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ABSTRACT

Understanding the evolutionary forces that shape populations in the marine environment is
critical for predicting population dynamics and dispersal patterns for marine organisms. For
organisms with complex reproductive strategies, this remains a challenge. Sponges fulfil many
functional roles and are important components of benthic environments in tropical, temperate
and polar oceans. They have evolved diverse reproductive strategies, reproducing both sexually
and asexually, and thus provide an opportunity to investigate complicated evolutionary
questions. This PhD thesis examines sexual and asexual reproduction in two common golf-ball
sponges in central New Zealand (Tethya bergquistae and T. burtoni), with particular focus on
how the environment influeunces these modes of reproduction, and further, how they shape
species delineations and connectivity patterns. New Zealand waters are projected to experience
increases in temperature and decreases in nutrients over the next century, and therefore these
species may be experience changes in basic organismal processes like reproduction due to
climate change, requiring adaptation to local environments. Therefore, this work has important
implications when considering how reproductive phenology, genetic diversity and population

structure of marine populations may change with shifts in climate.

In my first data chapter, I highlight the difficulty in delineating sponge species by investigating
the evolutionary relationship of Tethya spp. in central New Zealand using both morphological
and molecular methods. Phylogenetic reconstructions based on two mitochondrial markers (rnl,
COl-ext) and one nuclear marker (18S) revealed three genetic clades, with one clade
representing T. bergquistae and two clades belonging to what was a priori thought to be a
single species, T. burtoni. Morphological analysis based on spicule characteristics allowed T.
bergquistae to be distinguished from T. burtoni, but revealed no apparent differences between
the T. burtoni clades. These results indicate hidden genetic diversity within T. burtoni, which
likely represents a group consisting of incipient species that have undergone speciation but
have yet to express clear morphological differences. This chapter supports the notion that
cryptic speciation in sponges may go undetected and diversity underestimated when using only
morphology-based taxonomy, a result which has implications for conservation and

management of marine systems.



In my second data chapter, | characterize the reproductive biology for both species of Tethya
in relation to potential environmental drivers, including sea surface temperature, chlorophyll-
a concentration and rainfall. Using histological methods for sponges collected monthly over
two years, Tethya spp. were found to be gonochoristic and oviparous sexual reproducers, with
one annual reproductive event occurring in the austral summer from January to March.
Differences in oocyte density and reproductive output between both species and sites
highlighted both species-specific adaptive responses and environmental influences on
reproduction. Temperature and rainfall were found to be correlated with instances of sexual
reproduction, and the summer reproductive event occurred each year following the spring
bloom of chlorophyll-a. These findings indicate that seasonal fluctuations in the environment
may be important for triggering gametogenesis for these species. With shifts in temperature,
productivity, and timing of seasons projected for New Zealand, there is a potential for
reproductive phenology to become mismatched with the surrounding environment under future
climate change scenarios, which has consequences for the frequency, duration and overall

output of sexual reproduction for these sponges.

My third data chapter characterizes asexual reproduction in both species of Tethya, exploring
relationships between reproductive traits and potential environmental drivers that may
influence asexual budding events. Two sponge populations, one for each species of Tethya,
were monitored over two years by both monthly sampling and periodic in situ observations.
Data revealed that budding occurred continuously throughout the year, but had a cyclic pattern
where instances of budding and densities of buds were higher during the austral spring and
summer. Asexual reproduction coincided with sexual reproduction, and some individuals were
found to simultaneously reproduce using both modes. Instances of asexual reproduction were
positively associated with temperature and rainfall, but distinct differences between species
were difficult to identify. As temperature proved important, an experiment looking at bud
production in relation to thermal stress was conducted, where sponges were subjected to stable
temperatures treatments of 17°C (control), 19°C and 21°C. No instances of budding were
observed under any temperature treatment, and high mortality occurred in the 21°C treatment.
These results suggest that temperature changes (i.e., heterogeneous environments) may be
more important than temperature alone in driving asexual reproduction, and further, indicate
thermal stress will result in increased sponge mortality. Correlations to potential environmental

drivers indicate that future shifts in climate may affect instances of asexual reproduction and
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thus sponge abundance, which has the potential to alter the genetic structure and overall

diversity of these populations.

In the final data chapter, | developed novel microsatellite markers for Tethya burtoni to
characterize the genetic connectivity patterns among four populations in central New Zealand,
with particular interest in the roles that sexual and asexual reproduction play in connectivity. |
sampled three sites within 10 km of each other in the Wellington Region (WR), and another
site on an island (Kapiti Island) approximately 50 km north of the WR. At one of the WR
sample sites, | monitored a T. burtoni population over two years to examine the dispersal range
of asexually reproduced buds and the ability of clones to sexually reproduce. The WR and
Kapiti Island populations were strongly genetically differentiated, but within the WR region,
two populations were genetically similar, indicative of high connectivity. For the monitored
population, asexual bud dispersal was restricted to no greater than 1 m and clonal individuals
had reduced sexual reproductive ability. Asexual reproduction did not appear to play an
important role in interpopulation connectivity nor gene flow, as buds had low dispersal ability
and rarely reproduced. Population structure and connectivity for T. burtoni appear to be largely
driven by sexual reproduction, and asexual reproduction instead aids genotype survivorship
and population maintenance. These findings highlight that different reproductive modes can
differentially contribute to population dynamics in sessile marine organisms, suggesting that
predictions about future population viability under changing environments may be difficult to

make.

In summary, this PhD thesis uses a combination of genetic, histological, field-based and
experimental methods to examine species boundaries, reproduction and connectivity for Tethya
spp. on rocky reefs of New Zealand. The sympatric nature, complex reproductive ecology and
connectivity patterns observed likely shape the complex evolutionary processes occurring in
these sponges, including introgressive hybridization and cryptic species. Individuals that
showed evidence of possible introgressive events occurred mainly in populations with more
restricted gene flow, while the presence of both cryptic species were more prevalent in well
connected populations. Such a trend allows for discussion of under what circumstances both
of these processes occur. Furthermore, environmental correlates to both sexual and asexual

reproduction indicate that both of these modes of reproduction have the potential to be altered



with future changes in the environment. As both modes were found to play different roles in
gene flow within and between populations, future shifts in climate are also expected to alter
population structure and connectivity for these sponges. Such shifts in gene flow will also likely
result in changes to species boundaries and thus the overall diversity of this genus. Many other
sessile, benthic marine organisms present reproductive traits and behaviours similar to those of
Tethya spp., and therefore these results can aid in the interpretation of results for other marine
taxa. Overall, this thesis describes the population dynamics of Tethya spp., which are abundant
and ecologically important on New Zealand reefs, and provides insight on how temperate
sponge populations may fare with climate change, which has important implications for

management and conservation efforts.
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Figure 4.3. Differences in the probability of budding for Tethya bergquistae (purple) and T.
burtoni (green) at different sites, where error bars represent 95% confidence intervals.......103

Figure 4.4. The effect of sponge size (A) and chlorophyll-a concentrations (B) on Tethya
bergquistae and T. burtoni. Shaded regions represent 95% confidence intervals. ................ 104

Figure 4.5. Budding events in relation to sea surface temperature (SST). Top plot presents the
proportion of budding sponges collected each month, whereas bottom plot shows the effect of
SST with increasing concentrations of chlorophyll-a (chl-a) for both species pooled (as there
was no significant interaction between speciesxchl-axSST). Shaded regions on chl-a plots
represent 95% confidence INTEIVaL. ............ccooiiiiiiiice e 105

Figure 4.6. Bud density in relation to sea surface temperature (A, B) and rainfall (C, D).
Monthly means of bud density for each species given (B, D), with error bars representing
standard error. Shaded regions surrounding regression lines (A, C) represent 95% confidence
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Figure 4.7. Bud density in relation to sponge size for both species, where shaded regions
represent 95% coNfidenCe INEIVAIS. .......cvviieiieie e 107

Figure 4.8. Sea surface temperature readings versus temperature readings from deployed
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Figure 4.9. Fusion event between two Tethya bergquistae. ..........ccccoccevvvevieiieiicie e, 108
Figure 5.1. Tethya burtoni (top sponge) asexually reproducing, with buds (B) labelled. .....121

Figure 5.2. Map of study sites in central New Zealand used for this PhD thesis. Sites for
population structure (Chapter 5) are indicated by coloured circles, and include Kapiti Island
(KP), and three sites within the Wellington region (WR): Breaker Bay (BB), the South Coast
(SC), and Matiu-Somes Island (SI). Red Rocks (sampled in Chapter 2) is the same site SC.
Princess Bay (PB, sampled in Chapters 3 and 4) indicated by an X. Scale bars given in the
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Figure 5.3. Isolation by distance for populations of Tethya burtoni, where pairwise Fst/(1 —
Fst) between populations is plotted against the logarithm of geographical distances (km)
between populations. P-value determined by a Mantel test............cccevvvievivere i, 131

Figure 5.4. Population differentiation between four populations (Breaker Bay, BB; Kapiti
Island, KP; South Coast, SC; Matiu-Somes Island, SI) of Tethya burtoni in central New
Zealand. Plots labelled ‘A’ correspond to the analysis run excluding clones, where ‘B’ includes
clones for the Breaker Bay population. Top: DAPC based on microsatellite allele frequencies,
where each point represents a T. burtoni genotype and populations (BB, KP, SC, SI) are
labelled within 67% of their inertia ellipses. Bottom: STRUCTURE plots, where each vertical
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line represents a sponge and the coloration corresponds to the estimated percent chance that an
individual belongs to each of the genetic clusters (K). K = 3 for STRUCTURE plot ‘A’ and K
=4 for plot ‘B’. Clone groups labelled in ‘B’ plots (1, 2, 3; see Appendix 7 for more information
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Figure 5.5. Clone groups of Tethya burtoni found at Breaker Bay. Numbers (1-4) and labels
(BB#) correspond to clone group and sponge 1Ds, respectively (see Appendix 7, Table A7) for
more information on clone groups). Sponge 1Ds written below the sponge that it corresponds
to, unless otherwise indicated by an arrow. Newly fallen buds that settled and grew over the
monitoring period labelled. White lines in bottom right corner of each picture represent scale
bar =20 mm. Also pictured but not relevant to this study are T. bergquistae, which is an orange
Or PINK gOIT DAll SPONGE. ... 133

Figure 5.6. Images of sections from sexually reproductive specimens Tethya burtoni. Left:
Female sponge containing oocytes (0). Right: Male sponge containing spermatic cysts (sc).

Figure 5.7. Size frequency distribution of Tethya burtoni. Size classes broken by every mm.
Grey bars correspond to non-reproductive sponges, and black bars represent reproductive
sponges. Each symbol above the bars (either asterisk or number) corresponds to a clone
sampled from clone groups, with the sampled clone placed above its size class (see Appendix
7, Table A7 for information on clone groups). An asterisk means that the clone was non-
reproductive, whereas a ‘1’ means that the clone contained gametes (either oocytes or
SPEIMALIC CYSES). .veviereeiiesiee ittt st et e et e e e e st e et e st e e s be et eeseesbe e st e sreesteeneesneesraenrennes 135

Figure 6.1. Examples of images of Tethya burtoni found in the literature and guidebooks.
Citations: A = Battershill et al. (2010); B = from NIWA’s identification guide by Kelly and
Herr (2015); C = Pritchard et al. (1984); D = an image of the original description of T. burtoni
IN Sara and SAra (2004). ......ccveieeeiee et re s 149

Figure 6.2. Examples of images of Tethya burtoni and T. bergquistae observed in this study.
Sponge in A & B are T. burtoni, while sponges in D are T. bergquistae (based on genetic
analyses in Chapter 2). Figure C shows a group of both T. bergquistae and T. burtoni, where
T. bergquistae are identified using the number 1 and the rest (unlabelled) are T. burtoni....149

Figure 6.3. Genetic division between the Tethya burtoni complex, where population codes are:
BB = Breaker Bay, SC = South Coast, SI = Matiu-Somes Island, KP = Kapiti Island. Those
populations with a ‘1’ belonged to Clade 2 produced by rnl/18S and those with a ‘2° belonged
to Clade 3 produced by rnl/18S (see Chapter 2, Figures 2.2 & 2.3). Each point in the
discriminant principal coordinate analysis represents a sponge genotype which are
encompassed within 67% of their population inertia ellipSe. ..........cccooeviiiniiiniiiiiceee, 151

Figure 6.4. STRUCTURE plots comparing population structure of only one species of T.
burtoni (A, plot from Chapter 5, Figure 5.4) to the T. burtoni complex (B & C, new plots).
Each vertical line corresponds to a sponge, and the proportion of colour is the probability of
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assignment into that colour’s genetic cluster (K). For plot A, K = 3. For plot B, K =2 and for
plot C, K = 6. For plots B + C, the plots contain the same individuals in the same order, and
plots are aligned so that the same individual can be read from B directly downto C........... 153

Figure 6.5. Percent survival for Tethya bergquistae and T. burtoni at different temperature
treatments (A-B) and associated Kaplan Meier survival curves (C-D). The control temperature
was the 17°C treatment, indicated by the symbol “(C)’.......ccccoeiiiiiiieiecece e, 160

Figure 6.6. Observations over two days of a sea star (S) preying on Tethya burtoni, where the
picture on the right shows remains of digested SPoONge tiSSUE. .........ccevererereniriinieicienne. 163

Figure A3. Pairwise correlations between monthly means of sea surface temperature (temp),
total monthly rainfall (rain), and monthly means of chlorophyll-a concentration (chla). .....209

Figure A4. The effects of site (top) and species (bottom) on ROI for Tethya bergquistae
(purple) and T. burtoni (green) from both Breaker Bay (blue) and Princess Bay (orange). ROI,
or the reproductive output index, corresponds to the percent of tissue containing oocytes. Plots
on left are means of the log(ROI) between site (A) and species (C), and bars are 95% confidence
intervals. Plots on right are differences in ROI between sites (B) and species (D) presented by
month, where the entire reproductive event captured is highlighted in grey. Sample sizes for
species collected from each site are presented in Table 3.1. Error bars on plots on right
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Figure A6a. Number of buds over time for each monitored Tethya bergquistae (sponge 1D
indicated by tag number in legend) for tagged sites. Each number (1-6) represents a site, each
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Figure A6b. Number of buds over time for each monitored Tethya burtoni (sponge ID indicated
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CHAPTER 1:

GENERAL INTRODUCTION






The conundrum of sex

Sex is one of the greatest conundrums for evolutionary ecologists. The persistent selection of
sexual reproduction remains puzzling because it often fails to follow the rule of natural
selection, which defined by Darwin in 1859 is “the principle by which each slight variation, if
useful, is preserved” (from On the Origin of Species). Organisms have two main ways to
reproduce, sexual and asexual reproduction. Sexual reproduction involves recombination and
results in genetically distinct offspring, whereas asexual reproduction results in identical
clones. Of the two modes of reproduction, sexual reproduction is costlier, yet despite this, still
remains frequently and constantly employed by most organisms (Doncaster et al., 2000;
Lehtonen et al., 2012; Roze, 2012). There is an intrinsic two-fold cost of sex, described first
by Maynard Smith (1971, 1978), which encompasses both the cost of males (i.e., where males
cannot produce offspring), and the cost of meiosis (i.e., where only half of the parental genetic
material is passed to the next generation). This gives asexual organisms a two-fold advantage
over sexual ones because by contrast, all asexual organisms have the ability to produce
offspring and pass on all of their genes to the next generation. Sex can also be unfavourable
because recombination, which occurs when chromosomes cross over during meiosis, has the
potential to break up beneficial genetic combinations that would otherwise allow offspring a
better chance of survival (Uecker and Hermisson, 2015). However, during asexual
reproduction, all alleles are linked and inherited together, which would allow ‘fit’ genotypes to
persist. Sexual reproduction also results in costs associated with the mating process, as these
increase the chances of predation, parasite transmission and injury, which would also reduce
future reproductive success (Daly, 1978; Charlesworth, 1980). Further, gametes are costly
because additional resources are needed for various stages of gametic production and
development (Hayward and Gillooly, 2011). Asexual reproduction does not have these
disadvantages associated with the mating process, which would further make the selection of
this mode of reproduction more logical from an evolutionary perspective. Despite these
seemingly unfavourable characteristics of sexual reproduction, it nonetheless has been
persistently selected for across many different organisms and is more frequently observed in
nature (Andersson, 1994).

While there are potential negative consequences of recombination (i.e., the dissociation of
beneficial gene combinations), sexual reproduction is thought to be selected for in nature for
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the sole reason of recombination, which also acts to generate greater genetic variation than
point mutations alone (Uecker and Hermisson, 2015). When pieces of chromosomes are
exchanged during recombination, new alleles are formed. This genetic diversity provides a
higher adaptability potential for ‘fitter’ genotypes in an array of environments (Lande and
Shannon, 1996; Barton and Charlesworth, 1998). Beneficial mutations can occur during
asexual reproduction (i.e., through base pair changes during DNA replication), but the rate at
which this occurs is very slow and further, asexual mutants must compete with other asexuals
whose genotypes are already adapted to the environment (Gerrish and Lenski, 1998). In
addition, while recombination can break up beneficial gene combinations, it can also act to
break up disadvantageous ones. Asexual reproduction has no mechanism for regulating
deleterious mutations, and as such, mutations accumulate exponentially and in an irreversible
manner in clonal populations. This idea, coined the ‘ratchet effect” by Muller (1932), has been
deemed as one of the most important reasons why sex persists in populations. Furthermore, the
lack of genetic diversity associated with asexual reproduction can lead to inbreeding depression
(Muirhead and Lande, 1997), which would make populations more prone to bottlenecks or
population collapses. While it is generally thought that asexual reproduction results in lower
genetic diversity (e.g., Ayre, 1984; Burdon and Roelfs, 1985), there are organisms that
asexually reproduce that challenge this hypothesis. For instance, there are studies showing that
asexual populations can show considerable diversity and sometimes are actually more diverse
than strictly sexual populations (e.g., Infante et al., 2003; Grapputo et al., 2005; Shreve et al.,
2011). Many models have been proposed to explain this apparent paradox, focusing on how
each mode contributes to genetic diversity for populations, and how this in turn may influence
population dynamics. For instance, Bengtsson (2003) examined populations that reproduce
both sexually and asexually, and hypothesized that variation in clonal populations is generated
by the number of sexual events. Under neutral selection, this model predicts the number of
sexual events needed in clonal populations to generate the same allelic and genotypic diversity
as strictly sexually reproduction populations. Similarly, Barbuti et al. (2012) proposed that
sexual reproduction serves to generate ‘fit’ genotypes, whereas asexual reproduction serves to
amplify such genotypes. Understanding how both modes shape the genetic diversity of a

population in nature, however, remains challenging.

The environment is often the driving force that influences which reproductive mode is

employed by an organism, as ultimately dictated by natural selection. Asexual reproduction is
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commonly associated with more stable environments because homogeneous environments do
not require an array of adaptable genotypes to various conditions (Birger, 1999). In contrast,
sexual reproduction is thought to be important for populations living in constantly changing
environments, where genetic variation (via recombination) is important for allowing the
population to adapt and persist, especially to new environments (Crow, 1992; Becks and
Agrawal, 2012). Thus, asexual reproduction and sexual reproduction are generally associated
with stable and heterogeneous environments, respectively (e.g., observed in populations of sea
anemones, Actinia tenebrosa (Ayre, 1984); and populations of marine sponges, Chondrilla sp.
(Zilberberg et al., 2006)). Despite this, instances of asexual reproduction occurring in
heterogeneous environments and instances of sexual reproduction occurring in stable
environments have been reported. In highly disturbed areas, high incidences of asexual
reproduction have been reported (e.g., Sherman et al., 2006), where the exponential
amplification of clones proves beneficial for recolonization following disturbance (Rasheed,
2004; Silvertown, 2008). By contrast, in extremely stable environments, repetitive and frequent
asexual reproduction may more quickly lead to Muller’s ratchet and therefore sex is eventually
required to prevent population extinction by the ratchet effect (Doncaster et al., 2000). Overall,
there are no general rules for either sexual or asexual reproduction in terms of which mode is
more advantageous, how each mode contributes to genetic diversity, or in what environment
each mode is likely to be employed. It is instead specific to a particular organism living in a
certain environment at a particular time, and it is this transient nature of the science that drives

the great debate surrounding sex in evolutionary ecology.

Connectivity and species boundaries in the marine realm

Connectivity, broadly defined, is the exchange of individuals between populations (Cowen and
Sponaugle, 2009). More specifically, connectivity can be thought of in terms of both
demographic connectivity and genetic connectivity, as reviewed in Lowe and Alldendorf
(2010). As defined by these authors, demographic connectivity assesses population growth in
terms of the relative contribution of both net immigration and local recruitment. By contrast,
genetic connectivity measures the total number of organisms that disperse between
populations, but fails to capture the rate at which this occurs and thus cannot give an indication
of population growth without necessary demographic data. For organisms living in the marine
environment, connectivity patterns are a product of both biotic and abiotic forces (i.e.,
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reproductive strategies, larval duration/dispersal; Cowen et al., 2007; Pineda et al., 2007).
These processes are often unknown or are difficult to study in the ocean, making predicting
connectivity challenging. For instance, it was previously thought that marine populations were
connected across larges distances (i.e., open populations), but more recent data are beginning
to reveal that populations are often more closed off, with restricted gene flow and greater
structure between populations (Cowen et al., 2000; Warner and Cowen, 2002). A key factor
that shapes a species’ or a population’s connectivity patterns and associated genetic structure
is their reproductive ecology (Cowen and Sponaugle, 2009; Treml et al., 2012). For example,
organisms that use mixed reproductive strategies may rely on asexual reproduction as a
repeated seeding strategy, resulting in clonal patches of individuals that are restricted to a small
spatial scale (Ellstrand and Roose, 1987; Alberto et al., 2005). Additionally, sexual
reproduction combined with a low dispersal of offspring may result in local recruitment,
causing inbred populations (Keller and Waller, 2002). For those organisms that have complex
reproductive strategies with both sexual and asexual reproduction, the contribution of each
mode to connectivity is often unknown, which impairs our understanding of how such
populations are structured. In addition to reproductive behaviour, connectivity is also greatly
influenced by the surrounding environment, where oceanographic currents, tides, and
topological barriers operate to either promote or restrict connectivity (Galarza et al., 2009;
Paris et al., 2007). Determining both temporal and spatial connectivity patterns is fundamental
for not only our understanding of the population dynamics and evolutionary ecology of an

organism, but it is also valuable for effective management and conservation of marine systems.

When predicting connectivity patterns for an organism, the identification of the species of
interest is generally the first step in a study, and this step is assumed to have been done
correctly. However, while seemingly basic, identifying species boundaries in ecology is not
trivial and remains one of the greatest challenges for marine species (Wheeler and Meier,
2000). For the marine environment in particular, barriers to reproduction are not obvious, and
intraspecific plasticity in combination with interspecific cryptic diversity makes delineating
species difficult. As such, the use of integrative taxonomy which uses more than only
morphological analyses is recommended in order to better understand the evolutionary history
of an organism (Padial et al., 2010). Recent molecular studies have begun to uncover many
cryptic species in the ocean (Knowlton, 2000). Cryptic species are defined as two or more

species that have been classified as one species on the basis of morphology, despite being in
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fact evolutionarily distinct species (Bickford et al., 2007). While the identification of cryptic
species is most usually by genetic tools (Knowlton, 2000), species may also be deemed cryptic
on the basis of reproductive isolation (Amato et al., 2007), as well as differences in chemical
defence systems and endosymbionts (Mcgovern and Hellberg, 2003). However, such
differences are sometimes subtle and as a result, the definition of species can often be
subjective, which has led to intense debates on species delineations in taxonomic fields
(Hauser, 1987; Wheeler and Meier, 2000; Will and Rubinoff, 2004). It is difficult to determine
at what point strongly differentiated populations are considered different species, which can
confuse our understanding of populations, subpopulations, sibling species and even species.
Failure to correctly identify the former has consequences in connectivity studies, as
misinterpretation of species boundaries can lead to erroneous estimates of gene flow (Pante et
al., 2015). Sympatric cryptic species perhaps have the most elusive evolutionary histories, as
it is often difficult to identify barriers to reproduction between species occupying the same
niche with the seemingly same functional role (Knowlton, 1993; Rundell and Price, 2009). In
addition, for species living in sympatry, boundaries can be semipermeable, where processes
including introgression and hybridization confound and blur species delineations (Harrison and
Larson, 2014). Introgression, or the process by which genes from one species are transferred
to another species through hybridization and backcrossing, has recently been shown to occur
more frequently in marine systems than previously thought (Roques et al., 2001; Soliva and
Widmer, 2003; Nydam and Harrison, 2011). The basis of any evolutionary study is the
identification of the correct study species, and because this is a seemingly simple task, it is

often overlooked in many studies.

Sponges as model organisms

Sponges, which belong to the phylum Porifera, can serve as useful models for evolutionary
studies. They are among the most ancient multicellular animals, with an evolutionary history
dating to the Pre-Cambrian period, approximately 600 mya (Li et al., 1998; Yin et al., 2015),
and they continue to thrive today. They are an incredibly diverse group with over 9,000 species
identified to date, with new species continually being discovered (Van Soest et al., 2012; Van
Soest et al., 2018). This group exhibits an array of both morphological types (with regard to
skeletal composition, growth forms) and life history strategies, with wide variations in growth,

reproduction, and feeding (Frost, 1976; Bergquist, 1978; Hooper and Van Soest, 2002;
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Maldonado and Riesgo, 2008). Despite the high levels of diversity within the group, all sponges
serve largely to filter water, and their simple body plan reflects this (Bergquist, 1978). In
general, filtration occurs as water is drawn into the sponge, circulated and expelled (Leys et
al., 2011). Despite the simplicity, sponges have persisted for millions of years and serve a
number of ecologically important roles in the benthos of both freshwater and marine
environments, across tropical, temperate and polar oceans (Van Soest et al., 2012). Sponges
have been shown to play important functional roles in reef/habitat creation, bioerosion, trophic
webs and nutrient cycles; furthermore, sponges support primary production, produce chemical
defences and provide shelter for a range of organisms (Bell, 2008). For studies requiring
fieldwork, sponges are ideal study species as they are sessile and have fast regeneration rates
(Wulff, 2010; Figure 1.1). Of the most interesting characteristics for evolutionary studies,

however, is the diverse way in which sponges reproduce.

JULY2015 . o JAN 3 MBEF \
Figure 1.1 Regeneration of sponges used in this thesis over a two-year study period.

Sponge reproduction

Sponges reproduce using both sexual and asexual reproduction (as recently reviewed in
Maldonado and Riesgo, 2008). During sexual reproduction, sponges can be gonochoristic (i.e.,
separate sexes) or hermaphroditic (i.e., produce both male and female gametes).
Hermaphroditism can be simultaneous, where both gametes are present at the same time, or
sequential, where one sex develops into the other (Sara, 1974; Gilbert and Simpson, 1976). In
terms of gamete development, sponges either release eggs into the water column where they
are fertilized and develop into larvae (i.e., ovipary, as in Polymastia sp.; Ayling, 1980) or
internally brooded larvae (i.e., vivipary, as in Haliclona sp.; Fromont, 1994). Sponges have
three main ways of asexual reproduction: budding, fragmentation or gemmulation (Simpson
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and Gilbert, 1973; Maldonado and Uriz, 1999; Cardone et al., 2010). Budding occurs when
sponges release small cell masses, or buds, from their external surface. Buds are composed of
fibrils, totipotent cells (called archeocytes), energy stores and spicules to allow longevity in the
water column as well as settlement to substrate (Simpson, 2012). Fragmentation occurs when
a small piece of tissue is detached from the sponge (via water movement, or interactions from
other organisms) and resettles, growing into a new sponge (Maldonado and Uriz, 1999; Wulff,
1991). Because many cells that make up a sponge are pluripotent, or can develop into all cell
types, only small pieces of sponge fragment are necessary to allow regeneration of an entire
sponge (Simpson, 2012). The third mode of asexual reproduction, gemmulation, occurs when
sponges release gemmules, which are small dormant cell masses located at the based of the
sponge surrounded by a protected envelope (Rasmont, 1962). Gemmules are usually associated
with extreme tissue damage and disturbance events, as the thick protective envelope allows
resistance to desiccation events and even digestion by other animals (Simpson and Gilbert,
1973). Gemmulation is generally more frequent in freshwater and brackish habitats, and is a
mechanism by which populations can be restored after mass mortalities from freezing and
drought events (Simpson and Fell, 1974). Sponges have evolved to use combinations of these
sexual and asexual strategies. For example, some sponges are oviparous gonochorites that bud
(e.g., Tethya, Bergquist and Kelly-Borges, 1991), while others are viviparous hermaphrodites
that undergo fragmentation (e.g., Haliclona, Wulff, 1986; Stephens et al., 2013). The high
diversity of sexual and asexual reproduction provides an excellent opportunity to identify
potential roles of different reproductive strategies in population dynamics and in the overall

evolutionary history of an organism.

Both sexual and asexual reproduction in sponges are greatly influenced by the environment.
Multiple studies have shown that various environmental factors (including temperature,
nutrient/food availability, salinity, rainfall, oxygen, sediment/turbidity, light) correlate to the
reproductive timing, frequency and overall output in sponges. Of potential environmental
drivers, temperature is the most studied, and both increases and decreases in temperature have
been shown to coincide with the onset of reproduction. For example, gamete production and
budding has been shown to occur during periods of warmer temperatures for a number of
sponges, including: Carteriospongia foliascens (Abdul Wahab et al., 2014), Xestospongia spp.
(Fromont and Bergquist, 1994), Geoida cydonium (Mercurio et al., 2007), Halichondria
panacea (Witte et al., 1994) and Tethya citrina (Cardone et al., 2010). Conversely, decreasing
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temperatures are correlated with reproductive and budding events for other sponges, as
observed in Axinella damicornis (Riesgo and Maldonado, 2008) and Mycale contrarenii
(Corriero et al., 1998). Light and lunar/tidal cycles are also important and often trigger
spawning events for sponges (Amano, 1988; Nozawa et al., 2016). Nutrient levels are often
used as a proxy for food, which is important for gamete production, and thus nutrients and food
availability have been found to be positively correlated with reproductive output (i.e., gamete
density). By contrast, gamete production is negatively affected by decreases in salinity and
oxygen (Witte, 1996; Roberts et al., 2006; Gaino et al., 2010; Di Camillo et al., 2012).
Furthermore, stress from sedimentation may result in the allocation of energy to other survival
strategies, leaving less energy available for reproduction, which generally negatively affects
reproduction in sponges (Whalan et al., 2007b). For example, Roberts et al. (2006) reported a
decrease in the number of gametes produced by Cymbastela concentrica under increased
sediment and low light conditions. Understanding how sponges respond to the surrounding
environment is imperative for understanding population dynamics, including connectivity, as
these processes are driven by reproduction. Furthermore, with predicted shifts in our climate,
understanding environmental drivers of sponge reproduction is imperative in order to predict

how these populations will respond to changing oceans and how to effectively manage them.

