to influencing somatic growth rate.



Across the latitudinal range of this species, both geographic variation in temperature
regime and genetic variation in the underlying reaction norms determine key life cycle
transitions. These transitioaffectpatterns of body size and reproductive dynamics of local
populations. The timing of fission and growth under the local temperature regime depend on the
shape of the thermal reaction norm and location of thermal thresholds, so these traitlyare like
important targets for selection during local adaptation (Angilletta et al. 2004). Beyond providing
empirical evidence for the role of temperature mediated fission rate in broad patternsthgch a
temperature size rule, the patterns pres#inére suggest a fruitful direction for studying the
adaptive value of fission. For all clonal organisms, small variations in fission and growth rate
can lead to rapid fluctuations in body size, which may allow fine scale tuning of phenotypes to
local optima, even as those optima change in rapidly fluctuating environments. Understanding
the variety of mechanisms that such animals use to manipulate their shape and sponser®
the environment, are essential to understanding the evolution of these dynamic species.



CHAPTER 3

GEOGRAPHIC PATTERNS OF GAMETOGENESIS ACROSS THE EAST COAST OF
THE UNITED STATES
3.1 Introduction

Abiotic gradients are expected to lead to geographic patterns in individual growth and
reproduction that, in turn, influence demographic and evolutionary patterns across a species
range. While some species conform to simple predictions, such as the Oabundant centerO
hypothesis (Andrewartha and Birch 1954, Brown 1984, Alexander and Edwards 2010), the
majority of species where data are available show more complex geographic patterns in
abundance (Sangrin and Gaines 2002) and reproductive output (Helmuth et al. 2005, Ebert 2010,
Lester etal. 2007, Rivadeneria et al. 2009, Martone and Michelli 2012). Environmental
mismatchesgene flow, or investment in asexual reproduction can reduce density or investment
in sex, which may in turn limit evolutionary potential (Barrett et al. 1993). Having an accurate
estimate of the distribution, abundance and reproductive behavior of individuals across a
landscape is essential to understanding the past and current selective forces shapeg a spec

In theoretical models, gradients often determine parameters associated wish $tichsas
body size or growth rate, in a linear fashion across a range of environmental values (e.g.
temperature increases growth rate). However, organismal responses to environmental variables,
such as light, temperature and nutrient availability are complex. Three such phenomena that
complicate predicting organismal behavior across environmental gradients are the presence of
threshold responses, phenotypic plasticity and local adaptation. For example, the number of
gametes produced is often modeled as a function of body size so that gamete production can be
edimated from easy to gather data such as the size structure of a population (Easterling et al
2000, Elhai and Sebens 2016). Common metrics such as a gonadal index (gamete mass divided
by total mass) assume that the amount of gonad produced scales isometrically with body size or
tissue weight and, implicitly, assumes that there is no size below which eggs are not produced
(Ebert et al. 2011). However, the existence of a maturation size threshold is widely expected
across taxa and is expected to play a key role in the evolution of life history (Atkinson 1994,
Harney et al. 2012). The presence and location of threshold sizes that predict gametogenesis
likely play an important role in mediating energetic tradeoffs among growth, reproduction and
asexual proliferation (Ch. 4) and have the potential to skew population level predictions when
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ignored. Likewise, environmental thresholds (e.g. temperature or nutrient levels) that govern
gametogenesis or the timing of gamete release are widely expected in ectother(@iitaxa
1995), but are difficult to account for in phenomenological models without system specific data.

As with thresholds, phenotypic plasticity is expected to be pervasive leading to complex
morphological and physiological patterns across environmental gradiéessEberhard 2003).

Co- and counter-gradient changes in growth rate, body size, energetic allocation in response to
one or more environmental variables can contribute to idiosyncratic patterns of reproduction
among sites where simple gradients are expected (Conover et al. 2009). Lastly, developmental
threshold functions and reaction norms are likely to be under strong selection to become adapted
to the local range of conditions (Schlicting and Pigliucci 1998, Angilletta et al. 2014). Measuring
the true shape of threshold functions or reaction norms across environmental gradients often
requires experimental or observational data across many levels of a variable (Murren et al. 2014).
However,adetailed understand of these mechanisms is essential for making predictions about
the behavior of species across large geographic scales (Helmuth et al. 2005, Merila and Hendry
2014).

While simple assumptions may hold when describing behavior across small portions of a
gradient, the presence of threshold responses, plasticity and local adaptation can legd to fault
predictions across the full range of values a species might encounter. Despite widespread
appreciation of these challenges, gathering data at the scale obpaiies ranges remains
difficult and so we have few empirical examples to draw from in evaluating the basic
assumptions underlying many biogeographic models.

The clonal sea anemoi@adumene lineat@rovides an opportunity to examine the
relationship between mechanistic responses to environmental stimuli and broad population
density and reproductive patterns across a large geographic range. Originally a natste to E
Asia (Uchida 1932)D. lineatahas become established worldwide, including along the east coast
of the United States. Across this range, latitude is strongly correlated with decliamgamnual
water temperature (MAWT){i= 0.96, Figure 3.1). Chlorophyll A concentration (Chl A) is a
commonly used metric to approximate food availability. It generally increases with latitude
open water, but variation among near stsmesis heavily influenced by freshwater nutrient
inputs and local water circulation patterns. Among the sites examined, Chl A shows a negative
correlation with latitude fr= 0.35, Figure 3.1) on average, during the month before the

25



observations took place (June 2016), thomgh highly dynamic and can vary over smalltsgda
scales.In addition, the environmental complexity of near shore habitats make predicting how
such broad scale gradients will influence patterns of growth, plasticity and local adaptation
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Figure3.1 Geographic patterns in temperature and Chl A across the studyReik&sonships

3 .
among mean annual water temperatloma),(summer Chl A (mg/m and latitude for 20 sites
spanning range whef2 lineataare found along the east coast of North AmericasSite
pooled within 9 sampling regions. Points slightly jittered to reduce owérng.

across sites challenging. However, analyzing Chl A, even on this coarse scale, adds an important
dimension to complement the more detailed understanding of the influence of temperature on
growth and reproduction.

In this species, temperature is known to play a critical role in setting the growth and fission
rates, and consequently body size (Minasian 1982, Ryan Ch. 2). Seasonal patterns of temperature
dictate the timing and magnitude of binary fission (Ryan, Ch. 2) such that body size and asexual
investment fluctuate throughout the year in patterns determined by the temperature environment
of the region. Southern populations (FL) tend to stay smaller bodied and undergo binary fission
prolifically, northern populations (MA) tend to stay larger and divide very infrequently and
central populations (GA) show a biphasic pattern, growing very large through the spring before
engaging in rapid clonal proliferation that reduces the body size through the summer (Ryan, Ch.
2). Because body size limits the number of eggs that can be produced in sea anemones (Sebens
1982, 1987), these complex growth patterns are expected to have ramifications on patterns of
gamete production across the species range. The amount of food available (estimated with Chl
A) is expected to influence body size and gamete production as well, but the interaction among

temperature, food availability and reproductismnknown in this species.
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To better understand the pattern of gamete production across the latitude, | measured
temperature and Chl A, as well as population density, body size and rates of gamete production
at 20 sites grouped in 9 latitudinal regions encompassing the eastern North American range of
the speciesVith these data | (1) test the hypotheses that population density and gamete
production are highest at the geographic center of the species latitudinal range, (2) quantify the
relationships among population density, body size, and gamete production with temperature and
Chl A, and (3) interpret the observed patterns of gametogenesis in light of temperature dependent

processes governing the size and asexual behavior of this species.

3.2 Materials and Methods
3.2.1 Species description
Diadumene lineatgVerrill 1869) is a small bodied, acontate sea anemone that occurs
prolifically in the high intertidal zone across a variety of environments. It is assumed to be native
to East Asia (Uchida1932), but has become established on nearly all temperate shorelines
worldwide over the last 150 years (Fautin 2015). Its success has been attributed to its broad
abiotic tolerance and prolific schedule of asexual reproduction (Uchida 1932, Johnson and Shick
1977, Ryan, Ch. 2) under many environmental conditions.
3.2.2 Sites
The 20 sampling locations were stratified across the latitudinal range of the species,
including 1 to 3 beaches within each of 9 regions (Table 3.1). This species occurs at varying
densities in most protected, estuarine intertidal zones with hard substrate acrosstaati¢S
coast. It is particularly abundant on man-made structures such as rock jetties, breakwaters and
piers, but also inhabits a variety of natural substrata including bivalve shells, rock pools and
driftwood. The degree to which substrate type influences growth is currently unknown, but may
prove important as the microhabitats characteristics produced by different substrate aould alte
temperature, light and nutrient availability. This may be particularly important as thebalitgil
of substrate may differ geographically (i.e. southern latitudes lack natural rocky shores).
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Table 3.1 Description of sites.

Location

Latitude (ON) Longitude (OW)

Habitat

Region Site
FL Cml
FL Ter
FL Wak
GA Dwb
GA  Jek
GA Sts
SC Gmb
SC Grm
SC Lch
NC Frt
NC Snw
VA Oys
VA Rbb
VA  Qby
DE Mkr
CT Gsp
CT Mys
MA  Pmh
MA  Nah
ME Apl

FSU Coastal and Marine
Lab, St. Teresa FL

Hwy 98 turnout,St. Teresa
FL

Wakulla Beach, Wakulla
county FL

Driftwood Beach, Jekyll
Island GA

Jekyll fishing pier, Jekyll
Island GA

King's village pier, St.
Simon Island GA

Grice Marine Lab,
Charelston SC

Grice Marine Lab,
Charelston SC

Lichfield bridge, Lichfield
SC

Fort Fisher ferry terminal ,
Kure Beach NC

Snow's Cut homeless trail,
Wilmington NC
Sunnyside Road, Oyster
VA

Red Bank Boat Ramp,
Birdsnest VA

Quinby Harbor, Quinby
VA

Murderkill Avenue boat
launch, Fredrica DE
Goodsell Point Marina,
Branford CT

Water street boat launch,
Mystic CT

NU Marine Science
Center, Nahant, MA

NU Marine Science
Center, Nahant, MA

Appledore Island, ME

29.91506 -84.50820
29.92500 -84.42059
30.10236 -84.25895
31.09939 -81.40328
31.11761 -81.41650
31.13334 -81.39427
32.75090 -79.90219
32.75090 -79.90219
33.47075 -79.10184
33.95924 -77.94455
34.05651 -77.89942
37.28818 -75.92147
37.44566 -75.83993
37.54853 -75.73194
39.05850 -75.39762
41.26292 -72.81411
41.34934 -71.97230
42.41729 -70.90528
42.41977 -70.90338
42.98854 -70.61588

Sedimentary rocks in sand

Sedimentary rocks with
oysters attached

Oyster bed near Spartina
marsh

Old ballast rocks covered in
oysters and mussels

Dead trees embedded in
sand

Breakwater rocks with oysters
and mussels

Sedimentary rocks in sand in
Spartina marsh

Breakwater rocks with oysters
and mussels

Oysters on rocks in mud
under bridge in Spartina
marsh

Oysters on breakwater rocks
near Spartina marsh

Oysters on rocks under
bridge over saltwater channel
Rotting wood near boat
launch in Spartina marsh
Boat ramp with oysters and
mussels in Spartina marsh
Rotting wood pylons in sand
near Spartina marsh

Floating docks, on Ulva with
mussels

Floating docks, on Ulva with
mussels

Floating docks, on Ulva with
mussels

Upshore tidepools on
crustose red algae with
mussels and barnacles
Upshore tidepools on
crustose red algae with
mussels and barnacles

Large, protected tide pools

temperature in degrees Celsius was calculated for twenty sites across the Igrg®R using data

To compare the temperature environment among sites, the mean annual water

retrieved from the nearest publically available data collecting station (NatioteaBDay

Center NOAA)The resolution of data used ranged from multiple measurements per hour to a
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single daily measurement. In all cases, data were checked by hand for obvious errors, which
were removed. Mean monthly temperature over a period from 2013-2016 was calculated, and
then used to estimate a mean annual water temperature (MAWT) for each site. Linsararegre
showed that there is a strong negative correlation between latitude and mean annual water
temperature (MAWT) = 0.96, k15 = 462.03, p < 0.01, Figure 1A). A well-known deviation
from this pattern occurs at sites near the South Carolina/North Carolina boarder where warm
water from the Gulf Stream current causes warmer water conditions than predicted by latitude
alone. While the maximum and minimum temperatures as well as seasonal patterns of
temperature are expected to have a profound impact on the lives of these animals (Ryan, Ch. 2),
the pattern of temperature invoked here is used simply to establish the presence of a strong,
directional environmental gradient across sites. Local temperature dynamics as well as
microhabitat characteristics likely play an important role in the actual body temperatures
experienced by individuals (Helmuth et al. 2002), but are not examined in detail here.

To compare food availability among sites, the monthly averageentration of
Chlorophyll A in mg/ni (Chl A) wasretrieved from publically available satellite data (MODIS,
NASA) for the 0.2 latitude (~ 9 krf) pixel closest to eadite. Since the production of gametes
occurs over several months (Fukui 1995), and is likely influenced by seasonal and inter-annual
patterns differently at different sites (Ryan, unpublished), the monthly concentrations of Chl A
were averaged over the twelve months of 2016 to arrive at a single mean annual value per site.
Linear regression on natural log transformed data shows that thereakbu significant
negative correlation between mean annual Chl A and latitude across’sit@s35, F 1s=
11.42, p <0.01, Figure 3.1 B). Although there are seasonal fluctuations in the level of Chl A
present, the rank order of food availability among sg@sostly consistent through time. There
is also a significant positive correlation between temperature and CRI-AQ(31 , I 15= 9.68,
p <0.01, Figure 1C).

3.2.3 Measuring population density and gamete production across latitudes

To characterize patterns of body size, sex ratio and gametic investment across the
latitudinal range of the species in eastern North America, the twgesgpanning the known
latitudinal range (Florida to Maine) were sampled between June 1 and July 6, 2016 (Table 3.1).
Prior sampling indicated that this species engages in one bout of gamete production beginning in
early spring and culminating with mature gametes in mid to late summer (Ryan, unpublished).
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Gametogenesis takes several months to complete (Fukui 1995) and vestiges of gamete
production (i.e. partially resorbed gametic tissue) are visible for months after peak maturation
(personal observation), so there is little chance of mistaking would-be reproductive individuals
as sterile by sampling a few weeks too early or late.

Starting at the southernmost location on June 1, each site was visited once, during low
tide. Each site was searched ubBtillineatawere located at which point a transect was
established running parallel to the water line. A 25 goadrat was used to estimate density at
between 5 D 10 points spaced at intervals of at least 5 meters apart. Because hardssubstrate
often discontinuous in these habitats, the realized distance between sampling points was
sometimes greater than 5 meters. At each point, all viSibli@eataindividuals were counted.

Where sampling point®ll on a clump of oysters or rotten wood, an effort was made to break
apart substrate and include individuals found within. Samples were collected from Appledore
Island, ME (Apl) by J. McAlister, so density was not estimated at that site.