Sponge taxonomy

Knowledge of an organism’s reproductive ecology can be informative in setting species
boundaries, as species are often defined as being reproductively isolated from one another.
Traditionally, taxonomy of sponges has been on the basis of comparative morphology, focusing
on differences in the skeletal and spicule composition between species (Hooper and VVan Soest,
2002). However, due to the simplicity of sponges, there may sometimes be insufficient
morphological characters available to distinguish species from each other. Furthermore,
conspecific sponges often exhibit high degrees of phenotypic plasticity and can appear very
different, when they are in fact the same species (Gaino et al., 1995). Due to these challenges,
the field of sponge taxonomy is known for being particularly difficult, even for experts (Kelly-
Borges and Pomponi, 1992; Hooper and Van Soest, 2002; Worheide and Erpenbeck, 2007).
Increasingly, molecular analyses have begun to uncover cryptic species throughout the phylum,
as the high diversity of sponges that lack defining traits coupled with their phenotypic
plasticity, make the potential for cryptic species very likely. For example, De Paula et al. (2012)

36



discovered four species within what was previously Cliona celata in South America using
genetic markers, even though spicule analysis failed to differentiate species in this complex.
Similarly, discordance between molecular and morphological species boundaries was recorded
in Callyspongia in the Caribbean (DeBiasse and Hellberg, 2015). Genetic evidence has also
revealed cryptic species within calcareous sponge species (Solé-Cava et al., 1991; Wérheide
et al., 2008), Placospongia (Nichols and Barnes, 2005), Haliclona caerula (Knapp et al.,
2015), and Hemimycale (Uriz et al., 2017). Hybridization, introgression and chimerism
between species have also been recorded in the phylum Porifera (e.g., Maldonado, 1998;
Riesgo et al., 2016), making the interpretation of genetic data difficult. While genetic data are
beginning to reveal evolutionary relationships between sponges, it is still important to take a
holistic approach to sponge taxonomy as genetic variability between groups may merely be a
product of subpopulations or intraspecific diversity. As such, taxonomically diagnostic
characters, such as those relating to morphology and reproductive ecology, in combination with
genetic analyses may provide a more rounded view of species’ evolutionary histories. For
example, Muricy et al. (1996) found cryptic speciation within Plakina trilopha on the basis of
genetic evidence, reproductive isolation and morphology. Delineations of species remains a
difficult task, especially for sponges, and the dynamic field of sponge taxonomy reflects this,

where new studies are constantly highlighting hidden diversity within the phylum.

Sponge connectivity

There are a number of studies that have examined connectivity patterns of sponges. Larval
duration and behaviour can provide clues as to how populations are connected; for instance,
long-lived, swimming larvae are better able to connect populations at greater distances than
immobile, short lived larvae (Maldonado, 2006). This has been shown to be the case for
Scopalina lophyropoda, where philopatric larval dispersal resulted in genetically differentiated
populations across both small and large scales (Blanquer and Uriz, 2010). Another technique
that has been used to examine the extent of gene flow is graft acceptance or rejection (Neigel
and Avise, 1983). For instance, this technique has been used by Jokiel et al. (1982) for
Callyspongia diffusa, and involved taking grafts from one population, putting them into contact
from individuals of another population, and calculating the frequency of acceptance and
rejection. These authors found that graft acceptance was negatively correlated with distance
from the source of the graft, allowing the extent of gene flow and the level of clonality to be

interpreted. Most connectivity patterns in sponges, however, have been determined using
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genetic markers, which includes the use of allozymes, mitochondrial/nuclear universal
markers, multilocus microsatellite markers, and single nucleotide polymorphisms (SNPs; Van
Oppen et al., 2000). Allozymes and mitochondrial/nuclear markers have been used extensively
in multiple studies looking at population structure (Klautau et al., 1999; Duran et al., 2004a;
DeBiasse et al., 2010; Lopez-Legentil and Pawlik, 2009), but can sometimes fail to capture
genetic differentiation between sponges from different locations, due to the conservative nature
of these markers (Bucklin et al., 2011). Microsatellite markers and SNPs are both advantageous
in that they capture fine scale intraspecific relationships of sponges, allowing for a better
indication of population structure. Duran et al. (2004b) was the first study to develop
microsatellite markers for a sponge (Crambe crambe), and since a number of studies have
emerged using this genetic tool to determine connectivity patterns. These studies have revealed
a common pattern for sponges, where populations are highly differentiated across short
distances and have more restricted gene flow than originally expected (Perez-Portela et al.,
2014; Blanquer and Uriz, 2010; Duran et al., 2004b). Such restricted gene flow and local
recruitment has been attributed to oceanographic barriers and fronts (e.g., Riesgo et al., 2016)
as well as short larval duration times (e.g., DeBiasse et al., 2010). Some populations are
connected across larger distances than expected, as in the case of some populations of Dendrilla
antarctica in Antarctica (Carlos et al., 2017). For such open populations, oceanographic
currents can drive populations to be connected across larger distances (e.g., Lazoski et al.,
2001). While information surrounding gene flow in sponges is growing, connectivity patterns
can be hard to disentangle in this phylum, especially because cryptic speciation has the

potential to confound such gene flow scenarios and lead to misinterpretation of data.

Connectivity patterns can change, demonstrating that environmental influences are important
in determining connectivity patterns. Examining genetic structure and differentiation over a
short time scale can reveal such temporal components to connectivity patterns. For example,
the population structure (i.e., genetic structure and clonality) of the sponge Paraleucilla magna
was determined for three consecutive years and showed great change over the three years
(Guardiola et al., 2011). For the first and third sampling years, there were three genetically
distinct populations; however, for the second year, genetic differentiation decreased and only
two distinct populations were detected. This study highlighted that connectivity patterns can
be affected by both time and the surrounding environment. Therefore, determining how

reproductive modes are influenced by the environment is key to predicting such changes in
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connectivity. For instance, Zilberberg et al. (2006) correlated the extent of clonality to
surrounding environmental conditions, where clonality was higher in more stable
environments. As such, asexual reproduction was attributed to shaping the genetic structure of
this population, whereas sexual reproduction was greater in heterogeneous environments. The
reliance on asexual reproduction by sponge population varies. Asexual reproduction can play
a minor role in sponge populations, such as those of Scopalina lophyropoda in the
Mediterranean Sea (Blanquer and Uriz, 2010); or can instead play a key role in population
persistence, as for some Caribbean sponges (Wulff, 1991). Understanding how the
environment influences both sexual and asexual reproduction is imperative to predicting
connectivity patterns, because gene flow is driven by reproduction. While reproduction and
potential environmental drivers have been recorded for many sponges, how this interaction
drives connectivity patterns and shapes the evolutionary history of these species remains poorly

understood.

Thesis outline

The overall aim of this PhD thesis is to better understand how the environment influences
complex reproductive strategies in the marine environment, and to determine how different
modes of reproduction contribute to evolutionary processes like speciation and connectivity.
For this study, | used temperate sponges belonging to the genus Tethya in New Zealand as a
model, with the following objectives:

(1) To determine species boundaries between Tethya spp. in central New Zealand. To fulfil
this aim, | constructed phylogenetic relationships between Tethya spp. from one nuclear
and two mitochondrial markers. | also assessed the use of morphological features as a
method to identify species by comparing spicule sizes and types between different
species.

(2) To characterize sexual reproduction in Tethya spp. in central New Zealand; to
determine any differences between species; and to identify potential environmental
drivers of sexual reproduction. To achieve this, | performed histological analysis on
sponges collected monthly over two years at two different sites to characterize gametic
production and development, as well as sexual reproductive frequency, duration and

output. | then compared this data to an environmental dataset, comprised of sea surface
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temperature (SST), rainfall and chlorophyll-a concentration (chl-a) to determine
potential correlates.

(3) To characterize asexual reproduction in Tethya spp. in central New Zealand; to
determine any differences between species; and to identify potential environmental
drivers of asexual reproduction. | did this by using three different methods. | first
measured budding events and bud density for sponges collected monthly over two years
at two sites, to which I compared to an environmental data set (SST, rainfall, chl-a). |
then also monitored a population of sponges in situ and measured both budding events
and bud numbers for the same sponges over two years. | compared these data to
temperature data from a logger | deployed in the field. Lastly, I conducted a preliminary
experiment looking at budding events in relation to temperature.

(4) To examine the roles of sexual and asexual reproduction in population connectivity for
Tethya burtoni across four sites in central New Zealand. To achieve this aim, |
developed a set of microsatellite markers to characterize connectivity patterns in this
sponge. | also monitored a population of T. burtoni monthly, over two years, to
investigate the role of asexual reproduction in population dynamics. | did this by
measuring the dispersal of asexual buds from genotyped sponges and by using

histological methods to determine the sexual ability of clonal individuals.

In the final chapter (General Discussion), | discuss the results from all data chapters
together and provide commentary on broader scale implications of this research. | compare
the multiple methods employed for species delineation throughout this thesis, including:
universal markers and comparative morphology (Chapter 2); sexual reproductive isolation
(Chapter 3); asexual reproductive isolation (Chapter 4); and microsatellite markers
(Chapter 5). Further, I discuss conditions that may favour evolutionary processes including
introgressive hybridization and cryptic speciation. This thesis highlights both species-
specific and site-speicific responses of sexual and asexual reproduction, and the
implications of these results is discussed in relation to climate change. Lastly, this work
provides baseline data and tools to be used for further studies, and many future directions

exist that can expand on this PhD thesis.
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CHAPTER 2:

HIDDEN DIVERSITY IN THE GENUS TETHYA: COMPARING
MOLECULAR AND MORPHOLOGICAL TECHNIQUES FOR
SPECIES IDENTIFICATION

Shaffer MR, Davy SK, Bell JJ (2019) Hidden diversity in the genus Tethya:
comparing molecular and morphological techniques for species identification.
Heredity, 122, 354-369.






Introduction

Correctly identifying species units is critical for estimating biodiversity, defining species
boundaries and measuring connectivity patterns (Hey et al., 2003; Frankham et al., 2012).
Methods for species identification have been so hotly debated in the literature that the phrase
‘species problem’ has emerged to describe the conundrum that biologists face when defining a
species (Mayden, 1997; De Queiroz, 2007). Mayr (1942) was the first to address this problem
by conceiving the biological species concept, where he defined a species as a group of
interbreeding individuals which are reproductively isolated from other groups. Since then,
other concepts have emerged based on: an organism’s functional role/ecological niche
(ecological species concept, Van Valen, 1976); historical ancestry lineages (evolutionary
species concept, Simpson, 1951); and the sharing of common ancestors/alleles (phylogenetic
species concept, Hennig, 1966; Rosen, 1979; Baum and Shaw, 1995; reviewed in De Queiroz,
2007). While many concepts exist, the most traditional, widespread and consistently employed

method for taxonomy is based on comparative morphology (Padial et al., 2010).

The recent advancement and accessibility of molecular tools has begun to reveal conflicting
evolutionary histories for many species previously defined by morphological characteristics
(Wendel and Doyle, 1998; Knowlton, 2000; Lecompte et al., 2005; Lihova et al., 2007; Wallis
et al., 2017). Distinguishing between intraspecific plasticity and interspecific cryptic diversity
can be problematic when only using morphology-based taxonomic methods (Knowlton, 1993;
Vrijenhoek, 2009; Capa et al., 2013, Czarna et al., 2016). Additionally, congeneric species that
live in sympatry often challenge the notion of species boundaries because introgression (i.e.,
where alleles from one species enter the gene pool of another species via hybridization and
backcrossing) is common (Harrison and Larson, 2014). Failure to correctly identify species
boundaries has consequences for implementing effective conservation and management
strategies and for our overall understanding of important evolutionary processes like speciation
(Gomez et al., 2002), bioinvasions (Knapp et al., 2015) and hybridization (Kauserud et al.,
2006).

Organisms that have only a few defining traits available for comparison are particularly prone
to identification problems (Knowlton, 1993; Bickford et al., 2007; DeBiasse and Hellberg,

2015). In such groups, cryptic species often emerge during molecular studies, as sequences
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provide more characteristics (bases) with which to differentiate organisms, which allows a finer
resolution of relatedness between individuals to be determined (Hillis, 1987; Hebet et al., 2004;
Bickford et al., 2007). Sponges have relatively few morphological traits, yet a rich taxonomic
literature exists delineating species boundaries within sponges based on phenotypic
characteristics (Hooper and Van Soest, 2002). Skeletal composition, arrangement and spicule
morphology are key features used to classify and identify sponges (Hooper and Van Soest,
2002), despite the fact that structural components of sponges can be highly dynamic (Bond,
1992; Nakayama et al., 2015) and spicules can exhibit variability under different environmental
conditions (Bavestrello et al., 1993; Bell et al., 2002; McDonald et al., 2002). Furthermore,
recent studies on sponge taxonomy have highlighted problems with using morphology as a sole
defining trait and have used phenotypic traits combined with molecular analyses to resolve
evolutionary relationships (Alvarez et al., 2000; Erwin and Thacker, 2007; Morrow and
Cérdenas, 2015; Plotkin et al., 2017). As a result, phylogenetic analyses for many sponges have
begun to reveal cryptic speciation throughout the phylum, suggesting that diversity within the
phylum is even higher than previously thought (see Table 1 in Xavier et al. (2010) for reported
cases of cryptic speciation in sponges, plus Andreakis et al., 2012; De Paula et al., 2012;
DeBiasse and Hellberg, 2015; Knapp et al., 2015; Uriz et al., 2017).

In this study, I used ‘golf ball sponges’ belonging to the genus Tethya in New Zealand as a
model to investigate cryptic speciation and to better understand how evolutionary processes
occur for species living in sympatry. Tethya is a ubiquitous genus, with 92 described species
worldwide (Van Soest, 2008), and has a particularly high diversity (31 species) recorded in
coastal waters of Australia and New Zealand (Bergquist and Kelly-Borges, 1991; Sara, 1998;
Sara and Sara, 2004; Heim et al., 2007). While members of the genus are easily distinguishable
by their globular form, identifying Tethya to the species level can be difficult because they
exhibit a high degree of morphological plasticity, and have only a few defining traits available
for species differentiation. The challenge in species identification is reflected in the dynamic
taxonomic literature, where new species are constantly being described (Corriero et al., 2015),
and previously described species are regularly reconsidered and reclassified (Sara, 1987,
Bergquist and Kelly-Borges, 1991; Hooper and Wiedenmayer, 1994; Sara and Sara, 2004;
Heim et al., 2007). In New Zealand, taxonomy has been based solely on morphology with no
genetic phylogenies constructed to date (Bergquist and Kelly-Borges, 1991; Sara and Sara,

2004). Here, 1 used two common species of Tethya in New Zealand (T. bergquistae and T.
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burtoni) as models to investigate evolutionary relationships and cryptic speciation using both
genetic (COl-ext, rnl, 18S) and morphological traits (spicules) to understand the advantages

and limitations of both methods in determining species boundaries.

Materials and Methods
Study species

Tethya bergquistae and T. burtoni are two of the most common species of Tethya found in the
waters of central New Zealand, and both occur in the waters around Wellington, New Zealand
(Figure 2.1). Tethya bergquistae is described as rose-pink in colour, firm to the touch, and with
an irregular surface with grouped oscula (Bergquist and Kelly-Borges, 1991; Hooper and
Wiedenmayer, 1994; Battershill et al., 2010). Tethya burtoni is bright orange to yellow and is
described as having a warty surface with an inflated, soft texture (Sara and Sara, 2004,
Battershill et al., 2010). Tethya bergquistae is generally found in well-lit areas with moderate
flow, whereas T. burtoni tends to prefer more shaded, sedimented areas (Battershill et al.,
2010). Spicules for both include megascleres, which are strongyloxeas; and microscleres,
which are megasters and micrasters of similar sizes (Bergquist and Kelly-Borges, 1991; Sara
and Sara, 2004). A key distinguishing feature between both species relies on their spicular
composition with respect to the location/density of megasters, as T. burtoni contains fewer
megasters, which are mainly found in the cortex (Bergquist and Kelly-Borges, 1991; Sara and
Sara, 2004).

Tracking the description of both species through the literature reveals a complex taxonomic
classification history within New Zealand, highlighting the difficulty in species identification
common to Porifera. For instance, T. bergquistae was incorrectly identified as T. ingalli by
Pritchard et al. (1984) and formerly described as T. australis by Bergquist and Kelly-Borges
(1991), and T. burtoni has been incorrectly referred to as T. aurantium by Pritchard et al.
(1984). Overall in New Zealand, there are ten species of Tethya recorded, but two of these are
also thought to exist in Australian waters (Ledenfield, 1888; Bergquist, 1961; Bergquist and
Kelly-Borges, 1991; Sara and Sara, 2004). Many of these ten species are thought to be endemic
to certain regions (e.g., T. compacta to the Chatham Islands, T. fastigata to the Poor Knight

Islands), but this has been based on observations from only one to a few sponges (e.g., T.
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compacta), or on descriptions dating from the 19" Century (e.g., T. multistella). In the
literature, pictures identifying New Zealand Tethya are often inconsistent and classification by
comparative morphology is therefore challenging. Descriptions of species within Tethya are
based on cross sections and spicule compliments, but differences can be often subtle and
difficult to detect, especially for non-specialists. Around New Zealand, sympatric Tethya spp.
display a wide range of colours and textures, making them difficult to confidently match to
descriptions in the current taxonomic literature. Tethya spp. also appear to undergo seasonal
morphological changes (M. Shaffer, personal observations from monthly monitoring for 2+
years). For example, the same sponge’s appearance may go from porous and soft to very firm
over a period of a month. In addition, during the summer a sponge may be covered more
extensively by crustose coralline algae (CCA), rendering it more reminiscent of T. amplexa
(Bergquist and Kelly-Borges, 1991), but in the winter be completely free of CCA. Because
morphology can be very variable and temporally dependent, assessing species based solely on
morphology has the potential to lead to erroneous conclusions. To date, molecular differences
have allowed at least one other instance of sibling species within the genus Tethya to be
uncovered. Sara et al. (1993) reported cryptic speciation in two populations of T. robusta,
which were morphologically similar but genetically different. The taxonomic history,
phenotypic plasticity and previous report of a species complex within the Tethya genus makes

other occurrences of cryptic speciation within this group likely.

Collection

Sponges which were a priori thought to be T. bergquistae and T. burtoni were collected using
SCUBA from two different locations in waters around Wellington, New Zealand (Breaker Bay:
41°19'53.3"S 174°49'652.6"E; Kapiti Island: 40°53'23.6"S 174°52'40.3"E). Additional
specimens of T. burtoni were collected from two further locations (Matiu-Somes Island:
41°15'36.9"S 174°43'54.4"E; Red Rocks: 41°21'04.5"S 174°43'54.4"E). For a map of these
study sites, refer to Chapter 5, Figure 5.2 Sponges were collected 3-5 m apart to avoid
collecting clones, at depths from 5-10m. Three sponges of unknown identity were collected
from Breaker Bay (n = 2) and Kapiti Island (n = 1), which were texturally similar to T.
bergquistae but the same colour as T. burtoni. A picture of each specimen was taken to aid in
later identification. Tissue was extracted for both genetic and spicule analysis, and the rest of
the specimen was preserved in ethanol. In total, seventy-one sponges of various morphologies

were collected for phylogenetic and morphological analyses. For those sponges assumed to be
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Figure 2.1. Examples of sponges collected belonging to clades identified in Figure 3, to allow comparison of macromorphological features.
For each clade, cross sections that encompass the ectosome and choanosome are included for a subsample (n = 3) of genetically identical
individuals. Clade 1 (top) are examples of Tethya bergquistae, while Clades 2 and 3 (middle and bottom, respectively) are examples of T.
burtoni. Scale bars in each photo = 10 mm.
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T. bergquistae, samples were collected from Breaker Bay (n = 10) and Kapiti Island (n = 5).
For those sponges assumed to be T. burtoni, samples were collected from Breaker Bay (n =
17), Kapiti Island (n = 20), Red Rocks (n = 5), Matiu-Somes Island (n = 12). For information
on specimens collected for this study see Appendix 1, Table Al.

DNA extraction, PCR amplification, and sequencing

Tissue used for genetic analysis was taken from the inside (choanosome) of the sponge and
rinsed thoroughly with distilled water to reduce the risk of contamination from epibionts or
other associated organisms. DNA was extracted using a DNeasy Blood & Tissue Kit (Qiagen),
following the protocol of the manufacturer. | tried five primer sets, but two regions failed to
consistently give readable sequences across all samples (ITS, primer set: ITS2.2/ITSRAZ2, as
in Adlard and Lester (1995); and COI, primer set: dgLC0O1490/dgHC02198, as in Folmer et
al. (1994)), so were discarded for further analysis. Three markers were amplified in total: 18S,
rnl and COl-ext. 18S is a nuclear gene that codes ribosomal DNA (rDNA), and rnl is a
mitochondrial partition that codes the large ribosomal subunit RNA (Boore, 1999). COl-ext
includes a region downstream of COI, which is a mitochondrial coding region for the
cytochrome ¢ oxidase subunit used in cellular metabolism (Folmer et al., 1994). This extended
region is thought to be more informative for closely related species because its substitution
pattern (mainly consisting of transversions) reveals a more progressive stage of character
evolution (Erpenbeck et al., 2006a). As such, this region exhibits variation during early stages
of species divergence compared to the traditionally conserved COI region (Folmer et al., 1994)
that is commonly used (Erpenbeck et al., 2006a). Primer information and product sizes are

shown in Table 2.1.

Reaction and cycling conditions were similar for all three markers. Reactions were carried out
in 30 pl volumes consisting of: 15 pl MyTaqg Red Mix (Bioline), 0.6 ul of each primer (10uM),
~25 ng template DNA and a volume of distilled water to reach 30 pl. Amplification profiles
were as follows: an initial denaturation at 94 °C for 5 min; 35 cycles of 94 °C for 30 s, T4 for
55 s (Ta= 50 °C for 18S; Ta= 58 °C for COl-ext and rnl), 72 °C for 45 s; followed by a final
extension at 72 °C for 7 min. Products were visually checked on a 1.5% agarose gel stained
with RedSafe Nucleic Acid Staining Solution (20,000x) and sequenced using automated DNA

sequencing services provided by Macrogen Inc. (Seoul, South Korea). Sequences were
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deposited into GenBank, with accession numbers (MH180010-MH180023) for haplotypes of
all individuals provided in Appendix 1, Table Al.

Table 2.1. Primer information for markers used (18S, rnl, and COl-ext). Forward and reverse
sequences presented 5° > 3'. Product sizes are in base pairs. Accession numbers refer to
distinct haplotypes and genotypes that were deposited to GenBank for each marker.

_ _ Size Accession
Region Primers (bp) Ref number of
products
18S__1-600_F: Knapp
lgs  GCCAGTAGTCATATGCTTGTCTCA o oot MH180010-
18S_1-600_R: © MH180012
GACTTGCCCTCCAATTGTTC 2015
diplo-rnl-f1: Lavrov
. TCGACTGTTTACCAAAAACATAGC oo oo MH180013-
diplo-rnl-r1: : MH180019
AATTCAACATCGAGGTSGGAAAC 2008
COX1-R1: Rot
COl-  TGTTGRGGGAAAAARGTTAAATT .o o MH180020-
ext COX1-D2: © MH180023
AATACTGCTTTTTTTGATCCTGCCGG 2006

Genetic analysis

All sequences were checked for contaminants and verified as being poriferan using BLAST
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Sequences were edited in Geneious 11.0.2 (Kearse et
al., 2012) and aligned using CLUSTALW?2.0 (Larkin et al., 2007), as implemented in Geneious
11.0.2 (Kearse et al., 2012). Phylogenetic analyses were applied to 18S, rnl and COl-ext
separately, as well as to the mitochondrial partitions concatenated (COl-ext + rnl), creating
four datasets. MrModeltest v2.3 (Nylander, 2004) was used to select the best-fitting model of
nucleotide substitution for each dataset under the Akaike information criterion (AIC), and it
was determined that the SYM+G model was the best fitting model for all datasets. The closely
related T. actinia was chosen as an outgroup because both the 18S region and its complete
mitochondrial genome have been sequenced and made available on GenBank, making it an
ideal candidate to root all three markers (accession numbers: AY320033 for rnl and COl-ext;
AY878079 for 18S).
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Phylogenetic trees were constructed using both Maximum Likelihood (ML) and Bayesian
Inference (BI) methods for each data set. ML constructions were performed in PAUP* 4.0
(Swofford, 2002) and Bl constructions were performed in MrBayes 3.2.6 (Ronquist et al.,
2012), using the model criterion generated from MrModeltest v2.3 (Nylander, 2004). For ML
analyses, a bootstrap analysis using a tree-bisection-reconnection (TBR) heuristic search with
1,000 replicates was performed to determine topological confidence of the tree. For Bl
analyses, posterior probability of trees was estimated using Monte Carlo Markov Chain
(MCMC) analyses, where one million generations were run, sampling four chains every 100
generations, with a burn-in of 0.25. For each marker, p-distances were calculated within and
between clade as a measure of divergence using MEGA 7 (Kumar et al., 2015). In addition, p-
distances were calculated between and within T. bergquistae (Clade 1) and T. burtoni (Clades
2 + 3 combined).

Morphological analysis

To determine if morphological characteristics were consistent with the observed genetic clades,
a subsample of six sponges from each clade was selected for spicule analysis. | chose
genetically identical individuals that fell consistently into the same clade for all three markers.
Samples were collected from the same location and at the same time in order to reduce potential
environmental and seasonal variation in spicule morphology (Bell et al., 2002). Each sponge
was cut in half to photograph its cross section. Further, a small piece of tissue was embedded
in paraffin wax and sectioned to 20 um using a rotary microtome (Leica Biosystems RM2235)
to examine the location, arrangement and density of spicules across the ectosome and
choanosome. A ~5 mm?tissue sample was then removed from each specimen and dissolved in
bleach at 50°C for 48 h and the remaining spicules were then washed with distilled water and
rinsed 3x with absolute ethanol, following the recommendations of Hooper (2003). One
millilitre of the remaining spicule solution was mounted onto a slide using DPX and examined
at a magnification of 100-200x, using a compound light microscope (Leica Microsystems DM
LB) with attached digital camera (Canon EOS 70D). Spicule type (see Appendix 2 for
definitions of spicule types) and location (defined as region of tissue in the sponge — cortex
versus choanosome) was recorded for a qualitative analysis. For a quantitative comparison, the
sizes of 30 of each spicule type which were present in all sponges (strongyloxea, megasters,
micrasters) were recorded per sponge. For megascleres (strongyloxea), the length and width
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were recorded for both thicker and thinner auxiliary types (stronglyoxea and styles,
respectively). For both megasters and micrasters, the diameter and R:C ratio (ray length to
centre length ratio) were recorded, following Bergquist and Kelly-Borges (1991) and Sara and
Sara (2004). Size measurements for all megasters (spherasters and oxyspherasters) were
grouped, as well as micrasters (oxyasters, chiasters, stronglyasters and tylasters), because they
could not be differentiated using light microscopy. Sizes were measured using ImageJ
(Schneider et al., 2012). Non-parametric multidimensional scaling (nMDS) ordinations were
generated using Euclidean distance on Primer v7 (Clarke, 1993) to determine any clustering
based on average, minimum and maximum sizes. Spicules from all 18 sponges, which were
subsampled for spicule analysis, were also observed using Scanning Electron Microscopy
(SEM) to visualise the megasters and micrasters at higher resolution and magnification.
Spicules preserved in ethanol were mounted on stubs, air dried and coated with a
gold/palladium alloy using a sputter coater. Scanning electron micrographs were taken with the

Hitachi TM3000 Benchtop Scanning Electron Microscope in high vacuum mode.

Results
Molecular phylogeny

In total, 1420 bp (425 bp for 18S, 570 bp for rnl, 425 bp for COl-ext) were sequenced for 71
Tethya individuals. For all trees, branch confidence (via bootstrap/posterior probability values)
ranged from 64-100%/0.91-1 for divergences between the main clades (Figures 2.2 and 2.3).
18S resolved the clades above 86%/0.96 and rnl above 74%/0.99, but COl-ext exhibited
slightly lower confidence from 63%/0.91. The nuclear 18S region grouped sponges into three
genotypes, and for the mitochondrial rnl and COl-ext partitions there were seven and four
haplotypes present, respectively. The concatenated dataset for the mitochondrial markers
revealed 15 different haplotypes (Figure 2.3). For each individual locus, phylogenetic
reconstructions revealed three divergent clades that each contained samples from all sampling
locations; in other words, none of the clades contained individuals from strictly one location.
For rnl and 18S, those sponges that were thought to be T. bergquistae all grouped together into
one clade (Clade 1), but for COl-ext, one individual that was thought to be T. bergquistae
grouped with Clade 2 (T. burtoni clade). For T. burtoni, rnl and 18S generated congruent
placement of sponges into two separate groups. However, COl-ext placed sponges differently,

where some sponges that belonged to Clade 2 for rnl and 18S were placed into Clade 3; and in
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addition, two sponges which were thought to be T. burtoni were placed into Clade 1 (T.

bergquistae clade). The three uncertain yellow sponges (Figure 2.1) grouped with T.

bergquistae for all three markers.

Divergence was calculated between and within all genetic clades using p-distances (Table 2.2).

Intraclade p-distance across all three markers ranged from 0-0.13% (average = 0.04%, stdev =

0.06%), whereas interclade p-distances for all pairwise clade comparisons across all markers

ranged from 0.5-11.2% (average = 5.29%, stdev = 3.83%). For all pairwise clade comparisons,

interclade p-distances for 18S (0.5-1.2%) were lower than for the mt-markers rnl and COl-ext
(4.8-8.6%, 6.4-11.2%, respectively). For T. bergquistae (Clade 1), the intraclade p-distance for

all markers was zero. For T. burtoni (Clades 2 + 3, combined), intraclade p-distances were:

zero for 18S, 2.1% for rnl, and 4.2% for COl-ext. The divergence between T. bergquistae and
T. burtoni was: 0.8% for 18S, 6.6% for rnl, and 9.0% for COl-ext.

Table 2.2. Genetic divergence (p-distances, %) for Tethya spp. for all gene markers. Intraclade
p-distances are reported for individuals within clades, while interclade values are pairwise

comparisons between all clades.

18S
Intraclade Interclade
Cladel Clade2 Clade3
Clade 1 0 Clade 1 0
Clade 2 0 Clade 2 0.7% 0
Clade 3 0 Clade 3 1.2% 0.5% 0
rnl
Intraclade Interclade
Cladel Clade2 Clade3
Clade 1 0 Clade 1 0
Clade 2 0 Clade 2 5.9% 0
Clade3 0.13% | Clade3  8.6% 4.8% 0
COl-ext
Intraclade Interclade
Cladel Clade2 Clade3
Clade 1 0 Clade 1 0
Clade2 0.10% | Clade2 6.4% 0
Clade3 0.13% | Clade3 11.2% 8.3% 0
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Figure 2.2. Phylograms showing the relationship between Tethya bergquistae (Clade 1) and T. burtoni (Clades 2 and
3) based on individual mitochondrial markers (rnl and COl-ext). Topology generated from Maximum Likelihood (ML)
analysis. ML bootstrap confidence values/Bayesian Inference (BI) posterior probabilities given on each branch. Tethya
actinia was selected as an outgroup. Inconsistencies in the COl-ext tree versus rnl are highlighted by having sponges
retain the colour of the rnl placement and by bolding individuals. Scale bar = substitutions per site.
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Morphological analysis

All sponges contained megascleres that were strongyloxea and anisostronglyes, along with
smaller, thinner auxiliary styles. Megasters were spherasters and oxyspherasters, and
micrasters were tylasters, chiasters, stronglyasters and oxyasters. Spicule sizes are summarized
in Table 3. Average strongyloxea and auxiliary style lengths x widths were 1061 + 275 pum x
21 £ 6 pm and 399 + 116 pum x 13 + 4 um, respectively. Respective megaster and micraster
diameters were 44 = 10 um and 14 £ 3 um, and the average R:C ratio was ~0.8 £ 0.2 for all
asters. n-MDS plots for spicule size (average, minimum and maximum sizes) revealed no
evident clustering (Figure 2.4). Qualitative differences were observed between the location and
density of megasters within the different genetic clades. Those sponges belonging to Clade 1
contained megasters throughout both the cortex and choanosome, whereas those sponges in
Clades 2 and 3 had megasters in the cortex, but little to none in the choanosome. Within the T.
burtoni clades (Clades 2 and 3), there were no differences in spicule composition detectable by

light microscopy.
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Figure 2.4. Nonparametric-multidimensional (nMDS) scaling ordination of spicule sizes for
Tethya bergquistae (pink squares, Clade 1) and T. burtoni (orange circles, Clade 2; and blue
triangles, Clade 3). Clades are identified in Figures 3. Spicules sizes are based on
measurements from strongyloxea, megasters and micrasters (n = 30 per sponge). Codes
above each sample refer to individual sample ID (refer to Appendix 1 for more information
on individual samples). A subset of all samples is presented in the nMDS, based on a
Euclidean distance matrix.
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Scanning electron micrographs of spicules from the three genetic clades also revealed no
visible differences in megastar or micraster morphology (Figure 2.5). However, sponges
belonging to the T. bergquistae clade contained an additional spined oxyaster, which was
absent in the T. burtoni clades. A qualitative assessment of cross sections from this subsample
of sponges revealed high plasticity within each genetic clade, and no clear differences between
clades (Figure 2.1). Further, 20 um cross sections examining the spicule composition between
the choanosome and ectosome revealed that T. bergquistae contained more asters in the
choanosome than T. burtoni (Figure 2.6). However, within T. burtoni, there were no evident
differences between Clades 2 and 3. While some members of Clade 2 appeared to contain a
slightly higher density of asters in the cortex, this was not consistent for all individuals within
that clade.

Table 2.3. Mean lengths for spicules in Tethya bergquistae (Clade 1) and T. burtoni (Clades 2
+ 3) for three genetic clades identified by 18S and rnl (Figures 2 and 3) and for all samples
combined (overall). Strongyloxea are presented as length x width. R:C refers to ray
length:diameter-to-centre ratios. All sizes are in microns (um).

Megascleres Megasters Micrasters
Stronglyoxea Style d R:C d R:C
(I xw) (I xw)
Clade 1032.0 £ 2194 356.4 £ 103.6 42.9 0.75 13.7 0.81
X X * t * *
1 227 +5.7 14.4+33 12,5 0.15 32 019
1054.7 + 320.4 424.1 +108.1 44.7 0.73 15.2 0.79
Clade
X X + * + +
2 21.6+4.6 13.6+3.8 6.4 0.15 14 0.16
Clade 1104.0 £ 273.5 419.7 £ 124.7 44.1 0.86 12.4 1.07
X X + + + +
3 16.7+5.3 99+29 9.0 0.15 2.0 0.25
1061.2 + 275.3 399.0 £ 115.9 43.9 0.77 13.8 0.88
Overall X X - + + +
20.6 £5.8 12.8+3.9 9.7 0.16 2.6 0.23
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Figure 2.5. Scanning electron micrographs of spicules belonging to Tethya bergquistae (Clade 1) and Tethya burtoni
(Clade 2 + 3), from sponges belonging to the three genetic clades of Tethya identified in Figure 3. Clade 1: A-C =
spherasters; D = spined oxyaster; E-H = tylasters; G = oxyaster. Clade 2 and 3: A-B = spherasters; C-D = tylasters; E
= oxyaster. Scale bars are located in the bottom right of each micrograph and represent 10 um.
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Figure 2.6. Cross sections from small pieces of tissue (20 um thick) from Tethya spp., where
Clade 1 is T. bergquistae and Clades 2 and 3 are T. burtoni. Arrows are pointing to the line
that divides the outer cortex and the inner choanosomal tissue. Black scale bars represent
500 pm.
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Discussion

Here, | document discordance between molecular and morphological descriptions of Tethya
spp. in central New Zealand and highlight the potential for cryptic speciation to go undetected
based on morphological features alone. Phylogenetic reconstructions based on 18S, rnl and
COl-ext revealed three genetic clades, with a speciation event likely occurring in the group
described as T. burtoni. Morphological analyses based on spicule size and composition allowed
T. bergquistae to be differentiated from T. burtoni, but failed to reveal differences between the
T. burtoni clades. To my knowledge, this is only the second report of cryptic species on the
basis of molecular differences within the group Tethya (with the first being T. robusta, by Sara
et al. (1993)). Understanding how organisms evolve is central to ecology and evolution, but
can be particularly complex for phenotypically similar organisms living in sympatry with no
obvious barriers to reproduction, reflected in Tethya spp. examined here. Overall, my study
highlights the need to use more than one method to define sponge species boundaries in a

reliable way.

Species delineation based on genetics

The phylogenetic relationship of Tethya spp. was not congruent for all three markers, as COI-
ext placed sponges into different clades with most discrepancies occurring in the T. burtoni
group. The use of COI to delineate species has had differential success among sponges
(Erpenbeck et al., 2006b; Wdrheide and Erpenbeck, 2007; Erpenbeck et al., 2007; Poppe et al.,
2010; Belinky et al., 2012), as well as other organisms (Shearer and Coffroth, 2008; Derycke
et al., 2010), resulting in debate around its use as an informative marker (Waugh, 2007). The
COl region often has low variability (Bucklin et al., 2011), and this conservativeness can fail
to capture evolutionary relationships between closely related species. | instead employed COI-
ext to avoid this drawback, as this region downstream of COIl is substitutes earlier during
species divergence (Erpenbeck et al., 2006a). While variation between T. bergquistae and T.
burtoni, as well as within T. burtoni, was captured, the relationship produced from COl-ext
was incongruent with that produced from 18S and rnl. For species living in sympatry,
introgression can be common, resulting in semipermeable species boundaries (Riber et al.,
2001, Harrison and Larson, 2014). Genes can introgress at different rates (called differential
introgression), which results in phylogenies from multiple markers that are in disagreement

(Harrison and Larson, 2014). It is possible that the inconsistency in the COIl-ext phylogeny is
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a product of this, and if true, gives evidence of introgression between T. bergquistae and T.
burtoni. For instance, one sponge (KP72) that was thought to be T. bergquistae (as evidenced
by its placement into Clade 1 for 18S and rnl) was placed into the T. burtoni clade (Clade 2)
for COl-ext. In addition, two sponges (BB177 and S1322), which were thought to be T. burtoni
(from their placement into Clade 2 by 18S and rnl), were placed into the T. bergquistae clade
(Clade 1) for COl-ext. Within T. burtoni, there is more disagreement between COIl-ext and the
other markers within the clades. For example, those sponges belonging to Clade 2B of the
mitochondrial concatenated dataset (Figure 2.3) were placed into Clade 2 by 18S and rnl, but
Clade 3 for COl-ext. It is possible that this group of sponges, which possess genes common to
two different putative species (discussed below), have also undergone introgressive
hybridization. Some corals have also been found to exhibit high degrees of sympatry, cryptic
speciation and introgression (Ladner and Palumbi, 2012), and perhaps shared life-history traits
between corals and sponges (i.e., sessile, sexual and asexual reproductive ecology) shape the
evolutionary history of these populations. While additional sequencing work (particularly
using diploid markers) would provide clarity on this topic, it appears highly probable that the
species boundaries between T. bergquistae and T. burtoni, as well as between the putative T.

burtoni cryptic species, are actually semipermeable.

The definition of a species continues to be debated, and when complex evolutionary processes
like introgression can shape species, understanding species delineations becomes more
complicated. The topology produced from 18S clearly differentiates the clades in this study.
18S is a slowly evolving gene region (Berntson, 2001), and as such often captures interspecific
variation rather than intraspecific variation. Three separate clades, despite the slow evolving
nature of this gene, provide strong evidence of three different species. Most interestingly, two
clades exist within T. burtoni and suggest cryptic speciation within the group. Other measures
exist (e.g., p-distances) to more definitively set a quantitative value to define species divisions.
Comparing the p-distances obtained in this study to other observed divergence values for
sponges (Table 2.4), both within- and between-clade distances give further evidence for
species-level relatedness. The intraclade p-distances here were about ~5-50 times less than the
interclade values for all pairwise comparisons of clades, which is consistent with intraspecific
values for other sponge taxa. These intraclade distances suggest that sponges belonging to the
same clade are conspecific. When comparing the individual markers used here to the same

markers (or similarly evolving markers) in other studies, the interclade p-distances calculated
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for all pairwise clade comparisons in this study compare to interclade p-distances for other
sponge species (Table 2.4). This further reveals that clades do in fact correspond to species.
For example, Scopalina lophyropoda was reported as being comprised of a cryptic species
complex (Blanquer and Uriz, 2007), and the interclade p-distances for 18S (0.3-2%) were on
the same scale as for those clades | found within T. burtoni (0.5%). Considering T. bergquistae
(Clade 1) versus T. burtoni (Clades 2+3, combined), divergence between the two species was:
0.8% for 18S, 6.6% for rnl and 9% for COl-ext. Divergence estimates between the T. burtoni
clades (Clade 2 versus Clade 3) were on the same order: 0.5% for 18S, 4.8% for rnl and 8.3%
for COl-ext. Divergence within T. burtoni that is on the same scale as between T. burtoni and
T. bergquistae gives further evidence that the two T. burtoni clades correspond to different
species. Interestingly, differentiation between both T. burtoni clades was not a product of
location (population structure of T. burtoni discussed in Chapter 5). Instead, sponges that lived
sympatrically were strongly genetically different, suggesting reproductive isolation for sponges
in the same location. Cryptic speciation has been recorded throughout the Porifera phylum
(Solé-Cava et al., 1991; Muricy et al., 1996; Nichols and Barnes, 2005; Wdérheide et al., 2008;
Xavier et al., 2010; DeBiasse and Hellberg, 2015; Knapp et al., 2015; Uriz et al., 2017), and is
also likely for what is known as T. burtoni. This genetic data set combined gives strong
evidence that T. burtoni is in fact comprised of a species complex, being more genetically

diverse than previously thought based on morphology alone.

Discordance between molecular and morphological characteristics

My analysis of spicule size/type, in conjunction with the qualitative assessment of
macromorphological features (colour and cross sections), was inconsistent with the molecular
phylogeny that was generated. Macromorphological features allowed sponges belonging to the
T. bergquistae clade to be distinguished from sponges belonging to the T. burtoni clades;
however, | was not able to identify sponges belonging to separate genetic clades within T.
burtoni from morphology alone. The three uncertain, bright yellow specimens grouped together
with those sponges belonging to T. bergquistae, which has not previously been described as
yellow (Bergquist and Kelly-Borges, 1991; Hooper and Wiedenmayer, 1994; Battershill et al.,
2010), indicating that colour is not a reliable distinguishing feature in this case. Qualitative
observations revealed no obvious differences in cross sections between the T. burtoni clades,

and instead were highly variable within each clade. While generally cross sections are a key
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Table 2.4. Summary of genetic divergence (p-distances, %) for various sponge species. Ranges

given for intraclade and interclade p-distances.

Species Marker Intr_aclade Inte:rclade Reference
p-distance p-distance
. Col 0 - Cruz-Barraza et
Aplysina spp. ITS1-5.8-1TS2 0 0.1-2.2 al., 2012
Astrosclera willeyana COl - 0.2-0.4 Worheide, 2006
Cliona spp. Col - 2.7-8.7
ITS - 5.9-14.8 De Paula et al.,
. « COl - 2.7-8.3 2012
Cliona celata IS ] 81-11.6
Col 0.1-0.5 6.2-8.4 .
Cliona celata* Atp8 0-0.5 7916 | Zavereal
28S 0 2.8-5.4
ITS1 1.7-3.0 - Redmond and
Haliclona sp. McCormack,
ITS2 0.7-1.8 - 2009
Col - 8.4-8.7
Hemimycale spp. 28S - 1.8-2.2 Uriz et al., 2017
18S - 1.4-1.9
COl 0-3.5 3.9-8.7 Reveillaud et al.,
Hexadella spp. ATPS 0-6.3 10-28.5 2010
Andreakis et al.,
lanthella basta* COl - 0.5-1.75 2012
Plocamionida spp. COl 0.5 1.3-20 Reveillaud et al.,
28S - 0.1-3.3 2011
Scopalina col 0-3 13-22 Blanquer and
lophyropoda* 285 0-0.8 2-19 Uriz, 2007
18S 0.1 0.3-2
COl-ext 0-0.1 6.4-11.2
Tethya spp. rnl 0-0.1 4.8-8.6
18S 0 0.5-1.2 .
COl-ext 0.1 8.3 This study
Tethya burtoni* rnl 0-0.1 4.8
18S 0 0.5

*reported as cryptic species
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defining feature between species of Tethya, they did not provide clear resolution here. There
was a marked difference between the spicule composition of T. bergquistae and the T. burtoni
complex (more asters in the choanosome of the former), but there were no differences evident
within the T. burtoni clades. Morphological characteristics therefore provided no clear
evidence of speciation within T. burtoni. Because there is a lack of defining characteristics
available for Porifera, it is common for genetic diversity (and cryptic speciation) to go
undetected, where molecular and morphological relationships are commonly incongruent
(McCormack et al., 2002; Erpenbeck et al., 2006b; Xavier et al., 2010). Determining which
morphological traits are informative in species differentiation can also be complicated. For
example, Erpenbeck et al. (2006b) documented that sponges containing highly divergent
skeletal features are actually closely genetically related. In contrast, spicules within the same
species may be highly variable due to environmental influences (Bell et al., 2002). | show here
that morphological features may not be able to reveal species boundaries, as perhaps skeletal
changes following divergence may be delayed. Mutations may accumulate without altering the
phenotype when nucleotide changes have no effect on how its product (protein) folds and its
function overall (Avise, 2012), which could explain delayed morphological expression in
genetically different individuals. While it is possible that subtle morphological differences may
exist, they were not able to be detected in this study. The high phenotypic plasticity observed
across individuals of T. burtoni resulted in a lack of clear diagnostic features for sponges
belonging the different genetic clades. Furthermore, the potential introgression events between
cryptic species may make detecting morphological differences between such species more
difficult. To avoid this potential confounding factor, |1 used sponges which showed no
introgression based on our markers for the morphological analysis presented here. However, |
cannot confirm that these sponges have not undergone introgression, as | only surveyed three
genes. A survey of other regions of the genome (specifically using diploid markers) may reveal
clearer relationships and show the scope of introgressive hybridization between the T. burtoni
cryptic species. This may shed more light on differences between plasticity versus distinct
morphological features that allow species to be characterized. With such incongruence between
morphological and molecular data, it is imperative to use a combination of methods to correctly

delineate species in order to fully understand the species evolutionary relationships.
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Conclusion

This chapter highlights the complexity in delineating sympatric, morphologically similar
species when disagreement between morphological and molecular traits exist, and the
importance of using multiple taxonomic methods. While traditional morphology-based
taxonomy can be the first step in species identification, | show that it can fail to reveal cryptic
species. Being able to confidently identify a species is crucial to any ecological or evolutionary
study, yet remains a challenge. Organisms with few defining traits, like sponges, present an
opportunity to examine potential morphological and molecular discord, and highlight the
complexity in defining species boundaries. Failure to detect cryptic species may result in an
underestimation of biodiversity and an incorrect interpretation of functional roles of an
organism. In addition, it can mislead our understanding of connectivity patterns and
evolutionary relationships, if interspecific diversity is confused for intraspecific variation. As

such, | strongly recommend the use of integrative taxonomy in species identification.
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CHAPTER 3:

SEASONAL SEXUAL REPRODUCTION IN TETHYA SPP. ON NEW
ZEALAND TEMPERATE REEFS






Introduction

The environment plays a critical role in regulating reproduction for many marine invertebrates
(Yamahira, 2004; Naylor, 2013). Future shifts in climate are predicted to cause increases in
water temperature, ocean acidification and storm intensity/frequency over the next century
(IPCC, 2014) and beyond, which will likely have severe consequences for organisms that use
environmental cues during reproduction (Visser et al., 2004; Przeslawski et al., 2008).
Temperature changes have been shown to trigger gametogenesis in organisms including corals,
marine worms, scallops, sponges, and urchins (Beauchamp, 1992; Sastry, 1966; Olive et al.,
1998; Ettinger-Epstein et al., 2007; Epherraet al., 2015); and lunar cycles have also been linked
to spawning activities (Fromont and Bergquist, 1994; Tanner, 1996; Bentley et al., 2001;
Mercier et al., 2011). Reproduction requires that an organism has available energy for gamete
production and thus, nutrient availability has also been positively correlated with
gametic/larval density (Thompson, 1983; Snell, 1986). Many organisms reproduce seasonally
and rely on cyclic patterns for annual mass spawning events. Seasonality of reproduction is
thought to be driven by limited resources, where during periods of low food availability,
organisms must instead allocate energy to other processes including maintenance (i.e.,
respiration, excretion), defence and growth (Olive, 2011). Therefore, phenology is often driven
largely by the cyclic flux of food and other associated environmental changes (e.g.,
temperature, photoperiod).

An annual mass synchronised event by which all offspring are released at once can be
evolutionarily advantageous because a high number of gametes can overwhelm potential
predators; further, gametes have a higher chance of interacting (i.e., fertilization), thus
increasing the likelihood of outbreeding and overall survival of larvae (Guest et al., 2005).
Examining how cyclic patterns, such as the EI Nifio-Southern Oscillation (ENSO), influence
seasonally reproducing marine invertebrates can highlight how changes in the surrounding
environment can have marked consequences on such mass release events. For example, global
and rapid changes of both temperature and rainfall that occur during ENSO events have been
recorded to change biological productivity, resulting in cascading effects on survival and
reproduction at higher trophic levels (Glynn, 1988; Richmond, 1990). For instance, sea
temperature rises were associated with increased spawning across different phyla in Lough

Hyne, Ireland, where increased numbers of larvae were positively associated with temperature
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(Minchin, 1992). Furthermore, changes in currents and salinity associated with ENSO events
often change spawning grounds and larval transport pathways, leading to shifts in population
abundance and structure (Hsiung et al., 2018). For instance, upwelling events and warm
temperatures associated with ENSO events have resulted in increased larval transport from
deep-sea to inshore areas for both flounder and halibut (Bailey and Picquelle, 2002). Rapid
changes in the environment projected with future climate change are therefore likely to alter
reproductive timing, duration, frequency and output for organisms; and such changes to
reproduction are likely to have consequences for population dynamics if organisms cannot
adapt quickly enough (Kroeker et al., 2010; Byrne, 2011). As reproduction ultimately shapes
population growth and connectivity, understanding how the environment influences
reproduction is key for predicting future viability of populations and making effective

management and conservation decisions.

Sponges play important functional roles in tropical, temperate and polar ecosystems (Bell,
2008), and serve as excellent models for understanding how the environment may influence
complex reproductive strategies. Despite lacking specialized reproductive organs like gonads,
sponges have evolved numerous strategies to reproduce (see Maldonaldo and Riesgo, 2008a
for detailed review). Sponges can reproduce sexually by either gonochorism or
hermaphroditism and for gametic development, either release eggs (ovipary) or internally
brood larvae (vivipary) (Ilan and Loya, 1990; Baldacconi et al., 2007; Riesgo and Maldonado,
2008; Abdul Wahab et al., 2017). In conjunction with sexual reproduction, sponges also
reproduce asexually, where genetically identical clones are produced by budding,
fragmentation or gemmulation (Simpson and Gilbert, 1973; Johnson, 1978; Corriero et al.,
1998; Teixidd et al., 2006). With respect to seasonality, some sponges sexually/asexually
reproduce continuously throughout the year, while others may have one short sexual and/or
asexual reproductive event per year (Hoppe, 1988; Riesgo and Maldonado, 2008; Lanna et al.,
2014; Nozawa et al., 2016). Such variability in reproduction across the phylum allows an
excellent opportunity to explore how the environment influences reproduction and how
different strategies may respond differently to changing climates. Numerous studies have
highlighted the effects of different environmental factors on reproduction in sponges.
Reproductive effort has been shown to be highly correlated with nutrient availability, salinity,
rainfall, oxygen and sediment/turbidity (Witte, 1996; Roberts et al., 2006; Whalan et al.,
2007b; Gaino et al., 2010; Abdul Wahab et al., 2014). Light, lunar and tidal cycles also play a
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role in reproductive timing, often triggering spawning events (Amano, 1986; Amano, 1988;
Hoppe and Reichert, 1978; Usher et al., 2004; Nozawa et al., 2016). Among the most studied
environmental influences, however, is temperature. Both decreases and increases in
temperature have been shown to coincide with gametogenesis, biased sex-ratios and increased
sexual reproductive output for a number of sponges (Reiswig, 1973; Usher et al., 2004;
Ettinger-Epstein et al., 2007; Riesgo et al., 2007; Whalan et al., 2007a; Riesgo and Maldonado,
2008; Ereskovsky et al., 2013; Abdul Wahab et al., 2014; Lanna et al., 2014; Abdul Wahab et
al., 2017). Despite the large a number of studies, however, common patterns of reproduction
in relation to environmental parameters for sponges have not emerged, highlighting species-

specific reproductive adaptations.

New Zealand contains a diverse and rich assemblage of sponges (Bergquist and Warne, 1968;
Van Soest et al., 2012), and consequently many gaps exist in our knowledge of the reproduction
of sponges existing here. Ayling (1980) examined patterns of both sexual and asexual
reproduction for a number of northern New Zealand demosponges, but with little consideration
of potential environmental drivers. A few relevant studies have emerged since, but these have
only examined reproduction in the context of connectivity patterns (Miller et al., 2001) or
chemical ecology (Duckworth and Battershill, 2001), and have lacked histological detail of the
basic reproductive ecology of these temperate sponges. Here, | investigated the reproductive
ecology of sponges in the genus Tethya in Wellington, New Zealand, with the following
objectives: (1) to describe the previously unknown reproductive biology of both T. bergquistae
and the T. burtoni complex (see Chapter 2) at two different locations in Wellington (Breaker
Bay and Princess Bay); (2) to determine if differences in sexual reproduction exist between T.
bergquistae and the T. burtoni complex and between sites; and (3) to describe potential
environmental correlates that may be important in reproduction for these species. Despite being
a common genus in the New Zealand marine environment (Sara and Sara, 2004; Berman,

2012), there are no detailed studies examining the reproduction of these Tethya species to date.

69



Methods
Sample collection

From February 2015 to 2017, twenty specimens of each species (i.e., ten of Tethya bergquistae
and ten from the T. burtoni complex) were collected monthly using SCUBA from two separate
locations on the Wellington south coast, New Zealand (Breaker Bay: 41°19'58.6056" S,
174°49'53.1732" E; and Princess Bay: 41°20'49.4016" S, 174°47'24.6732" E; see Chapter 5,
Figure 5.2 for a map), totalling 40 sponges per month. Sponges were collected from 5-10 m
depth. Tethya bergquistae and the T. burtoni complex are morphologically distinguishable
from each other in that the former is pink-orange in colour, firm and has variable surface
texture, from smooth to bumpy; whereas the latter is yellow-orange in colour, soft and
generally covered in small irregular tubercles (Hooper and Wiedenmayer, 1994; Bergquist and
Kelly-Borges, 1991; Sara and Sara, 2004). Members belonging to the T. burtoni complex could
not be distinguished from one another based on morphology alone (see Chapter 2), and so all
specimens are presented here as one group, despite the fact that there is likely cryptic speciation
in the group. Sponges were immediately fixed in Bouin’s fixative for 48 h and then preserved
in 70% ethanol. As Tethya species have a spherical morphology, sponge size was estimated as
the volume of a sphere after measuring the diameter (in mm) for all sponges using calipers.

Histological processing and quantification of reproductive propagules

An approximately 5 mm thick slice of tissue from each sponge was processed for histological
analysis, where tissue was dehydrated with a series of ethanol solutions (70% to 100%,
increasing 10% each step), cleared with xylene and infiltrated with paraffin wax over 16 h
using an automated processor (Leica Biosystems TP1020). Tissue was embedded in paraffin
wax using an embedded centre (Leica Biosystems EG1160), and sectioned to 5 um using a
rotary microtome (Leica Biosystems RM2235). Sections were stained using haematoxylin and
eosin staining, and mounted on slides with DPX. Sections were examined at 100-200x
magnification for the presence of gametes (oocytes and spermatic cysts) using a compound
microscope (Leica Microsystems DM LB) with attached digital camera (Canon EOS 70D). For
sponges containing gametes, five separate (i.e., not overlapping) fields of view per section were
photographed. The number and size (surface area of oocytes or spermatic cysts), as well as the
total tissue area viewed, were calculated using ImageJ (Schneider et al., 2012). The

reproductive output index (ROI) was calculated for both species as the proportion of tissue
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containing reproductive entities (i.e., the sum of the areas of reproductive entities divided by
the entire tissue area examined, as in Corriero et al., 1998; Whalan et al., 2007a,b). ROl is an
accepted measurement for comparing reproduction between different sponges and has been
employed in many recent studies (Leong and Pawlik, 2011; Whalan et al., 2007a,b; Abdul
Wahab et al., 2014; Abdul Wahab et al., 2017).

Collection of environmental data

Environmental factors that were considered to potentially influence reproduction in Tethya
were sea surface temperature (SST), concentration of chlorophyll-a (chl-a), and rainfall, which
have all previously been found to help explain variation in sponge reproduction (Roberts et al.,
2006; Whalan et al., 2007a,b; Abdul Wahab et al., 2014). For instance, reproduction in relation
to temperature has been studied extensively for sponges, and no general pattern has emerged
but instead both increases and decreases in temperature have been found to trigger
gametogenesis (Riesgo and Maldonado, 2008). Chl-a concentration was used here as an
indication of food availability. Sponges feed on heterobacteria, picoplankton possessing chl-a,
and picoplankton possessing chlorophyll types other than chl-a (Reiswig, 1975; Perea-
Blazquez, 2011). While chl-a concentration may not reflect all sponge food types, it was used
here instead as an estimate to identify seasonal fluxes in nutrients and productivity (Yoder et
al., 1993; Murphy et al., 2001). Food availability has been associated to reproduction for many
marine invertebrates (Vance, 1973; Bronstein and Loya, 2015), and therefore was considered
a potentially important driver of reproduction. Lastly, rainfall has been found to be correlated
with reproduction for sponges (Elvin, 1976), corals (Mendes and Woodley, 2002), and other
benthic organisms (Paixdo et al., 2013). Levels of rainfall may be used to give an indication of
cloud cover (photoperiod), changes in salinity or levels of sedimentation.

Sea surface temperature (°C) and chl-a concentration (mg-m) were obtained from Satellite
Data Services from the National Institute of Water and Atmospheric Research (NIWA) in New
Zealand. NIWA Satellite Data Services receives and analyses satellite transmissions from the
National Oceanic and Atmospheric Administration (NOAA) and granules from the Moderate
Resolution Imaging Spectroradiometer (MODIS) for SST and chl-a concentration,
respectively. For each satellite image, data were extracted from a 5 x 5 m grid around each site

(2.5 km square) and the median was calculated. Breaker Bay and Princess Bay are
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approximately 5 km from each other, and therefore large-scale satellite SST and chl-a
concentration readings would be expected to be the same for both sites (which was reflected in
the readings obtained for both sites). Data points from satellite images were scarce for Breaker
Bay due to the proximity to land, and therefore all values were averaged for the two sites, which
generated one dataset to be compared for both locations. Monthly averages of temperature and
chl-a were calculated. Total monthly rainfall (mm) was obtained from New Zealand’s National
Climate Database (https://cliflo.niwa.co.nz/), which offers free real time and archived data
from stations across New Zealand. The environmental dataset used here therefore included

means of SST and chl-a concentration, as well as total rainfall, for each month.

Data analysis

All analyses were conducted in R v 3.5.0 (R Core Team, 2017). To determine the effects of
potential predictors on instances of sexual reproduction, a generalized linear model (GLM)
with a binomial family and logistic link was used. Logistic GLMs allow the probability of a
binary response (here, 1 = sexually reproductive and 0 = not sexually reproductive) to be
estimated from one or more explanatory variables. The logistic link (or logit link) transforms
the response (here, sexual reproduction) so that there is a linear relationship to the potential
predictors, and the output is the log-odds of the probability of the response as a function of the
predictors. The model used here tested the log-odds of the probability of sexual reproduction
as a function of: sponge size (diameter), site, species, temperature, chl-a concentration and
rainfall. Site (Breaker Bay, Princess Bay) and species (T. bergquistae, T. burtoni) were
considered factors. Likelihood ratio (LR) 2 tests were used to test the significance of the effects
of all explanatory variables on the probability of sexually reproducing. A Box-Tidwell
procedure with 1,000 iterations was used to check that the model met the assumptions of a
logistic regression, which include: (1) linearity of independent variables and log odds; and (2)
no multicollinearity of independent variables (Box and Tidwell, 1962). All variables met the
second assumption. Temperature, however, failed to meet the first assumption, even after both
a natural log and square root transformation, so another additional model was fitted with
temperature as a categorical variable to confirm that the effect of temperature (as a continuous
variable) was valid. For this, temperature was placed into four even categorical groups based
on clusters of individuals, where 1 = <12°C (n = 158 sponges), 2 =12 — 14°C (n = 272); 3 =
14 - 16°C (n = 278) and 4 = 16+°C (n = 270).
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To determine the effects of potential predictors on oocyte density, oocyte size and ROI, linear
models were used. Because sponges were only sexually reproducing for six of the 25 months
sampled during this study period, only those sponges that had gametes were used for these
analyses (i.e., all zero values were removed). Oocyte density, oocyte size and ROl were each
modelled as a function of: sponge size (diameter), species, site, temperature, chl-a and rainfall.
Environmental covariates did not significantly affect oocyte density, oocyte size or ROI (likely
due to little variation in environmental variables within each sexual reproduction event), and
so these terms were removed from each linear model leaving site, species and size as
explanatory variables. Significant effects were assessed using Type-111 ANOVAs. All data
were checked to meet the assumptions of a linear regression (i.e., normality, homoscedasticity,
no multicollinearity or auto-correlation of independent variables; Poole and O’Farrell, 1971),
and oocyte density and ROI were log transformed to meet these assumptions. Results remained
the same after rerunning the analysis after removing any outliers. No statistical comparisons
were made between months as there were too few data points for each month for robust
comparisons. A final linear regression was fitted to test the effect of site and species on sponge
size, following the same procedures as previously stated. For linear models, three interactions
of interest (sitexspecies, speciesxsize, sizexsite) were tested, but because none were

significant, they were not included in the models.