At each site, up to 20 individuals were collected from each of up to five of w25
guadrats spaces at least five meters apart along the transect line to minimkaditio®d of
repeatedly sampling a single genetic individual (Ryan, Ch. 5). Collected individuals were kept
sequestered by quadrat in 50 ml conical tubes of seawater on ice until processing. Anemones that
sustained significant damage during collection were not used for size or gamete measurement

All individuals collected at each time point were returned to the laboratory where they
were photographed in water within 1-3 days of collection. Body size was measured as pedal disk
area (mrf) using Image J software (NIH Bethesda, MD) to trace the pedal disk of each anemone.
Pedal disk area has been shown to be strongly correlated with dry mass (Ryan, Ch. 2), sois a
reliable measure of bodyze.

Within 1-3 days of collection, a subset of 6 to 12 individuals from each queaasat
haphazardly selected for dissection (up to 30 per site) with the goal of representing the range of
body sizes present. Individuals were weighed wet and photographed again for an individual body
size measurement, then placed individual in the well of a 12-well plate with a 1:1 solution of
seawater and 7.5% Magnesium Chloride (Strathmann 1987) for approximately 20 minutes to
induce a relaxed state. Individuals were then carefully dissected with cuticle soisdera
dissecting microscope by a single cut longitudinally through the mouth, allowing all mesenteries
to be viewed intact. Each individual was scored as having tetaltije mesenteries, with no
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sign of thickened tissues distal to the septal filamentatue gonad tissue where tissues distal

to the septal filament were thickened and yellowish, but where no mature gametes were

identifiable under higher magnification on a compound microsggembearing gonad where

at least one mesentery had swollen gonadal tissue where sperm could be identified in a squash

under a compound microscope;eggbearing gonad where at least one mesentery had swollen

gonadal tissue where individual eggs were visible under the dissecting microscope (Figure 3.2).
To determine the relationship between pedal area and egg number, the total number of

eggs present were estimated for as many individuals as possible. After opening the gastro-

vascular cavity with cuticle scissors, the body wall was pinned open allowing easytaccess

10x 45X |

10x 40x

Figure3.2Photographs of individuals with mature gamekesshly dissected individuals
showing (A, B)Mature eggs and (C, D) Nearly mature sperm. Bracket in (B)ights a
mesentarial OfoldO used as a subsampling unit to estimate egg Aamvgsoints to an
individual egg in (B) anghacket of maturing sperm in JDApproximate magnification level
given.
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fertile mesenteries (Figure 3.2 A, C). Fertile mesenteries have a charactbriSiokledO
appearance that aids in estimating the number of eggs present (Figure 3.2 B). For each
individual, the number of eggs in a fold segment on five separate mesenteries were counted and
averaged and then the total number of folds were counted and multiplied by the average number
of eggs per fold to arrive at an estimated total number of eggs. Where mesenteries were damaged
or unusual in size or shape, eggs were counted individually rather than estimated. There is no
equivalently quick and reliable method for quantifying sperm production yet discovered, so
sperm bearing individuals were measured and noted, but gamete production was not quantified in
this study.

Because both suitable habitat and the occurrence of individuals in suitable habitat are
patchy in this species, population density (individuals per 02%an be measured atlaast
two relevant scales bdensity witlipatch and the density of patches in space. Because the
sampling design here is inadequate to assess the density of patches, quadrats with zero
individuals present were removed from the analysis allowing a comparison of within-patch
density across sites. Mean pedal disk area?jjmms calculated from pedal area measurements
of all individuals collected at each site.

Generalized linear model&[(M) were used to separately evaluate the relationship of
population density (D), pedal disk area (PA) and proportion of individuals displaying any level
of gametogenesis (PR)ith latitude. Another set of models was used to separately evaluate the
relationship of each population variable with MAWT and Chl A. Because MAWT and Chl A are
somewhat correlated, the sites available to do not provide equal representations of all
combinations of MAWT and Chl A (i.e. there are no low temperature, high nutrient sites). To
avoid bias, the two variables were analyzed separately and no statistical interaetmns
considered. D was modeled with a negative binomial distribution using the package MASS
(Venables and Ripley, 2002) in R (R Core Team, Vienna, Ausfaarea was modeled with a
log linked Gaussian distributioRFwas modeled with a binomial distributiofo look for
trends in both slope and curvature in the relationship of each population metric (D, PA, PF) with
each predictor variable (latitude, MAWT, Chl A), each relationship was separateithfa
second order polynomial using GLM. The slope and curvature coefficients were evaluated to
detect significant departure from zero.
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Because the predictor variables show strong linear correlations to each other, their
independent relationship with the population metrics are expected to be similarly shaped (i.e.
linear vs. curved). So, no attempt was made to reduce second order polynomial models to linear
models, even when the curvature term was not significant or when doing so would reduce the
AIC value. The significance of the contribution of each parameter (i.e. slope and curwatsire)
tested by comparing orthogonal polynomial estimates. The significance thresisold
Bonferroni adjusted! ¢ = 0.016) to account for each independently estimated population metric
being compared over three predictor variables. The fraction of variance explained by each model
to the data was estimated by calculating a marginal r-squared value using the R package
piecewiseSEM (Lefcheck 2008).

The relationship between body size and the production of gametes was examined in four
different ways. First, to look for body size differences among sexes, differences in the average
body size of individuals presenting in each of the four gametic states, were examined with an
ANOVA followed by Tukey HSD post-hoc analysis. To test the hypothesis that the presence of
gametes becomes more likely as size increases, individuals from all sitgsoaieetin a log
linked binomial regression of gametic state on pedal area. To identify the presence of adthreshol
pedal disk size associated with gametogenesis a cumulative distribution curve wagiazhst
for all individuals, poatdacross sites, and for compared to a similar curve for individuals with
gametes. LasthGLM was used to quantify the relationship between pedal area and the number
of eggs produced for fertile female individuals. Because distinguishing individual sex is only
possible when mature gametes are present, it is difficult to get an accurate sexhatiomall
number of samples. Sex ratio for each site was estimated from the current sample as the
sampling effort is standardized, so represent the best estimates of variation irosexcrass
sites.However, data from previous, unstandardized collection efforts is also presented in order to
estimate the frequency of sites where only a single sex is present.

3.2.4 Predicting expected relationships ambi#gNT, Chl A and egg production

To test the hypotheses that expected per capita egg production has a unimodal
relationship with latitude, the statistical relationships estimated above vesl¢ousredict the
shape of a surface describing the expected number of eggs produced by a population of
lineatafemalesover a range of MAWT and Chl A valuéghis model was then used to calculate
the expected egg production at each site based on field measured MAWT and Chl A values.
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The expected number of eggs produced by an average sized female (E) across different
levels of MAWT (T) was calculated by substituting the polynomial function describing the
average pedal areRA) across environments (equation 1) into the exponential function
describing the expected relationship between pedal area and egg number (equation 2).

PAT)! T2+ T (1)

E(PA)! PA? 2)

To account for the uncertainty in whether a particular individual of a given size will be fertile,
the number of eggs per fertile female (E) was multiplied by the function describing the
relationship between body size and the probability of being fertile (P) to estimate tlgeavera
annual per capita rate of egg productiope{&pid across body size (equation 3). To estimate the
per capita level of egg production across latitude, the value of MAWT at each field site was
plugged into tis equations (equation 4).

P(PA! PA? (3)

Eper capitd T) = E X P (4)

Finally, to generate estimates of egg production per unit ar@asgEwithin patch) for
females across the latitudinal range, the per capita estimate for each fialdssiteultiplied by
one half the expected population density for each site estimated from the relationship of
population density (D) and Chl A (A) at each fisite (equation 5). This estimate assumes a 1:1
sex ratio at all sites.

D(A) ! A?+A (5)

Edensity = EpercapitaX D (6)

This simplified model provideanapproximation of the relative egg production expected
(within patches wherB. lineataoccur) across populations living at different level8A&WT
and Chl A given the statistical relationships measured in the field and can be used itwevisual
the expected relationship between latitude and egg production.

All analyses were performed in R (V 3.3.3 R core team, Vienna, Austria).

3.3 Results
Patchscalepopulation densityl¥) at one site in VA (Rbb) was an order of magnitude higher
than at any other site, including the two others (Oys and Qby) at similar latitudes with similar
environmental conditions. The reason for the extraordinary densitglsano avoid
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obscuring the relationships among all other sites, these samples were removed from analyses of
D and body size (PA) across sites (Figure 3.3) and the relationdh#fparid the probability of

being fertile (PF) (Figure 3.5). Data from this site were retained in the estimates of t

relationship betweeRA and the number of eggs (Figure 3.6), as there is no reason to suspect a
fundamental difference in body geometry.

The average D across the species range is approximately 14.5 +/- 1.2 se individuals per
0.25 nf, excluding the notable outlier site Rbb in VA where the average D was 225.8 +/- 52.8
se individuals per 0.25mD showed no significant relationship with latitude (N = 78z 9.55,
p.=0.57; f = 0.01; Figure 3.3 A). There was also no significant relationship between MAWT
and D (f= 0.003; p = 0.96, p = 0.93; Figure 3.3 B). The relationship between Chl A and D
showed no overall slop but had a significant concave curie (.20; p = 0.65, p < 0.001;

Figure 3.3 C).

The back transformed me& across the range was 9.44 +/- 0.49 s& mma ranged
from 0.94 to 215.51 mfAcross latitudePA showed a weak but significant positive slope but
no significant curvature with a Bonferroni correction (N = 1124 p.001, p=0.041, f =
0.06; Figure 3.3 D). PA showed a significantly concaved and negative correlation with MAWT
(p. = 0.015, p= 0.002; f = 0.08 Figure 3.3 E)PA increases across levels of Chl A, although
neither the slope, nor curvatureassignificantly different from zero ¢p= 0.02, p= 0.04; f =
0.01 Figure 3.3 F).

The highest recorded PF was 76% of individuals found fertile in Rbb, Virigina, although
this site was excluded from the analysis. Excluding Rbb, the median PF across theaange,
20% with the highest value being 67% of individuals found fertile at Mkr in Delaware. The
minimum value was zero at Lch in South Carolina, the only site where all individuals were
sterile. There was no significant relationship detected across latitude (N 10,05, p =
0.04, f = 0.02; Figure 3.3 G). Over MAWT, PF showed a concave relationship with no
significant slope (p= 0.03, p = 0.004, T = 0.02; Figure 3.3 H). PF showed a hump-shaped
relationship with Chl A with both a significant positive slope and curve detected)(p01, p
<0.001, f = 0.07; Figure 3.3 I).

At the scale of an entire beach (< 0.5 km), combined current and previous sampling
efforts (Ryan, Ch. 2; unpublished) show that the majority of these sites have both sexes present
(Table 3.2), however sex bias is common at the within-quadrat scale. Individuals bearing
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gametes were found at all but one (Lch) of the 20 sites, though the northern- most populations
showed only immature gametes at the time of collection (Figure 3.4). Of the 15 sites where
mature gametes were found, ngieshad both egg- and sperm-bearing individuals present
(separate sexes). Five sites had only sperm bearing, immature and sterile individuals (Ter, Sts,
Snw, Qby, Mys), and one had only egg bearing and immature individuals (Cml). The four
remaining sites showed only immature and sterile individuals whose sex could not be determined
(Wak, Pmh, Nah, Apl). Where mature eggs and sperm where found (N = 9), the mean ratio of
egg to sperm bearing individuals was 0.68 +/ 0.17 se. Pooled across all individuals found with
mature gametes (N = 133), the ratio of males to females is 0.60. No particular trends in regional
or latitudinal sex ratio emerged (Table 3.2) and no individual was found bearing both eggs and
sperm.

MeanPA differed significantly among individuals grouped by gametic state{E
62.35, p < 0.001). Sterile individuals (back transfomed nan 6.13 +/- 0.30 sen¥) are
significantly smaller than those with immature gametes, eggs or sperm (TukeyOs HSD, p <0.05).
Those with immature gametes (mean = 15.81 +/- 6.40 s®,ragys (mean = 19.92 +/2.43 se
mnt) or sperm (mean =12.11 + 1.22 se hare not statistically distinguishable (Figure 3.5 A).
The probability of having gametes increases significantly as body size increases.66 df =
408; p < 0.001; marginaf = 0.26; Figure 3.5 B). The probability of being fertile is 50% BAa
of 23.1mn?. Because sex can only be distinguished when fertile, it is not possible to assess the
fertility threshold of males or females separately with these data. There igagiaast
difference in the cumulative distribution functions between all individuals and those with
gametes (D = 0.36, p < 0.001, Figure 3.5 C). In particular, there appears to be a threshold
between approximately 5-8 mihelow which very few individuals have gametes. For
individuals with mature eggs, there is a strong correlation between pedal area and the number of
eggs present. This relationship is best described by an exponential function with a slope of 2.13
(r* = 0.90; df = 1, 39; p< 0.001; Figure 3.6).
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Table 3.2 Summary of sexual composition of populations. Sex ratio estifnam this
study. Presence/Absence data compiled from currenpravibus sampling. Y: confirmed
presence in current sampling; Y*: presence confirmed at site wopsesampling; N: no
record of presence despite repeated sampling. A dash indicasesithteut a confirmed
record, but which has not been sampled reguat

Region Site Sex ratio (F : M) Eggs Sperm
FL Cml 10:0 Y Y*
FL Ter 0:1 Y* Y
FL Wak - Y* Y*
GA Dwb 1:8 Y Y
GA Jek 77 Y Y
GA Sts 0:10 Y* Y
SC Gmb 10:7 Y Y
SC Grm 17 Y Y
SC Lch - - -
NC Frt 1:1 Y Y
NC Snw 0:2 - Y
VA Oys 1:7 Y Y
VA Rbb 10:12 Y Y
VA Qby 0:3 - Y
DE Mkr 6: 14 Y Y
CT Gsp 3:3 Y Y
CT Mys 0:1 - Y
MA Pmh - N Y*
MA Nah - Y* Y*
ME Apl - - -
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Since the largest anemones occur at intermediate MAWT, and the likelihood of
gametogenesis increases with size, and the number of eggs produced also increasesthgth size
general relationship of egg production with MAWT is expected to be unimodal (Figure 3.7 A).
Peak egg production is expected to occur where MAWT is approximafey. M8hen egg
number is calculated using MAWT observed for each of the field sites, the model prethets a c
increase in egg production between southern and northern latitudes, with peak production in CT
and MA (Figure 3.7 B). When differences in within patch population density due to Chl A are
included, the pattern is similar but more variation is seen among sites within region (Figure 3.7
C). Since gametes were only quantified for 39 individuals across the species range, there is not
yet enough information available to compare model predictions to empirical data directly. If egg
production is predicted using a model where MAWT and Chl A are analyzed together, the
interaction term in the statistical calculations changes the shape of the MAVéN x Chl A x
egg production surface but does not change the general result of a increase relationship between
latitude and egg production with the highest values predicted between Cape Hatteras, NC and
Long Island Sound.