Results
Environmental data

Environmental data for the Wellington south coast are summarized in Figure 3.1, and are
presented as monthly means for SST and chl-a concentration and as total monthly volume for
rainfall. SST followed a seasonal trend, where it peaked in February each year at approximately
17°C and then fell to 11°C in July/August. Rainfall and chl-a concentration were more variable.
Maximum total monthly rainfall occurred in November 2016, which had approximately 250
mm for the month. Rainfall decreased over the summer period (December — February). Chl-a
concentration averaged 1.25 + 0.3 mg/m?, and ranged from 0.77 — 1.93 mg/m? over the study
period. There was no apparent seasonal pattern for chl-a concentration, but there were peaks
evident during spring periods. Environmental covariates were not correlated with each other

(see Appendix 3, Figure A3 for plots).
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Figure 3.1. Environmental data from the Wellington south coast from January 2015 to
February 2017. Monthly means given for sea surface temperature (SST, in °C; A) and

chlorophyll-a concentration (chl-a, in mg-m=; B), whereas monthly rainfall (in mm; C)

corresponds to total monthly volumes.
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Reproductive ecology of Tethya spp.

Over the two-year study period, 995 sponges were collected, of which 86 contained oocytes
and one contained spermatic cysts (see Table 3.1 for summary, Figure 3.2). No sponges were
found to contain internally brooded larvae or both male and female gametes, which suggests
that T. bergquistae and T. burtoni are both oviparous, gonochoristic sexual reproducers. Both
species had one sexual reproductive event per year, occurring in the austral summer from
January to March (Figure 3.3). One full reproductive event was captured in January — March
2016. For this event, the proportion of T. bergquistae containing gametes decreased from
January to March. Tethya burtoni was not found to contain gametes until February 2016, which
was a month later than T. bergquistae. Reproduction occurred when the temperature reached
above 15°C, and the proportion of sponges containing gametes significantly increased with
increasing temperature (LR chi-square test, ¥ = 93.221, P < 0.001; Figure 3.4). The logistic
GLM produced a model coefficient (i.e., log odds ratio) of 1.37 for temperature (P < 0.001),
which allows the prediction that for every 1°C increase of temperature, the odds that a sponge
will sexually reproduce increases approximately 4 times (i.e., e'*"). Reproduction occurred
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Figure 3.2. Examples of tissue sections containing gametes (oocytes, 0; and spermatic cysts,
sc). For oocytes, tissues of both Tethya burtoni (A) and T. bergquistae (B) are shown.
Spermatic cysts in tissue belonging to T. burtoni (C).
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Table 3.1. Summary information of Tethya spp. collected from Feb 2015-2017. Site refers to
Breaker Bay (BB) or Princess Bay (PB). Number of sponges collected (N), number containing
oocytes (N-O), and number containing spermatic cysts (N-SC) given for each site, each species,
and overall. Mean sponge size refers to the diameter of the sponge (mm). Mean oocyte density
(counts per mm?) and mean oocyte size (SA of oocyte, um?) are averaged across all months.
The average reproductive output index (ROI) is given as the % of tissue sampled with
reproductive entities. Standard deviations given for all values.

Mean
Species Site N N- N- Mean oocyte Mean ROI Mean
O SC sponge size . oocyte size
density
Teth BB 251 23 0 21.3+45 202+184 17%+1.7% 0.82+0.29
ber;qu)i/:tae PB 250 22 0 19.0+4.1 12.7+9.7 1.0%+0.8% 0.73+0.27
Total 501 45 0 202+44 165+151 13%+1.4% 0.78+0.28
Tethya BB 244 23 1 196+59 326164 24%+15% 0.72+0.17
burtoni PB 250 18 0 175+45 23.0%+184 18%+1.6% 0.72+0.24
complex Total 494 41 1 185+53 284178 21%+1.6% 0.72+0.20
Overall 995 86 1 19.3+£50 222174 17%+15% 0.75+0.25
" B T. bergquistae = T. burtoni [
0.9 I 18
-0 0.8 I 16
5 °g”0.7 L 14
> O
2206 L12
s o 9
2205 10 =
€304 ls 3
29
9203 -6
o -
0.2 L 4
0.1 L2
0 o
14 r 250
0.9 1
- 0.8 1 F 200
_
8 206 L 150 E
2§08 5
£ 304 L 100 §
20 (4
o %0 3
o =
0.2 - 50
01
0 +r 0

Figure 3.3. Monthly proportion of sexually reproductive sponges from Feb 2015-2017 for
Tethya bergquistae (black) and T. burtoni (grey). Monthly means for sea surface
temperature (SST, °C) overlaid on top graph and total monthly rainfall (mm) on bottom.
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during periods of lower rainfall, and total monthly rainfall was negatively correlated to
instances of reproduction (y* = 7.568, P = 0.006; Figure 3.4). The model coefficient for rain
was -0.012 (P = 0.008), which predicts that for every 1 mm decrease of rainfall, the odds of

sexually reproducing is increased by 1.01. There was no effect of chlorophyll-a on the

proportion of sponges containing gametes (Figure 3.4).
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Figure 3.4. Environmental effects on the probability of sexual reproduction by Tethya spp.
Environmental effects include: sea surface temperature (A), rainfall (B) and chlorophyll-a
concentration (C). Bottom ticks across the x-axes represent an observed response from a

sponge, and shaded area around lines represent 95% confidence intervals.

77



In general, oocyte density increased during the reproductive period (Figure 3.5). Oocyte density
was significantly different between sites (ANOVA, Fig2 = 10.593, P = 0.002) and between
species (ANOVA, F1, g2 = 13.073, P = 0.001). Gamete density was greater at Breaker Bay for
all months except two (January and February 2016), and was greater for T. burtoni except for
all months except two (February 2015 and January 2016; Figure 3.5). ROI followed the same
trend as oocyte density (see Appendix 4, Figure A4 for plot), and was also significantly
different between sites (ANOVA, F1g = 8.7105, P = 0.004) and between species (ANOVA,
F1,820=7.7786, P =0.007). Gamete size increased over each reproductive event for both species,

and was not significantly different between sites or species (Figure 3.6). Tethya bergquistae
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Figure 3.5. The effects of site (top) and species (bottom) on oocyte density for Tethya
bergquistae (purple) and T. burtoni (green) from both Breaker Bay (blue) and Princess
Bay (orange). Plots on left are means of the log(oocyte density) between site (A) and
species (C), and bars are 95% confidence intervals. Plots of right are differences in oocyte
density between sites (B) and species (D) presented by month, where the entire
reproductive event captured is highlighted in grey. Sample sizes for species collected
from each site are presented in Table 3.1. Error bars on plots on right correspond to
standard error.
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was significantly larger in volume than T. burtoni (ANOVA, F1991 = 30.0784, P < 0.001).
Furthermore, sponges at Breaker Bay were significantly larger than those at Princess Bay
(ANOVA, F1901 = 52.4956, P < 0.001; Figure 3.7). Size was significantly correlated to the
presence of gametes (LR chi-square test, ¥> = 12.416, P < 0.001) and the probability of
containing gametes increased with size (Figure 3.8A). Size was also significantly correlated
with oocyte density and ROI, but not oocyte size (Figure 3.8B-D). Summaries of statistical

tests can be found in Appendix 5, Tables A5a, b.

1thl
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Figure 3.6. Monthly average oocyte sizes (surface area, SA; in square microns) for both
Tethya bergquistae and T. burtoni across all sites. The entire reproductive event captured is
highlighted in grey, and error bars on plots on right correspond to standard error.
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Discussion

In this chapter, | described the reproductive ecology of Tethya spp. and investigated potential
environmental drivers of sexual reproduction, to assess how reproduction may be influenced
by climate change. These sponges were found to have one annual sexual event, with
gametogenesis beginning in January and the release of eggs occurring two to three months after
gametogenesis. Tethya spp. were found to be gonochoristic, though sequential
hermaphroditism cannot be ruled out. The lack of sampled males suggests that spermatogenesis
is rapid, and it is likely that my sampling regime was not frequent enough to characterize
spermatogenesis. More frequent sampling of the same individual over a sexual reproductive
event would be able to address the possibility of sequential hermaphroditism, but all other
species of Tethya to date have been recorded to be gonochoristic (Gaino et al., 1987; Gaino
and Sara, 1994; Corriero et al., 1996) so this is also likely the case for T. bergquistae and T.
burtoni. Despite having the same reproductive period, some characteristics of sexual
reproduction in sympatric species of Tethya were found to be different, which may be an
indication of reproductive isolation and further support current delineations of both species.
Sexual reproduction was correlated with temperature and rainfall, and occurred following
periods of higher chl-a concentration, highlighting that seasonal environmental cues may be
important for sexual reproduction for Tethya. Understanding how these environmental drivers
influence reproduction in Tethya is imperative for predicting how climate change may affect

their reproductive phenology as well as population growth and connectivity.

Environmental influences on reproduction

Reproduction in temperate sponges is often seasonal, where reproductive seasonality is
associated with periodicity of environmental variables including temperature, photoperiod,
rainfall and nutrients (Ayling, 1980; Usher et al., 2004; Whalan et al., 2007b; Abdo et al. 2008).
Such cyclic patterns result in periods of limited resources, resulting in a lack of available energy
for organisms to continuously reproduce throughout the year (e.g., Pond et al., 1996). As a
result, organisms take advantage of when productivity is high and either store energy for later
use or immediately use available resources, as both strategies allow organisms to reproduce
when conditions are favourable. The time of year found to be conducive for reproduction in
Tethya spp. occurred during the austral summer, which is characterized by warmer waters,

lower rainfall and decreasing available nutrients. Chlorophyll-a, which was used here as a
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proxy for productivity, was not correlated with sexual reproduction in T. bergquistae or T.
burtoni. High levels of chl-a were recorded in the spring months (September to November, see
Figure 3.1), which is similar to previous findings describing the Wellington south coast. For
instance, the Wellington south coast undergoes seasonal fluctuations in nutrient availability,
where chl-a blooms in the autumn and spring periods (Murphy et al., 2001). Winter periods in
the New Zealand waters are characterized by higher nutrients, whereby productivity is light
limited; summer periods, by contrast, are typified by secondary productivity and the associated
depletion of nitrates (Bradford and Roberts, 1978; Murphy et al., 2001; Perea-Blazquez, 2011;
Tam, 2012). There is a lag of time from the onset of primary productivity in the winter/spring
to when secondary production occurs, in which the biomass of picoplankton and other
heterotrophic bacteria increase (Pomeroy, 1991; Tam, 2012). The diet of Tethya has been found
to consist of both heterotrophic bacteria and cyanobacteria (Prochlorococcus and Synechoccus,
Perea-Blazquez, 2011), and it is likely that during the winter and spring periods, Tethya
accumulate energy with increasing food sources, and then begin reproduction when nutrients
begin to decrease and waters warm. Such a lag in nutrient supply from primary producers to
higher trophic levels has been recorded (De Almeida Fernandes et al., 2017), and could also
explain why reproduction in these sponges occurs during periods of depleted nutrients. Further,
capital breeding, or the process by which organisms store energy and utilize it later, has been
recorded for many marine invertebrates (Varpe et al., 2009; Kuklinski et al., 2013; McBride et
al., 2013). Such a strategy may be employed by Tethya spp. to alternatively explain the lag in
reproduction from nutrient availability. Therefore, while no correlation between chl-a
concentration and reproduction was observed, it is still possible that food availability in these
temperate waters play a key role in the seasonality of reproduction. Experimental manipulation
of nutrient availability and reproductive ability may shed better light on the exact reliance of

reproduction on food sources, as in Roberts et al. (2006).

Temperature has also been associated with reproduction for many other sponges, where the
production of gametes coincides with periods of both temperature increases and decreases
(Fell, 1976; Ettinger-Epstein et al., 2007; Riesgo and Maldonado, 2008; Lanna et al., 2014).
For T. bergquistae and T. burtoni, gametogenesis began as the temperature increased above
approximately 15°C in January. Gametes then increased in size and density as the temperature
increased to 17°C from January to March, and were released when the temperature began to

drop in March. Temperature was shown to have a significant effect on the probability of a
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sponge containing gametes, and the GLM model predicted that for every 1°C increase, the odds
of a sponge sexually reproducing increased by four times. It is important to note, however, that
while there was a positive association, there are likely upper temperature limits, with
temperatures of >17-18°C being detrimental, as these sponges are not adapted to warmer water
(see experiment in Chapter 4). For instance, increased respiration rates as well as increased
mortalities have been recorded for T. bergquistae at temperatures above 19°C (Bates, 2015),
indicating that reproduction may be compromised under thermal stress. Instead, it is likely the
seasonality of temperature that is important for reproductive phenology in Tethya. Rainfall has
also been previously shown to be associated with sponge reproduction (e.g., Elvin, 1976; Abdul
Wahab et al., 2014). While correlations to rainfall may be a product of seasonality, examining
reproduction in relation to increased rainfall may also give an indication to how organisms
function under reduced salinity and sunlight (cloud cover), as well as under increased
sedimentation due to terrestrial runoff. Instances of sexual reproduction in both Tethya spp.
was negatively associated with rainfall, but there was no effect of rainfall on oocyte density,
ROI or oocyte size. Therefore, predictions of reproductive output based on changes in
salinity/sedimentation due to rainfall are difficult. It is instead more likely that this association
to rainfall is a product of its seasonality, as during the austral summer rainfall decreases and
photoperiod increases in Wellington (https://cliflo.niwa.co.nz/; Tait and Turner, 2005). Other
drivers including temperature, photoperiod and productivity may be better predictors, which is
reflected in the larger log-odds ratio of temperature compared to rainfall. Nonetheless, sexual
reproduction and mass spawning events for some marine organisms that reproduce seasonally
have been recorded to occur during periods of calmer weather (Van Woeski, 2010). Wellington
summers generally see a decrease in both rain and occurrences of strong southerly storms with
high wave energy (Carter, 2008). Spawning during this period would likely increase the chance
of fertilization as calm waters would reduce stress on parent sponges and allow available
energy for reproduction; furthermore, calm waters would also allow gametes to be retained,
increasing their overall chance of survival. As such, it may be evolutionarily advantageous for
Tethya spp. to reproduce during this time.

For organisms that rely on environmental cues for life processes, predicted shifts in climate are
likely to have serious consequences. Over the past century, warming trends in New Zealand
have revealed a complex history (Shears and Bowen, 2017), making it difficult to predict

exactly what the environment may look in the next century. It is generally believed that global
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warming will result in a tropicalization of temperate systems (Vergés et al., 2014), but recent
findings by Shears and Bowen (2017) are challenging this notion. These authors found that
over the past fifty years, changes in the circulation of the South Pacific subtropical gyre have
led to warming in southern New Zealand, but little to no warming in central and northern New
Zealand. Instead of a tropicalization of the New Zealand marine environment, these authors
argue that instead there will be a homogenization of the present day gradient of environments
in New Zealand (subtropical to subpolar). Projections of climate change in New Zealand
oceans were recently published by Law et al. (2017), where these authors used Earth Model
Systems and different IPCC scenarios to predict the largest changes to be observed by 2100.
Using these models, it was predicted that temperatures are to increase by 0.8 — 1°C in the next
mid-century and by 1.1-2.5°C by the end of the century, with southern New Zealand
experiencing the highest degree of warming. On the whole, the following were predictions
made for New Zealand oceans: SST will increase by +2.5°C; primary production will decrease
by 4.5%; and macronutrient concentrations will decrease by 8-20%. Because southern New
Zealand is suggested to experience the most change, Tethya spp. in central New Zealand may
be better placed than those sponges found more south. Further, if an homogenisation occurs,

as indicated by Shears and Bowen (2017), then the diversity of Tethya spp. may decrease.

Changes in phenology, or the timing of seasonal processes in an organism, have already been
recorded for many taxa and have been attributed to climate change (Walther et al., 2002). For
many marine invertebrates, reproductive cycles can be linked to temperature, photoperiod and
other cyclic environmental cues, and there is evidence that changes in such cues alter gamete
production, the timing of spawning and sex determination (Lawrence and Soame, 2004).
Experiments manipulating temperature have revealed that organisms have a specific thermal
range for normal life-history processes (i.e., growth, development, reproduction), and that
temperatures exceeding normal ranges may have detrimental effects on such processes (Lee et
al., 2003; Byrne et al., 2009). Despite great interannual variability in environmental factors
observed throughout this study (see Figure 3.1), recognizable shifts in seasons have been
recorded over the last fifty years in New Zealand, where there is a delay in cooling/the onset
of winter (Shears and Bowen, 2017). Furthermore, projected changes to nutrient concentrations
and productivity as indicated by Law et al. (2017) can potentially lead to mismatches in
phenology and nutrient availability, which has consequences for population dynamics.

Mismatch for some species has already been documented, where the disparity between the need
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and availability of resources has resulted in organisms failing to obtain enough energy for basic
processes like reproduction (Durant et al., 2007). Food limitation is also likely to restrict
growth in these Tethya species, which may result in declines in fecundity, given that larger
sponges have a significantly higher oocyte density and ROI. While it is unclear
how Tethya will respond to changing environmental conditions, their reliance on
environmental cues for seasonal reproduction suggests that they are at risk of phenology-
productivity mismatch and reproductive declines as our oceans change, if they cannot adapt
quickly enough. More research in relation to temperature, food availability and reproductive

timing/output would be able to allow for better prediction for how these species may cope.

Site- and species-specific responses

Differences in oocyte density and ROI between sites were observed, where Breaker Bay
contained sponges that had a higher oocyte density and a higher ROI than Princess Bay.
Breaker Bay is at the entrance to Wellington Harbour and, compared to Princess Bay, is more
sheltered. The high wave energy experienced at Princess Bay may result in increased stress,
leaving less available energy for reproduction by Princess Bay sponges. For instance, both
Wilkinson and Evans (1989) and Duckworth et al. (2004) found limited growth of shallow
water sponges (5-10 m) occurring at high levels of turbulence, attributing this to reduced
feeding and/or the investment of resources to damage repair and/or stronger skeletal structures.
Breaker Bay is also different from Princess Bay with respect to its sediment load, as Breaker
Bay experiences inputs of sediment from the harbour. Sedimentation has been shown to
negatively affect reproduction for many sponges due to the fact that sponges must allocate
energy to stress associated with sedimentation (i.e., sediment clearing, increased respiration)
instead of to reproduction (Robertset al., 2006; Whalanet al., 2007b). However,
sedimentation may also result in no consequences to sponge physiology or may actually be
beneficial (see Bell et al. 2015 for review). Sediment fluxes from the harbour may bring extra
nutrients from the harbour, while southerly storms/tide changes act to remove sediment so that
sponges are not subject to prolonged negative effects of deposited sedimentation. While site-
specific environmental measurements would provide more clarity on environmental
differences between sites, the results here highlight that reproduction is site- and thus
environmentally-sensitive. Sponge size was also significantly different between Breaker Bay

and Princess Bay, with sponges being larger at Breaker Bay. This further suggests that Princess
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Bay sponges are perhaps experiencing another form of stress that is resulting in less resources
for growth and reproduction. Alternatively, sponges at Princess Bay may be smaller because
they are younger and large adults do not survive. However, size/age relationships
for Tethya are currently unknown, making it difficult to hypothesize further. Differences in
reproduction across proximal sites have also been observed for other sponges. For instance,
Whalan et al. (2007b) found that over a range of 80 km, sponges offshore had an ROI 15x
higher than inshore sponges, attributing differences to a sediment/light gradient decreasing
from the shore. It is possible that water movement and sediment differences between sites in

the current study drive the differences observed here.

Both T. bergquistae and T. burtoni live in sympatry and occupy the same habitat, making
barriers to reproduction not obvious. Delineation of species is often made on the basis of
reproductive isolation (Mayr, 1942), and here, differences in reproduction were evident
between both species. For instance, T. burtoni contained a higher density of gametes and
a higher ROI compared to T. bergquistae. Because oocyte size did not differ between species,
such differences in densities were not a product of differences in oocyte size, but instead T.
burtoni had a significantly higher reproductive output than T. bergquistae. While significant
differences in oocyte density and ROl may indicate reproductive isolation, the timing of
reproduction for both species was the same. There was a lag in reproduction for T. burtoni over
the 2016 sexual reproductive event, but there still remained an overlap in reproductive timing
for both species. Furthermore, the other partial reproductive events captured in 2015 and 2017
provide no evidence for asynchrony between the reproductive timing of both species. Evidence
for possible introgressive hybridization between T. bergquistae and T. burtoni has been
previously found (see Chapters 2 and 6), and the simultaneous timing of reproduction in both
species further supports this hypothesis by indicating a possible mechanism by which this
occurs. For instance, gametes from both species are in the water column at the same time and
could therefore come into contact to form hybrids. Furthermore, hybridization has been shown
to occur by fusion of larvae in both sponges (Maldonado, 1998; McGhee, 2006) and corals
(Hattaet al., 1999), and it a strong possibility that fertilized eggs/larvae of both T.
bergquistae and T. burtoni fuse to form hybrids. Thus, the observed shared reproductive timing
of both sponges provides further evidence to support the notion that the boundary between
species may be semipermeable, which has also been recorded in other sessile marine

invertebrates (Ladner and Palumbi, 2012; Harrison and Larson, 2014; Riesgo et al., 2016).
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While sponges within the T. burtoni complex could not be classified into their various cryptic
species (see Chapter 2) because genotyping was not conducted, reproductive timing was
nonetheless the same for all Tethya, indicating that differential timing of reproductive events
IS not a barrier to reproduction between these species.

Conclusion

In this chapter, I characterize the previously unknown sexual reproductive behaviour of both
Tethya bergquistae and T. burtoni on the Wellington south coast. These Tethya species were
found to be gonochoristic, oviparous and seasonal sexual reproducers. These results highlight
that seasonal variations in both temperature and rainfall are important environmental drivers of
reproduction for these sponges. Because these sponges rely on seasonal environmental cues,
future shifts in climate that alter seasonal patterns will likely have detrimental effects on
reproduction if these sponges cannot adapt to the changes. Such changes in reproduction have
the ability to alter population density, connectivity and overall population dynamics, which
could lead to longer-term negative consequences for population viability. Furthermore, these
results also highlight that reproductive responses for Tethya spp. are both site- and species-
specific. Site- and species-specific responses should become important considerations during
management decisions, as implementing broader-scale plans has the potential to result in

differential population responses.
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CHAPTER 4:

POTENTIAL ENVIRONMENTAL DRIVERS OF ASEXUAL
REPRODUCTION IN TETHYA SPP.






Introduction

Asexual reproduction, or the mechanism by which organisms produce genetically identical
copies of themselves, is commonly employed by many marine taxa. The surrounding
environment generally drives the evolution of reproductive strategies, and an array of different
environmental conditions have been found to favour asexual reproduction. For example,
instances of asexual reproduction in some organisms are high in disturbed areas, where asexual
reproduction allows exponential population growth and quick recolonization of an area (e.g.,
Karlson, 1986; Rasheed, 2004). For other organisms, asexual reproduction is more prominent
under stable environmental conditions, where increased genetic variation associated with
sexual reproduction is less necessary for population adaptability and survival (Ayre, 1984;
Vrijenhoek, 1989). The influence of nutrient and food levels has also resulted in inconsistent
responses of asexual reproduction. For instance, high levels of food have been positively
associated with asexual budding events for hydra (Tokolti et al., 2016). However, often during
periods of increased food availability, organisms display lower instances of asexual
reproduction because increased resources results in energy to support sexual processes (Sebens,
1980; Kettenring et al., 2011). Asexual reproduction, instead, is generally more energetically
inexpensive and thus more efficient (e.g., Sebens, 1979), and therefore may be employed when
food levels are lower and organisms do not have enough energy stores for sexual reproduction.
The association of asexual reproduction with many other environmental parameters has been
recorded for many marine organisms (including rotifers, cnidarians, corals, sponges and
bryozoans), and important environmental correlates include: temperature, salinity, habitat
availability, water motion and nutrients (Lubzens et al., 1985; Snell, 1986; O’Dea and
Okamura, 1999; Baums et al., 2006; Zilberberg et al., 2006; Purcell, 2007).

Understanding potential drivers of asexual reproduction is important for predicting population
growth and overall dynamics. For instance, Purcell et al. (1999) and Purcell (2007) examined
clonal production for cnidarians in the Chesapeake Bay (Maryland, USA) to better explain
factors leading to jellyfish outbreaks, finding that nutrients, temperature, salinity and solar
radiation all influence asexual reproduction. These results had important implications because
jellyfish outbreaks have been shown to negatively affect tourism and fisheries, resulting in both
ecological and economic consequences. Knowledge of asexual processes can also be critical

for managing invasive species because asexual reproduction is often a prominent way in which
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such species successfully colonize a new area and expand their range (Prentis et al., 2008;
Silvertown, 2008; Capel et al., 2017). Knowing conditions that are favourable or unfavourable
for clonal reproduction for invasive species, therefore, may help allow management to reduce
impacts of invasions and thus preserve native diversity. Understanding potential drivers of
asexual reproduction may also allow predictions to be made about population dynamics under
future changing environments resultant of eutrophication and thermal stress. For instance,
increases in asexual reproduction may have been linked to eutrophication and decreased
dissolved oxygen concentrations for Aurelia aurita (Ishii et al., 2008), which were proposed to
contribute to the observed increased population abundance of this organism. Changes in the
frequency and output of asexual reproduction have consequences on the genetic structure of
populations, often resulting in a reduction of diversity. Because genetic diversity is associated
with population adaptability and longevity, increases in asexual reproduction may lead to

inbreeding and population collapses (Muirhead and Lande, 1997; Williams, 2001).

Sponges are found in both marine and freshwater ecosystems in tropical, temperate and polar
climates, and serve many important ecological roles from water filtration, nutrient cycling and
habitat creation (for a review of functional roles, see Bell, 2008). All sponges reproduce both
sexually and asexually (Simpson, 1980). Asexual reproduction can occur in three main ways:
budding, fragmentation and gemmulation (Maldonado and Riesgo, 2008). Budding occurs
when small spherical bodies project from stalks on the parental sponge, detach and then settle
to the substrate (Gaino et al., 2006; Simpson, 2012). Buds generally have spicules to allow
attachment to the substrate, and are composed of cells that can give rise to any cell type in the
sponge (called archeocytes), which allow the buds to forgo metamorphosis that is required in
larvae (Hammel et al., 2009; Cardone et al., 2010). Buds grow into sponges that are clones of
the parent sponge and such clones have been found to produce their own buds in as little time
as nine months (Cardone et al., 2010). Asexual reproduction by fragmentation occurs when a
sponge is divided into two or more new individual sponges, all comprised of the same genotype
(Maldonado and Uriz 1999). Fragmentation generally occurs as a result of disturbance or
damage (Wulff, 1994; Rodrigues et al., 2001), but the regenerative abilities of sponges
(Duckworth, 2003; Henry and Hart, 2005) allow fragments to quickly recover and survive.
Lastly, gemmulation is the process by which sponges produce gemmules, which are masses of
archeocytes with extra food stores encased by a protective coating (Rasmont, 1962).

Gemmulation is generally associated with extreme environments prone to heavy disturbance

92



or drought, where the protective envelope around the gemmule allows dormancy until
conditions are favourable for the gemmule to hatch and the sponge to grow. Gemmulation
generally occurs in freshwater sponges (e.g., Simpson and Gilbert, 1973), though instances of
marine gemmulation have also been recorded (e.g., Fell 1974).

Despite the common occurrence of asexual reproduction throughout Porifera, information on
environmental drivers of asexual events for sponges is scarce. Both seasonal changes (Johnson,
1978; Corriero et al., 1996; Corriero et al., 1998) and experimentally increased temperature
(Cardone et al., 2008) have been shown to induce budding events. Continuous instances of
budding have also been associated with heterogeneous environmental conditions for some
sponges (e.g., Cardone et al., 2010), indicating that asexual reproduction may play an important
role in recolonization and population maintenance. Teixido et al. (2006), however, found that
disturbances associated with iceberg scouring did not correlate to instances of budding in
Antarctic hexactinellid sponges. Instead, for other sponges, clonality has been found to be
higher in more stable environments (Zilberberg et al., 2006). Such conflicting results suggest
that asexual reproduction may not play the same role in population dynamics for different
sponge populations. Further, it is difficult to elucidate how mixed reproductive strategies (i.e.,
asexual reproduction in combination with sexual reproduction) shape populations. Mercado-
Molina et al. (2011) sought to clarify the contribution of both sexual and asexual reproduction
on sponge population dynamics through the simulation of various population models. These
authors found that population growth decreased markedly when sexual reproduction was
absent, but remained unchanged in the absence of asexual reproduction, indicating asexual
reproduction alone may not result in an increase in abundance. Findings like these make it
difficult to discern the function of asexual reproduction in sponges. Information regarding the
timing of asexual reproduction and potential environmental correlations, however, may shed
light on its role in shaping populations and allow a more complete understanding of its
continued selection for sponge populations. This is particularly important when considering
population viability under future environmental changes, as sessile marine invertebrates that
rely heavily on asexual reproduction (like sponges) and cannot actively migrate to favourable
environmental conditions have already been identified as being at risk of population declines
(Przeslawski et al., 2008).
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The New Zealand marine environment reveals a complex history for warming trends over the
past century (Shears and Bowen, 2017), making it difficult to predict how organisms like
sponges will fare with climate change. Different regions of New Zealand have warmed at
different rates, with the greatest warming observed in the south. Central New Zealand, by
contrast, has shown little warming over the past decades, indicating that organisms across all
of New Zealand may have experienced different levels of stress associated with climate change.
Law et al. (2017) predicts warming across all of New Zealand within the next century. The
simulations run by these authors indicate that southern New Zealand will exhibit the highest
degree of warming over the next century and central New Zealand will be less affected.
Therefore, those organisms existing in southern New Zealand may experience the highest
levels of thermal stress and be at the highest risk of population declines, if they cannot adapt
quickly enough. Expected environmental changes for central New Zealand instead may be most
pronounced with regards to seasonality, as Shears and Bowen (2017) have recorded
recognizable shifts in seasonality over the past fifty years. Those organisms that rely on
seasonal cues for processes, therefore, may have to adapt to such changes. If changes in
seasonality result in a shift in processes like asexual reproduction, population dynamics and

genetic diversity of such organisms are likely to experience change as well.