3.4 Discussion

Geographic patterns in gamete production and population density result from complex
interactions between environment- and genotype-specific growth functiordfdamaturation
thresholds, plastic responses and the degree of local adaptation. The expectation that population
density and gamete production will be highest in the geographic center of the range depends on
the assumptions that environments change regularly across the geographic range and the
individuals respond similarly to these changes across the range. Across the Riagieioiene
lineata, temperature changes regularly, but food availability (Chl A) does not over the time
period considered. Body size is positively correlated with temperature and so increases across
latitude, while population density is correlated with chlorophyll A concentration and shows no
significant relationship with latitude. Gamete production is strongly tied to body size &ard wa
temperature in this species and so also shows a strong latitudinal transition where northern
populations are expected to produce many more eggs per capita than those in the south. This
pattern is particularly interesting given the expected inverse latitudinal gradientan figt
(Ryan, Ch. 2). Together these support a negative relationship between per-capita gamete
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production and fission rate, which may result from temperature-mediated fission ratéyplastic
across the range.

Previous work has shown that individuals across the species range share similar, but not
identical, reaction norms of body size and fission rate teitfperature (Ryan, Ch. 2). Variation
in local temperature conditions can lead to very different growth patterns at different sites
through plasticity (Ryan, Ch. 2). Warm temperatures in the southern most sites (FL) stimulate
rapid and constant fission, keeping body sizes small all year. Intermediate populations (GA b
CT) are expected to exhibit a biphasic growth cycle where individual body size increases through
out the spring, during peak gametogenesis (Ryan, unpublished), then is reduced by rapid fission
waswater temperatures crossover the fission threshold of 4&-{Ryan, Ch. 2). However, in
the coldest conditions (in the Gulf of Maine), individuals appear to grow slowly and delay the
development of gametes (Ryan Ch. 2, unpublished data), keeping individuals at an intermediate
size during the reproductive season. Increased metabolic costs or physical limitations on
capturing prey near the cold thermal tolerance limits near the northern range edge may contribute
to the observed drop-off in predicted and observed gamete production. While it is possible that
northern individuals may grow more before their gametes are mature in the fall, previous
observations of body size changes in the field do not indicate a major increase in body size
between July and October, when reproduction ceases. Overall, the results of the current study are
congruent with the large-scale influence that these plasticity patterns areedxpdtave on
body size and gamete production across the latitudinal range of the species.

Fitness achieved through sexual reproduction in this species depends, in part, on the
interaction among individual body size, gamete production and fission rate, which are all
influenced by the environment. The balance of asexual and sexual reproduction in this species is
likely shaped by a multitude of forces that vary across the latitudinal range. As an upper littoral
zone species, desiccation risk, low oxygen stress and restricted emersion time for fedding like
all contributed to a need to remain small bodied (Johnson and Shick 1977, Sebens 1982, Forster
2012). The connection between body size and patterns of water temperature is bolstered by the
fact that fission rate increases with water temperature (Miyawaki 1952, Minasian 1979,rCh. 2) i
a way that causes body size to stay just below the predicted optimal body size for oxygen
respiration (Ryan Ch. 4). The observed pattern of body size distribution across latitudes is
consistent with the hypothesis that body size is limited by temperature and that fission is a
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mechanism by which positive growth rates can be achieved through the production of optimally
sized units (Sebens 1982, Hughes 2005).

The consequences of these limits on body size on sexual reproduction are made clear by the
presence of the exponential relationship of egg number with body size and having a threshold
body size below which gametes are not produced. As an individual anemone grows, its capacity
to produce eggs increases. If an individual undergoes binary fission when it reaches the upper
body size limit that its environment can support, it reduces its biomass by half, but reduces its
egg production capacity by more than half. The presence of a threshold below whatbsgam
are not produced imposes an additional cost on individuals that divide. By breaking a single body
into two bodies, the biomass OcostO of reaching the threshold size before gamete production must
be functionally paid twice. For fission to increase fitness (i.e. gamete production) ines spec
with these particular relationships between body size and gamete production, the net gain in
biomass achieved by dividing clonal units into optimally sized units has to be greater than the
combined loss of exponential gamete volume and double the amount of biomass that must be
produced before the first egg can be made. The specific relationship among environment, fission
rate, body size and gamete production varies across the species range due to plasticity even in the
absence of local adaptation. As such, the costs and benefits of any given strategy likely change
too. Whether the particular phenotypes observed reflect adaptive plasticity, local adaptation, both
or neither remains to be seen. However, this system holds great potential for understanding the
tradeoffs involved in the evolution of a complex life cycle across a complex environment.

Understanding how such a latitudinal gradient in individual gamete production can influence
ecological or evolutionary processes is complicated, particularly for a clonal organism (Pearse e
al. 1989, Hughes 2005, Baums et al. 2006). If clonal reproduction is treated as a form of somatic
growth (setting aside for the moment the complications that prevent this simplification from
being reality [Ch. 1]), then fitness must be calculated as the total reproductive output over the
lifetime of the genet, not the individual ramet. The ramet level patterns measursdaroject
suggest a trade-off between fission and gamete production due to their opposing relationships
with body size. However, if fission allow for higher growth rates because individual ramets are
closer to the optimal size (Ch.2, Ch.4), then the total number of gametes produced at the genet
level may be equal or greater in small-bodied southern populations than those produced by large
individuals in the mid-Atlantic. Indeed, the average number of ramets per genet appears to be
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larger in the south, supporting the possibility of such a compensation mechanism (Ch. 5).
However, the genetic diversity is also lower at these sites at the extreme southern edge,
suggesting that prolific clonal growth does trade off against sexual reproduction over time. It
may be that populations in the center of the species range are better able to balanceninnestme
sexual and asexual reproduction, such that the total gametic output of a genet is equal to or
higher than what would be possible without fission. Across mid-Atlantic sites, seasonal
temperature cycles drive alternating bouts of sexual and asexual reproduction (Ch. 2), yet the
genotypic and genetic population structures appear similar to those in the far north (Ch. 5),
where fission is presumed to be minimal. Evidence from this study that mid-Atlantic indsvidua
are larger and produce more gametes during the reproductive season may be an important clue to
understanding that apparent contradiction.

In general, the expectation that key traits, such as body size, gamete production and
population density can be unimodally distributed across environmental gradients is upheld by
these data. However, it is clear that predicting geographic patterns from these relatisnships i
complicated by the specific biology of the species. Likewise, moving from geographic
descriptions of gamete production and growth patterns to estimates of fitness is even more
difficult, particularly in a clonal organism where individual level traits such as gamete
production tradeoff against genet level processes, such as fission. However, when viewed across
an entire geographic range, the relationship between environmental gradients and local growth

patterns becomes much more clear.
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CHAPTER 4

THE EVOLUTION OF CLONALITY IN SEASONAL SEAS: PREDICTING
BIOGEOGRAPHIC PATTERNS IN TEMPERATE SEA ANEMONE LIFE CYCLES
USING AN OPTIMALITY FRAMEWORK

4.1 Introduction

The connection between allometric metabolic scaling and temperature is central to our
current understanding of biogeographic changes in body size and life history traits (Atkinson
1994; Perrin 1995; Angiletta et al. 2004, Kingsolver and Huey 2008, Zuo et al. 2012). Optimality
modeling based on the Von Bertalanffy growth model (Vondtantfy 1957) has been used to
explore the various strategies that organisms can employ to divide their mass-specific surplus
energy between reproduction and growth (Sebens 1982, Perrin 1995, Atkinson and Sibly 1997).
Under the assumption that metabolic cost increases faster with temperature than netsderce i
(Perrin 1995), the mass-specific surplus energy available is lower and the optimal body size is
smallerin warmer environments. This basic logic has been suggested as a mechanistic basis for
the Temperature Size Rule (Kingsolver and Huey 2008) and is thought to be critical for
understanding constraints on life history evolution (Angiletta et al. 2004). More recently, it has
also lead to the prediction that smaller bodies will be a common response to global warming
(Gardner et al. 2011),

Clonality may evolve as a wdg deal with the energetic constraints of allometric growth
(Sebens 1982, Hughes 2005). Because temperature plays such an important role in setting
constraints on growth and allocation strategies, differences in the steepness of latitudina
gradients and the extent of seasonality are expected to play a major role in structuring
biogeographic patterns of life cycle diversity (Baumann and Conover 204tttheyinfluence of
seasonal and latitudinal temperature changes on the evolution and maintenance of clonal life
histories has not lemexplicitly examined. To explore this problem, | present a model of
temperature dependent, allometric growth based on the widespread clonal sea anemone,
Diadumene lineat@Verrill 1869), where tradeoffs emerge among maximizing fecundity, body
size, and clonal proliferation as a consequence of both environmental conditions and metabolic

constraints.
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Sea anemones are well suited to studying evolution of life cycle variation, as liféraitsle
(such as the capacity for fission) are diverse (Sebens 1982, Fautin 2002, Geller et al 2005,
Reitzel 2011) and apparently highly labile in this clade (Geller et al. 2005). Previous work has
explored the adaptive landscape affecting body shape, reproductive allocation and growth
patterns in regards to resource availability (Sebens 1979,1982, 2002) and competitive
environment (Francis 1988), but the influence of temperature on life cycle diversity has not been
directly examined. Modeling of optimal energy allocation strategy based on the west coast
anemone#énthopleura xanthogramicandA. elegantissimaemonstrates that binary fission can
increase the scope for growth for one genetic individual (hereafter, a genet) by splitting biomass
into two entities (hereafter, ramets), each of which is below the predicted optimal bodyesize. K
to the success of a clonal strategy is that the immediate reduction in potentaitie incurred
through reduced body size is recouped through increased biomass production over time. In
environments where this condition can be met, individuals that undergo fission can produce an
equal or greater number of gametes over fifetime relative to those constrained to unitary
growth (Sebens 1982). The idea that fission offers a mechanism to achieve isometric or near-
isometric growth is a cornerstone for understanding the diversity of clonal and colonial life on
earth (Hughes 2005). Yet, the adaptive value of fission has rarely been explored across a gradient
or under fluctuating environmental conditions with animals that are so capable of changing size
and shape in response.

The clonal sea anemori2. lineataoccurs across a broad range of thermal environments that
vary in annual mean temperature and degree of seasonal fluctuation. This variability provides an
opportunity to examine the interaction of environmental variation with phenotypic plasticity and
allometric constraint that shape the biogeographic patterns in life cycle variatiom avetimgle
species. Along the Atlantic coast of North America, within-site temperature ftasts@asonally
(range ~15-20C) and there is a steep gradient in mean annual water temperature (~X2)D 20
across the latitudes whelle lineataoccur. Along this coast, populations exhibit a full range of
clonal investment strategies from functionally unitary (each genet is comprised of onetoamet
prolifically clonal (Ch. 2; Ch. 3). Key characteristics such as the fission rate (Miyawaki 1952),
average body size (Minasian 1979, Ch. 2) and per capita egg production (Ch. 3) are strongly
correlated with temperature. Together these produce a latitudinal gradient in life cyctsiexpre
along the North American east coast latitudinal range (Figure 4.1); individuals grow slowly and
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Figure4.lLautudinal patterns across the North Amerigamntc coast measured (.
lineata (A) Mean (+/ se) umber of ramets per year produced in laboratory culture
mimicking field measured temperature conditions for three populatibn&@and MA)
(Ch. 2. (B) Mean (+/ se)summeitbody size measured 20 sites (Ch. 3YC) Estimated per
capita egg productiofor twenty sites across the east coast latitudinal specigs Glculated
from a survey of average body size during the summer reproductive seasonestimateof

sizedependent egg production (Ch. 3

engage in less fission in the north, alternate between unitary growth and fission at intermedia
latitudes, show nearly continuous fission in the south. Reproductive patterns along the Pacific
coast, where seasonality is much less pronounced, are currently undocumented. However, when
grown in static temperature conditions, individuals divide at a constant, temperaturie sgiecif

and produce ramets of a characteristic size (unpublished). Where seasonal changes are small,
changes in body size and fission rate at are likely much less dynamic. Where fluctuations are
low, the adaptive value of fission rate plasticity as a mechanism to track optimal b®odyasi

be reduced and so may be selected against in the process of local adaptation.

Here | present a model of temperature dependent, allometric growth where tradeoffs emerge
among maximizing fecundity, maximizing body size, and maximizing clonal proliferation as a
consequence of both environmental conditions and metabolic constraints. To explore the
biogeographic implications of these tradeoffs, | first find the optimal rate of invesitment
gametic tissue and timing of fission predicted for four idealize temperature pattenmisinigsc
factorial cross of high vs. low mean annual water temperature (MAWT) and high vs. low
seasonality. Next | use 10 site-specific seasonal temperature patterns measgseth@dNorth
American Atlantic and Pacific coast rangedPofineatato make a prediction of the

energetically optimal life cycle strategy at each site. | explore expected latitpditeans in
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reproductive behavior across both coasts under three selective scenarios where body size,
fecundity, or clonality itself is the direct target of selection. Lastly, | compare the poeditbr
east coast populations with latitudinal patterns observed across the east boéisemtaand

discuss the broader utility of the model.

4.2 Materials and Methods
4.2.1 Species description:

Diadumene lineat#s a small-bodied, clonal and intertidal anemone with an enormous
geographic distribution. Assumed to be native to East Asia (Uchida 1932), it is now documented
across most temperate shorelines in the northern hemisphere plus South America and New
Zealand (WoRMS database). In North America, it is known to occur on the Atlantic coast from
Miami Florida to at least the Bay of Fundy. Over this range, individuals may experience strong
seasonal fluctuations in temperature (~12 °@Qwithin sites, whemsthe mean annual water
temperatures (MAWT) range from ~6 £ Zlamong sites. On the west coast, the species is
documented from San Diego, CA to Vancouver Island, BC where the seasonal temperature
fluctuations are small (~2-%) and the latitudinal gradient in MAWT is less steep, ranging from
~9to 17 C.

Water temperature is known to play a major role in the timing of key life cycle events,
such as the onset of fission (Miyawaki 1952, Minasian 1979, Ch. 2) and is strongly predictive of
D. lineatabody size in the lab (Minasian 1979, Ch.2; unpublished) and in the field (Ch. 2, Ch.

3). Under seasonal conditions, body size and fission rate track temperature changes throughout
the year (Ch. 2), but in static culture, body size and fission rate are consistent within, but variable
among, temperature treatments (unpublished). Like in many invertebrates, there appears to be a
threshold body size below which no gametes are made. Body size also appears to set the upper
limit of egg production (Ch. 3). Because gametes are matured and stored on mesenteries inside
the gastro-vascular cavity, body size is thought to present a major constraint on gonad volume
above and beyond the energy required to produce gametes in Anthozoans (Sebens 1987). While
populations along the Atlantic coast of

NA and in Japan apparently produce a single bolus of gametes each year (unpublished and Fukui
1995, respectively), a population in Malaysia has been shown to produce eggs constantly
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throughout the year (Dunn 1982), suggesting that there is no fixed physiological constraint
restricting gamete production to a particular season or frequency.
4.2.2 Establishing temperature patterns

To separately examine the influence of mean annual water temperature and seasonal
temperature variation, | constructed four idealized seasonal temperature patterns mimicking
divergent combinations of variables observed across the species North America range. | used a
sin function with either a low or high mean (10 versu§®@and a low or high amplitude (2
versus 9C) to arrive at four annual cycles of monthly temperature change that closely resemble
empirically estimated patterns observed in four disparate regions of the species aistributi
Oregon, Southern California, Massachusetts or Georgia respectively (figure 4.2).