Here, | investigate budding in Tethya bergquistae and T. burtoni to gain a better understanding
of potential drivers of asexual reproduction. My specific aims were: (1) to characterize budding
events by sampling two separate populations 5 km apart, determining any differences between
species and sites, and identifying potential correlations with environmental variables (sea
surface temperature, chlorophyll-a concentrations, rainfall); (2) to characterize budding over
time in the same monitored sponges and to determine any correlations with genotype or water
temperature (from an in situ temperature logger); and (3) to experimentally explore the
relationship between temperature and budding for both species. These results are important in
that they may give an indication as to the role of asexual reproduction for these sponges and
further, allow the prediction of how population growth and diversity may respond to climate

change.
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Methods
Sampling sponge populations

Twenty individuals (Tethya bergquistae and T. burtoni) were collected by SCUBA from two
separate sites (n = 10 individuals from Breaker Bay and 10 from Princess Bay for each species;
see Chapter 5, Figure 5.2 for map of sites) every month from February 2015 — 2017 (same
sponges as in Chapter 3). Despite potential cryptic speciation within T. burtoni (see Chapter
2), the group was considered as one species here as members belonging to each group within
T. burtoni could not be identified based on morphology alone. Sponges were recorded as
budding or not (Figure 4.1), and for those sponges that were budding, the total number of buds
was counted. The diameter of each sponge was measured using calipers, and the surface area
of each sponge was estimated using the surface area of a sphere (V = 4mr?). Instances of
budding, as well as bud density (number of buds / surface area, as in Cardone et al., 2010) were
tested for the effect of environmental covariates, including monthly means of SST (°C),

monthly means of chlorophyll-a concentration (mg-m) and total monthly rainfall (mm) that

were collated in Chapter 3.

M4

Figure 4.1. Examples of budding in Tethya bergquistae (A) and T. burtoni (B).

Repeated observations on sponges

Populations of T. bergquistae and T. burtoni at Breaker Bay were monitored over time by
means of repeated photographs. For T. bergquistae, a population of about 90 sponges was
photographed from November 2015 to November 2017. Six areas (approximately 2 m?) were

haphazardly chosen within 250 m? of rocky reef, and areas were ~10-15 m apart. Within each
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of the six areas, random groups of three to six sponges were tagged (using sheep tags epoxied
to the reef). From November 2015 — 2016, sponges were photographed every month and from
November 2016, sponges were photographed six times (January, February, June, August,
September, November 2017). For T. burtoni, a population of approximately 50 sponges at
Breaker Bay was monitored from May 2016 to November 2017. Six additional areas were
chosen within the same 250 m? of rocky reef, and 3 tags were placed per area to correspond to
two to six sponges. From May 2016 — November 2016, sponges were photographed monthly
and following that, were photographed in: January, February, April, June, August, September
and November 2017. For sponges within the T. burtoni complex (see Chapter 2), a tissue
sample was taken from each sponge using a biopsy punch and was genotyped for species
identification using a panel of 11 microsatellite markers using the methods described in Chapter
5. All sponges from photographs were recorded as budding or not, and the total number of buds
for each sponge was counted in ImageJ (Schneider et al., 2012). Total number of buds was
used in lieu of bud density due to the fact that sponges changed their volume over time
(members of the Tethya genus contract and reduce body size up to 75%; e.g., Nickel, 2004),
which would affect the calculation of bud density for the same individual over time. Two
temperature loggers (HOBO Temperature, Onset Corporation Ltd.) were deployed during the
study period and recorded hourly measurements of temperature. Instances of fusion between

sponges were also recorded over the monitoring period.

Exploratory experiment

Because temperature was shown to potentially influence budding events from field data (see
Results), an experiment was conducted to further investigate the effect of temperature on
budding for both T. bergquistae and T. burtoni, with particular interest in the acute effects of
high temperatures on budding. Sponges were collected from Princess Bay in April 2017 after
their annual sexual reproductive event (see Chapter 3) to avoid potential confounding results
from some individuals participating in sexual reproduction and others not. Sponges were
collected when the water temperature was 16-17°C (known from in situ temperature logger
readings). Sponges were then placed onto mesh disks and allowed to attach and acclimate in a
sea table with flow-through seawater for 2 weeks before the experiment began. Temperature
in the sea table was monitored using a temperature logger and was 16 + 2°C throughout the
acclimation period and reflected temperature variation experienced in the field which is due to
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alternating southerly/northerly winds. Southerly fronts that frequent this study location result
in decreases in temperature as water moves northwards from Antarctica, and thus water

temperature can be variable over short periods of time.

Temperature treatments included: 17°C (control), 19°C and 21°C. Sponges were collected at
the end of summer, when seawater temperature was maximum for the year (17 — 18°C). The
upper two temperatures were chosen to examine the potential effects of climate change, meant
to simulate shortened periods of thermal stress due to heat waves, as New Zealand is expected
to experience a 2.5°C increase in sea surface temperature over the next century (Law et al.,
2017). The experiment was conducted in a temperature control room maintained at 15°C. The
experimental set up for each temperature treatment included three tanks. A top header tank (70
L) received flow through of raw sea water and reduced natural temperature fluctuations in the
flow-through water; this tank fed a second, intermediate header tank (70 L), which contained
heaters to reach desired temperature treatments. Finally, the intermediate header tank fed water
to a treatment tank (70 L) that contained the sponges and no heaters to minimize negative
effects of direct heating. Water levels for each header system were maintained using a ball-
cock supply valve, which allowed water to be sufficiently heated. The flow rate to the treatment
tank for sponges was 0.70 L-mintmaximum (entire tank turnover within 100
min). Tethya have been found to pump ~100 ml-min (Perea-Blazquez, 2011), which means it
would take 20 sponges (sample size used, see following paragraph) 35 minutes to pump
through all of the water in the tank. Flow rate could not be increased beyond 0.7 L-min*
because temperatures would become unstable, as water from the header tanks would not have
had sufficient time to heat up. Sponges would have therefore recirculated the water 3x before
the entire tank was turned over. To mitigate the effects of reduced flow, multiple bubblers were
added to each tank to create water movement and re-oxygenate the water, and further, a ¥4
volume water change was performed every day, where water was replaced with water of the
same temperature water taken from header tanks. Temperature was monitored using
temperature loggers (two per tank) and was maintained within £0.2°C throughout the

experiment.

Ten sponges of each species were placed into each treatment at the beginning of the experiment,

totalling 20 sponges per treatment tank. Temperature was ramped 0.5°C per day until
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treatment temperature was reached (as in Bennett, 2017), which then began to for that
treatment. A ramping of 0.5°C per day was considered sufficient time to allow sponges to
acclimate to treatment, as temperature data from the field indicated sponges may sometimes
experience temperature changes of 1-2°C per day (Figure 4.2). Sponges were photographed
daily to monitor budding. In the event that a sponge was budding prior to placement into the
experiment, the number of buds was counted at to so that the change in buds (i.e., measure of
bud production) over the experiment period could be measured. Buds were counted, and the
diameter of each sponge was measured to estimate surface area and volume in ImageJ
(Schneider et al., 2012). Dead sponges were removed from each treatment as they occurred to
avoid anoxic conditions associated with tissue decomposition of the dead sponge. The
experiment was run for 15 days to explore acute effects of temperature (i.e., simulating a short
heat wave) on budding in Tethya. Previous observations from sponges kept in flow-through
tanks revealed that bud production can happen over the scale of one day, thus 15 days was
considered sufficient time to see budding events if they were going to occur. Because no bud
production was observed during the monitoring period, the experiment was terminated and no

further replications were run.

Data analysis

Sampling sponge populations

All of the following analyses were conducted in R v 3.5.0 (R Core Team, 2017). For sponges
that were collected monthly, a generalized linear model (GLM) with a binominal family and
logit link was used to determine the effects of potential explanatory variables on instances of
asexual reproduction. This model tested the log-odds of the probability of asexual reproduction
(i.e., 1 = budding, 0 = not budding) as a function of the following main effects: temperature,
chlorophyll-a concentration, rainfall, species, site and sponge size (diameter). To check that
the model met the assumptions of a logistic regression (i.e., linearity, no multicollinearity of
explanatory variables), a Box-Tidwell procedure with 1,000 iterations was employed (Box and
Tidwell, 1962). No variables exhibited multicollinearity. Temperature failed to meet the
linearity assumption, so four even categorical groups were used, where 1 = <12°C (n = 160
sponges), 2 =12 — 14°C (n = 280); 3=14-16 °C (n = 278) and 4 = 16+ °C (n = 277). Another
model was fitted using temperature as a categorical variable, in addition to the GLM using

temperature as a continuous variable, to compare the effect of temperature in both cases.
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Figure 4.2. Temperature readings from deployed temperature logger at Breaker Bay from
October 2015-May 2018 (A), with highlighted area enlarged in plot B. Grey bars on plot
B highlight a change in temperature greater than 1°C experienced within 24 h.
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Significance of effects were assessed using likelihood ratio 2 tests. The following interactions
of interest were also tested in addition to the main effects: sitexspecies, sizexspecies, tempxchl-
a, tempxrain, rainxchl-a, and speciesxeach environmental variable. The best fit model was

then selected by sequentially removing non-significant effects.

To determine potential correlates to asexual reproduction, a linear model was fitted to test the
effects of temperature, chl-a, rain, site, species and sponge size to bud density, including the
same interactions terms stated above. Only those sponges that had buds were used (i.e., all zero
values were removed). The best fit model was selected by sequentially removing non-
significant effects. Significance of potential predictors was assessed using Type-11l ANOVAs.
All data were checked for normality, homoscedasticity, and no multicolinearity/auto-
correlation of independent variables, to meet the assumptions of a linear regression (Poole and
O’Farrell, 1971). Bud density was log transformed to meet these assumptions and no
independent variables were correlated (see Appendix 3, Figure A3 for plot of environmental
data). No statistical comparisons were made between months as there were too few data points
for each month for robust comparisons. Model selection for both logistic and linear models
was based on significance testing rather than AIC scores as | was not concerned with the model
performance for making additional predictions, but instead was interested in the rejection of
the null hypotheses (Krueger, 2001; Mundry, 2011).

Repeated observations on sponges

To assess the effect of temperature and genotype on both instances of budding and number of
buds, generalized estimating equations (GEEs) were constructed using the package “geepack”
(Halenkoh and Hgjsgaard, 2006) in R v 3.5.0 (R Core Team, 2017). GEEs are an extension of
GLMs but allow the effects of explanatory variables to be made for longitudinal data (i.e.,
repeated measures), while allowing data to be non-normally distributed (i.e., binary data, count
data; Zeger and Liang, 1986; Zorn, 2001; Ballinger, 2004). GEEs are marginal models, in that
they allow interpretation from the population mean, as opposed to conditional models (e.g.,
mixed models) with allow interpretation of subject-specific responses within assigned clusters
of data (Ghisletta and Spini, 2004). The use of GEEs was chosen here over the mixed model
method as | was more concerned with an overall trend in the response of the population of

sponges, which all shared common values of the predictor variables (e.g., predictors were
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consistent throughout all tagged sites). | was not interested in cluster-specific estimates of the
probability of budding, as in the design of this study (e.g., tagged sites), sites were haphazardly
chosen to represent a subpopulation of the entire population. Furthermore, predictors were
chosen without consideration for differences between tagged sites (e.g., microhabitat
measurements like rugosity and sedimentation were not measured), but instead were population
focused (i.e., temperature), for which a GEE is more appropriate (Zorn, 2001). The data were
checked to meet the assumptions for GEEs, which are: linearity between dependent variable
and predictor variables (which was met using a logit link for instances of budding and a log
link for bud counts); sample size (sponge) with associated longitudinal dataset to be greater
than ten (NT. bergquistae = 71, NT. burtoni = 28); and that observations between sponges are
independent (Ghisletta and Spini, 2004).

The GEE method is advantageous in that it allows the correlation structure for the repeated
measures to be specified (Ballinger, 2004). Repeated measures from the same sponge over time
were accounted for in the model by using an autoregressive (AR) correlation matrix, which
specifies that the response variable depends linearly on its previous value. The AR(1)
correlation structure was specifically chosen, which considers only the previous term in the
longitudinal data set. In this instance, presence and number of buds were considered to be
correlated to the previous time point because observed buds could potentially be products of
the previous observation, particularly in the case that sponges were undergoing a budding event
that lasted longer than two observation points. Temperature was taken from temperature
loggers and the average daily temperature was recorded for the date when the sponge was
photographed, which allowed bud density to be compared to daily temperatures instead of
monthly means (as in the ‘Sampling sponge population’ methods). As budding has been
observed to occur over a short period of time, this was to elucidate the effect of temperature
and determine if different trends in response to temperature emerged using both methods.
Genotype was assessed using data from Chapters 2 and 5, where T. bergquistae were all
considered one genotype and T. burtoni belonged to one of two groups (see Chapters 2 and 5).
Because the time frame of monitoring was different for each species, each species was first
assessed separately. For T. bergquistae, a GEE was fitted to determine the effect of temperature
on both instances of budding and number of buds, using a binomial and Poisson family,
respectively. For T. burtoni, a GEE was fitted to determine the effect of temperature and

genotype on both instances of budding (family = binomial) and number of buds (family =
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Poisson). To compare both species, only those time points that both species shared were used.
Two final GEEs were constructed that examined temperature and genotype (three total) on
instances of budding and number of buds. Significance for all GEEs were assessed using the
Wald chi-square test.

Results
Sampling sponge populations

A summary of the budding events and bud density for sponges collected monthly from
February 2015 — 2017 is presented in Table 4.1 Overall, approximately 50% of all sponges (n
= 995) were found to contain buds. When examining the main effects on the probability of
budding, the following were significant: site, size, species and temperature (see Appendix 5,
Table A5c). The best fit model fitted the probability of budding as a function of: sitexspecies,
speciesxsize, SSTxchl-a, and chl-axspecies (see Appendix 5, Table A5d). The interaction
between site and species was significant (y~ = 10.609, P = 0.001), where at Breaker Bay, Tethya
bergquistae had a higher probability of containing buds compared to T. burtoni, but no
difference occurred at Princess Bay (Figure 4.3). The interaction between species and size was
also significant (y° = 16.714, P < 0.001), where the probability of budding increased with size
for T. bergquistae only (Figure 4.4A). The influence of chl-a on budding events differed
between species (x> = 6.525, P = 0.011), where for T. bergquistae, chl-a was negatively
correlated to the probability of budding but for T. burtoni, it was positively correlated (Figure
4.4B). Lastly, the effect of temperature on probability of budding increased with increasing

chlorophyll-a concentration (y° = 5.226, P = 0.022; Figure 4.5).

When examining the influence of only the main effects on bud density, the following were
significant: size, species, SST and rainfall (see Appendix 5, Table A5e). The best fit model
described bud density as a function of: SST, rainfall, and sizexspecies (see Appendix 5, Table
A5f). Temperature was positively correlated to bud density (F1,474 = 9.3344, P = 0.002; Figure
4.6AB) and rainfall was also positively correlated to bud density (F1,474= 5.4, P =0.020; Figure
4.6CD). The interaction between sizexspecies was also significant (F1,.474 = 4.1933, P = 0.041),
where for both species, bud density was negatively associated with sponge size, but for T.

burtoni smaller individuals had a higher bud density than T. bergquistae (Figure 4.7).
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Table 4.1. Summary information of collected Tethya spp. from Feb 2015-2017. Site refers to
Breaker Bay (BB) or Princess Bay (PB). Number of sponges collected (N) and number of
sponges containing buds (N-B) given for each site, species, and overall. Mean bud density in
counts per cm? + SD averages for all sponges containing buds across all months.

Mean bud

Species Site N N-B density

BB 251 171 0.50+0.72
250 117 0.50 +0.50

Total 501 288  0.50 +0.64
Tethya BB 244 93 1.02+1.34
burtoni PB 250 101  1.14+1.40

Tethya
bergquistae

complex ol 494 194 1.08 +1.37
Overall 995 482 0.73+1.04
1.0
@ T. bergquistae
08 | T. burtoni
(@)]
C
{
pe]
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e
o 0.2
0.0

Breaker Bay Princess Bay

Figure 4.3. Differences in the probability of budding for Tethya bergquistae (purple) and T.
burtoni (green) at different sites, where error bars represent 95% confidence intervals.
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Figure 4.4. The effect of sponge size (A) and chlorophyll-a concentrations (B) on Tethya
bergquistae and T. burtoni. Shaded regions represent 95% confidence intervals.

Repeated observations on sponges

Monthly means of temperature readings from the HOBO logger deployed in the field were
similar to readings of sea surface temperature (SST), but were slightly lower during austral
summer months (Figure 4.8). In total, 129 sponges were monitored, 88 of which were Tethya
bergquistae and 41 of which were T. burtoni. Over the monitoring period, mortality for T.
bergquistae and T. burtoni was 18% and 17%, respectively. Fusion events, in which two or

more sponges fused together, occurred for both species (Figure 4.9). Fusion was more prevalent

104



1.0 1 mT. bergquistae r 20
$ 0.9 1 = T. burtoni - 18
g 0.8 1 - 16
07 1 L 14
= —
5 06 - F 125
305 - - 10 E
‘G 0.4 - L8 o
c
0.3 - L 6
£
02 L 4
201 - L2

0.0 - Lo

T~ YT YT YT YT YT YT Y YT YT YT YT YT YT YT Y OY oY YO Y Y Y Y YT oY
-------------------

oo s ] !
O = 5 >Cc 5 o fF5 2 0 c 0 - 5 >Cc 35 OG> 0 c 0
0 82T 5330800008 2T5330R00c0
L=<<s 5 2V O0OzZzaH>uL=<s > 2 Oz -> W

o

£

3

5038

o

508

2

=04

K]

So2

2

o L L O N T | VTS A N T W T T ST TR

1 L - T T T T
13 15 17 13 15 17 13 15 17 13 ) 15 17 13 15 17
SST (°C)

Figure 4.5. Budding events in relation to sea surface temperature (SST). Top plot presents
the proportion of budding sponges collected each month, whereas bottom plot shows the
effect of SST with increasing concentrations of chlorophyll-a (chl-a) for both species
pooled. Shaded regions on chl-a plots represent 95% confidence interval.

for T. bergquistae, where 16 sponges underwent fusion (18% of monitored population). By
contrast, only two fusion events (between four sponges) were evident for T. burtoni (10%). For
both species, some individuals continually budded throughout the monitoring period, some had
repeated discrete periods of budding and others did not bud at all. For plots describing the
change in buds over time for each sponge, see Appendix 6. For T. bergquistae, temperature
was significantly associated with both instances of budding (x° = 35.5, P < 0.001) and number
of buds (x> = 54.8, P < 0.001). Similarly, for T. burtoni, temperature was significantly
associated with the probability of budding (x® = 7.34, P = 0.007). There was a trend in which
instances of budding were lower in one T. burtoni genotype compared to the other, though not
significant (x> = 0.056, P = 0.056). The number of buds for T. burtoni was significantly
positively associated with temperature (x° = 22.26, P < 0.0010), but genotype did not have any
effect on the number of buds in T. burtoni. When both species were combined for the analysis,
only temperature had a significant effect on both instances of budding (x* = 49.1, P < 0.001)
and number of buds (y~ = 102.3, P < 0.001).
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Figure 4.6. Bud density in relation to sea surface temperature (A, B) and rainfall (C, D). Monthly means of bud density for each species given
(B, D), with error bars representing standard error. Shaded regions surrounding regression lines (A, C) represent 95% confidence intervals.
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Figure 4.7. Bud density in relation to sponge size for both species, where shaded regions
represent 95% confidence intervals.

Exploratory experiment

No sponges from either species produced buds for the duration of the experiment (10 of each
species, per treatment; nwtal = 60). Those sponges that contained buds prior to the experiment
dropped their buds within the first three days and then did not participate in asexual
reproduction for the rest of the experiment. Sponge diameter remained constant throughout the
experiment, and sponges revealed no signs of tissue necrosis. Mortality differed between
species and between treatments. For T. bergquistae, one of the controls died on the third day
(10% mortality). There were no mortalities for T. bergquistae in the 19°C treatment (0%
mortality) and three mortalities occurred for the 21°C treatment half way through the treatment
(30% mortality). Mortality was higher for T. burtoni. For the control treatment, two sponges
died on day 13 (20% mortality), and both the 19°C and 21°C treatments saw nearly 100%
mortality by the end of the 15 days. Differences in survivability are further described and

discussed in the General Discussion (Chapter 6).
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Figure 4.9. Fusion event between two Tethya bergquistae.

Discussion

This chapter used multiple methods to characterize asexual budding in Tethya spp. and
determined potential environmental correlates that may be important influencers of asexual
reproduction. As opposed to sexual reproduction which was an annual discrete event (see
Chapter 3), budding occurred continuously throughout the year. Although continuous, there
was a noticeable seasonal trend, where warmer waters were associated with both increased

numbers of budding sponges and increased bud densities. These results indicate that the
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environment plays an important role in driving asexual reproduction, which is further supported
by the site-specific responses of asexual reproduction observed. The experiment, which was
conducted to better understand the relationship between temperature and asexual reproduction,
resulted in no instances of budding, despite findings amongst in situ observations. High
temperatures and associated stress may instead have resulted in the increased observed
mortality. It is noteworthy, however, that the control groups displayed no instances of budding,
despite asexual reproduction being common inin situ sponges as well as sponges kept
previously in a flow-through sea table at similar temperatures. Such findings are likely an
indication that the flow was too reduced for the experiment, resulting in increased stress and
mortality. However, it may also be an indication that stable conditions do not favour asexual
reproduction for Tethya spp., which, if true, suggests that asexual reproduction instead may be
important for recolonization and population maintenance in disturbed environments. Overall,
the findings of this chapter indicate that the timing and frequency of asexual reproduction
in Tethya are likely to be altered under temperature changes predicted for New Zealand (Law et
al., 2017). Further, if homogeneous environments do not favour asexual reproduction, a
predicted increase in storm intensity and wave action (Law et al., 2017) may further result in
an increase in asexual reproduction. While species-specific responses of budding were difficult
to discern, thermal tolerance of both species differed, where T. bergquistae outperformed T.
burtoni under thermal stress. Increases to both asexual reproduction and mortality have
population level consequences and may result in a decrease in the diversity of the Tethya genus

with climate change.

Environmental influences on asexual reproduction

Temperature has been shown to be associated with asexual reproduction in many marine
organisms, where increased temperatures have resulted in increased asexual reproduction and
in some instances, associated population growth (Littlefield et al., 1991; Purcell et al., 1999;
Willcox et al., 2007). For some organisms, asexual reproduction is more prominent at
environmental extremes (Snell, 1986), but extreme temperatures have also been recorded to
decrease asexual reproduction and population abundance for other organisms (e.g.,
Yamaguchi, 1974). In this study, data from both collecting and monitoring populations in the
field revealed that temperature was positively associated with both instances of budding and

bud density, indicating asexual reproduction is either seasonal or may increase with warming
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waters, or both. If the latter is true, an increase in temperature could result in positive population
growth. For the experiment, | chose temperatures to explore the effects of warming in a way
that may simulate a heat wave or an extreme temperature event in the summer. Temperature
highs of 19°C in the Wellington Region have been recorded (from in situ loggers) and further,
Law et al. (2007) have predicted that in the next century, temperature highs will increase by
2.5°C. The experiment, however, resulted in no budding individuals for any temperature
treatments, making it more difficult to explain the exact effect of temperature on the process of
asexual reproduction. Instead, it is likely that the experimental conditions of reduced flow and
thermal stress resulted in increased mortality for the higher temperature treatments. While
thermal stress may have resulted in the lack of asexual reproduction observed for the higher
temperature treatment, the controls also showed no signs of budding, despite having a high
survivability throughout the experiment. For the duration of the experiment, these sponges
were subject to stable temperatures and a reduction of water flow compared to field conditions.
These conditions are the opposite of what these sponges experience in situ, where they exist in
an extremely dynamic environment, particularly with regard to thermal and hydrological
conditions. The field temperature logger revealed that these Tethya spp. may experience
increases or decreases of 2°C over a period of 24 hours (Figure 4.2), where frequent and
alternating northerly and southerly weather patterns that shape the Wellington coast drive these
temperature changes. Further, hydrological conditions are more variable as northerlies and
southerlies result in periods of intense swell and periods of calmer water (Pickrill and Mitchell,
1979).

The preliminary findings from the experiment may instead indicate that asexual reproduction
is driven by disturbance events and may play an important role in population maintenance and
recolonization after such events. Environment heterogeneity and disturbance have been
correlated to asexual reproduction for other sponges (Battershill and Bergquist, 1990) and other
benthic organisms (Coffroth and Lasker, 1998; Rasheed, 2004). A further investigation into
wave action and instances of budding may be needed to clarify whether stability of
environment is related to budding events, but it a likely possibility for Tethya spp. Bud density
was also positively correlated to rainfall, which could be further indicative that bud production
is associated with storms and disturbance. Alternatively, productivity and available food that
occur during the spring periods, which also experience increased rain, may explain that this

correlation with rain is rather a result of the seasonality of productivity. Chlorophyll-
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a concentration, which may be a proxy for food availability, influenced budding in both species
differentially (discussed next), making it difficult to estimate the effect of food availability on
bud densities. Nonetheless, environmental correlates suggest that changes in asexual
reproduction are likely to occur with future shifts in climate (both changes in temperature and
seasonality), which has implications for genetic population structure, connectivity, population
growth and overall population dynamics. For instance, the positive association of budding and
temperature may indicate that asexual reproduction will increase with warming oceans. This
could potentially result in a higher number of clones, which may result in both a reduction of
genetic diversity and an increase of inbreeding within populations (Lande and Schemske, 1985;
Marriage and Kelly, 2009). Negative consequences associated with low diversity are further
exemplified in a study by Williams (2001), where reduced genetic diversity in eelgrasses
resulted in both a reduction of population growth and a decline in individual
fitness. Tethya populations are similarly likely to experience changes in diversity due to

asexual reproduction if the environment alters the frequency and overall output of budding.

Differences between species: adaptive significance

Differences in asexual reproduction between species can reveal differential adaptive strategies,
and further reveal how sympatric species occupy the same niche. Reproductive isolation
between T. bergquistae and T. burtoni was evident when examining sexual reproduction for
both species (see Chapter 3). Species delineations, however, have also been described on the
basis of asexual reproduction for Tethya (e.g., Bergquist and Kelly-Borges, 1991) and other
organisms in general (e.g., Crespo and Pérez-Ortega, 2009). Subtle differences in asexual
reproduction between species were observed in this study, but were not obvious enough to
allow use of characteristics of asexual reproduction as a metric for delineating species. For
instance, when sampling from two different populations, T. bergquistae engaged in budding
significantly more than T. burtoni, but only at one site (Breaker Bay). Overall, interactive
environmental influences and site-specific responses clouded any discernible differences
between species that could allow species delineation. Studies of Tethya from populations in
other parts of the world further support species- and site-specific patterns of asexual
reproduction. For instance, both T. citrina and T. aurantium from the Mediterranean Sea
display one annual period of budding (Corriero et al., 1996), compared to the continuous
budding observed here for T. bergquistae and T. burtoni. Budding in T. citrina has been
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experimentally induced by subjecting sponges to increased temperature from 13°C to 20°C
(Cardone et al., 2008), indicating that extreme changes in the environment may trigger asexual
reproduction. Such changes were not observed with increased temperatures in this study,
perhaps because the temperature increases were not as drastic or the experimental set up was
too stressful. These inconsistencies in asexual reproduction across organisms of the same genus
further suggest that asexual reproduction is heavily environmentally influenced and is highly

species-specific, making its function across different populations difficult to assess.

The effect of sponge size on both the probability of containing buds and bud density also
differed between species. Larger T. bergquistae were found to have a higher chance of
containing buds, yet the size of T. burtoni did not correlate to budding events. Both species had
a negative correlation between bud density and sponge size, and differences in bud density
between species depended on the size of the sponge. Again, no obvious trends to delineate
species emerged, but these differences give an indication that these congeneric sponges
coexisting in the same environment may have adaptive differences. For instance, in Chapter 3,
T. bergquistae was found to be, on average, significantly larger than T. burtoni. Therefore,
budding may be a size regulation mechanism for this species so it does not grow too large and
therefore require more resources that may otherwise be unavailable during periods of low food
availability. By contrast, T. burtoni may not participate in such a regulation mechanism, as they
do not grow to the same large size as T. bergquistae. Asexual reproduction has been proposed
to be a size regulation mechanism for many other organisms (Sebens, 1980; Uthicke, 2001;
Ryan, 2018), where multiple smaller individuals have a greater chance of getting energy/food
for basic organismal functions than a single larger organism. This interaction is again supported
when examining bud density, as larger T. bergquistae have significantly more buds than larger

T. burtoni.

Interestingly, fusion was much more prominent in T. bergquistae. While this may be a product
of species-specific responses, it could also be a product of observations, as the habitat that T.
burtoni occupies is more sedimented and they are therefore more difficult to observe, so fusion
may not have been as obvious. Nonetheless, if budding serves as a size regulation mechanism
for T. bergquistae, it remains unclear as to why fusion would occur to increase sponge size.

Perhaps buds fall and serve as energy stores that can fuse back to the parent sponge during
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periods of lower food availability. Such seasonally-driven size regulation by asexual means
has been recorded for other sponges. For instance, Gaino et al. (2010) proposed increased
fragmentation over winter periods, which allowed recolonization of the population each year.
Overall, these size-related results suggest that only T. bergquistae may use asexual
reproduction as a size regulation mechanism, further highlighting adaptive differences for these

sympatric species.

Differences between species were also evident when examining the effect of chl-a
concentration on the probability of budding events (Figure 4.4B), where budding in T.
bergquistae was negatively correlated to chl-a, but positively correlated in T. burtoni. Such
opposing effects of chl-a concentration on asexual reproduction for both species suggest that
both species may have different environmental cues that induce budding. One possible
explanation for the observed disparity is that both species have differential feeding strategies.
For instance, perhaps T. burtoni feeds more heavily on picoplankton with chl-a types compared
to T. bergquistae; therefore, T. burtoni may have more available food sources and may acquire
more energy that could be used for asexual reproduction. No current research has been
conducted on feeding in T. burtoni to allow comparison between both species, so such a
hypothesis remains mere speculation and warrants further investigation. If budding is a size
regulation mechanism for T. bergquistae as proposed, then it may be expected that decreased
nutrients (i.e., chl-a) are associated with higher instances of budding. For instance, periods of
lower food availability (i.e., decreasing concentrations of chl-a) may result in sponges
asexually reproducing to reduce size and thus energy requirements that could not be met with
decreased available resources. A confounding result that makes interpretation of species-
specific responses to chl-a concentration challenging is that, for both species, increasing
concentrations of chl-a resulted in a stronger positive effect of temperature on budding events.
The significant interactive effect of temperature and chl-a could be a product of the seasonality
of asexual reproduction, which was exemplified in the cyclical pattern of budding events
observed for both species. Such interactive effects of environmental conditions on asexual
reproduction have been highlighted by Purcell et al. (1999), who found that lower temperatures
and food availability led to lower instances of reproduction. Such findings, however, contradict
the significant speciesxchl-a interaction observed. Instead, in situ measurement of nutrients, as
well as experimental manipulation of food levels, may shed light on the differential bud

response in the two species.
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Conclusion

Here, | described asexual reproduction for Tethya spp. in the Wellington south coast and find
that while budding occurred continuously throughout the year, peaks in budding events and
bud density occurred during periods of warmer temperature. Differences between species were
not always obvious, but some species-specific responses existed. Sampling from a population
over time and monitoring the same sponges were both methods that revealed temperature may
be important in budding events and the overall density of buds. The experiment that
investigated budding in relation to increased temperatures did not reveal the same trend, and
instead indicated that T. bergquistae may be better adapted to thermal stress. However, lack of
budding in the controls versus in situ observations suggest that perhaps changes in temperature
and heterogeneous environments may be more conducive for asexual reproduction than stable
conditions. Additional experiments would be needed to verify this claim, but it may be possible
that asexual reproduction plays a role in population maintenance and individual sponge
survivorship during repeated disturbance events. These results have important implications in
terms of adaptive potential of organisms when considering how sessile marine organisms with

complex reproductive strategies, like Tethya spp., may adapt to future changing oceans.
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CHAPTER 5:

DIFFERENTIAL ROLES OF ASEXUAL AND SEXUAL
REPRODUCTION IN GENOTYPE SURVIVORSHIP AND
CONNECTIVITY IN THE NEW ZEALAND SPONGE TETHYA
BURTONI






Introduction

Understanding connectivity in marine systems is challenging because the reproductive ecology
of many marine organisms is poorly understood, barriers to gene flow are not always obvious
nor consistent through time, organisms have long dispersal periods, and propagules are small
and have high mortality rates (Cowen et al., 2007; Weersing and Toonen, 2009). For many
sessile marine organisms, the lack of ability to move between locations and the associated
competition for space has resulted in the evolution of complex reproductive strategies (Sara,
1984). For example, invertebrates including ascidians, bryozoans, sponges and corals all
reproduce sexually and asexually, which can sometimes be through hermaphroditism or even
parthenogenesis (Ayre and Resing, 1986; Thomsen and Hakansson, 1995; Maldonado and
Riesgo, 2008; Combosch and Vollmer, 2013; Gasparini et al., 2015). The genetic makeup of a
population is largely a product of the reproductive strategy employed by an organism, among
other factors which include habitat availability and environment suitability. Genetic data can
offer insight into the potential roles of different reproductive modes. For example, it is
generally thought that strictly sexually reproducing organisms are generally more genetically
diverse than asexual ones. Reduced genetic diversity in a population, resulting from clonal
reproduction or local recruitment of genotypes, can make that population prone to inbreeding
depression (Ellstrand and Roose, 1987; Russo et al., 1994; Keller and Waller, 2002; Marriage
and Kelly, 2009). Sexual reproduction is therefore thought to be selected for in nature because
it creates genetic diversity through recombination, generating new genotypes that may support
adaptation and expansion to more variable environments (Ayre, 1984; Burdon and Roelfs,
1985; Delmotte et al., 2002; Becks and Agrawal, 2010).

Asexual reproduction results in the exponential proliferation of clonal organisms, which is
important for maintaining populations and allowing populations to quickly colonize an area
(Shick and Lamb, 1977; Rideout, 1978; Karako et al. 2002). Barbuti et al. (2012) proposed that
the main role of sexual reproduction is the creation of genotypes, while asexual reproduction
serves to amplify such genotypes. Evolutionary processes at various spatial scales shape the
genetic population structure at such scales. For instance, Arnaud-Haond et al. (2007) found
restricted gene flow between seagrass populations across a large-scale (the Mediterranean Sea),
with spatial aggregations of clonal individuals within each observed population. There is
currently a lack of framework, along with no standardized methodology, for analysing genetic

117



datasets that include clonal organisms (Arnaud-Haond et al. 2007), and therefore it remains
challenging to find the appropriate scale to investigative desired research questions, which
hinders our overall understanding of clonal reproduction. Additionally, the employment of a
certain mode of reproduction may vary in different habitats. For instance, Baums et al. (2006)
found predominantly asexual to purely sexual populations in a range of different geographic
regions for the coral Acropora palmata, which suggests that in the future, populations may
respond differently to environmental changes. Similarly, Arnaud-Hanod et al. (2006) found
difference in diversity and inbreeding levels for different mangrove populations, where
populations at the species range edge employed mainly asexual reproduction and were also
highly inbreed. Differences in clonal strategies between environments and population spatial
scale, therefore, should be considered when trying to elucidate the role of asexual reproduction
in the population dynamics of an organism.

The New Zealand marine environment is characterized by a gradient of environmental
conditions, from subtropical in the north, to subpolar in the south (Heath, 1981; Wilson et al.,
2005). This range and diversity of flora and fauna make it a study location of interest for
population structure and connectivity studies. In New Zealand, roughly sixty studies have been
conducted describing the population structure of over forty different taxa, as reviewed in Ross
et al. (2009) and Gardner et al. (2010). From these current studies, the most common trend that
has emerged throughout the country is a north-south differentiation in genetic structure (e.g.,
Perna canaliculus in Apte and Gardner (2002); Amphipholis squamata in Sponer and Roy
(2002); Paracorophium lucasi in Stevens and Hoggs (2004)). Many of these New Zealand
organisms also exhibited an isolation by distance pattern of genetic differentiation (e.g., Perna
canaliculus in Gardner et al. (1996)), where organisms with a shorter pelagic larval duration
exhibited a higher degree of structure among these New Zealand populations (Ross et al.,
2009). The population structure studies conducted thus far have found a high degree of
differentiation within New Zealand, but there are little few studies examining population
structure at a fine scale for locations existing less than 10 km of each other. Furthermore, there
is a clear north-south differentiation for many populations, but for populations existing in
central New Zealand, it is not as clear as to how these populations are related to both their
northern and southern counterparts. Therefore, the need for smaller scale studies in addition to
studies conducted in central New Zealand would increase our understanding of New Zealand

connectivity patterns.
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Sponges are key components of benthic environments across all oceans, playing vital roles in
nutrient cycling, habitat creation and water filtration (Bell, 2008). They reproduce both
sexually and asexually (see Maldonado and Riesgo, 2008 for a review). Sexual reproduction
occurs via gonochorism or hermaphroditism, and eggs can either be released (ovipary) or
retained as brooded larvae (vivipary). Asexual reproduction occurs via fragmentation, budding
or gemmulation. Both asexual and sexual reproductive timing (seasonal or continuous) and
output can be influenced by environmental factors, including temperature, sedimentation,
nutrients and salinity (Ayling, 1980; Fromont and Bergquist, 1994; Witte et al. 1994; Witte,
1996; Ereskovsky, 2000; Roberts et al., 2006; Riesgo and Maldonado, 2008; Gaino et al., 2010;
Abdul Wahab et al., 2014). Asexual reproduction can either occur during periods when sexual
reproduction has ceased (e.g., Corriero et al., 1996), or both can occur simultaneously (see
Ayling, 1980). Determining the differential reliance on each mode, however, and their
contribution to the genetic structure of the population remains poorly understood. With the
advancement of genetic tools, a number of population connectivity studies have been
conducted and increased our understanding of the extent of gene flow and the forces that shape
populations for sponges (Solé-Cava and Boury-Esnault, 1999; Borchiellini et al., 2000). These
studies have found that oceanographic barriers (including fronts) and topological barriers can
structure populations across relatively small areas and even depths, e.g., Chaves-Fonnegra et
al. (2015). However, although dispersal is generally limited over long distances, currents may
aid in dispersal and result in populations being more connected across larger scales than
expected (e.g. Chaves-Fonnegra et al., 2015; Lépez-Legentil and Pawlik, 2009; Blanquer and
Uriz, 2010; Riesgo et al., 2016).

Few studies to date that have considered the role of asexual reproduction in population
dynamics for sponges have report mixed functions. For example, populations of the brooding
Mediterranean sponge Scopalina lophyropoda contained low instances of clones, and further,
clones did not have an influence on the spatial population genetic structure (Blanquer et al.,
2009, Blanquer and Uriz 2010). Asexual fragments of S. lophyropoda, however, have also been
found to contain active sexual entities (Maldonado and Uriz, 1999), suggesting that asexual
reproduction may indirectly promote genetic diversity. However, other sponges rely more
heavily on asexual reproduction. For example, Wulff (1991) found asexual reproduction to be
important for population maintenance of branching sponges in the Caribbean, where

fragmentation increased the genotype of the parental sponge, reducing the risk of genetic loss
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due to genetic drift and population bottlenecks. Nonetheless, there is an overall lack of
information regarding the role of asexual reproduction in population maintenance, genetic

structure and connectivity for sponges.

Here, | investigated the role of asexual and sexual reproduction in population connectivity and
maintenance in the temperate sponge Tethya burtoni that frequently asexually reproduces by
budding. | determined the extent of gene exchange between four populations in central New
Zealand, and investigated the fate of the buds as well as the ability of clones to sexually
reproduce and thus contribute to the gene pool of future generations. Because T. burtoni
continuously asexually reproduces throughout the year and produces high densities of buds
(e.g., average monthly bud densities reaching 1.55 + 0.56 buds-cm, see Chapter 4), it appears
that asexual reproduction is persistently selected for and thus plays an important role in
structuring the population. Furthermore, because the pelagic larval duration of sponges is
generally short (Maldonado, 1998), local recruitment of genotypes for T. burtoni is highly
likely. Due to these two characteristics (high instances of clones and local recruitment), the
following genetic characteristics are expected: (1) low genetic diversity within populations
(Pfeifferetal., 2012; Li et al., 2016); (2) high levels of linkage disequilibrium for microsatellite
loci within populations (De Meels & Balloux, 2004); (3) high levels of inbreeding within
populations (Vange 2002; Engelstadter, 2008); and (4) highly structured populations over small
spatial scales, with most variation attributable to among population variance (Russo et al.,
1994; Li and Ge, 2001).

Materials and methods
Study species and site

For this study, | used Tethya burtoni, a small yellow ‘golf ball’ sponge belonging to the second
most common genus found in the waters of central New Zealand (Sara and Sara, 2004, Berman
2012). Tethya burtoni is gonochoristic and seasonally sexually reproduces during the austral
summer (with a reproductive event from January — March, see Chapter 3), where eggs are
released into the water column (ovipary). Asexual reproduction occurs continuously
throughout the year, with the highest densities of buds coinciding with sexual reproduction (see

Chapters 3 and 4). Tethya burtoni asexually reproduces by budding, in which small buds
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project and detach from the body of a parent sponge, and flow freely in the water before settling
and growing into clones (Figure 5.1). Tethya burtoni has been identified as likely consisting of
a species complex (see Chapter 2), but for this chapter, only those sponges belonging to one
species (i.e., Clade 2 in Chapter 2) were used.

Figure 5.1. Tethya burtoni (top sponge) asexually reproducing, with buds (B) labelled.

I carried out this study at four locations in central New Zealand (Figure 5.2): Breaker Bay (BB,
41°19'53.3"S 174°49'52.6"E); Matiu-Somes Island (SI, 41°15'36.9"S 174°43'54.4"E); the
South Coast (SC, 41°21'04.5"S 174°43'54.4"E); and Kapiti Island (KP, 40°53'23.6"S
174°52'40.3"E). Three were in the Wellington region (WR), which is characterized by a highly
energetic coast where strong southerly storms from Antarctica and north-westerly winds that
frequently alternate and shape the coast (Harris, 1990; Carter, 2008). The WR sites included
two sites exposed on the coast (Breaker Bay and the South Coast), as well as one site more
sheltered in the Wellington Harbour (Matiu-Somes Island). All of these sites are within 10-15
km of each other. The final site was Kapiti Island, which is an island ~50 km north of the WR.
The Cook Strait current greatly influences all of these areas, and is a product of three water
masses (the D’Urville, Southland and East Cape Currents) of different origins, which mix and
interact to form the Cook Strait current (Heath, 1971).
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Figure 5.2. Map of study sites in central New Zealand used for this PhD thesis. Sites
for population structure (Chapter 5) are indicated by coloured circles, and include
Kapiti Island (KP), and three sites within the Wellington region (WR): Breaker Bay
(BB), the South Coast (SC), and Matiu-Somes Island (SI). Red Rocks (sampled in
Chapter 2) is the same site SC. Princess Bay (PB, sampled in Chapters 3 and 4)
indicated by an X. Scale bars given in the bottom right.

Microsatellite development

Genomic DNA was extracted from fresh tissue of five specimen T. burtoni collected from the
Wellington south coast (41°19'53.3"S 174°49'52.6"E) using standard phenol chloroform DNA
extraction methods with an additional RNA lysis step using RNase (Qiagen). Next generation
sequencing was conducted using the lon Torrent Personal Genome Machine by the Australian
Genome Research Facility (University of Queensland, Brisbane, Australia). A total of
2,300,939 sequences were generated, with a mean length of 253 bp. From these, microsatellite
motifs (i.e., tandem repeats) were identified using iQDD (Meglécz et al., 2009) and primers

were designed based on the recommendations of Meglécz et al. (2009).
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Primers were screened on a subset of individuals (n = 50) using multiple thermocyclers
(Eppendorf Mastercycler Pro, Labnet MultiGene OptiMax Thermal Cycler, Applied
Biosystems ABI 2720 Thermal Cycler). Reactions were carried out in 30 pul reactions, with 15
pl MyTaq Red Mix (Bioline), 0.6 pl of each primer (10uM), ~25 ng template DNA and a
volume of distilled water to reach 30 pl. Amplification profiles were as follows: an initial
denaturation at 94 °C for 10 min; 35 cycles of 94 °C for 45 s, 60 °C for 55 s, 72 °C for 60 s;
followed by a final extension at 72 °C for 10 min. Products were visualized on a 1.5% agarose
gel stained with RedSafe Nucleic Acid Staining Solution (20,000x). Thirteen loci amplified
consistently and for each of these loci, the 5° end of the forward primer was tagged with one
of the following fluorescent labels: FAM, TAMRA and HEX. Fluorescently labelled products
were pooled, purified and genotyped using the 3730xI DNA Analyzer (Applied Biosystems)
by GeneScan Services for fragment analysis by Macrogen Inc. (Seoul, South Korea). Alleles
were visualized in GeneMarker v2.2 (Hulce et al., 2011) and scored manually relative to a size
standard (L1Z500). Of the thirteen loci (Table 5.1), one (TBURT13) was monomorphic and
another (TBURT12) amplified in less than 50% of the individuals, likely due to large allele
dropout. These two loci were excluded, leaving a panel of eleven microsatellite markers to use

for population structure analyses.

Sample collection, DNA extraction and PCR amplification

Sponges were collected using SCUBA from the four locations previously mentioned. To
minimize the occurrence of clones, sponges were collected at least 3-5 m apart at all locations
(following Duran et al., 2004b). Tissue for DNA extraction was immediately taken from the
inside (e.g. choanosome) of the sponge and rinsed thoroughly with distilled water to minimize
contamination from possible associated epibionts. In addition, at Breaker Bay, a small
population of approximately 70 sponges was tagged within an area of 250 m?2, sampled (where
a small piece of tissue was collected with a biopsy punch) and photographed. DNA was
extracted using a DNeasy Blood and Tissue Kit (Qiagen), following the instructions of the
manufacturer. Eleven microsatellite loci were amplified and genotyped for each specimen by
fragment analysis, following the methods described above. Alleles were visualized in
GeneMarker v2.2 (Hulce et al., 2011) and scored manually relative to a size standard (L1Z500).
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Table 5.1. Microsatellite information with locus name, repeat motif, forward and reverse
primer sequences (presented 5° = 3"), number of alleles (Na), size range of products (in base
pairs), annealing temperature (T4, in °C).

Repeat Size
Locus Moti Sequence (5" 2 3") Na  Range Ta (°C)
otif
(bp)

TBURT1 (acag)5  F: TCGACACAAGTTTGGCAAGA 11  150-182 60
R: CTGTCCAGTGCTCAACCTGA

TBURT2 (agg)5 F: CTGACAATACGCTGGGTGTG 4  217-229 60
R: CCAACCTTACGCTACCTTCG

TBURT3 (aaac)5 F: ATTGTTGAAGTCCGGATGCT 8 189-213 60
R: ACGTAGGCTCCCTTGTTCCT

TBURT4 (acc)6 F: CTCCGTAAAGCTGCTGGCTA 6 140-176 60
R: TACCATGGGAACTCTGCTCC

TBURT5S (ac)11 F: GAGGTGAATGCCTGTTGTGA 9 127-155 60
R: CAGACGGATGGATCTTGTGA

TBURTG6 (aat)5 F: GCTTCCCAAACCACCTACAA 5  262-271 60
R: TTGCCATAGCGTTCAACATC

TBURT7 (aat)5 F: TCTGCAAACACCTCATACGG 9  228-297 60
R: GTTTGAGCAACAAGGCCACT

TBURT8  (aaac)p  F:GAGTGGTCCACGTTTCTTCC 9  131-171 60
R: ATGCTGATAATGCCCAGGAG

TBURT9 (agc)5 F: TGGTGCTGCCACATTCTATG 6 163-169 60
R: GTGGCCAGTGGTAAAGGAAG

TBURT10 (ac)11 F: AACCATGCTGCTCCCATAGT 14  112-142 60
R: CTCAGCTCGATCCATGAGAA

TBURT11 (acat)l0 F:CCTGAGCAGGATCATGAGTG 5 182-222 60

R: AGACCCAGATTTGACCAACC

Population genetic analyses: basic genetic diversity indices

Clones (only found at Breaker Bay) were excluded from the initial population structure
analyses. Clones were identified using mLcSim (Stenberg et al., 2003), which runs simulations
to determine the probability that observed multilocus genotypes in a population are a product
of sexual reproduction. For each site, basic genetic diversity indices for each locus were
calculated as follows. The number of alleles (NA), and observed and expected heterozygosities
(Ho and He, respectively) under Hardy-Weinberg equilibrium (HWE) were calculated in
Arlequin v 3.1 (Excoffier et al., 2005). The number of private alleles (Np) was determined in
GenAlEx v 6.5 (Peakall and Smouse, 2012). Inbreeding coefficients (Fis) and allele richness
were calculated for each population in FSTAT v 2.9.3 (Goudet, 1995). Significance of
inbreeding levels was determined using randomization of alleles within samples (1000

randomizations). Significant deviations from HWE (Pwwe) by locus and population, as well as
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linkage disequilibrium for all pairs of loci, were determined in GENEPOP web v 4.2 (Raymond
and Rousset 1995), with the following Markov chain parameters: 10,000 dememorization
steps, 1,000 batches and 10,000 iterations per batch. All significance values were adjusted for
multiple comparisons using standard Bonferroni corrections (Rice, 1989). Scoring error based
on the presence of null alleles, large allele dropouts and stuttering were estimated using Micro-
checker v 2.3.3 (Van Oosterhout et al., 2004). Each marker was also tested for neutrality under
both the infinite allele model (IAM) and the stepwise mutation model (SMM) using the
software Lositan (Antao et al., 2008) with 100,000 simulations at a 99.5% confidence interval.
One locus (TBURT3) was found to be out of HWE and basic genetic diversity indices for each
population were calculated again using only those loci in HWE, using the methods described

above.

Population genetic analyses: population differentiation

Population differentiation was assessed using the following distance-based methods: measures
of Fsr, isolation by distance (IBD), and analysis of molecular variance (AMOVA). Because
population differentiation based on distance is sensitive to deviations from HWE (Waples,
2015), populations were assessed using only those loci in HWE. For population differentiation,
Rst is a common measure used for microsatellites; however, the choice between traditional Fst
measures and Rst for differentiating populations is widely debated and depends on which
mutational model is most appropriate to apply to microsatellite datasets (Balloux and Lugon-
Moulin, 2002). Measures of Rst, however, are sensitive and not informative for small sample
sizes (Gaggiotti et al, 1999) and therefore Fst was used in this study and calculated in FSTAT
v 2.9.3 (Goudet, 1995). To calculate IBD, a Mantel test with 10,000 permutations was
conducted in Arlequin v 3.1 (Excoffier et al., 2005), in which a matrix of pairwise Fst/(1- Fsr)
values was correlated to the logarithm of geographical distances (km) between populations.
Geographical distances were calculated in Google Earth as the shortest distance between
locations by sea. An AMOVA with 99,999 permutations was calculated in GenAlEx v 6.5
from a distance matrix (Peakall & Smouse, 2012) to determine whether the source of variation
could be attributed to among regions (e.g. WR versus Kapiti), among populations or within

populations.
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Population structure was also assessed using the following cluster analyses: Discriminant
Analysis of Principal Components (DAPC) and STRUCTURE. DAPC analyses were carried
out in the adegenet package (Jombart, 2008) in R (R Core Team, 2017). DAPC is a multivariate
statistical approach that first transforms data with a principal coordinate analysis (PCA) and
then clusters data using discriminant analysis (DA) (Jombart et al., 2010). If unknown, clusters
are inferred using sequential K-means and the optimal clustering solution is selected based on
having the lowest Bayesian information criterion (BIC). However, here clusters were inferred
from prior group assignment based on sampling location. The DAPC method is preferable to
PCA as it maximizes differences between groups while minimizing variation within clusters,

as opposed to traditional PCA methods which focus on the entire genetic variation.

STRUCTURE analyses were carried out in STRUCTURE v 2.3.2 (Pritchard et al., 2000).
STRUCTURE is a Bayesian clustering analysis for multilocus genotype data (Pritchard et al.,
2000). This software uses an admixture model with correlated allele frequencies to
probabilistically assign individuals to clusters, allowing the inference of population structure
(Pritchard et al., 2000). In the STRUCTURE plot output, each individual corresponds to an
individual line, which is divided into K segments corresponding to the probability of finding
that individual in each K cluster. The optimal K value is determined in Structure Harvester
(Earl and VonHoldt, 2012), which plots the likelihood values (e.g. L(K)) and AK across
multiple runs, and allows a value of K to be selected that best reflects the true number of
populations (Evanno et al., 2005). For STRUCTURE, putative population origin for each
individual was provided, and 100,000 Markov Chain Monte Carlo (MCMC) iterations and a
burn in of 10,000 iterations were used. Ten replicates of each run were made, setting the K
values (i.e., predicted number of genetic clusters) from 1 to 8. For this dataset, K = 3 was the
best fit (from Structure Harvester, Earl and VonHoldt, 2012) and the 10 replications for K = 3
were merged in CLUMPP (Jakobsson and Rosenberg, 2007). Plots were visualized in MS
Excel (2016).

Asexual reproduction

For the sponges tagged at Breaker Bay, sponges were genotyped and instances of clones
recorded. For sponges found to be clones (as inferred from migsim), the total area of rock

occupied by sponges belonging to the same clone group was determined using Imagel
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(Schneider et al., 2012). The tagged clones were photographed from June 2015 to November
2017 to determine whether or not clones asexually reproduced. To examine if clones were
sexually reproducing, tissue was sampled and surveyed for gametes from those clones still
living after the monitoring period (13 sponges) in March 2018, the end of the annual sexual
reproductive event (for histological methods, see Chapter 3). Ten other individuals were
collected 3-5 m apart as a control group, to determine if the proportion of sexually reproducing
sponges was different between groups. These sponges were occupying the rock by themselves
(no surrounding potential clones) and were therefore assumed not to be a part of a clonal group.
Based on the genotypes recorded for the sponges collected 3-5 m apart in the population
structure analyses, these sponges were all assumed to be different genotypes. The diameter of
each sponge (in mm) was measured. A size frequency distribution of sexually reproducing and
non-reproducing sponges was made from reproductive histological data compiled from 10
sponges collected per month from 2015 — 2017 from Breaker Bay (see Chapter 3), in
combination with data from the control group, with size classes broken for every mm. | also
recalculated basic genetic diversity indices by locus and population for Breaker Bay, and
recalculated Fst and an AMOVA, but included clones in the analysis to allow for an
understanding of the effect that clones may have on genetic structure. | also reconstructed
DAPC and STRUCTURE plots with the dataset including clones. Methods for genetic analyses

including clones are the same as described above.

Results
Genetic diversity indices

There were four different multilocus genotypes (MLGs) found (see Appendix 7). For each
group of MLGs, the probability that the MLGs were a product of sexual reproduction was P =
8.55 x 1014 or less. Genetic diversity indices by locus and by population are summarized in
Tables 5.2 and 5.3, respectively. The number of alleles ranged from 2 to 11 across all loci. The
locus TBURT3 showed the presence of null alleles and was out of HWE. No pairs of loci
exhibited linkage disequilibrium. All loci were neutral when tested against both the IAM and
SMM. When examining diversity indices by population, the mean number of alleles ranged
from 3.27 — 4.73 and heterozygosity ranged from 0.42 — 0.56. When using all loci, the Kapiti
Island population was out of HWE; however, when removing TBURTS3, all populations were
in HWE.
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Table 5.2. Basic genetic diversity indices for all loci for each population of Tethya burtoni, with sample size given after each population name.
For each locus, the number of alleles (Na), observed heterozygosity (Ho), expected heterozygosity (He), inbreeding coefficient (Fis), and the P-
value for deviations from Hardy-Weinberg equilibrium (Pxwe) are given. Values in parentheses are for the Breaker Bay population including
clones. Bolded and starred P-values indicate significance. All P-values adjusted using standard Bonferroni correction.

Breaker Bay, n =22 (32)

Kapiti Island, n=30

Matiu-Somes Island, n=26

South Coast, n=13

Locus Na Ho He Fis Prwe Na Ho He Fis Prwe Na Ho He Fis Prwe Na Ho He Fis Prwe
TBURTL | 4 (8:2?1;) (8:338) (%017221) (8:‘2‘1;) 4 0267 0246 -0084 1000 | 2 0077 0075 -0020 1000 | 5 0462 0560 0182  0.077
TBURT2 | 3 (8:222) (8:282) (8:223) (8:223) 2 0333 0427 0223 0378 | 2 0308 0510 0401 0056 | 3 0385 0557 0318  0.261
TBURT3 | 4 (82;8) (g:ggg) (g:ggg) (8:888:) 6 0167 0728 0774 0000 | 3 0143 0589 0762 0000 | 4 0538 0606 0116  0.260
TBURT? | 2 (82322) (8:2?‘;) (:8:3;2) (82833) 3 0467 0532 0124 0147 | 2 0040 0040 0000 1000 | 5 0385 0406 0055 0521
TBURTS | 5 (gzgf) (8:2% (:832‘11) (gzg;j) 7 0400 0405 0011 0791 | 5 0652 0544 -0204 0670 | 4 0538 0618 0134 0357
TBURTY | 3 (gzgfg) (g:ggg) (g:ggg) (5600511) 3 0250 0337 0262 0063 | 3 0346 0541 0364 0102 | 3 0462 0643 0291 0448
TBURT4 | 3 (8:5%) (g:ﬁg) (:8:(1’8421) ((1):22(1’) 4 0571 0573 0004 0891 | 3 0346 038 0105 0424 | 3 0231 0283 0191 0234
TBURTS | 7 (8:2‘112) (8:;812) (:8:2;‘}1) (823;) § 0600 0582 -0032 0118 | 4 0538 0624 0139 0190 | 7 0846 0772 -0.100  0.870
TBURTG | 4 (8:2%% (8:;;(1)) (:g:é;‘g) (8:82;) 3 0733 0501 -0475 0012 | 4 0520 0531 002 0384 | 4 0538 0717 0257 0015
TBURTL0 | 11 (8:2%) (g:gﬁ) (_%%%) (8:?)?‘11) 9 0700 0652 -0.075 0932 | 6 0769 0739 -0042 0675 | 8 0769 0858 0108  0.107
TBURTIL | 2 (8:8‘3‘% (g:%i) (8:888) &:888) 3 0167 0159 -0.051 1000 | 2 0077 0075 -0.020 1000 | 3 0077 0218 0657  0.040
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When using only those loci in HWE, the inbreeding coefficients were slightly negative for both
Kapiti Island (Fis = -0.017) and Breaker Bay (Fis = -0.008); and positive for the South Coast
(Fis = 0.173) and Matiu-Somes Island (Fis = 0.098). The South Coast population exhibited
significant inbreeding when using all loci; however, after removing TBURT3, no populations

showed significant inbreeding.

Table 5.3. Basic genetic diversity indices for each population, which includes: the number of
samples per population (N), the average number of alleles in each population (mean NA), the
average number of alleles after rarefaction to account for small sample size (mean NA after
rarefaction), the number of private alleles (NPA), inbreeding coefficients (Fis), significance for
inbreeding (P-Fis), observed heterozygosity (Ho), expected heterozygosity (He), and
significance for deviations from Hardy-Weinberg equilibrium (Pxwe). NS indicates not
significant, and ** indicates significance (P <0.0001). Populations are as follows: Breaker Bay
excluding clones (BB — C) and including clones (BB + C), Kapiti Island (KP), Matiu-Somes
Island (SI), and South Coast (SC). Numbers without parentheses are for analyses including all
11 microsatellite loci, and numbers in parentheses are for analyses including only loci in HWE.

Mean Mean NA p.
Pop N after NPA Fis Ho He  Puhwe
NA . Fis
rarefaction
BB_C 29 4.36 3.86 2 0.061 NS 0.503 0.533 NS
(4.40) (3.88) (2)  (-0.008) (NS) (0.525) (0.522) (NS)
BB+C 32 4.36 3.64 2 0.008 NS 0.533 0.538 **
(4.46) (4.52) (2)  (-0.072) (NS) (0.562) (0.524) (**)
KP 30 473 3.81 7 0.096 NS 0.423 0.467 *x
(4.60) (3.65) (5)  (-0.017) (NS) (0.449) (0.441) (NS)
S| 26 3.27 3.01 1 0.183 NS 0.345 0.423 NS
(3.30) (3.01) (1)  (0.098) (NS) (0.367) (0.407) (NS)
sc 13 4.46 4.45 3 0.167 il 0.476 0.567 NS
(4.50) (4.50) (3)  (0.173) (NS) (0.469) (0.563) (NS)
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Population differentiation

The Kapiti population showed significant genetic differentiation from the WR populations (Fst
= 0.11-0.14, P < 0.0001), as summarized in Table 5.4A. Fst pairwise comparisons were
significantly different between all population pairs (P < 0.0001), except for between Breaker
Bay and the South Coast population. These two populations were not genetically different (Fst
=0.002, P =0.71). There was an isolation by distance pattern (Mantel test, r2 = 0.96, P = 0.04,
Figure 5.3), and AMOVA (see Table 5.5A) revealed that there was significant differentiation
at three levels: (1) among regions (e.g. WR and Kapiti Island, P < 0.0001), (2) among
populations (e.g. BB, SlI, SC and KP; P < 0.0001), and (3) within populations (P < 0.0001).
The greatest source of variation was attributable to within population variation (83%), while
the lowest was attributable to among population variation (6%). DAPC showed separation
between the Kapiti and WR populations (Figure 5.4A), and within the WR populations,
Breaker Bay overlapped with the South Coast population, but both were distinct from Matiu-
Somes Island (as also supported by their Fst values, Fst = 0.042-0.053, P < 0.0001). A
STRUCTURE plot showed a similar relationship, where three genetic clusters revealed that the
Kapiti Island population exhibited a different genetic structure compared to the WR
populations. Within the WR populations, Matiu-Somes Island was genetically different from

Breaker Bay and the South Coast, which were genetically similar (Figure 5.4A).

Table 5.4. Population pairwise Fst values, where bolded values in grey indicate significant
differentiation (P < 0.0001). Populations are as follows: Breaker Bay excluding clones (BB —
C), Breaker Bay including clones (BB + C), Kapiti Island (KP), Matiu-Somes Island (SI), and
South Coast (SC). Two tables represent analysis excluding clones (A) versus analysis including
clones at Breaker Bay (B).