MAWT and latitude are highly correlated across the speciesO NA range, but not perfectly
so. To make a null prediction about how temperature dependent life cycle variation should
manifest as a biogeographic pattern in the absence of other selective forces, monthlpeea surf
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Figure4.2 Patterns of monthly sea surface temperategg four range edges.
Temperature displayed ésther(A) measured at four sites in North Amerma
(B) asidealized patterngsed in simulation model to examine the effects of
MAWT and seasonalityPoints at month 6 on plot (A) indicate mean annual
temperature at each site.

temperature data averaged over three years was gathered from publically asaitdltedata
(NASA, MODIS) for the 9km pixel nearest to each of five latitudinatratified sites on each

coast. These include sites in FL, SC, VA, ME and QB (Canada) on the east coast and BC
(Mexico), southern CA, northern CA, OR and BC (Canada) on the west coast to account for the

broadest possible species range. While the actual behavior of individuals is likely dependent on
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small scale and site specific environmental conditions that deviate signifitrantl such large
scale patterns (Helmuth et al. 2002), conclusions drawn from these generalized numbers are
intendedasbroad patterns, rather than a granular prediction for any one site.

4.2.3 A temperature dependent model of optimal body size

Table 4.1 Definition of parameters and variables used in simulation model
Parameter or  Value(s) Definition
variable
Fixed parameters
! 4 Scalar for oxygen intake rate
2 Scalar for oxygen consumption rate
0.67 Scaling exponent for oxygen intake rate
1 Scaling intake for oxygen consumption rate

! 5 Threshold below which no gametes are made

! 20 Slope of gamete production over biomass
Variable parameters

! 0.04 b 1.2 Temperature scaling factor equal to local water

(~1 D 30C) temperature divided by 28
! 0.25 - 10 Fraction of of optimal body size at, or above, whicl
fission occurs

! 0-1 Proportion of E allocated to gamete production

Calculated Variables

Ok Optimal Body size calculated for environment in
month i of year j under environment k
Bijk Biomass of one individual in step i,j,k
Eijx Surplus energy available for growth or reproductior
step i,j,k
Gijik Number of eggs produced by one individual in stef
ij,k
Rijx Number of ramets of biomass Bi,j,k produced by e:
individual in step i,j,k
Rk OR-1jk* Rijk The total number of ramets in the genet at step i,j,k
0Bijix Bijk * gRijx Total biomass of the genet, the sum of the biomas:
all ramets present at step i,j,k
909Gk Giji* ORijk Total number of gametes made by genet at step i,j
LIy G ™ Annual clonal population growth rate over year j of
l—[!!”!". " condition k
" o
LIy I"# Y !y, Annual biomass accumulation rate of the total gent
o Z”“}". 1., overyearjof condition k
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By modifying the allometric growth model used by Sebens (1982) with a temperature
dependent metabolic rate, | predict that the surplus energy (E) that an animal of masa(R) has
given time undeagiven temperature (T) depends on the difference between the amount of
energy taken in and that used by the metabolism, described as:

Prrer rter (Equation 1)
where ¢ and ¢ are species-specific constants that describe the allometric scaling relatminshi
surface area to tissue mass and the scaling relationship of metabolic cost to body mass,
respectively (see Table 4.1 for variable definitions). The constaatslaa are species-specific
scalars that set the intercepts of intake and cost functions with mass. Whilaigsofahese
four constants control the magnitude and location of optima, the shape of the relationships
derived from this equation are the same for all cases where;cSo, for simplicity, | chose the
values of a=4, @ =2, g = 0.67 and £ = 1 for all simulations. The effects of altering the intake
term (in effect modifying g have been explored exhaustively elsewhere (Sebens 1979,1982,
1987, 2002), and so are not explored here other than to confirm that conclusions drawn from this
model are qualitatively similar under different valuesoHare, | explore the effects of
environmental modification of the metabolic cost term by multiplying metabolic cost btoa fac
T. Tis a scaling factor equal to the experimental temperature (in degrees Celsius) divided by the
average temperature under which the metabolic scaling parameters were experimentally

estimated (here T L% ”..#:?..%&!.%.. ) ; This relationship was derived from empirical estimates

of mass-specific oxygen consumption taken from the literature (Sassaman and Mangum 1970,
Zamer et al. 1997).

Since ¢ (1) is larger than;0.67), E(B) is a unimodal function whose peak describes the
body size at which surplus energy is maximized (O) for the given environment, which is
calculated as the derivative of equation 1 with respect to B:

()T (Equation 2)

For an individual of a given biomass, the predicted optimal size declines asymptotically
toward zero as temperature increases (Figure 4.3 A). Plugging monthly average water
temperature values into equation 2 shows how the energetically optimal body size is expected to
change throughout the year under warm versus cold mean and high versus low variance

temperature environments (Figure 4.3 B).
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4.2.4 Simulating patterns of growth and reproduction through time under different environments

To look at the cumulative effect of temperature dependent changes in the metabolic rate
on patterns of body size, gamete production, and ramet production under different temperature
environments, a simulation model was built around equations 1 and 2. Starting witle a sing
individual with biomass B; k=1, for each environment k, the surplus energy was calculated
using equation 1 for each month i, in year |.

P B0 b N RETRET! !!!!!! (Equation 3)

At each monthly step,;f is calculated based on the final biomass of a single individual from
the previous time step. Ifi f is negative, individual biomass will shrink. If B&aches zero, the
individual dies although this is generally prevented as Esurp is positive at small sizes and
individuals rarely get large enough to incur a mortal energy deficit under the temperature
patterns used. Ifif equals zero, as it does if;B= O, individual biomass remains constant. If
Ei;«is positive, then the value ofjk is divided between gamete production and growth
according to rules set by the gamete size thredthadldoody cavity space available to house
gametes and gamete investment rh}el{ the biomass in the previous momhess than , no
eggs are produced and Bi,j,k is simply equal the biomass in the previous time plus the surplus
energy. If the biomass in the previous step is greater than or edyahen the amount of

surplus energy allocated to eggs jg Eultiplied by the gamete investment teité and the new
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individual biomass is equal to the biomass in the previous month plus the total energy surplus
minus the portion invested in gametes.

{!!! Dy DD S0y bR

poonn U D UOTED g TR (Equation 4)

R ooy b
The asterisk indicates that this value may be further modified in subsequent steps.

To minimize the number of assumptions made about how surplus energy is converted to
gametes, the energetic cost of each gamete is set at 1unit such that the number ©f gamete
produced is equal to the amount of surplus energy invested in making gametes. This model
imposes no a priori limits on the timing of gamete production or release. Calculatiegey
number is simply a way to keep track of the cumulative level of investment in sexual
reproduction over time. Because body size is expected to set a critical upper limit on the number
of gametes ((«) that can be produced at one time (Sebens 1982), the maximum number of
gametes that can be producedatby the square of binassmultiplied by a scaling factdd !.

The shape of the function is informed by data (Ch. 3), but the chosen slope here is fixed among
trials, arbitrary, and inconsequential to qualitative outcome of the model. If the amount of
surplus energy can produce more gametes than can fit under the current biomass, the maximum
number of eggs possible is produced and the remainder of surplus energy is added to the

individual biomass B;x as additional growth.

' !!'f'!' . «u ' remainder added to},, , | ...,. Lo }'!'!-”"”"! (Equation 5)

I [, Il
iy ! '{

Finally, to determine the number of ramets the individual biomé@kslivide into at each time
step, the amount of individual biomass resulting after investing in gametes and growing or
shrinking is compared to fission rate threshold size. This value is calculated as a propoértion
of the temperature specific optimal body sizg«OThe physiological mechanism that initiates
fission is not well understoad sea anemones generally (Geller et al. 2009). limeatafission
involves intentional stretching behavior that stimulates cells along the vertical nadpla
initiate apoptosis and sever tissue connections (Mire and Venable 1999). Phenomenologically,
fission rate is known to be highly responsive to increased temperature (Ch. 2) though the
mechanistic basis of this connection is unknown. It is a reasonable hypothesis that oxygen
availability could act as a reliable signal for an individual to assess the fitoofrient size to the

environment. Here the quantitydescribes a threshold that triggers binary fission based on the
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relative nearness of current body size to the optimal body size for a given environment. The
functional effect of tying the fission threshold to the optimal size is that the fis¢eoimcaeases

with increasing temperature because the predicted optimal size decreases. Ugjleg a si

parameter however allows the shape of the temperature dependent reaction norm to emerge from
the model, rather than having to impose a particular functional form to describe the fission rate.
Likewise, the quantity has a clear biological interpretation whereas the imposition of any
particular fission regime is harder to interpret. Wheln !, as it does in the initial model, an
individual will divide as soon as it reaches or exceeds the optimal body size (valuestter

than one are explored in section iii below). If an individual has grown so rapidly;fha Biore

than twice the fission threshold si2edj;«) in a given time step, the individual will divide as

many times as necessary (1,2..n), in order to produce a final individual biomass below the fission
threshold size. The number of ramets produced in each time stepe@ials 2where n is the

number of fission events required fo*ri,,-l,i to fall below the thresholdQ; .

Ly PR R0y, (Equation 6)
The final individual biomass;B is calculated as the biomass jB divided by the number of
ramets, Rk, produced in this time step. The number of ramets produce in each time step can be
multiplied across time to calculate the total number of ramets present at antepimslsewise,
the total standing biomass of a genet can be calculated for any time step (i,j,k) as the number of
ramets present multiplied by ;B.

For simplicity, all ramets in a genet are uniform in size and growth characteristics, to

avoid having to track each individual separately. In reality, asexual divis@nlimeataand
other clonal species can range in symmetry from true binary fission (equal mass in each daughter
ramet) to splitting many tiny pedal lacerates off the foot of a large individual (Atoda 1973,
Clayton and Lasker 1983). The repeatability and environmental dependence of the degree of
asymmetry in fission is currently unknown and is not further considered here, althmaghbe
an integral part of understanding adaptive asexual behavior of clonal Anthozoans.

4.2.5 Identifying fitness peaks in the parameter space described by fission thsesad egg
investment rate across four temperature environments
To understand the role of the fission threshold dif®;() and gamete investment rate

I'lin determining the optimal body size and levels of sexual and asexual investment under
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different environmental conditions, the simulation model above was run for all possible
combinations of range of values foland! under the four idealized temperature environments.
The scalat can take on any value above zero; values between 0 and 1 cause individuals to
divide while they are smaller than the optimal size, while values above 1 set the threshold si
for fission above the optimal temperature. Because surplus energy declines for individuals above
the optimal size in a given environment, individuals may reach a stable body size where energy
intake equals cost before reaching the fission threshold size. So, large valdfesdfonally
produce a unitary growth form since no fission ever océ&ss$. approaches 0, fission rate goes
to infinity and body size approaches to zero. The gamete investmelit'rage take on values
between 0 and 1. When! !, individuals invest only in asexual reproduction. When! ,
investment in growth ceases once the gamete making size threlsh@deached. Here |
considert values ranging from 0.25 to 10 ahdalues from O to 1.

To analyze the interaction among these two parameters and temperature environment,
three metrics representing traits expected to be under strong ecological selecticongaeed.
First, the most direct estimate of fitness, is number of gametes produced each year under each
combination of variables. Second is the log number of ramets produced in one year, which may
be important in genet persistence under high disturbance. Third is the average body size across
the year, which is likely important in competitive ability and size selective mpifdiscussed
further below). Starting from a single individual of biomass equal to 1, a stable pattern of annual
growth and gamete production generally emerges within one year (Figure 4.4). To be sure
comparisons were not influenced by pre-equilibrium growth dynamics, data were collected from
the tenth year of the simulation.

To identify regions of parameter space where each of the three metrics was maximized, a
heat map of thelby!! parameter space was constructed for each response variable (Figure 4.5).
The parameter combination(s) where each response variable was maximized in each
environment were identified.

4.2.6 Predicting geographic patterns in life cycle expression under the assumption of optimal
investment

To understand the role of temperature dependent metabolic scaling on biogeographic

patterns of life cycle diversity, the model was used to predict the optimal parameter

combinations for maximizing egg production, ramet production or individual body size for
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seasonal temperature patterns measured at ten sites across the east and sveSNootst
America. Because the number of offspring produced over a lifetime depends on both
reproductive rate and survival, fitness can be influenced by changes to traits related to either
component. Selection may act on egg production directly, but may also act indirectly through
maximizing clonal reproduction or individual body size where random and size dependent
mortality (respectively) occur. In this case, looking at patterns in each trait B gamete production,
ramet production or individual body size B makes it possible to identify tradeoffs among these
components of fithess that would be obscured in an stable strategy-type model where various
forms of selection were imposed. Here, the maximum value for each trait calouthtéoe
locally optimal parameters was plotted across latitude to examine biogeographic patterns
expected across both coastline if individual behavior were perfectly optimized for local
conditions (Figure 4.6). To see hovettptimal value of parametels land! ! change among
sitesunder the condition of local adaptation, trait values were plotted across latitude for each
coastline (Figure 4.7).
4.2.7 Comparing predicted life cycle diversity with geographic patterns found across the east
coast range d. lineata

To make a prediction about how selection is operating on populations across the North
American Atlantic coast, field and laboratory-based data were compared with modatesstim
for four hypothetical adaptation scenarios. Predicted values for ramet number, annual per
individual egg production and mean individual body size were computed using alpha and epsilon
consistent with maximizing either (1) egg production or (2) ramet production assuming
individuals at all latitudes were either (1) locally adapted to conditions at the ranigeare(2)
locally adapted to site conditions. Predictions for each trait were plotted with #meameual
ramet production across latitudestimatedrom a laboratory common garden experiment
mimicking seasonal temperature patterns over a year (Ch. 2), the per individual, mean annual
egg production predicted from a mid-summer field survey across the east coast latitudinal range
(Ch. 3), or the mean summer body size measured at twenty sites across the east coast range (Ch.
3). Itis currently unknown whether all sites in eastern North America were colonized by a single
invasion and subsequent spread, or through multiple separate invasions, or some combination of
the two. The adaptation hypotheses were chosen to discriminate both between the main driver of

trait evolution (selection to maximize gametes versus selection to maximizeyamealso
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between a scenario where all populations share an underlying reaction norm that is adapted the
range center versus a scenario where all populations are locally adapted to their own

environment.

4.3 Results

When life cycles are compared under an intermediate level of egg investrseht]),
there are key differences in the patterns of growth between solitary and clonal life cyclésove
year across the four idealized temperature environments. When individuals are constrained to
unitary growth (Figure 4.4 A, B) body size reaches a maximum set by the allometric constraints.
Both seasonality and MAWT have effects as the body size tracks temperature variation through
the year. Gamete production occurs in the spring when energy surplus is highest, but declines in
the summer when metabolic costs are high.

When clonal growth is allowed (Figure 4.4K}-the overall annual pattern for body size
and gamete production is similar, though the average size and gamete output is lower since
energy is also being allocated to clonal growth. Where the unitary form is restricted in
accumulated biomass by allometry, the clonal form can accumulate biomass ingiehnitegjh
fission (Figure 4.4 A, F).

Bothlife cycles show larger fluctuations in individual body size (Figure 4.4 A,C) and
investment in gametes under high versus low seasonality (Figure 4.4 B, D). In all cases, body
size fluctuates around stable mean across years, though changes more erratically over the year in
the clonal life cycle due to bouts of fission and regrowth (Figure 4.4 C). The mean body size
across seasons is always higher where MAWT is low, but the effect of seasonalitynosizeea
depends on clonality. Both unitary and clonal forms show seasonal fluctuations in the amount of
energy invested in gametes even where seasonality is low (Figure2)AvBth peak
investment coinciding with increasing individual body size in the spring. In cold water, the
clonal form is able to invest in gametes all year whereas the unitary form produces tes game
the late summer and fall, regardless of whether seasonality of temperature is low oiguigh (F
4.4 B, D). The total amount of energy invested in gametes differs substantially among different
combinations of MAWT, seasonality and growth form, but the rank order is highly sensitive to
the parameters used, so will be discussed further below. For the clonal form, warm water and
higher seasonality both lead to the production of more ramets (Figure 4.4 E). There is a major
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difference in the accumulation of biomass in that the clonal form gains biomass contirfabusly
the genet level) through time through the addition of equally sized ramets (Figure 4.4 E, F).
Despite growing and shrinking seasonally, the unitary fmamot accumulate net biomass since
the maximum body size of the unitary individual is limited by allometric scaling. Hére, al
growth is achieved through the production of gametes whereas the soma of the clonal genotype
can expand indefinitely.

Re-running the simulation with all possible parameter combinations shows that different
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Figure 4.4 The effect of seasonality and mean temperature on unitacioaatigrowth patterns
over time.Monthly growth patterns under four temperature conditions smlitarygenotype
(A,B) and a clonal genotype (where a = 1 and e = OBBFCove one year, showing changes in
individual body size, energy invest in gametes. The number of rametstalhaccumulation of
biomass are also shown for the clonal genotype to emphasize thacdooragass increases
with clonal growth over time, but nothen growth is unitary.

regions of parameter space maximize gamete number, ramet size and body size, demonstrating a
three way tradeoff among these traits (Figure 4.5). The highest levels of gamete production are
found in cold, seasonal conditions, followed by warm, seasonal, then cold, stable and lastly
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warm, stable conditions (Figure 4.5 A). In general, gamete production is highest in seasonal
environments where the gamete investment parametas ihaximized. Under both cold
environments, gamete production is highest when growth is unitary, although the pattern among
parameter combinations in seasonal environments is complex. In warm seasonal environments,
egg production is equally high under unitary and intermediate levels of clonality when gamete
investment is maximized. Whernis less than one however, the highest levels of gamete
production occur with clonal growth. In the warm, stable condition, gamete production is
maximized exclusively through clonal growth (Figure 4.5 A).

Ramet production is maximized where gamete investment!raend the fission
threshold parametet ! are low (Figure 4.5 B). Ramet production is primarily responsive to
increased temperature, but is slightly higher for each parameter combination in seasonal rather
than stable conditions. Lastly, individual body size averaged over a year is maximized where the
gamete investment raté! is low and the fission threshold parameter is high (Figure 4.5 C).

For all except the cold seasonal condition, unitary body sizes are generally larger than clonal
body sizes. However, in the cold seasonal environment, maximum body size is achieved where
there is some clonal growth (figure 4.5 C).

When the locally optimal parameters are calculated for water temperature pati@sss ac
latitude and coastline, the consequences of the three-way trade off among traits be@mes cle
(Figure 4.6). When parameters that maximize gamete production at each site are chosen, gamet
production increases with latitude (Figure 4.6, column 1). Along the more highly seasonal
Atlantic coast, ramt production declines with latitude, switching from a clonal to unitary life
cycle across the Mid-Atlantic. Concurrently, individual body size is expected to increase with
latitude. In this case, patterns on the less seasonal west coast fall in the sete,dg are
much more subtle than those observed where seasonal fluctuations dominate.

When ramet production is maximized however, there is no strong pattern in gamete
production across latitude (Figure 4.6, column 2). Ramet production is extraordinarily high in
southern populations becoming lower with latitude, but still remaining high relative to that found
in other scenarios. Maximum body size increases across latitudes on both coasts, but less
dramatically on the west coast than the east coast. Lastly, when individual body size is

maximized, gamete production is minimal and uncorrelated with latitude, ramet number
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increases slightly across latitudes in seasonal environments, and body size increases

slightly (Figure 4.6, column 3). On the west coast, growth remains unitary and size increases

only slightly across latitude. So, depending on the location and trait under maximizing selection,

a wide variety of life cycles can be predicted across the species range with no single set of

parameters producing an optimal strategy across environments.
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genes expressing locally optimal strategy that maximizes egg productiont paodiction or
individual body size across the east (dotted) and westl®olasts of North America which
show high and low patterns of seasonality in temperature, respectively

To look at the geographic patterns in the underlying traits (gamete investment and fission

rate threshold values) that correspond with producing the locally adapted gamete production,

ramet production and body size values, the combination of parameters that maximizing each trait

at each site were plotted across latitude. In the case where gamete production igedakierie

is a latitudinal transition expected in the fission rate scaling parameter. Soutteroassh

populations are optimized with low values!bf , which result in high levels of fission.

Whereas, mid to high latitude populations are expected to have highealues, which leads
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them to express unitary growth (Figure 4.7). On the west coast, stable temperatures mean that
clonal growth only occurs whéeh ! values are extremely low or temperatures very high. All but

the southern most populations are expected to have the highest gamete production when unitary,
so the latitudinal pattern moving away from very ldw values is less gradual (Figure 4.7). For

all values oft! I that produce unitary growth, fitness is equal, so variation in this trait is

maintained.
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unitary growth.

To maximize ramet production, alpha values are uniformly low across latitudes (Figure
B.1, Appendix B). Ramet production is equivalently high for all levels of gamete investment in
warm water, but trades off with clonality over increasing latitudes, so more northerly populations
have very low alpha values where ramet number is maximized on both coasts.

Similarly, body size is maximized at all latitudes on both coasts when gamete iewestm
is low, so epsilon shows no change with latitude. Body size however is maximized at
increasingly high levels of alpha across latitudes on the east coast, but shows no strong increase

with latitude on the west coast where unitary growth occurs at most levels of alpha.

63



A ——— B. C
.. 5
.. T Adapted to:
104 Sel 3 2004 o 41 — Range center
%] AN = N — Local site
[0} o %)
% £ 23 _
= @ S Trait
5 51 - 1001 c 21 maximized
: 3 - K =— Egg production
L 14 . + » Ramet production
01 01
30 35 40 45 30 35 40 45 30 35 40 45
latitude latitude latitude
Fiyuie 4.0 CUIIPAIISULL UL EHIPITILAIlY THEASUIEU PAlETT S Ul U dudUaALLUUE WIL T HTTIUUEl

predictions. Observed data (black dots) from the North Americantitleoast plotted with
model predictions (lines) for (A) Log ramets produced in one yeak@B3 produced per
individual and (C) Log body size of an individual projected over latitude sljpnesent
simulation results where either egg production (solid line) or ranoetuction (dotted line)
are maximized for the case where all populations either adaptehperature conditions at
the range center (blue) or are locally adapted at each latituelg.(gr

When field and laboratory-based data for Atlantic coast populations are compared to
model predictions, a few clear patterns emerge. For ramet production, the shape of the
relationship and magnitude of trait values predicted across latitudes differed sulhsfantial
hypotheses maximizing ramet number versus egg production, offering a clear test between these
hypotheses. Laboratory measured values for the number of ramets produced after one year in
field-site mimicking seasonal temperature conditions very clearly fell in the region predicted by
egg-maximizing selection, but not ramet maximizing selection (Figure 4.8 A). While the range
center hypothesis predicts low clonal investment at all sites, the local adaptatids pnediet a
decline ramet number as latitude increases which is borne out by experimental data. At northern
sites, both hypotheses predict low clonality. For annual, per capita egg production, parameters
that maximize ramet production correspond with low to no egg production whereas selection to
maximize total egg production obviously corresponds with high levels of per capita egg
production, again providing a clear distinction between hygeta most latitudes. Observed
egg production falls well outside the region predicted by selection to maximize ramets (Figure
4.8 B), though predicted egg production is low even when maximized at low latitudes. At low
latitudes, both local adaptation hypotheses and the observed values are indistinguishable. A
higher latitudes, observed per capita egg production corresponds well with predictions using
parameters for adaptation to range center, leveling off at high latitudes contrary to predictions
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for local adaptation (Figure 4.8 B). Lastly, predictions for individual body size where ramet
number is maximized show a distinciiyeteep slope across latitude that is not reflected in the
observed body size data (Figure 4.8 C). The intercept of the field data differs from that predicted
by either adaptation model, but is consistent with the gradual increase over latitude expected for
both (Ch. 2). Overall, observed data are much more similar to predictions made under the
conditions of maximizing egg production rathiean ramet production. And, while these data are
not appropriate for showing a decisive pattern of local adaptation, these data are caovithstent
some level of reaction norm differentiation between the northern and southern ends of the range,
but differ from a model of perfect local adaptation.

4.4 Discussion

Based on a simple model of temperature dependent metabolic scaling, a variety of life
cycle patterns are predicted to arise across the biogeographic coastal regions deth&tdtas.

In this model, variation in growth pattern occurs for two reasons. First, for a given set of
parameters, higher temperatures lead to a lower optimal body size, which results in a lower
threshold for fission, increasing the likelihood of clonality. Secondly, within a single

environment, changes in the fission rate threshold and egg investment parameters lead to changes
in average body size and fission rate. When organisms are constrained by temperature and where
the ability to gather resources (e.g. oxygen or food) depends on body size, geographic

differences in the environment lead to different optimal strategies in differeesplaoyanisms

can reach these optima through plastic changes in response to the environment or through local
adaptation in traits that change how energy is allocated. As a result of this process wmexpect

see variation in the expression of life cycle traits across environmental gradients. When
environments are highly seasonal, similar processes lead us to expect fluctuationgen game
production, growth and fission through time. Even in this simple model, we see local optima may
be reached through complex combinations of plastic and genetic changes that defy simple
generalizations across latitude or coastline.

The effect of temperature is similar to that observed for other taxa, namely that warmer
conditions lead to smaller average body sizes (Kingsolver and Huey 2008, Gardner et al. 2011).
This effect is heightened in highly seasonal environments, where swings in temperatuye rapidl
alter the balance of energy intake and metabolic cost of an individual of a given size. For solitary
organisms capable of shrinking and growing, seasonal temperature changes lead to fluctuations
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around a standing mean body size, as an optimal size is tracked through time, as is seen in some
solitary sea anemones (Chomsky et al. 2004). The timing and magnitude of gamete production is
dictated by periods of energy surplus and patterns of seasonally timed gamete production
emerge. Once a stable size is reached, no further biomass can be accumulated by the parental
genotype and a set fraction of energy is turned into gametes every year. Clonal organisms go
through an additional step of dividing when individual body size reaches a threshold associated
with the energetically optimal body size. Division into two smaller pieces meansdhatime

is spent at a suboptimal size relative to a solitary individual and so less energy [Heavaila
throughout the year, individual body size stays smaller and fewer gametes are produced per
individual each year. However, in a favorable environment, each additional ramet is able to grow
and produce gametes, more than making up for the initial loss in growth and reproductive
potential. While this can be energetically favorable in low seasonality environments, the
parameter space over which clonality leads to higher fecundity is much broader, and the potential
gain in fecundity much larger, in seasonal environments. As such, clonality is frequently a route
to maximize gamete production in seasonal environments.

At the crux of the geographic patterns that emerdlee adaptive value of clonality is a
three-way trade off among maximizing gamete production, maximizing ramet production and
maximizing body size. Typically selection to increase body size is thought to increase gamete
output because of an expected correlation between gamete mass and body size. In life history
models, intermediate body sizes are sometimes shown to be optimal when delayingandturati
grow larger is costly (Roff 1997, 2002). However, here it is the energetic cost of repeatedly
growing a large body after shrinking for a solitary individual, or investing in growth rather than
egg mass after repeated fission events for a clonal organisms that imposes an ongoing cost to
being too large. Model parameters that maximize body size show low egg and ramet production
across environments. Parameter combinations that maximize ramet production likewise show
lower average body sizes and lower egg production across environments. Finally, when egg
production is maximized, body size and ramet production are reduced relative to other possible
parameter combinations. Because these three traits cannot be simultaneously mhaxithiee
way trait off arises in responding to various forms of ecological selection that may help explain
why sea anemones, and long lived cnidarians in general, show such and extreme range of life

cycle diversity.
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While sexual reproduction may be a major component of fitness for clonal organisms,
(Pearse et al. 1989), maximizing annual gamete production is not always a direct target of
selection. Where mortality or resource gathering are size dependent (e.g. Sebens 1980, 1982;
Marshall et al. 2003) selection may favor larger individuals with lower gamete producing
potential if they have higher survival or higher realized energy intake. Where individual
mortality risk is high and size independent, as in ephemeral or high disturbance habitats, high
levels of ramet production can increase the chance of the genet surviving (Wulff 1991) leading to
maximum fitness, even at the expense of individual size or annual gamete production. The site-
specific combination of selective pressures, combined with energetic balance neddognthe
thermal background will determine the optimal allocation strategy for these three traits

Given thatD. lineatacommonly occurs on unstable or living substrate (e.g. live oysters,
driftwood, etc.), random mortality might be expected to impose direct selection on ramet
production rates. However, observational data across the North American Atlantic caassmat
the independently derived model predictions for ramet production, gamete production and
individual body size when egg production is maximized. While these results certainly do not
exclude the role of these other selective force, they show that the underlying mechanisms tha
govern the degree of fission in this species are likely shaped by selection to maximize egg
production in a highly seasonal habitat. These results suggest that across the globalDiange of
lineata, there is likely to be strong selection on fission rate and fission rate plasticityi¢oeaa
a strategy that maximizes egg production under local conditions. This is particularly ingeresti
in light of the findings that solitary growth is commonly the strategy that maximizes gamete
production across low seasahakenvironments on the Pacific coast.

By focusing orD. lineataas a specific case of a more general model of the interaction
between allometric growth and temperature patterns, | have identified core tradeoffs among
maximizing egg production, clonal proliferation and individual body size that likely shape the
evolution of Anthozoan life cycles. Such models provide a starting place to interpret observed
patterns in life cycle diversity in terms of selective forces that might be actiogsasites.