A BB-C KP Sl SC
BB-C 0

KP 0.120 0

Sl 0.042 0.142 0

SC 0.002 0.110 0.053 0

B BB+C KP S SC
BB+C 0

KP 0.124 0

S 0.047 0.142 0

SC 0.012 0.110 0.053 0
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Figure 5.3. Isolation by distance for populations of Tethya burtoni, where pairwise
Fs1/(1 — Fst) between populations is plotted against the logarithm of geographical
distances (km) between populations. P-value determined by a Mantel test.

Table 5.5. Results from an analysis of molecular variance (AMOVA), where regions refer to
the differences between the Kapiti Island population and the Wellington region (WR)
populations. Populations in the WR include: Breaker Bay (BB), Matiu-Somes Island (Sl), and
the South Coast (SC). Two tables represent analysis excluding clones (A) versus analysis

including clones at Breaker Bay (B).

Source of Deg ;ees Sumof  Variance Variance Fixation P-value
variation f 0 squares component (%) indices
reedom

A
Among Regions 1 53.488 0.872 11% 0.113  <0.0001
Among Pops 2 30.066 0.441 6% 0.065 <0.0001
Within Pops 87 555.742 6.388 83% 0.170  <0.0001

B
Among Regions 1 56.982 0.834 11% 0.109 <0.0001
Among Pops 2 36.548 0.537 7% 0.079  <0.0001
Within Pops 97 609.490 6.283 82% 0.179  <0.0001
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Figure 5.4. Population differentiation between four populations (Breaker Bay, BB; Kapiti Island,
KP; South Coast, SC; Matiu-Somes Island, SI) of Tethya burtoni in central New Zealand. Plots
labelled ‘A’ correspond to the analysis run excluding clones, where ‘B’ includes clones for the
Breaker Bay population. Top: DAPC based on microsatellite allele frequencies, where each point
represents a T. burtoni genotype and populations (BB, KP, SC, Sl) are labelled within 67% of
their inertia ellipses. Bottom: STRUCTURE plots, where each vertical line represents a sponge
and the coloration corresponds to the estimated percent chance that an individual belongs to each
of the genetic clusters (K). K =3 for STRUCTURE plot ‘A’ and K = 4 for plot ‘B’. Clone groups
labelled in ‘B’ plots (1, 2, 3; see Appendix 7 for more information on clone groups).
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Asexual reproduction

There were four groups of sponges containing MLGs at Breaker Bay (Figure 5.5). Because the
probability of these MLGs being a product of sexual reproduction was almost zero in all
instances, these MLGs were considered clones and referred to clones hereafter. Each group

was a different genotype and was contained within an area of less than 900 cm? (see Appendix

*% NEwLY FALLEN
BUDS

Figure 5.5. Clone groups of Tethya burtoni found at Breaker Bay. Numbers (1-4) and labels
(BB#) correspond to clone group and sponge IDs, respectively (see Appendix 7, Table A7)
for more information on clone groups). Sponge IDs written below the sponge that it
corresponds to, unless otherwise indicated by an arrow. Newly fallen buds that settled and
grew over the monitoring period labelled. White lines in bottom right corner of each picture
represent scale bar = 20 mm. Also pictured but not relevant to this study are T. bergquistae,
which is an orange or pink golf ball sponge.
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7, Table A7). Over the 2015 — 2017 monitoring period, mortality within the clone groups was
40%. Two of the clone groups exhibited asexual reproduction, where all members of one group
(Group 1) budded over the spring period and all members of the other group (Group 4) budded
at various times throughout the year (Appendix 7). Three clone groups were still living during
summer 2018 and available for tissue collection during their annual sexual reproductive event.
One sponge from each clone group contained gametes (either oocytes or spermatic cysts),
totalling three sexually reproductive sponges out of 13 individuals (Figure 5.6). For the ten
control sponges collected, histological analyses revealed that five sponges contained oocytes,
two sponges contained spermatic cysts and three sponges were not reproductive. Fisher’s exact
test revealed significant differences in the proportion of sexually reproductive individuals
between the clone groups and the control group (P = 0.04). The size frequency distribution of
total collected sponges ranged from 8 — 37 mm in diameter, with 80% of the sizes being 13 —
26 mm. For the control group, sponges ranged from 12 — 22 mm and for the clone groups, sizes
ranged from 12 — 27 mm. The smallest individuals found to contain gametes had a diameter of
12 mm, whereas the largest was 36 mm (Figure 5.7). All of the clones sampled were within the
size range of sexually reproducing sponges. For Group 1, all clones were found with a radial
area of 18 cm from the sponge that contained gametes. For Group 3, all clones were found

within 32 cm and for Group 4, within 39 cm.

REVLEPGE ( o 1oopﬁi.-';if
Figure 5.6. Images of sections from sexually reproductive specimens of Tethya burtoni.
Left: Female sponge containing oocytes (0). Right: Male sponge containing spermatic cysts

(sc).
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Figure 5.7. Size frequency distribution of Tethya burtoni. Size classes broken by every mm. Grey bars correspond to non-reproductive
sponges, and black bars represent reproductive sponges. Each symbol above the bars (either asterisk or number) corresponds to a clone
sampled from clone groups, with the sampled clone placed above its size class (see Appendix 7, Table A7 for information on clone groups).
An asterisk means that the clone was non-reproductive, whereas a ‘1’ means that the clone contained gametes (either oocytes or spermatic
Ccysts).
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The genetic diversity indices for the Breaker Bay population including clones were similar to
those of Breaker Bay without clones (Table 5.1). One more locus (TBURT9) became out of
HWE when clones were included in the analysis. When comparing the population with and
without clones (Table 5.2), Fis decreased from 0.061 to 0.008. The Breaker Bay population
that included clones was out of HWE when using all loci and also when using only those loci
that were in HWE. Another difference was that the analysis with clones yielded locus pairs in
linkage disequilibrium across all populations (16 pairs), as opposed to the analysis removing
the clones (which yielded no pairs of loci exhibiting linkage disequilibrium). Pairs in linkage
disequilibrium were only significant in the Breaker Bay population (25 pairs), and not for locus
pairs in any other population (Appendix 8, Table A8). Pairwise Fst values between Breaker
Bay with clones and the other three populations slightly increased (by 0.003 — 0.01 units, see
Table 5.4B) and AMOVA results were similar (Table 5.5B). The DAPC plot revealed the same
clustering as the analysis with Breaker Bay without clones (Figure 5.4B). The number of
genetic clusters identified by STRUCURE increased from K = 3 (without clones) to K = 4
(with clones), with the fourth genetic cluster mainly belonging to one clone group at Breaker
Bay (Group 3).

Discussion

In this chapter, | found differential roles of sexual and asexual reproduction in connectivity and
population genetic structure for Tethya burtoni in central New Zealand. Due to both the short
pelagic duration of sponge larvae (Maldonado, 1998) and high incidences of asexual budding
by T. burtoni (M. Shaffer, personal observation), | expected to find a local retention of
genotypes and high instance of clones, resulting in the following genetic characteristics: (1)
low genetic diversity within populations, (2) linkage disequilibrium, (3) high levels of
inbreeding within populations, and (4) strong population structure over small scales. Instead,
populations were relatively (to other sponge populations) diverse, displayed no linkage
disequilibrium, were not inbred, and were more connected than expected. When examining
the fate of the buds and role of clones, buds did not disperse far and clones had reduced
instances of sexual reproduction, suggesting that they are less important in gene flow and are
instead likely to be more important for genotype persistence. Thus, clonal reproduction does
not appear to play a role in large-scale population structure, but patches of clonal organisms

structure these populations at the intrapopulational level.
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Connectivity and population structure

| expected to find highly structured populations across even relatively small scales of 5-10 km,
due to the limited pelagic larval duration (PLD) previously reported for sponges (Mariani et
al. 2001; Maldonado and Bergquist, 2002; Mariani et al, 2006), and the occurrence of clones
in T. burtoni, which would be expected to amplify local genotypes. Recruitment of local
genotypes along with clonal propagation was expected to result in highly differentiated
populations over small spatial scales. While Kapiti Island was significantly genetically
different from the WR populations (Fst = 0.11-0.14, P < 0.0001), there was more connectivity
within the WR populations than expected. For example, the Breaker Bay and South Coast
populations were genetically similar, suggesting high levels of connectivity. The dynamic
environment of the coast of Wellington, along with the short PLD of the oviparous T. burtoni,
likely allows these two populations to be connected over distances of 5 km. While the PLD of
T. burtoni is currently unknown, larvae (zygotes) appear be in the water column long enough
to allow populations over 5-10 km to be connected. Matiu-Somes Island was significantly
genetically differentiated from the Breaker Bay and South Coast populations (Fst = 0.04 —
0.05, P <0.0001). This site is in Wellington Harbour, which is sheltered and has a long flushing
time (10 days; Heath, 1974). This fact may give an indication that the PLD of T. burtoni is
shorter than 10 days, and therefore T. burtoni larvae are not pelagic long enough to enter the
harbour suspended in the water column, which could explain the restricted gene flow observed
between the harbour and non-harbour sites. These results are generally consistent with other
sponge connectivity studies (Chaves-Fonnegra et al., 2015; Blanquer and Uriz, 2010; Riesgo et
al., 2016), showing limited gene flow across larger distances (i.e., over 50 km); however, there
is currently a lack of studies examining population structure at a smaller scale (5-10 km), as

employed in this study, and so comparisons are hard to draw.

Because of the high incidence of asexual reproduction, | hypothesized that a larger number of
clones would have been collected, even when sampling 3 — 5 m apart. This large number of
clones, coupled with limited larval duration of sponges, would be expected to promote local
recruitment and result in low genetic diversity (Procaccini and Mazella, 1998), linkage
disequilibrium (Charlesworth and Wright, 2001; Black and Johnson, 1979; Ayre and Hughes,
2000; Duran et al., 2004b), inbreeding (Li and Ge, 2001; Ayre, 1984), and strong genetic

structure. Despite these common characteristics for such sessile asexual populations, the
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opposite for these populations of T. burtoni was found. No instances of clones from
populations where | collected 3 — 5 m apart were discovered, despite the high frequency of
budding events observed for T. burtoni. Duran et al. (2004b) suggested that the incidence of
clones may not correlate with the frequency of asexual reproductive events. These authors
sampled individuals of Crambe crambe 5 m apart to avoid collecting clones, the same sampling
regime employed for this study, but despite this, the authors found clones. Because C.
crambe was found to have low instances of asexual reproduction (Turon et al., 1998), the high
instance of clones was unexpected and called for a revaluation of the role of asexual
reproduction in the structure of this population. Patches of clonal organisms in a small spatial
scale have been found for other organisms, including seagrass and corals (Baums et al, 2006;
Alberto et al., 2005; Arnaud-Haond et al., 2006; Arnaud-Haond et al., 2007), where clonal
patches are thought to play a role in seeding the population (Alberto et al., 2005), local
adaptation (Arnaud-Haond et al., 2006), or recovery from damage (Baums et al., 2006).
Because no clones within populations of T. burtoni were collected when sampling 3 -5 m apart,
no clones were included in the main analysis at the interpopulational scale. Instead, clonal
organisms had an influence on a small, intrapopulational scale. There was no evidence of low
genetic diversity for these populations of T. burtoni, as our heterozygosity measures were
similar to those reported for other sponge populations (e.g., Duran et al., 2004b; Blanquer et
al., 2009; Dailianis et al. 2011; Riesgo et al., 2016). Furthermore, there were no signs of
linkage disequilibrium nor significant inbreeding across populations. While there was structure
across populations, some populations were more connected than expected across the sampled
scale. An AMOVA revealed that most variation was due to within population variability
compared to between populations/regions, which is more consistent with populations that are
panmictic, rather than asexually reproducing populations or populations having restricted
connectivity. Overall, it appears that asexual reproduction is not important for connectivity,
and that larval dispersal occurs over greater distances for our study species than originally
expected, allowing a greater level of connectivity and lower levels of inbreeding and linkage

disequilibrium.

The idea that asexual reproduction does not contribute to the interpopulational scale is further
exemplified when running the population genetic analyses with and without clones. For both
analyses, the overall heterozygosity and population structure remained the same. The main

differences between the genetic structure of the Breaker Bay population with and without
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clones were that the former was out of HWE and contained linked alleles (as expected, as all
genes are inherited together during asexual reproduction). In a similar study for sponges
belonging to the genus Chondrilla, linkage disequilibrium only occurred when genets (i.e.,
clones) were included in the analysis (Zilberberg et al., 2006), providing further evidence that
asexual reproduction results in the occurrence of linked alleles. The STRUCTURE analysis
showed that Breaker Bay was more genetically patchy, due to the clonal groups of T. burtoni.
Had clones been included for analyses for all four populations (i.e., collection without sample
restrictions), it is likely that all locations would contain patches of clonal organisms. Therefore,
clonal organisms in this population are relevant when examining the intrapopulational level.
At this level, clones may important for population maintenance, genotype longevity, and/or

size regulation of individuals.

Population structure in a New Zealand context

This study is the first that examines genetic population structure for sponges in New Zealand.
Similar to the findings for other invertebrates in New Zealand (see Ross et al. (2009) and
Gardner et al., (2010)), an isolation by distance pattern was observed for T. burtoni.
Throughout New Zealand, a negative relationship between PLD and genetic differentiation has
been observed across multiple studies (Ross et al., 2009) The PLD for T. burtoni is currently
unknown, so it is difficult to draw conclusions as to whether the isolation by distance pattern
observed here is related to a short PLD. For other sponges, PLDs have been found to range
from minutes (Uriz et al., 1998) to hours (Bergquist and Sinclair, 1968) to days (Ayling, 1980).
There are only a few instances of PLD lasting longer, from weeks to months, and this rarity is
often achieved through adaptive mechanisms. For instance, species of Alectona have adapted
planktonic armoured propagules (Vacelet, 1999), which likely allows them to remain as
planktonic larvae for longer periods of time (i.e., months; Maldonado, 2006). Because longer
PLDs for sponges is rarer, it is instead a likely possibility that the PLD of T. burtoni is relatively

short, which contributes to the isolation by distance pattern of differentiation observed here.

Many population structure studies conducted in New Zealand reveal a north-south
differentiation, where the observed restricted gene flow is generally attributed to upwelling or
the movement of currents between the North and South Islands (Ross et al., 2009; Gardner et

al., 2010). Many studies indicate that barriers to gene flow exist in central New Zealand, near
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the Cook Strait region (e.g., Apte and Gardner 2002, Veale 2007). This region has multiple
currents (the D’Urville, Southland and East Cape Currents) that interact (Heath, 1971), which
may either promote or inhibit the mixing of larvae. For phylogenetic studies conducted in this
Cook Strait region, there are often genetically distinct individuals that belong to both northern
and southern populations living in sympatry. For instance, Veale and Lavery (2011) found a
strong north-south division for chitons, but in the Cook Strait region, found a mix of haplotypes
from the north and south. Connectivity, however, is studied to a lesser extent in this region. For
T. burtoni, differentiation between the Wellington region and Kapiti Island was evident, which
may be attributable to PLD, but also can be due to hydrological barriers. For instance, the
D’Urville Current transports water from northwest to southeast through the Cook Strait, and
organisms in Wellington may not be able to travel northward towards Kapiti. Further, the PLD
of T. burtoni may inhibit gene flow from Kapiti to the Wellington region.

Role of asexual reproduction

To better resolve the role of asexual reproduction, | investigated the fate of the buds and the
role of clones at the intrapopulation level. The dispersal of buds was found to occur within less
than a square meter, which further confirms that buds do not play a role in gene flow by
connecting individuals to other populations. The lack of dispersal of clonal offspring has been
observed for other asexual organisms, where clones have been recorded to have a more limited
dispersal than larvae (Jackson and Coates, 1986; McFadden, 1997). If clones were restricted in
their dispersal, patchy populations over small spatial scales would emerge, as quick
amplification of certain genotypes through asexual reproduction would cause populations to
diverge. However, panmixis between close populations was observed and further, clones did
not appear to significantly alter the genetic structure of the population. Therefore, the
reproductive potential of the clones was examined to better understand how clonal organisms
contributed to the gene pool. For each clone group sampled, only one individual contained
gametes. While new clones may be smaller and therefore unable to reproduce, all of the clones
sampled belonged to size classes that have been previously found to contain sexually
reproductive individuals. Therefore, it could be that for each clone group, the observed gametes
only occurred in the parent sponge (since only one clone was sexually reproducing) and that
the rest of the clonal offspring were sterile. This hypothesis needs further investigation as | was
unable to identify the parent sponge that produced the offspring, or the generation of any of the
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clonal sponges. With such a small dispersal range, it would appear evolutionarily
disadvantageous for a small patch of clones to release gametes because such self-fertilization
would lead to higher rates of inbreeding (Jackson and Coats, 1986). My sample size was low
due to the lack of clones tagged, coupled with a high mortality rate of clones (40%) over two
years, and therefore this hypothesis warrants further investigation where parental relationships
are tracked. Nonetheless, sexual reproduction in clonal groups versus the control group was
significantly lower, suggesting that clones have reduced reproductive ability and do not
contribute to the gene pool in the same manner. Wulff (1991) found that by asexually
reproducing, branching sponges increased and maintained a genotype within a population.
For T. burtoni, while increased clones would secure a specific genotype and keep population
density high, the lack of ability to sexually reproduce coupled with low dispersal may inhibit
the chance of that genotype remaining in the population through sexual reproduction.
Genotypes could also be maintained through continued asexual reproduction, and instances of
budding were viewed in these clone groups. Muller’s ratchet (Muller, 1932; Gabriel et al.,
1993), however, would be expected to make an allele deleterious through the accumulation of
mutations. This would result in the removal of that gene from the population overtime,
lessening the chance for alleles passed on asexually to persist over time. Furthermore, the
continued persistence of asexual reproduction would likely cause clones to disperse further and

be found more frequently in the population, which was not evident for T. burtoni.

Asexual reproduction instead may be important for individual survivorship, which may have
consequences for long term population maintenance. Asexual reproduction has been shown to
be important for maintaining populations of Hymediacidon perlevis. For this sponge, increased
fragmentation (and the associated reduced surface area) over winter periods allow sponges to
survive in seasonally nutrient depleted waters, and allow the recolonization of the population
in subsequent seasons (Gaino et al., 2010). The Wellington south coast waters are characterized
by low levels of nutrients (Bowman et al., 1983). Perhaps budding is a size regulation
mechanism that prevents T. burtoni from becoming too large and needing too many resources
that would be unavailable in the surrounding waters. Fusion events, in which clones fuse
together, and sometimes with the parental sponge, are common throughout the Tethya genus
(e.g., approximately 10% of population undergoing fusion/year, see Chapter 4). Small buds
may remain close to the parent to serve as essentially small energy stores, fusing back to the

parent sponge with nutrients/supplies that may be needed for parental survivorship. Size,
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however, was not correlated with budding events for T. burtoni (see Chapter 4), and therefore
the exact role asexual reproduction plays remains unclear. Occupation of surrounding space by
clones could reduce competition between the parental sponge with other organisms, thereby
increasing the chance of its genotype surviving. In this way, asexual reproduction could aid in

individual survivorship and promote overall population persistence.

Conclusion

This chapter highlights the differential roles of sexual and asexual reproduction in population
dynamics for T. burtoni in central New Zealand. There was little evidence of local recruitment
of individuals within populations, as populations did not display inbreeding or linkage
disequilibrium, and instead had a comparatively high diversity. Furthermore, populations were
connected over 5-10 km, indicating the PLD is long enough for these sponges to connect across
distances of similar scales. High instances of asexual reproduction resulted in patches of clonal
organisms within populations, but no clones were found between populations. Thus asexual
reproduction appears to play an important role at the intrapopulational level, perhaps aiding in
individual sponge survivorship and promoting population maintenance and longevity.
Differential roles of these modes of reproduction may have consequences for larger scale
population structure and speciation, and understanding their key functions is important for

understanding evolutionary history of such organisms.
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CHAPTER 6:

GENERAL DISCUSSION






Summary of major findings

This PhD thesis examines evolutionary processes in both Tethya bergquistae and T. burtoni on
temperature reefs in central New Zealand, with the specific aims of delineating species
boundaries; characterizing reproductive events and their potential environmental drivers; and
determining connectivity patterns within and among populations. With predicted shifts in the
climate, this thesis has important implications for how changing environments may affect
diversity, reproductive timing and genetic structure of marine populations. Many sessile marine
invertebrates share life-history traits with sponges, including complex ways of reproducing,
and therefore my results may aid in the understanding of the evolution of other marine taxa.
The major findings of this thesis were as follows. In Chapter 2, | found discordance between
molecular and morphological methods for species identification for Tethya spp., with likely
cryptic speciation within T. burtoni. In Chapter 3, | reported that sexual reproduction is
seasonal and occurs from January to March during periods of warm temperature and decreased
rainfall, where differences in sexual reproduction between both sites and species existed. In
Chapter 4, | found that asexual reproduction occurs continuously throughout the year, with
peaks during the austral spring and summer periods. Furthermore, while in situ collections and
observations revealed that asexual budding events were correlated with increasing temperature,
experimental observations instead revealed that high temperatures did not result in budding
(perhaps due to stress). Lack of asexual reproduction in the control treatments, however, may
be indicative that asexual reproduction does not occur when temperatures are stable, indicating
heterogeneous environments may favour asexual reproduction. In Chapter 5, | discovered that
population structure for T. burtoni was not reminiscent of highly asexually reproducing
populations. Instead, sexual reproduction likely drives drive connectivity patterns, while

asexual reproduction is important for genotype survivorship and population maintenance.

In this chapter, I discuss my results in a wider context and first compare methods for species
identification based on reproductive ecology, morphology and genetic relationships. | then
consider evolutionary forces that shape species boundaries and connectivity patterns,
particularly in regard to what conditions may favour both cryptic speciation and introgressive
hybridization. | also make comparisons between reproduction in these Tethya spp. to other
temperate Australasian sponges to examine species-specific responses, and further discuss

species-specific responses observed during the experiment conducted in Chapter 4. Lastly, I

145



discuss these results with respect to environmental change and discuss how populations may

be altered by climate change.

Comparing methods for species delineations

The research in this PhD thesis allowed the delineation of Tethya spp. using an integrated
approach based on three metrics: the reproductive biology (both sexual and asexual) of these
sponges, morphological differences and genetic evolutionary relationships. Each method
revealed a slightly different delineation. For instance, the reproductive biology of Tethya spp.
did not allow a confident separation between species, but morphology better allowed the
division between T. bergquistae and T. burtoni. Lastly, genetic analyses revealed the potential
for three species of Tethya, with cryptic speciation likely occurring within T. burtoni. Such
conflicting species delineations highlight the complexity in defining species and further
emphasize the need to use more than one method in order to gain a better understanding of

species’ boundaries.

Reproductive isolation

Organisms are often considered different species on the basis of reproductive isolation (Mayr,
1942), which can occur when species have different spawning times, gamete incompatibility,
different environmental tolerances/habitat preferences, or conflicting mate preferences
(Palumbi, 1994). For closely related species, reproductive isolation often becomes apparent
when examining their reproductive ecology, as demonstrated through the delineation of
Clathrina spp., where differences in reproductive timing confirmed the division between
Clathrina coriacea and C. blanca (Johnson, 1978). Similarly, three sympatric species of the
coral Monastraea were confirmed when experimental manipulation revealed failed fertilization
between different species and further, differences of in situ spawning times were recorded
(Knowlton et al., 1997). In this thesis, the reproductive timing for sexual reproduction in T.
bergquistae and T. burtoni was generally the same and barriers to reproduction were not
obvious. I unfortunately was only able to capture one sexual reproductive event (along with
two other partial events), which made inferences about reproductive timing difficult. For the
one complete event captured, there appeared to be a difference of a month between the

reproductive period for T. bergquistae and T. burtoni, though this was not reflected in the other
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two partial events captured. This could indicate, however, that there is asynchrony in spawning
and fertilization events between both species. The lack of males found during the 2015 — 2017
sampling period (Chapters 3) indicate that spermatogenesis is rapid for these sponges. Only
one male (T. burtoni) was found during the study period in February 2017 and in the following
year in March 2018, three T. burtoni males were found (see Chapter 5), which suggests that
spermatogenesis likely occurs sometime between February and March for T. burtoni. More
frequent sampling of both T. bergquistae and T. burtoni during this period may be able to reveal
asynchrony between spermatogenesis and perhaps spawning events, which may help identify
clearer reproductive differences. Nonetheless, oocyte density and the reproductive output index
(ROI) were significantly different between species, suggesting that the species may have
different reproductive strategies. Members of the T. burtoni complex (see Chapter 2) were
unfortunately unable to be identified based on morphology during analyses relating to sexual
reproduction, and without genetic data, differences in sexual reproduction that may occur

within this group were not able to be identified.

Species boundaries within Tethya can also be identical on the basis of asexual reproduction,
where some species are differentiated from others based on location, frequency and
morphology of buds (Bergquist and Kelly-Borges, 1991; Corriero et al., 1996; Sara and Sara,
2004; Gaino et al., 2006). While again, differences between species were not necessarily
obvious, there was some evidence of separation on the basis of asexual reproduction. For
instance, T. bergquistae had a higher proportion of budding individuals than T. burtoni, but
only at one of the study sites. Furthermore, sponge size had a positive effect on budding events
for T. bergquistae but not for T. burtoni, suggesting that budding may be a size regulation
mechanism for T. bergquistae, but may not serve the same purpose for T. burtoni. Furthermore,
chlorophyll-a concentration had opposing effects on each species, which may indicate that each
species has different drivers of asexual reproduction. Genotype data available for sponges
monitored in situ allowed comparisons between members of the T. burtoni complex. While
budding events were not significantly different between members of this group, there was a
trend in which one group did not bud as much. While there was some indication of differences
between species, asexual reproduction appeared to be heavily influenced by the environment,
which was further exemplified in the unexpected results obtained from the exploratory
experiment examining budding events and temperature in Chapter 4. It was difficult to

determine if differences were attributable to interspecific adaptive strategies or rather to
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intraspecific plasticity to environmental conditions, and therefore species delineations based

on asexual reproduction cannot be made with certainty.

Morphology

| assessed morphological differences between T. bergquistae and members belonging to the T.
burtoni complex that were identified using genetic markers. Distinguishing phenotypic
plasticity from cryptic diversity remains challenging using comparative morphology (e.g.,
Vrijenhoek, 2009), especially for species like sponges that have few descriptive features (Hill
and Hill, 2002; Xavier et al., 2010). This is important as comparative morphology is the
traditional method of species delineation for sponges, and for Tethya in particular, a very
extensive taxonomic history exists describing members of this genus. The Tethya genus is
particularly diverse in New Zealand, but it can be difficult to identify species from available
taxonomic descriptions. A high degree of phenotypic plasticity within New Zealand Tethya
suggests that making species delineation based on morphology may be unreliable. For instance,
Figure 6.1 shows various images of T. burtoni found in the literature (Pritchard et al., 1984;
Sara and Sara, 2004) and local identification guides (Battershill et al., 2010; Kelly and Herr,
2015), and allows comparison to specimens of T. burtoni identified in my study (Figure
6.2A,B). Colour proved to be a misleading tool for identification, as T. bergquistae is only
described as pink-rose in colour, though on the Wellington south coast, many different colours
from dark pink to orange exist (i.e., Figure 6.2D). I also identified sponges that were texturally
(and genetically) the same as T. bergquistae, but yellow. While macromorphological
differences exist to delineate T. bergquistae from T. burtoni, | was unable to distinguish
members of the T. burtoni complex apart, even based on spicule composition. The genetic
methods | used consistently revealed more diversity within the T. burtoni group (discussed
next), where cryptic speciation in this group is highly likely. Using morphology-based
taxonomic techniques for organisms that have few defining features, like sponges, may be a
good first step in species identification, but without other taxonomic methods, could lead to

conservative estimates of diversity and fail to reveal true divisions of species.
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Citations: A = Battershill et al. (2010); B = from NIWA’s identification guide by Kelly
and Herr (2015); C = Pritchard et al. (1984); D = an image of the original description of T.
burtoni in Sara and Sara (2004).
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Figure 6.2. Examples of images of Tethya burtoni and T. bergquistae observed in this study.
Sponge in A & B are T. burtoni, while sponges in D are T. bergquistae (based on genetic
analyses in Chapter 2). Figure C shows a group of both T. bergquistae and T. burtoni, where
T. bergquistae are identified using the number 1 and the rest (unlabelled) are T. burtoni.
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Phylogenetic relationships

The increased use of genetic tools for taxonomy has revealed many new cryptic species (Hebert
et al. 2004; Bickford et al., 2007). DNA barcoding in particular has become a recent trend,
with the goal of gaining genetic data to characterize species worldwide and to develop a
universally consistent species concept (Valentini et al., 2009; Krishnamurthy and Francis,
2012). Despite the accessibility and increased data generated from such tools, there remains
controversy surrounding the validity of genetics as a tool for species delineations (Moritz and
Cicero, 2004; Meyer and Paulay, 2005; DeSalle et al., 2005), especially when mismatches arise
between morphological and genetic data. A challenge in this field includes choosing
appropriate markers to use and determining thresholds of divergence that constitute
interspecific variation (as opposed to intraspecific diversity). For this study, | used two
mitochondrial markers (COl-ext and rnl) and one nuclear marker (18S) to determine the genetic
relationship between Tethya spp. All markers revealed a division between T. bergquistae and
T. burtoni, and also revealed a division within T. burtoni. Perhaps the strongest evidence for
cryptic speciation within T. burtoni is that 18S, which is a slow evolving marker (Anne, 2006;
Stengien, 2008), revealed two groups within what was previously called T. burtoni. This
division was further supported with rnl. And while COIl-ext did not reveal the same division
within T. burtoni as the other two markers (perhaps due to introgression, though the use of
diploid markers would be needed to confirm this), it still revealed a higher degree of diversity

within the species than previously thought.

The microsatellite markers developed in Chapter 5 for T. burtoni supported the 18S and rnl
data. While microsatellite markers are traditionally not used as a tool for phylogenetic studies
(but instead population structure analysis), when used here in combination with the other
genetic markers gave further evidence for strong genetic differentiation between the T. burtoni
clades. The microsatellite markers failed to amplify for T. bergquistae. For T. burtoni, all 11
markers amplified consistently for one of the genetic clades within T. burtoni; but for the other
group, some markers failed to amplify, even after reextracting DNA two or three times and re-
running PCR at more relaxed conditions. To measure differentiation between groups, |
calculated Fst using those loci that worked consistently between two groups and found
significant and strong differentiation between the T. burtoni groups (Fst = 0.39, P < 0.0001). I

also assessed differentiation based on clustering methods and for these, considered missing
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information informative. A reconstructed discriminant analysis of principal coordinates
(DAPC) including both species clearly shows two genetic groups within T. burtoni (Figure
6.3). In this DAPC, those sponges contained to the left of the DAPC (e.g., populations KP-1,
SI-1, BB-1, SC-1) are distinctly separated from the group on the right (e.g., KP-2, BB-2, SC-
2). These two groups are consistent with the groups produced from the 18S and rnl phylograms.
The division among these groups clearly show that there is divergence among sponges existing
in the same location. In particular, Breaker Bay (BB-1 and BB-2) and the South Coast (SC-1
and SC-2) populations contain sponges that belong to both species. This gives a good indication
that divergence within T. burtoni is not likely a product of population structure, but instead
gives evidence for cryptic speciation and reproductive isolation for sponges living in sympatry.
Overall, evidence from multiple molecular markers (conserved regions COl-ext, rnl, 18S; and
more variable microsatellite markers) strongly support cryptic speciation within this group.