Though the results of this work are specifitdineatg these ideas hopefully help build a
framework for understanding the evolution of Anthozoan diversity that is not specific to a

particular location or set of ecological circumstances.
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CHAPTER 5

LATITUDINAL VARIATION IN THE SPATIAL GENETIC STRUCTURE PREDICTED
BY PATTERNS OF FISSION RATE

5.1 Introduction

The spatial organization of genotypic and genetic variation can have a profound influence
on the ecology and evolution of a species (Grosberg and Cunningham 2001, Baum et al. 2006).
In a gonochoristic species capable of asexual reproduction, high rates of clonal proliferation can
reduce the pool of potential mates by saturating the immediate environment with clonemates,
creating a physical barrier to reproduction (Ayer and Grosberg 2@0i&jo- Marin et al. 2010).

Clonal aggregation can serve to buffer individual ramets against physical stress (Ayre 1984) or
competitors (Williams 1975, Francis 1988), but can also lead to increased vulnerability to
parasites (King and Lively 2009) and disease (Vollmer and Kline 2008). On the other end of the
spectrum, ramets that become widely dispersed through active movement or surviving
dislodgment can better avoid genet-level extinction by spreading the risk over a large area (Wulff
1991, Coffroth and Lasker 1998). Measuring the spatial organization of genotypes and genes
across a landscape can help identify which of these forces might be important in the ecology and
evolution of a species. The degree to which clonal growth influences the local genotypic and
genetic population structure depends on a speciesO reproductive and dispersal traits as well as
ecological interactions that influence growth and mortality. Understanding the relationship
between reproductive traits and spatial population structure is essential to understanding how and
why clonal life cycles evolve.

Theoretical models of the evolution of clonality rely heavily on the expectation that there
are both direct (e.g. energetic) and indirect (e.g. spatial competition, genetic diversity of
offspring) tradeoffs that govern the advantage of investing in asexual versus sexual reproduction
(Williams 1975, Maynard-Smith 1978, Jackson et al. 1986). There is an increasing amount of
data available on the energetic costs and benefits of clonal growth (Sebens 1982a, 4amer et a
1999, Edmunds 2007, Barneche et al. 2017; Ch.2, Ch.3). Evidence supporting a strong
connection between life history variation and spatial genotypic structure however, is mixed.
There is ample evidence that clonal marine organisms across taxa are capablangf form
monoclonal stands, including in sea grass (Ruckelshaus 1998), sponges (Wulff 1991, Calderon et



al. 2007), bryozoans (Jackson and Hughes 1985), and many cnidarian groups such as stony
corals (Baums et al. 2006), gorgonians (McFadden 1997), and sea anemones (Francis 1973,
Shick and Lamb 1977, Ting and Geller 2001, Sherman and Ayre 2008). Yet, evidence for a
generalized relationship between degree of asexual investment and population gentetie struc
has not been found in the few cases where it has been explicitly measured (McFadden 1997 in
sea anemones; Krueger-Hadfield et al. 2013 in a red alga). There is some evidence linking
environmental variation with differences in clonal population structure (Wulff 1991, Baums et al.
2006). However, because standing clonal structure reflects both patterns of asexual investment
and ecological processes, such as differential mortality among genets, it is doficodangle
the relationship that organism life cycle attributes, environmental drivers and ecological
processes have with each other aisbwith genotypic and gegtic structure. However, making
evolutionary predictions and understanding how clonal life cycles evolve will require untangling
these processes.

Here | use a widespread clonal sea anemone to test the hypothesis that variation in the
rate of asexual reproduction correlates with variation in clonal population struztaemene
lineata (Verrill) is an exotic species that has colonized estuarine habitats worldwide, including
on the Atlantic, Gulf and Pacific coasts of North America. It is capable of proliiatgrowth
through binary fission (Miyawaki 1952; Minasian 1979) and the rate of fission is strongly
determined by environmental factors including immersion time (Shick and Lamb 1977), food
availability (Minasian and Mariscal 1979) and, most notably, temperature (MinasignCl279
2). When grown in conditions mimicking northern seasonal temperatures, individuals produce
two to four clonal descendants (ramets) per year whereas those in warm seasonal conditions can
produce up to 17 ramets per year (Ch.2). Along the North American Atlantic and Gulf coastlines,
mean annual sea surface temperature is tightly correlated with latitude (Ch. 3) and is thought to
contribute to a latitudinal gradient in life cycle variation where northern populations are mainly
unitary and sexual, southern populations are highly clonal and intermediate populations alternate
seasonally between unitary growtith gametogenesis and periods of rapid binary fission (Ch.2,
3). These environmentally driven differences in life cycle among populations are expected to
lead to differences in the spatial structure of genetic diversity across the latitpdivaljng an
opportunity to test the hypothesis increased rates of binary fission lead to reduced genotypic
richness, as well as genotypic and genetic diversity.



The simple hypothesis that increased clonality should lead to changes in spatial structure
is complicated in this species by the unknown role of invasion history. Over the last 150 years
Diadumene lineat&ias become the most widespread sea anemone in the world (Fautin 2002) due
to associations with oyster aquaculture and transoceanic cargo vessels (Verrill 1869, Stephenson
1925, Gollasch 2000). A combination of broad physiological tolerance, prolific clonality and an
association with oyster culture (Stephenson 1925, Uchida 1932) is thought to have contributed to
this speciesO successful establishment on every temperate shoreline in the Nortisphreréem
including North American Pacific, Atlantic and Gulf coasts and European waters of thaditla
Mediterranean and Baltic, and an increasing emergence in the southern hemisphere (South
America and New Zealand) (see WoRMS.org database). In both ENA and Japan, anemones are
often found with native and cultured oysters (personal obs.). How2vimeatais known to be
a common fouling organism of ship hullsanmade piers, breakwaters and docks. Several
authors have suggested that monoclonal populations are common outside of the native range
which has been used to explain mass mortality events and contributes to the assumptida that litt
to no sexual reproduction occurs outside of Asia (Parker 1902, Hausman 1919, Stephenson 1935,
Williams 1973, Shick et al. 1979, Shick 1991). To test this assumption, Ting and Geller (2000)
performed single-strand conformation polymorphism (SSCP) analy$ls loreataindividuals
collected haphazardly from 11 sites across North America and 2 sites in Japan and found that
truly monoclonal populations were rare. Although replicated multi-locus genotypes were
common in most populations, genetic clones were generally dispersed on the scale of meters
rather than across an entire beach. Unlike the more well known colony-forming anemone,
Anthopluera elegentissimB. lineataclones were found intermingled with individuals of
different genotypes, suggesting that dispersal of clonal progeny is common within sites and
occasionally among sites as far as 40 km away (Ting and Geller 2000). Despite this and other
studies that support the contribution of clonal behavior to genetic population structure (Shick et
al. 1977), details of the spatial structure of genotypic variation and influence of temperature
mediated fission rate plasticity on geographic patterns of genetic variation were unknown in this
species prior to this study.

Using a hierarchical sampling design, | examine the contribution of clonal growth to the
structure of genotypic and genetic diversity in populatior3.dineataacross three nested
spatial scales: within 0.25°muadrats (at the scale likely relevant to gamete exchange), within
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beaches and within biogeographic regions along the species@8miitantic coast range from
Florida to Massachusetts. To understand the relationship between this temperaturel fifediate
cycle gradient and the spatial genetic structure of the adult population, | developed primers for 6
microsatellite loci for this species to examine variation in clonal population stracioes 8

sites, paired within 4 geographic regions across the latitudinal extend of the species eastern
North American range. Four of these loci were useful to examine neutral genetic variaigs ac

the same range.

5.2 Materials and Methods
5.2.1 Study sites

Diadumene lineataccurs on natural amdanmade hard substrate in the high intertidal
zone of protected shores across the east coast of North America. To look for a correlation
between the observed latitudinal pattern in asexual fission rate and spatial garatticestup to
twenty individuals from each of two sites in each of four latitudinal regions were collected
between September 2015 and June of 2016. Coastline distance betegeihsn region
ranged from 0.5 to 15 km; sites in adjacent regions were on the order of 900-1500 km apart
following the coastline (see Table 5.1 for site details).

5.2.2 Collecting and preserving material

At each site, a transect was established parallel to the shore in the upper interédal z
during low tide. Four individuals were haphazardly collected with forceps from each of five
guarter meter square quadrats spaced at least 5 meters apart along the transect r@gulting in
individuals per site foatotal of 160 anemones across all sites. Individuals were kept alive in
tubes of chilled seawater to prevent fission and returned to the lab. After a 2-3 day period to
allow egesting gut contents, individuals were anesthetized in equal parts 7.5% 8gCL
seawater, dissected to remove any foreign debris from the gut and the foot, and preserved in 95%
ethanol. For each individual, total genomic DNA was extracted with Qiagen DNeasy kits
(Qiagen Inc.) after 24 hour digestion in proteinase K using eithenm®Xection of pedal disk,
tentacle, or whole individual depending on body size.

5.2.3 Developing microsatellite markers

A set of sequences containing tandem repeats taken from a transcriptome library prepared

from a single individual collected in Mystic, Connecticut was provided by Dr. John Geller (Moss



Table 5.1 Site description

Region Site ID Location Latitude  Longitude Site description
FSU Coastal and Individuals occur on the underside of
CML  Marine Laboratory 29.91506 -84.5082 sedimentary cobble with oysters and
FL St Teresa, FL barnacles on protected sandy beach
Wakulla Beach Individuals occur prolifically in oyster
WAK Wakulla County, FL 30.10236 -84.25895 beds
Kina®s beach Individuals occur with oysters and
STS 9 31.13334 -81.39427 mussels on breakwater rocks lining a
St. Simon Island, GA e
shipping channel
GA — .
Fishing pier Individuals occur on isolated dead
JEK 31.11761 -81.4165 trees and driftwood embedded in
Jekyll Island, GA . .
intertidal sand flats
Individuals occur in dense carpets on
Red Bank boat ram all intertidal surfaces of an isolated
RBB X P 37.44566 -75.83993 wooden pier in a marsh channel
Birdsnest, VA .
VA along with oysters, mussels and
barnacles
Quinby Harbor Individuals occur in rotten wooden
QBY nby 37.55274 -75.7291  posts embedded in the marsh near
Quinby VA
the town harbor
No name point Individuals occur submerged in high
NAH p 42.41977 -70.90338 intertidal rock pools with mussels,
Nahant, MA
MA barnacles and crustose red algae
Pumphouse beach Individuals occur submerged in high
PMH P 42.41729 -70.90528 intertidal rock pools with mussels and
Nahant, MA .
Fucoid algae
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Landing Marine Lab). MSATCOMMANDER (Faircloth 2008) was used to identify all apparent
microsatellite regions containing 2-6 bp long repeat motifs. The same program was used to
design 30 candidate primer pairs. Pairs were tested using 3 primer PCR employing M13 tagged
fluorochromes (Schuelke 2000). PCR reactions occurred in 12.5 ul reactions containing 12 ng
genomic DNA; a master mix of 2.4 ul buffer, 1 ul BSA, 1.2 ul Mg@lL2 ul 2 mM DNTPs, 2.5
ul water and 0.15 ul GoTaq Polymerase (Promega, Madison WI); 0.75 ul 10mM universal M13
(-length) primer with either a 6-FAM, HEX or NED fluorochrome, 1ul 10 mM forward primer
with an M13(-length) tail and 0.25 ul mM reverse primer with a pigtail sequence to reduce
stuttering. Thermocycle settings were 5 minutes € 9dllowed by 25 cycles of $L€ for 40
seconds, 58 or 59°C for 60 seconds and 72 for 60 seconds, followed by 8 cycles of°’@4
for 30 seconds, 5% for 45 seconds and 7@ for 45 seconds, then a final extension step at 72
°C for 10 minutes. Fragment analysis was done by the Florida State University molecular core
facility on an ABI 3730 Genetic Analyzer (Applied Biosystems). Alleles were scored using
Geneious 9.0.4 using the Microsatellite plugin v. 1.4.4 (Biomatters Ltd.). This process yielded
primers for 6 loci, which amplified consistently across individuals and produced reliable and
polymorphic peaks. Complete microsatellite data were generated for 154 out of the 160 collected
individuals. All subsequent analyses were run on the subset of individuals with complete data
(see table 5.4 for site sample sizes).
5.2.4 Characterizing microsdlite loci

The allelic diversity (), observed and expected heterozygositydktl H), and
deviation from Hardy-Weinberg equilibrium (HWE) were calculated for each locus using data
for individuals from across the study range. These metrics were calculated from a aftiéa set
removing clonal replicates (see below) to avoid bias, resulting in loci characterized for 128
unique multi-locus genotypes (MLGs). The presence of null alleles was detected at twsixf the
loci using the Maximum likelihood Em method implemented in GENEPOP (Dempster et al.
1977, see table 5.2). To limit potential bias, only data from the four loci without null alletes
used to calculate population genetic estimates. However, data from all six loci wkte use
inform clone assignments. The power to distinguish distinct multi-locus genotypes (MLGS) is
greatly increased by retaining the two loci. Assigning clonal identity based on four loci
compared to all six loci would result in 7 individuals being incorrectly assigned to a $fia@ed
when they can be definitively distinguished based on the additional informatiadditional
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13 individuals would be erroneously named as genetically unique due to a lack of power to
statistically distinguish repeated MLGs from those arising through random chance with only 4
loci. In 50% of cases, the potentially problematic loci are heterozygous, so there is no risk of
assigning two genetically distinct individual as clonemates due to a masked nuliGaletall,
the risk of null alleles influencing the clonal assignment process is small.
5.2.5 Assigning individuals to clones

Thesix-locus genotype (MLG) for each individual was used to identify clonal replicates.
The probability ofagiven MLG arising randomly through sex more than once (Psex) was
calculated in the program poppr (v. 2.4.1, Kamvar et al. 2014) for all repeated MLGs (i.e.
individuals with identical alleles at all six loci). Where Psex was equal to or below 0.05,
individuals sharing the MLG were treated as clonal replicates. Where Psex was above 0.05,
individuals were treated as having a unique genotype. There was only one pair of individuals for
whom having an identical allele combination at all loci was attributed to random chance,
suggesting that the 6 loci used were sufficient for diagnosing clonal replicates.

5.2.6 Analysis

Clonal populations structure is described by both the arrangement of ramets in space and
the richness, diversity and evenness of genotypes present in a population. Together, these metrics
can describe the relative contribution of sexual and asexual reproduction to the genetic and
genotypic diversity of a population. Using the terminology of Baums et al. (2006), the number of
distinct MLGs (NQg)is divided by the number of individuals sampled (N) to calculate the
genotypic richness (Ng/N). The observed genotypic diversity (Go) is calculated as the inverse of
the sum of the squared relative frequencies of ®4dB in a sampled (Stoddart and Taylor
1988). When every individual has a unique genotype, Go is equal to N.Mis@Grecomes
more common in a sample, Go decreases. The expected genotypic diversity (Ge) is the number
of distinct MLGs expected under the assumption that all individuals are derived from random
sex. When a sufficient number of markers with sufficient allelic diversity are used, Gadsec
equal to N, as is the case in this study. Genotypic diversity is calculated as the obsedeed divi
by the expected diversity (Go/Ge). It varies between 0 and 1 and is a measure of the contribution
of asexual reproduction to the population. Genotypic evenness is calculated as the observed
diversity over the number of distinct MLGs present (Go/Ng). Because evenness is sensitive t



both genotypic richness and the relative frequency of genotypes, it can take on a range of values
between 0 and N.

The relative position of values measured for several populations on a plot of genotypic
diversity and evenness can help describe variation in the contribution of asexual and sexual
reproduction to population structure across sites. To better visualize the relationshimbetwee
these variables, | calculated genotypic diversity and evenness for 5000 simulated, random clonal
structures possible, given twenty samples (N = 17). Points describing each simulated population
were color-coded for the percent of the population comprised of unitary individuals (i.e.
individuals with a unique MLG). The genotypic diversity and evenness measured from eight
field sites where plotted on this visual landscape to help identify differences in théutortri
of asexual and sexual reproduction to the standing clonal structure.

Because PCR failed for some loci in some sites, there were a different number of
individuals available in each sample. To minimize variation due to sample sizerte
rarefaction was used in all analyses. To identify the spatial scales where geogffégreicodis
in genotypic structure are detectable, genotypic richness was calculated for three neated spat
scales. Region-level genotypic richness was rarefied to the lowest regional sam{NAsikle=
34) using the rarefy function in the R package VEGAN (Oksanen et al. 2017). For site level
genotypic richness, data were rarefied to match the lsitesample size (Nah, N = 17).

Rarefied genotypic richness was also calculated within each quadrat to look for chamgak in
scalediversity acrossites Since missing data were removed, some quadrats had data for three
rather than four individuals. So, all quadrats were rarefied to three samples, such that the
genotypic richness in each could take on a value of 0.33, 0.66 or 1. The average quadrat-level
richness per site was then taken. Teangenotypic richness at each spatial seas

separately regressed on latitude and mean annual water temperature (MAWT, details for
calculating tempeature found in Ch. 3) to identify geographic patterns in richness. The
relationships were analyzed with a non-parametric KendallOs Tau rank correlasimtéstste
distribution of averages waeft skewed and truncated and could not be transformed to
normality.

To compare patterns in spatial dispersion of clones asitessthe maximum linear
distance between clonemates (individuals belonging to the same MLG) was cdltriazch

genet by summing the number of 5-meter linear intervals between quadrats where clonemates



occured. If multiple members of an MLG oceuthin the same quadrat but nowhere else, that
guadrat was assigned a 1-meter distance. Unitary individuals were excluded from the. analysis
To look for geographic patterns, these distances were log-transformed and compared with
latitude and MAWT using linear regression. Since no MLG was found at more than one site, no
among-site distance estimation was needed.

To understand the structure of genetic diversity across levels of spatial scale, a
hierarchical analysis of molecular variance (AMOVA) was performed using poppr V 2.4.1
(Kamvar et al. 2014, 2015) on the four-locus data set. To reduce bias introduced by replicated
genotypes but to still account for the contribution of clonal lineages in all quadrats where they
occurred, a data set was constructed retaining one copy of each MLG unique to each quadrat.
Genetic variation was partitioned among geneis §N= 128) at three nested spatial scales,
region (\k = 4), site within region (Bl=2), and quadrat within site gN= 5). The presence of
overall population structure was assessed with Fst calculated with GENEPOP (R008%e
The genetic relationship among sites was visualized with a neighbor-joining tree basé®®n Ne
distance where node confidence was estimated with 1000 bootstrapped samples using poppr.

Lastly, population genetic metrics were calculated for the four-locus dat#lsetamal
replicates removed. For each site, the number of unique allelgofderved heterozygosity
(Ho), and expected heterozygosity.JMere calculatedith the GenAlEx (V. 6.501, Peakall and
Smouse 2012) and linkage disequilibrium, significant deviations from Hardy-Weinberg

equilibrium HWE) and inbreeding coefficient {frvalues were calculated usi®ENEPOP.

5.3 Results

Of the 30 primer pairs tested, only six amplified consistently across individuals and were
polymorphic. The low number of usable loci discovered from this process is consistent with
microsatellite development efforts for other taxa (Arnaud-Haond et al. 2013; Warwick and
Lemmon 2014; Kollars et al. 2015). Loci differed in the numbedlefic variants, ranging from
5to 13, (Table 5.2) but together were adequate for distinguishing clusters of individuals that
shared a MLG that had a significantly low probability of having arisen randomly bjsex.
noted above, two loci had a significantly high probability of null alleles (p < 0.001) and so were
not used to estimate population genetic metrics. One locus showed a significant dé&éaton
< 0.001) and another a near significant deviation (2, p = 0.09), from Hardy-Weinberg



equilibrium with all samples pooled. Such a deviations were not observed consistenly acros
individuals sites, indicating that the lack of homozygotes at these loci may be due to variation i
allele frequencies among sites (i.e. the Wahlund effect), rather than due to null allebeg A

the four remaining loci, no significant linkage disequilibriw@sdetected at any site.

In total, 128 unique multi-locus genotypes were identified across 150 individuals. While
MLGs were shared among individuals in different quadrats, no MLG was found at more than one
site. Rarefaction curves for all sites remained steep across samples suggedtifigydreotypic
richness cannot be estimated with these data. Nevertheless variation among popuafasns a
latitude did emerge.

The range otlonal structures examined for 5000 simulated populations reveals the
nature of the interaction among genotypic diversity, genotypic evenness and the proportion of
unitary individuals in the population (Figure 5.1). In general, genotypic diversity increases as the
proportion of unitary individuals increases. This is congruent with genotypic diversity increasing
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Figure 5.1 Clonal structure &f. lineataat 8 sites across the US east coast. The combing
of genotypic diversity (gNg) and genotypic evenness (W) reflect differences in the
relative contribution of asexual versus sexual reproduction to populaticasdGis show
values calculated for 5000 simulated clonal structures simulate@ \Wverl7. @irkness of
the dot indicates the proportion of unitary individuals (i.e. those with ugjgoetypes) in
the population.
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Table 5.2 Charactistics of 6 microsatellite loci amplified in individuals frorarass the
east coast of North America. Metrics calculated for datagktclonal replicates (members
of the same MLG) removed.

Size range
Locus Primer sequence Motif (bp) N Na Ho He HWEp
F, TGGAGGAGTTAATGGAGTGGG
2(DIin_7692) ACTC(H) 124 -268 124 11 0.74 0.58 0.09

R: TGGTTAGGCGCTTGTCTTTC

F: GTGAACGCAACGATGTCAGG
19 (Dlin_4456) ATCC,, 138-218 124 9 0.44 0.40 1.0
R, CACTTCAGTTGGGCAATGTG

+ F: GTCGAGAGCTTCCAAAGTGC

26 (Dlin_2414) AAT 162 - 278 124 10 0.41 0.70 < 0.001

R, ATGAGCGCCCAACTAGCAG ®
F: CTTCGACCAGACAGTGAACG

28 (Dlin_21) AAG,  188-253 124 6 0.37 0.32 0.74
R, GATGAGTACTGTGGTGAGCC

. , F:TGCGTAGTGTGTCGAGGATC
17 (Dlin_1963) | #3968 %(&(((&&"&(

. . F: TTGTCGGTGAAATAGTGCGC
24 (Dlln_658) ! . #$l&ll&l(&lll(((l&(%((

ACAT 146-266 124 13 0.40 0.71 <0.001

ACAG(7) 279-307 124 5 0.40 0.66 <0.001

F,, indicates forward primer with M13 tag. Opposing primer was taggedapigtail

sequence (GTTTN: Number of individuals genotgal; Na: Number of alleles; Ho:
Observed heterozygosity; He: Expected heterozygosity; HWE p: Probabiligsva
associated with deviation from Harlyeinberg equilibrium*Null alleles are likely presim

at these loci, so data are used only to help disshgtlones, but not in population metrics.
Null alleles not detected at this locus. Deviation from HWE wdanples from all regions
are pooled may be due to population level differences in allele freqienape Wahlund
effect).

as sexually produced individuals become more common in the population compared to clonally
derived individuals. Genotypic evenness, however, increases either when a small number of
MLGs are represented in an equal number of clones (pure or nearly pure asexual reproduction),
or as genotypic richness approaches 1 (pure sex). Evenness is lowest when there is a mixture of
unitary and clonally produced individuals present. When the 8 empirically measured populations
are mapped onto this parameter space, they fall across a gradient ranging from nearly entirely
sexual, to mixed (colored points in Figure 5.2). The points do not perfectly align in order of
temperature or latitude, but there is a trend for the cooler northern sites to fall to the upper right

of the warmer southern sites indicating a shift toward sexual reproduction as latitude screase
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One FL site in particular (Wak) shows a strong shift toward asexual reproduction. Bolstering this
result is a significant negative correlation between MAWT and genotypic diversity (Tau =
0.625, p = 0.047), the metric most tightly correlated with changes in the balance of sexual and
asexual reproduction (Baums et al. 2006).

Genotypic richness at the site level increased across latitude and decreasedWith M
though not significantly (Tau 0.52, p = 0.08 and Tau = -0.55, p = 0.07, respectively; Figure 5.2).
Site-level richness was, on average higiMA (Nah, 0.94; Pmh, 0.94) and low in FL (Cml,

0.77; Wak, 0.51), with Wak being particularly low. Richness at intermediate latitudes was
intermediateRbb (0.86) and Qby (0.87) in VA; Jek (0.87) in GA, with the exception of Sts in
GA, which was as high as in MA (0.95, Table 5.3). At the scale of an individual quadrat, the
there was no relationship between richness and either MAWT or latitude (Tau = -0.23, p = 0.48
and Tau = 0.22, p = 0.49, respecipe
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Figure 5.2 Changes in genotypic richness oveammannual water temperature across t
nested spatial scales. Richness was estimated as thedawghber of unigue MLGs
divided by the sample size either pooled across sites or average gquadrats within
site. The slope of the relationship is nigabut not significant by site (p = 0.07). There
is no relationship at the quadrat scale (P = 0.48). Points ginglysiittered horizontally,
but not vertically to reduce ow@lotting.

Clonal lineages were found in every population, often with individuals from a single
MLG occurring in several quadrats across a site (Figure 5.3 A). Despite the commonness of
clonal replicates, there were no cases where all four individual in a quadrat belonged to the same

MLG; at least two distindILGs were represented in every quadrat across all sites. Overall, the
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log maximum linear distance covered by an average genet with two or more ramets, decreased
significantly with latitude and MAWT ¢r= 0.22, p = 0.04 and = 0.24 , p =0.03Figure 5.3 B),

though the number of ramets per genet was not significantly correlated with lafitade@8, p

= 0.16). However, the average log of the maximum distance covered by a clone was significantly
correlated with the number of ramets per genet detected at & sit@.63, p < 0.001; Figure

5.3B), suggesting that ramets spread across a site in proportion to the clone size.

Table 5.3. Metrics of genotypic diversity and clonal structarefsites.

Region Site N Ng N* Ng* Ng*/N* Go Gol/Ge Go/Ng*

(SE) (SE)
13.2 10.27

FL Cml 20 15 17 (0.03) 0.77 (0.04) 0.60 0.78
8.7 5.71

Wak 18 9 17 (0.01) 0.51 (0.01) 0.34 0.66
16.1 15.41

GA Sts 18 17 17 (0.01) 0.95 (0.02) 0.91 0.96
14.7 12.81

Jek 20 17 17 (0.02) 0.87 (0.04) 0.75 0.87
14.6 11.63

VA Rbb 20 17 17 (0.02) 0.86 (0.05) 0.68 0.79
14.9 13.60

Qby 20 17 17 (0.02) 0.87 (0.03) 0.80 0.92
15.21

MA Nah 17 16 17 16 0.94 (0.00) 0.89 0.95
15.21

Pmh 17 16 17 16 0.94 (0.00) 0.89 0.95

N is the number of individuals sampled; Ng is the number of MLGs pr@séhe sample;
N* is the rarefied N; Ng* is the rarefied Ng; Ng/N is the genatyjthness; Go is the
observed genotypic diversity; Go/Ge is the genotypic diversitgrevde is the expected
genotypic diversity; Go/Ng is the genotypic evenness. Metrics weragaapver 1000
replicate datasets where N = 17 individuals were randomly drawmofrtireplacement)
from each population (rarefaction). SE is the standard eftthe mean. Unlisted standard
errors (SE) were all below 0.01. In this study, loci are gefiity diverse that random sex
should result in every individual having a unique MLG, so the expected genotypisityi
(Ge) equals the sample size (N).
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number of ramets of a given MLG detected at a site (bottom)atiiagression shows a
significant slope for both relationships (p = 0.04 and p < 0.001 ).
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Table 5.4 Hierarchical analysis of molecular variance (AMOMSLIts across three spatia
scales. Pralue calculated with random permutation test. * indicates a signtfivalue

Source Df Sum Sqg. Mean Sgq. Phi e:{gl\gl?r:éd
Region 3 32.88 10.96 0.28 0.001* 13.19
Site within region 4 14.20 3.54 0.11 0.001* 6.33
guadrats within site 32 56.02 1.75 0.07 0.003* 9.00
MLGs within quadrats 89 111.00 1.25 0.13 0.024* 71.46
Total 128 214.10 1.67 100.00

Table 5.5 Pairwise Fst estimates across 4 Balded values indicate significant
genetic differentiation using FisherOs method whesdye is less than the

Bonferrani alpha.

Cml Wak Sts Jek Rbb

Wak
Sts
Jek
Rbb

Qby

Nah

Pmh

Nah

Analyzing the genetic variation with the four-locus data set, the hierarchical AMOVA

revealed significant differtiation at all spatial scales (Table 5.4). The majority of variance
(~71%) occurred among genets within quadrats (Phi 0.13, p < 0.024), followed by quadrats

within sites (~ 9%, phi = 0.07, p = 0.003). Region and site explained about 13 and 6% of the
variance (Phi = 0.28 and 0.11, respectively; both p < 0.001). Overall differentiation was low (Fst
= 0.08), though pairwise Fst values ranged from 0.001 between Nah and Pmh to 0.18 between

Wak and the two MA sites (Table 5.5). In almost all cases, Fst values between pags of sit

within regions are lower than values across regions. The overall topography of the neighbor-

joining tree using NeiOs distance suggests that sites paired within regions are niyps¢letese
to each other in FL and MA, but thaid-Atlantic sites lack clear structure; although, most

internal nodes show low support (Figure 5.4). The only higher-level relationship that shows

! #(



strong support is that the pairsfesalong the Gulf Coast iRL form a clade distinct from all
othersites(bootstrap support = 100, Figure 5.4).

Overall, there was no obvious trend in Allelic richnesg)(Mbreeding (Fis) oHWE
across latitude among genets (Table 5.6). Both sites in FL showed lower expected and observed
heterozygosity relative to other sites, but there was not a clear latitudinal trend.

0.06 0.04 0.02 0
I I I |

56.54 Qby VA

11.74 Sts GA

Rbb VA

50.28

—  Pmh
89.38

38.5 ——  Nah MA

100

Jek GA

Wak FL

66.74

Cml FL

Figure 5.4 Neighbor joining tree showing the relationship among sites baiCas
genetic distance. Bootstrap values resample 1000 times.



Table 5.6 Descriptive statistics of population genetic structurédpased on 4 loci.
Clonal replicates (mebers of the same MLG) are removed.

Region  Site N Ng (gé) (SE) (gg) Fis HWE p
FL Cml 20 15 ?1715) (8i§) (8?2) -0.029 0.41
Wak 18 9 (SZZ% (8228) (8:33) 0 0.03
GA Sts 18 17 4.0 0.53 0.48 -0.0686 0.15

(0.70) (0.16)  (0.13)

4.5 0.40 0.45

Jek 2017 o50) (008)  (0.08)

0.1386 0.008

4.25 0.56 0.50

VA Rbb 20 17 4505 (012)  (0.91)

-0.0995 0.44

3.50 0.66 0.54

Qby 20 17 (g9 (0.12) (0.07)

-0.1871 >0.001

3.25 0.47 0.43

MA = Nah 17 16 548 (012) (0.10)

-0.0477 0.01

4.75 0.55 0.48

Pmh 17 16 (063 (008) (0.04)

-0.1158 0.2

N is the number individuals sampled; Ng of unique MLGs at each\5jtes; the mean

+/- standard error of the number of alleles present at each siteyadeacross loci; Ho
is the observed heterozygosity; He is thpested heterozygosity; s the inbreeding

coefficient averaged across all loci; HWE p is theafue calculated for the deviation
from HardyWeinberg equilibrium. Bolded values indicate significant deviations from
expected HWE
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5.4 Discussion

The spatial scale of genetic population structure is expected to influence manyg aspec
ecology and evolution (Slatkin 1987, Kamel et al. 2012), including mating system (Knowlton
and Jackson 1985), competitive environment (Kamel and Grosberg 2013) and offspring fithess
(Reed and Frankham 2003). However, in clonal organisms it is difficult to isolate the genetic
from the ecological consequences of clonality to make unequivocal evolutionary predictions
about the relationship between increased clonality and genetic diversity (Vallejo -Maltin et
2010). In this study, | sought to link a temperature-mediated latitudinal gradient in fission
behavior with differences in genotypic and genetic diversity and spatial structure ae®ss sit
order to better understand the feedback between these two aspects of the system.

| found that genotypic spatial structureDradumene lineatacross the US east coast
influenced by clonal reproduction at all sites, but the relative contribution of clonalitigto t
structure differs among spatial scales and latitudes. Overall, warmer southern sits s
genotypic richness, diversity and evenness than cooler northern sites, but the pattern across
intermediate latitudes is not strictly linear. Since the clonal structure observgivahaime is
the result of both reproductive activity and mortality, the link between reproductive allocation
and structure cannot be made conclusively with these data alone. However, observations from
field and laboratory experiments support the existence of a gradient of reproductive allocation
across the species range. Because of the relationship among temperature, growth and body size,
MA individuals tend to stay intermediate in size all year, produce gametes in the summer and
rarely undergo asexual fission. Individuals in FL divide frequently over most of the year (Ch. 2)
and stay small bodied, which restricts the production of gametes by individuals (Ch. 3). These
behaviors, at latitudinal extremes of the species range, are consistent with the gendgrpg pat
documented here. Across the mid-Atlantic stretch of the species range, however, thehgglations
among temperature, fission and body size leads to seasonal fluctuations between a large, sexual
phase in the spring and a highly clonal, small bodied phase through the summer and fall (Ch. 2,
3, 4). The results from this study suggest that clonal growth contributes to spatial structure in
both GA and VA, but that balance of the contribution of asexual and sexual reproduction varies
among site more than among region, per se. Site Sts in GA, in particular, has greater genotypic
richness than expected based on temperature and latitude (Figure 5.2). Given the variability



among sites within regions, adding data from more sites will be necessary to defineetia¢ ge
relationship of clonal structure across latitude.

Interestingly, the patterns observed at the site scale are not predictive of genotypic
diversityatthe scale of a quadrakt this small scale, there was no significant latitudinal pattern
in clonal richness detected (Figure 5.2). This suggests that clonemates do not remaid akistere
has been seen in other anemone speciesitigopluera elegantissim&rancis 1973 Actina
tenebrosaAyre 1984 Metridium senileHoffman 1986). The spatial extent of the clone scales
significantly with clone size (the number of ramets detected), yet even at siteargglelones
scattered across tens of meters, genotypic diversity at the quadrat scale remains high. This
suggests that ramets either move away from each other or are scattered by disturbance regularly
enough to prevent the local build up of the ramets of any one genet. Unlike in colony- forming or
aggregating species, it is apparently common for individuals to intermingle with unrelated
individuals, supporting the findings of Ting and Geller (2000) that individuals of multiple
genotypes may cohabitate on a single pebble, despite prolific asexual reproduction. This type of
dispersed clonal structure is a common feature of disturbance adapted clonal organisms, where
fragmentation is a key feature for survival and recruitment (Coffroth and Lasker 1998). It
spreads the risk of genet mortality over a larger area, which may be essential when living on
unstable substrate or otherwise disturbance prone habitats (Wulff 1991, Coffroth and Lasker
1998, Geller et al. 2005). Furthermore, a tendency toward dispersal may alleviate one of the
potential drawbacks of clonal behavior, namely the risk of spatial interference reducing the
number of potential mates available (Vallejo-Marin et al. 2010). Conversely, some of the
purported advantages of clonal growth, such as excluding competitors from swaths of suitable
habitat (Williams 1975; Ayre 1985) do not necessarily apply to this species as each individual
competes more or less independently for space.

Genetically, there was significant population subdivision at all spatial scalethes
highest levels of differentiation at the scale of meters. While sites and regiaigrafieantly
differentiated overall, the lack of a strong latitudinal signal in population differentiatggest
that populations along the Atlantic coast are interconnected, either through shared invasion
history or some level of contemporary gene flow. Meanwhile, the Gulf Coast of Florida is both
geographically isolated and environmentally distinct from other regions, so it is unsurprising that
these sites are both genetically and structurally more distinct. Whether the observed



differentiation is the result of a separate invasion history, genetic drift or post-invasion
adaptation remains unknown. However, individuals fielorare known to express higher fission
rates when grown in common garden conditions (Ch. 2), and stay smaller bodied and produce
fewer gametes per individual in the field than anemones living on the Atlantic coast (Ch. 3),
suggesting that both genetic and environmental variation contribute to increased fission rate and
subsequently lower genotypic richness and diversity.

Previous workers studying. lineatainside current study range (Shick 1976, Shick and
Lamb 1977, Minasian 1979) have suggested that most populations outside of East Asia arise
through the clonal replication of single (or small number) of colonists that endure constant
Oboom and bustO cycles as clonal populations grow large, then are extirpated by disease,
predators or abiotic insults. Under this view, populations would be unlikely to persist long or
have high genetic diversity. Likewise, strong founder effects were expected to limit mate
availability to the point that sexual reproduction was unimportant or non-existent in exotic
populations (Shick 1991; discussed in detail by Ting and Geller 2000). While the populations
used in this study do experience periodic disturbance, including local extirpation due to sand
incursion, ice scour (personal observations), and likely, heavy nudibranch grazing, this study
shows all populations measured to be genetically and genotypically diverse and suggests that
sexual reproduction is important at all sites.

Invasion history and latitudinal environmental gradients for this species operate on a
global scale and undoubtedly drive broad patterns in genetic diversity (Ruiz et al. 1997; Wasson
et al. 2001; Rius and Darling 2014). However, the results of this study also suggest that very
smallscale processes shape the genotypic neighborhood where individual interactions, such a
mating and competition, take place. Movement of individuals away from their clonemdttes, eit
by dislodgement or locomotion, is likely important to creating heterogeneous genetic structure at
fine scales. Clonal behavior itself has been linked to life on unstable substrate (Caoifroth a
Lasker 1998, Geller et al. 2005), and may be part of a suite of adaptations for surviving
dislodgement that have allowed this species to become established worldwideaAsrmeaes
are often characterized as sessile animals, little attention has been paid te tiat radult
movement likely plays in choosing habitat, navigating competitive interactions and structuring
genotypic and genetic diversity. The surprising degree of intermixing at small scales among
highly clonal lineages in these populations suggests that this is an oversight.

! #Hy



Together these results describe a widespread species, where clonal structure egthfluen
by environmentally induced life cycle plasticity and, likely genetic differentiationlé/¢tonal
growth influences genotypic diversity at a site level, individuals typically occur in gaihetic
diverse patches at the smallest spatial scales. Unlike many clonal planténaald,ahe
tendency of adult clones to disperse after fission means that increased clonality dbesysot a
lead to a rapid reduction in small-scale genotypic diversity. Because genotypic spatial patterns
are so influential on the nature of competition, facilitation and mate avayahititlerstanding
these patterns will be useful in separating the gerextdngical and spatial effects of clonality

in future studies.



CHAPTER 6
LOOKING FORWARD

6.1 Conclusions

The growth and fission behavior Dfadumene lineatas intimately related to the
environment. Whether this intimate connection reflects clever adaptive plasticitypdy si
variation imposed by dumb thermodynamics remains to be seen. Designating one strategy as
more fit than another in nature will require more complete estimates of fitness, including
fertilization success, recruitment and mortality data that is yet unavailable veiguee work
completed here provides a trail of breadcrumbs to follow toward answeribgytheestions.

First, fission rate is variable among genotypes. Chapter 2 shows that individuals grown in
a common garden show different rates of fission and arrive at different temperature specific body
sizes. This suggests that there is variation on which selection can act to shapeitimenaant
describing fission across temperature.

Second, fission imposes a fecundity cost. Among other things, Chapter 3 shows that the
splitting individual biomass into two pieces through fission reduces the capacity to produce
gametes by more than half. If fission is to be adaptive, some facet of growth or survival must be
improved enough such that this short-term réiduds Opaid backO over a life-time.

Third, there is a three-way tradeoff among body size, ramet production and gamete
production. Chapter 4 demonstrates that maximizing any one of these features comes at the
expense of the other two. Where a population ends up in the parameter space describing the
interaction of these traits will be determined by the balance of selection among tiresadra
the environment. Because the cost of being too large in a very warm environment is extreme,
clonality is energetically favorable over a much broader range of parameters in seasonal and
warm environments.

Four, clonality has consequences for population structure beyond the small scale. Chapter
5 confirms that ramets of this sea anemone do not stay put. While increased fission leads to t
expected reduction the number of genotypes present in a given sample, the result that ramets of
different clones are intermingled at even the smallest scales is perhaps evenaresengt
Clonality is often seen as providing a lateral growth and space holding advantage (Buss and

Jackson 1979, Francis 1988) or as a way to capitalize on favorable habitat (Williams 1975).



However, individuals of this species may benefit from clonality in a way more similar to
fragmenting sponges (Wulff 1991) or other disturbance tolerant taxa. In light of its success as a

global invader, this aspect of its biology seems ripe for investigation.
In short, the natural history insights and details that were uncovered in the course of this

work provide wonderful fodder for biological curiosity and imagination. Clonal organisms tend

to be good for that sort of thing.



APPENDIX A

SUPPLEMENTARY INFORMATION FOR CHAPTER TWO

Figure Al. Relationship of Ln dry weight to Ln pedal areapkdal disk area (mzf)1by
Ln dry weight (mg) for 48 individuals collected from FL (red), GA (gzgreen) diAd(blue).

OLS regression gives a bdgtequation of y = 1.1388%1.9306with R = 0.871
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Figure A2. GLMM model projections of pedal area through seasonalriteenperature
treatments. The figure showsrojection of the besit model (color line) over pedal disk

area trajectoes over the 52 weeks of the experiment foregefeach genet shown by a
uniqueblack lines) displayed by temperature treatment (columns) and orgvs)(r



Table Al. Model selection details for GLMM evaluating changes in biazéytlsrough time.
The table displays the set of individual growth curve models compargditthé model that
best fit the pattern of lab measured body size over time. Thétbasdel (highlighted in
pink) includes a fourth order polynomial describing the relationshipne and size, plus the
interaction of site of origin and temperature treatment with.time

Model Model # | df AlC Log Model L.ratio P
Likelihood Comparison
Week 1 6 2979.2 -1483.6
Week + 2 7 2676.4 -1331.2 1]|vs 2 304.8 <.0001
Week?2
Week + 3 8 2672.1 -1328.1 2| vs 3 6.2 0.0127
Week?2 +
Week3
Week + 4 9 2649.2 -1315.6 3| vs 4 24.9 <.0001
Week2 +
Week3 +
Week4
Week + 5 11 2624.5 -1301.3 4 | vs 5 28.7 <.0001
Week2 +
Week3 +
Week4 +
Origin
Week + 6 13 2626.9 -1300.4 5] vs 6 1.6 0.4391
Week2 +
Week3 +
Week4 +
Week*
Origin
Week + 7 11 2609.7 -1293.8 6 | vs 7 13.2 0.0013
Week2 +
Week3 +
Week4 +
Treatment
Week + 8 13 2561.5 -1267.7 7| vs 8 52.2 <.0001
Week2 +
Week3 +
Week4 +
Week*
Treatment
Week + 9 25 -1238.6 8| vs 9 58.2 <.0001
Week2 +
Week3 +
Week4 +
Week*
Origin*
Treatment
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APPENDIX B

SUPPLEMENTARY MATERIAL FOR CHAPTER F OUR
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BIOGRAPHICAL SKETCH

Will H. Ryan is a native of southern California. He started at College of the Canyons
(Valencia, CA) studying art and biology before a stint at the University of California, Santa Cruz
studying molecular and cellular biology. The lure of marine biology was too strong, however and
he ended up at California State University, Northridge where he graduated with a BS in Biology.
He remained at CSUN for three years working with Dr. Steve Dudgeon on the evolution of
colony form plasticity in the encrusting hydrozobtydractinia symbiolongicarpygarning an
MS in Biology. After a brief adventure as a biology teacher and vivarium tech in Worcester, MA
he arrived at Florida State University to study community ecology in pitcher plants. The siren
song of the sea called again, however and he devoted his doctoral studies to the evolution and
ecology of clonality in the widespread sea anembBisjumene lineataHe gets most excited
about the evolutionary drivers of complex life cycles, phenotypic plasticity and sex, and thinking

about other organism-level problems at the interface of ecology and evolution.
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Ryan WH. 2017.Temperature dependent growth and fission rate plasticity drive seasonal and
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Ryan WH. The evolution of clonality in seasonal seas: An optimality model of the influence of
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