PCA eigenvalues

A eigenvalues

Figure 6.3. Genetic division between the Tethya burtoni complex, where population codes
are: BB = Breaker Bay, SC = South Coast, SI = Matiu-Somes Island, KP = Kapiti Island.
Those populations with a ‘1’ belonged to Clade 2 produced by rnl/18S and those with a ‘2’
belonged to Clade 3 produced by rnl/18S (see Chapter 2, Figures 2.2 & 2.3). Each point in
the discriminant principal coordinate analysis represents a sponge genotype which are
encompassed within 67% of their population inertia ellipse.
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In addition to collecting sponges from central New Zealand for this thesis, | also collected
samples from both northern New Zealand (Poor Knights, collected under permit number
52367-MAR, issued by the Department of Conservation) and southern New Zealand
(Fiordland). The microsatellite loci failed to consistently amplify in these sponges (i.e., only
one or two loci amplified for some individuals). Failed amplifications can result from mutations
in the primer binding site or divergence between two species. Many descriptions of Tethya in
New Zealand are based from observations in northern New Zealand. For instance, the holotype
for T. burtoni was collected from Tauranga, northern New Zealand, and descriptions were
made in conjunction with approximately 10 other specimens viewed from the same area (Sara
and Sara, 2004). It is important to note, however, that species described in northern New
Zealand may not occupy the whole of New Zealand and instead, have genetically diverged
from their so called conspecifics occupying other regions, as evidenced through both the
observed failed amplification of microsatellites and the structured populations across small
distances observed in Chapter 5. Indeed, more genetic analyses would shed more light onto the
geographic barriers and divergence of Tethya across New Zealand. It is highly probable,
however, there is greater diversity within this genus than what is currently recorded in the

literature.

Evolutionary forces shaping Tethya populations: connectivity, cryptic speciation and

introgression

Failing to detect cryptic species can have serious consequences for the interpretation of
connectivity data, as exemplified by this thesis. For example, if the population structure
analyses were run for T. burtoni without consideration for potential cryptic speciation within
the samples (i.e., including all samples that were a priori thought to be T. burtoni), then the
connectivity patterns would appear different to that of just one species within the T. burtoni
complex (Figure 6.4A versus Figure 6.4B). In the case without recognizing cryptic speciation,
the number of recognized populations (genetic clusters, K) from STRUCTURE decreased from
three to two compared to considering just one species, where each of the clusters refers to one
of the species. When K = 2, Matiu-Somes Island appears more genetically similar to Kapiti
(Figure 6.4B). If the number of genetic clusters is increased to 6 for this analysis (to account
for population locations, Figure 6.4C), more structure is revealed attributable to population

structure within each species, but the resulting plot is more confusing to interpret. In this case,
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Figure 6.4. STRUCTURE plots comparing population structure of only one species of T.
burtoni (A, plot from Chapter 5, Figure 5.4) to the T. burtoni complex (B & C, new plots).
Each vertical line corresponds to a sponge, and the proportion of colour is the probability
of assignment into that colour’s genetic cluster (K). For plot A, K= 3. For plot B, K=2 and
for plot C, K = 6. For plots B + C, the plots contain the same individuals in the same order,
and plots are aligned so that the same individual can be read from B directly down to C.

Matiu-Somes Island and Kapiti Island appear to be the most genetically similar, despite the
fact that they are both isolated populations that are the furthest away from each other. For this
study, the effects of cryptic speciation on predicting connectivity patterns could eventually be
disentangled, but for larger studies with greater sample sizes and more locations, failure to
correctly identifying species may not be as obvious and could lead to serious erroneous
interpretation of connectivity patterns. The design of marine reserves is often based on
demographic and genetic connectivity data (Roberts, 1997; Palumbi, 2003), and therefore
failure to correctly identify such patterns may be particularly detrimental, both economically
and ecologically. For example, species complexes have already been identified for
commercially important species including squid (Triantafillos and Adams, 2005), rockfish
(Creamer, 2015), croaker (Cooke et al., 2011), and lobster (Tourinho et al., 2012), as well as

for pharmaceutically important sponges (Worheide et al., 2008; Anjum et al., 2016). Failure to
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identify cryptic species may lead to the creation of incorrect catch quotas for certain species
and may result in overfishing, exploitation, reduction of diversity and lead to overall population

collapse.

Cryptic speciation often occurs when species have limited connectivity between populations
across large geographical distances, thus leading to allopatric genetic divergence and speciation
(Knowlton, 1993; Bickford et al., 2007). Genetic evidence has revealed that many organisms
that are considered cosmopolitan (i.e., morphologically similar species living worldwide) are
actually comprised of multiple cryptic species. For instance, Barroso et al. (2010) found that
the so-called cosmopolitan polychaete Eurythoe complanata actually consists of three
genetically different species that belong to different regions (Pacific, Caribbean Sea and South
Atlantic). Similarly, high degrees of genetic divergence between populations of the calcareous
sponge Leucetta chagosensis from various Indo-Pacific populations reveal likely cryptic
speciation within the group, where morphological differences between such genetically
different populations were not obvious (Woérheide et al., 2008). The opposite, however, was
observed in this study for sponges belonging to what is currently called T. burtoni, where
speciation occurs for species living in the same location. The STRUCTURE plot containing
both species reveals that the cryptic species mainly occur at Breaker Bay and the South Coast
populations, which were well connected populations. No cryptic species were recorded at
Matiu-Somes Island, and further, only one of the other species was found at Kapiti, suggesting
that some barriers to gene flow exist that are preventing these species expanding their range or

successfully settling in these locations.

High gene flow between Breaker Bay and the South Coast coupled with high genetic
diversity/differentiation seems contradictory, but could occur under different scenarios. For
instance, allopatric speciation may occur to form cryptic species in the first instance (Lande,
1980), and then barriers to gene flow that allowed divergence of the populations may change
(e.qg., topographic changes after seismic activity, or change in currents). This change would
result in gene flow to be re-established between diverged populations, where two species
remain reproductively isolated from one another (Rlber et al., 2001; Barluenga and Meyer,
2004). Another scenario that would support high gene flow with cryptic speciation is speciation

occurring while species are coexisting in the same habitat (termed sympatric speciation). In
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such a circumstance, each species may diverge if they find a slightly different niche and have
an ‘adaptive-shift’, which could occur in the presence of high levels of gene flow (Faucci et
al., 2007; Niemiller et al., 2008). It is unclear as to the process by which the T. burtoni complex
has come to live in sympatry with gene flow still occurring between some populations. The
high frequency of earthquakes and the changing coastal seabed in New Zealand (Berryman,
1993; Hayward et al., 2006; Carter, 2008) could be a possible route by which gene flow is re-
established for populations that have diverged allopatrically. New Zealand exhibits a strong
north-south differentiation in genetic structure for many coastal organisms (Ross et al., 2009;
Gardner et al., 2010). In the Cook Strait region of central New Zealand, haplotypes belonging
to both North and South Island populations have been recorded for chitons (Veale and Lavery,
2011). Both cryptic species of T. burtoni observed in this present study may be a mixing of
north and south populations. A more extensive study surveying north and south populations
would be needed to better support this hypothesis. Nonetheless, by determining both the timing
of speciation versus the timing of gene flow, as well as possible restrictions to gene flow that
may foster divergence (Nosil 2008), it may become clear if the evolutionary history follows
the first or second scenario for the T. burtoni complex.

When examining the STRUCTURE plot for both species, there is one individual in the Kapiti
population whose assignment is 50% into one cluster (species) and 50% into the other. This
provides evidence of a hybrid individual, which would allow the potential for introgressive
hybridization to occur between species. Further, the discordance of the phylogenetic trees
generated from different markers when delineating species (Chapter 2) could be suggestive that
some sponges may have undergone introgression (though diploid markers would be needed to
confirm this notion). Cross fertilization between congeneric gametes as well as fusion between
genetically different larvae have been recorded for sponges and coral that exhibit synchronous
spawning (i.e., Maldonado, 1998; Hatta et al., 1999). Introgression and hybridization have been
recorded for other many sessile marine taxa, including sponges (Riesgo et al., 2016), corals
(Frade et al., 2010; Hellberg et al., 2016), seaweeds (Coyer et al., 2007), ascidians (Roux et
al., 2013), bivalves (Bierne et al., 2003), and also for motile organisms like fish (\Verspoor and
Hammart, 1991; Harrison et al., 2017) and crustaceans (Darling, 2011). The overlap in timing
of sexual reproduction between T. bergquistae and T. burtoni observed in this study (see
Chapter 3) may provide a mechanism by which introgression can occur, as gametes from

different species occur in the water column simultaneously, which may promote cross-
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fertilization. Interestingly, those T. burtoni that showed evidence of possible instances of
introgressive hybridization were generally from Kapiti and Matiu-Somes Island. Both of these
populations experienced more restricted gene flow from the panmictic Breaker Bay and South
Coast populations, and further, did not show high instances of cryptic speciation. The
frequency of introgression may be positively associated with mate availability. For instance,
because both cryptic species occur at Breaker Bay and the South Coast populations, gametes
would have a higher chance of finding conspecific relatives. At both Kapiti and Matiu-Somes
Islands, however, the lower presence of one of the cryptic species may result in higher instances
of introgression due to the fact that gametes cannot find conspecific gametes for fertilization.
Low levels of gene flow coupled with local retention of genotypes in these populations may
only result in a small number of cryptic species entering the gene pool of these populations.
However, without other available mates, such species would likely be either outcompeted or
undergo introgression with heterospecific gametes. Willis et al. (2011) have recorded that a
decrease in the rate of mate encounters increased the chance of hybridization for fish. Further,
outcrossing in flowers decreased when more flowers were open on the same stem compared to
surrounding flowers (Cruzan et al., 1994). Introgression in relation to mate availability in
sponges has not been previously recorded, and while the restricted gene flow observed here
may limit available mates and lead to instances of introgression, this hypothesis warrants more

investigation.

Species-specific responses

Comparison of sexual reproduction in Tethya versus other sponges from the temperate

Australasian region

Comparing reproduction between species living in similar environments may shed light on how
organisms have differentially adapted reproductive strategies. This is especially true for
organisms living in sympatry, where different strategies may permit an understanding of how
such species coexist in an environment where they occupy the same niche. Table 6.1 shows
information from reproductive studies conducted on sponges in temperate Australasia, which
are characterized by rocky reefs, kelp forests and cyclic temperature patterns. This table allows
comparison of reproductive timing, gamete production and development, gamete density, and
gamete reproductive output index (ROI) for sponges existing in this temperate region. When

examining sponges from the Australasian temperate region (Table 6.1), no trends aside from
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Table 6.1. Information on reproduction for sponge species from temperate Australasia. Time refers to reproductive timing, which is either
discrete/seasonal (S) or continuous (C). Gamete production (prod) refers to either gonochorism (G) or hermaphroditism (H), and gamete
development (dev) refers to either ovipary (O) or vivipary (V). Reproductive output index (ROI) refers to the proportion of sponge occupied by
gametes (given as %). Densities given in counts (oocytes, embryos, larvae or spermatic cysts) per mm?, and all data were adjusted to be presented
in mm?. Ranges given for each numerical column, except when only one number presented, which is the maximum value observed for that sponge.
NF refers to gametes not being found, and — refers to information not available. For location, NZ = New Zealand and W-AU = Western Australia.

Female Male
Species Location Time Prod Dev ROI Oocyte Embr_yo Larvae ROI Sperm Reference
density density density density
Aaptos aaptos Leigh, NZ S G @) - 90 - - - 102
Anchinoe sp. Leigh, NZ C H \Y - - 0.06-1.20 0.24 - 30-60
Ancorina alata Leigh, NZ S G @) - 12-33 - - - 120-330
Chondropis sp. Leigh, NZ S H \% - - 0.03-0.07 0.05 - 24-48 Ayling
Polymastia hirsuta Leigh, NZ S G @) - 18 - - - 18 1980
Polymastia sp. Leigh, NZ S G @) - 4-123 - - - 24-36
Raspailia topsenti Leigh, NZ S G @) - 12-192 - - - -
Stylopus sp. Leigh, NZ S H \% - - 0.03-0.12  0.05-0.09 - 36-60
. Freemantle, Usher
Chondrilla spp. W-AU S G @ - - - - - - etal 2004
. Hamelin Whalan
Haliclona sp. Bay, W-AU Ho Vv - ” ” ” ” ” et al. 2005
. Hamelin
Haliclona sp. 1 Bay, W-AU S G/H \% 0.006-2.92  0.01-0.08 0.08-0.20  0.02-0.04  0.48-2.34 19.0-45.1 Abdo
Haliclona sp. 2 Hamelin S GV 0007236 0004008 001-0.14 0005004 018239 114442 cral-2007
Bay, W-AU
Tethya bergquistae Welkjngton, S G (0] 0.09-6.33 1-46 - - NF NF
Wellington This study
Tethya burtoni NZg ’ S G o) 0.07-6.51 1-44 - - 33.62 6.84
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seasonality of reproductive timing are apparent. About half of the sponges are hermaphroditic
and viviparous, while the other half are gonochoristic and oviparous, suggesting selection for
a certain reproductive strategy in this environment may be more heavily reliant on intrinsic
species-specific adaptations. Tethya spp. were gonochoristic and oviparous, and the maximum
oocyte density we observed for Tethya sp. (~45 oocytes/mm?) was lower than maximum oocyte
densities for other sponges. For instance, Raspailia topsenti had much higher oocyte density
(~192 oocytes/mm?). It is important to note that the observed densities may be a product of
sampling points. In this study, it is likely that the period of maximum oocyte density, which
would likely occur between February and March before gamete release, was missed during my
sampling regime. This is apparent when examining densities of oocytes in Tethya bergquistae
during the 2016 sexual reproductive period. Oocyte density increased from January to
February, but then decreased from February to March, indicating that the release of gametes
had begun between the sampling of February and March. More frequent sampling would better
resolve maximum oocyte densities capable in Tethya spp. and may give a better indication of
the overall fecundity of Tethya, which may allow a better comparison to other sponges
inhabiting similar habitats.

Another explanation for reduced oocyte density observed in Tethya compared to other sponges
may be due to simultaneous sexual and asexual reproduction. Interestingly, both asexual and
sexual reproduction occurred during the austral summer, and some individuals that were found
to contain oocytes also contained asexual buds. Energetic costs of simultaneously producing
buds may decrease the available energy for sexual reproduction, resulting in a lower observed
fecundity. For most organisms, asexual reproduction occurs during periods when sexual
reproduction has ceased, resulting in the alternate employment of each mode (Haven, 1971,
Corriero et al., 1996; Conand et al., 2002, Simon et al., 2002). Here, however, budding
occurred continuously throughout the year and with the highest proportion of budding sponges
and the highest bud densities in spring and further coinciding with the time of sexual
reproduction. The simultaneous production of both sexual larvae and asexual propagules in
nature is rare, as both modes generally have different cues. Conbosch and Vollmer (2013)
found that the coral Pocillopora damicornis participates in mixed reproduction, where they
produced both sexual and asexual larvae at the same time. The authors suggest such a mixed
reproductive strategy is evolutionary advantageous in that if offers a ‘best of both worlds

scenario,” where successful genotypes engaged in sexual reproduction are amplified through
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asexual reproduction at the same time that such alleles are passed to future generations through
sexual reproduction. This may also be true for Tethya spp. The reduced sexual reproductive
ability observed in clonal Tethya may be a way by which a high number of clonal organisms
can exist without negative effects of inbreeding. In this way, advantageous genotypes could
continually become amplified by asexual reproduction, but the sexual reproductive ability of
the parent is not compromised by sexually reproducing with itself. This may prove
advantageous in varying environments, where sexual reproduction would allow new alleles to

adapt to changes and asexual reproduction would allow successful genotypes to persist.

Tethya bergquistae as a more thermally tolerant sponge than T. burtoni

This PhD thesis highlighted species-specific responses in reproduction for two species of
Tethya that occupy the same environment and are seemingly subject to the same environmental
forces. Interestingly, in the experiment investigating the effects of temperature on asexual
reproduction, survivability between both species markedly varied (Figure 6.5 A,B). For T.
bergquistae, both the control and 19°C treatment resulted in greater than 90% survivability,
and the 21°C treatment resulted in 70% survivability. For T. burtoni, by contrast, the control
had two deaths occurring near the end of the experiment (80% survivability), but the warmer
treatments both saw almost complete mortality by the end of the experiment. Standard Kaplan
Meir survival curves were constructed for each species in each treatment (Figure 6.5 C,D),
which are nonparametric analyses that estimate the survival function from incomplete data
(Kaplan and Meier, 1958; Efron, 1987). Kaplan Meir curves allow estimation of survival times
and generally the median (i.e., the time at which the survival probability is less than 50%) is
used to compare different curves. In this case, T. bergquistae did not reach a median survival
time nor did the T. burtoni control, so | used the first quartile (Q1) to compare species, which
is defined as the time when the survival probability reaches 75% and less (Table 6.2). The
control for both groups had the same Q1 survival time (15 days), but T. burtoni had a reduced
survival time compared to T. bergquistae for the higher temperature treatments. As such, it
appears T. bergquistae has a higher thermal tolerance than T. burtoni.

To put the observed experimental mortality rates into context, data from the field collected
from monitoring data revealed that both species in situ have a similar mortality rate. For

instance, over the two years monitoring, 18% of tagged T. bergquistae died and 17% of T.
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Figure 6.5. Percent survival for Tethya bergquistae and T. burtoni at different temperature
treatments (A-B) and associated Kaplan Meier survival curves (C-D). The control
temperature was the 17°C treatment, indicated by the symbol ‘(C)’.

burtoni died. The controls exhibited similar mortality rates. The differences in observed
mortality between thermal treatments, however, are indicative that species may not respond in
the same way to thermal stress. It appears that T. burtoni may have more difficulty adapting to
rapid changes in temperature higher than those experienced in nature, as most mortality
occurred within the first 5 days. Other differences in species habitat may have amplified
thermal stress and caused a faster mortality rate for T. burtoni. For instance, T. burtoni
generally lives in more sedimented areas and for this experiment, there were low volumes of
sediment. Therefore, experimental conditions could also have accounted for differences in
mortality. Nonetheless, there appears to be species-specific responses to thermal stress for
Tethya, where intrinsic characteristics exist that allow each species to adapt differentially.
Differences in physiological responses to various stressors have also been observed for a

number of other sponges (Bennett et al.,, 2016; Bates, 2017), as well as other marine
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invertebrates (e.g., Heyward and Negri, 2010). Understanding how different species will
respond differently to changing environments is important in predicting changes in ecosystems
dynamics, as climate change will likely lead to shifts in the community/ecosystem composition
based on the adaptability of particular species.

Table 6.2. Number of days calculated from Kaplan Meier survival curves predicted for 25% of
the population to die, for comparisons between different temperature treatments and Tethya

spp.

T. bergquistae T. burtoni

Control 15 days 15 days
19 >15 days 9 days
21 13 days 8 days

Changes in population dynamics as a result of climate change

From this PhD thesis, a holistic view has emerged of evolutionary forces shaping population
dynamics, particularly with regard to species boundaries and connectivity, and environmental
drivers and roles of asexual and sexual reproduction for Tethya spp. With such information, it
is possible to make predictions on changes in population dynamics for this sponge under
different future climate scenarios. Future environmental changes projected by the IPCC are
expected to cause range shifts and the advancement of spring events, and many marine and
terrestrial species have already been reported as being affected by climate change (IPCC, 2014;
Parmesan and Yohe, 2003; Edwards and Richardson, 2004; Visser and Both, 2005; Sherry et
al., 2007; Inouye, 2008). For instance, Parmesan and Yohe (2003) conducted a meta-analysis
on over 650 different marine and terrestrial species, and found that nearly half of them already
showed some evolutionary responses to anthropogenic climate change, including shifts in
phenology, species range and abundance. Temperate systems rely on seasonal changes, which
drive the cyclic patterns of productivity that foster growth at higher trophic levels, and for this
reason, are said to be most vulnerable to changes in the environment (Edwards and Richardson,
2004; Vergés et al., 2014). A mismatch has already been recorded between primary
productivity/nutrient availability and phenology of pelagic organisms at higher trophic levels

(Edwards and Richardson, 2004). Organisms physiologically respond to thermal stress; and
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further, temperature and primary production in temperate systems are important drivers for
cyclic phenology. Therefore, changes in both of these environmental conditions are likely to
alter population dynamics for many temperate organisms, particularly if they cannot adapt
quickly enough.

For New Zealand, warming trends have been inconsistent throughout the country for the past
century. Due to changes in the circulation of the South Pacific subtropical gyre, southern New
Zealand has seen the greatest warming over the past 50-100 years (Shears and Bowen, 2017).
Northern and central New Zealand have experienced less warming. The findings of Shears and
Bowen (2017) suggest that if warming continues in the same manner for the next century, there
will be a homogenization of the marine environment. Currently, New Zealand ranges from
subtropical to subpolar, but with comparatively greater warming in the south versus other
regions, all of New Zealand is likely to lose diversity and instead become a similar marine
environment throughout. Predictions have been made for New Zealand in the next century
using simulations with different IPCC scenarios, and show that sea surface temperatures are
projected to increase over 2°C by 2100, while levels of both primary production and
macronutrients are predicted to decrease by ~5 — 20% (Law et al., 2017). Central regions are
expected to be less affected by climate change than other regions (i.e., the Chatham Rise,
subpolar areas south of 50°C, subtropical waters of Northern New Zealand; Law et al., 2017).
Therefore, while these sponges may be affected by climate change, they may be better placed
compared to other sponges occupying these more at-risk regions of New Zealand.

Temperature was found to be correlated with both seasonal sexual and asexual reproduction in
Tethya bergquistae and T. burtoni, and as such, shifts in phenology for both of these modes of
reproductive are probable with changes in season. Shifts in seasons, where the onset of cooling
(winter) occurs later than typical, has been recorded as already occurring in New Zealand
(Shears and Bowen, 2017). Seasonal changes may result in extended, shortened or shifted
periods of reproduction; and/or increased or reduced fecundity. Furthermore, though not
directly correlated to chl-a concentration, reproduction occurred after periods of high
productivity. Changes to both timing and levels of primary productivity and macronutrients are
likely to have detrimental effects on reproduction in these sponges, which seemingly rely on

seasonal fluxes of food. If shifts in the reproductive phenology of Tethya do not match changes
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in the environment caused by climate change, then a mismatch is likely to not only have
negative consequences for Tethya, but also have cascading effects throughout the system.
Sponges play many key functional roles on reefs, especially in habitat creation, water filtration,
and trophic interactions (Bell, 2008). In this study, sea stars and nudibranchs were observed
feeding on Tethya (M. Shaffer, personal observation, Figure 6.6), indicating changes in
abundance of Tethya could have trophic consequences. Both modes of reproduction were
shown to play different roles in the population dynamics for Tethya, where sexual reproduction
was important for connectivity and asexual reproduction for population maintenance. Both

modes of reproduction occurred simultaneously, giving an indication that the success of one

Figure 6.6. Observations over two days of a sea star (S) preying on Tethya burtoni, where
the picture on the right shows remains of digested sponge tissue.

mode may rely or be dependent on the other mode. Mismatch not only between reproduction
and the environment, but also between sexual and asexual reproduction, may also have genetic
consequences. For instance, if buds play a key role in parental survivorship, but instances of
asexual reproduction decrease or are timed differently, the capacity of parental sponges to
sexually reproduce may be greatly reduced. Such reduction in genetic diversity may lead to
less adaptability potential for the population. In addition, if water movement drives asexual
reproduction and storms/swell increase, there may be a higher instance of buds that may
outcompete larvae. If fitness differences exist between both sexually reproduced and clonal
offspring (especially under different stressors), population abundance, distribution and
connectivity may be altered. Experimental studies revealed that increased temperature may
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particularly be more detrimental for T. burtoni, and thus under warming oceans, T. bergquistae
may be able to better cope with thermal stress and outcompete T. burtoni. These results are
important for predicting future population viability, especially as such changes are likely to

have cascading effects to other levels of the ecosystem.

Future directions

This research is relevant to many other marine species that share similar life history
characteristics with Tethya, namely sympatry, sexual and asexual reproduction, cryptic
speciation and introgression. As such, these results allow a greater understanding of complex
evolutionary processes that shape marine populations, which are often difficult to study and
understand in the marine environment. Tethya spp. have proven to be excellent models to
examine evolutionary questions and could be utilized further to address more complex
questions. This work, therefore, has future directions in the following areas: clarifying the
taxonomic literature for Tethya; assessing the response of larvae versus buds to environmental
stressors; and the use of microsatellites for parentage analyses and to investigate instances of

hybridization, introgression and chimerism.

Taxonomic clarifications

New Zealand is known for hosting a highly diverse sponge assemblage (Bergquist and Warne,
1968), and for Tethya in particular, the number of species in New Zealand and Australia is
higher than anywhere else in the world (Bergquist and Kelly-Borges, 1991; Sara and Sara,
2004). Tethya is a ubiquitous genus found in tropical, temperate and polar waters (Carter, 1872;
Corriero et al., 1989; Sara and Bavestrello, 1994; Heim et al., 2007), though compared to other
areas of the world, little genetic work has been performed looking at phylogenetic relationships
for Tethya in New Zealand. Understanding species boundaries in this particular hotspot may
allow a better understanding for the evolution of other species worldwide. Furthermore, finding
certain factors that may support diversity in these waters requires a proper cataloguing of
species in order to capture true species delineations and therefore true estimates of diversity.
The genus Tethya in particular has been shown to be of pharmaceutical value (Kurelec and
Pivcevic, 1992; Wiese et al., 2011; Gentile et al., 2016), and so understanding the ecology,
species boundaries and true diversity of these species may be beneficial from both an ecological
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and economic perspective. The current taxonomic classifications of Tethya in New Zealand
would benefit from phylogenetic reconstructions. Specifically, extracting DNA from
holotypes, coupled with specimen collected throughout New Zealand, may better address the
extent of gene flow for these species across New Zealand and reveal the true diversity for
Tethya. Furthermore, analyses of a morphological character set in conjunction with genetic
analyses may be able to characterize the extent of cryptic speciation within the group in New

Zealand and worldwide, and provide a set of diagnostic traits.

Fitness of larvae versus buds

Studies have shown that thermal stress may increase larval mortality, reduce fertilization rates
and increase larval abnormalities for corals (Edmunds et al., 2001; Negri et al., 2007). For
sponges, increased temperature has also been shown to reduce the duration of the larval
planktonic stage, resulting in the potential for more subdivided, genetically distinct populations
(Whalan et al., 2008). Sponge larvae, however, have also been recorded to exhibit higher levels
of tolerance to increased temperature than other marine taxa (Webster et al., 2011). Compared
to sexually derived larvae, there is currently little research on the response of asexually
reproduced individuals to environmental stressors. There is evidence that sexual lineages and
asexual lineages may have different tolerances and adaptations (Tooley et al., 1986; Browne
et al., 1988; Amat et al., 2006), and therefore offspring of both modes are likely to be
differentially affected by stressors. While this thesis suggested under what conditions both
sexual and asexual reproduction may be favourable, a complete picture of how populations
dynamics may change under changing environments is lacking. Specifically, there remain gaps
in our knowledge as to whether differential responses of offspring of both sexual and asexual
reproduction exist. By examining fitness levels of sexually reproduced offspring versus
asexually reproduced offspring in response to various environmental stressors, predictions
about the genetic structure and overall population growth under different climate scenarios may
be able to be better made. As an example, if thermal stress is more detrimental to asexually
reproduced offspring compared to sexually reproduced offspring, then the number of clones
produced may decrease. If clones play an important role in genotype survivorship and
population persistence, as suggested in this thesis (Chapter 5), then sexually reproduced
individuals may also suffer, leading to an overall population decline. There is already evidence
that the fitness of clones of T. burtoni is reduced compared to non-clones, evidenced by their
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reduced sexual reproductive ability (Chapter 5) and increased mortality rate (40% versus 20%).
As such, it is highly probable that other differences in fitness also exist. Tethya spp. have
offered an excellent model organism for this thesis to explore hypotheses relating to
reproduction, and they would further prove beneficial in exploring these questions relating to
fitness differences in sexually reproduced offspring/larvae and asexually reproduced
offspring/buds. Microsatellites developed in this thesis would allow for sexually reproduced
offspring to be distinguished from asexually reproduced offspring. Further, data provided in
Chapters 3 and 4 about reproductive timing may allow both larvae and buds to be reared in the
lab and experiments conducted. As differential responses between sexual and asexual lineages
have the potential to result in changes to genetic diversity and connectivity patterns,
experiments could further be carried out with clonal populations versus diverse populations to
determine how genetic diversity may affect population growth and individual fitness. As
genetic diversity has previously been associated with increased population viability (Williams,
2001), such results have important implications when considering the implementation of

management plans to conserve biodiversity.

Parentage analyses, hybridization, introgression, chimerism: microsatellites as a tool

Parentage analyses allow many evolutionary questions to be answered, especially relating to
patterns of dispersal, sexual selection, settlement success rate and recruitment processes (Jones
et al., 2010). The microsatellite markers developed in this thesis could be further utilized for a
parentage analyses, and would allow genetic structure and recruitment of a population to be
explored at a finer scale. Tethya in particular serve as useful models to investigate questions
surrounding parentage assignment because they are easy to monitor and new recruits settle and

are visible within the span of a year (M. Shaffer, personal observation).

There is currently evidence of hybridization, introgression and chimerism in the sponge phylum
(Maldonado, 1998; Riesgo et al., 2016). Hybridization, or when two different species mate and
produce an individual that contains the genetic makeup from both species, is more common
than previously thought in marine environments (Gardner, 1997; Riesberg, 1998). The use of
the microsatellite markers developed in this thesis can further investigate the extent of
hybridization between Tethya species, as the results of this thesis suggest it occurs in these

sponges. Further, the microsatellites developed for this thesis, in combination with diploid
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nuclear markers, can be used to investigate introgression (which occurs when hybrids cross
back with one of the species, incorporating part of the other species genome into the other) and
determine when evolutionarily such introgression events occurred (Heiser, 1949; Heiser,
1973). For instance, hybrids indicated from microsatellite data may be suggestive of a more
recent or contemporary hybridization event (due to the fast evolving nature of microsatellites),
whereas hybrids indicated from slower evolving nuclear or mitochondrial DNA may suggest a
past introgressive event. Lastly, chimerism, or when two individuals that contain different
genotypes fuse together to result in one individual with discrete patches of each genotype
(Sommerfeldt et al., 2003; Puill-Stephan et al., 2009), may be a likely phenomenon that occurs
in these Tethya species. Fusion events, which could be a mechanism for chimerism, were
commonly observed for Tethya throughout the study period for this thesis. The microsatellite
markers could be employed after field- and lab-based experiments of fusion events to determine
the extent of chimerism and address long standing evolutionary questions as to the benefits of
chimerism (Maldonado, 1998; Ben-Shlomo, 2017).

Conclusion

This PhD thesis provides baseline data for population dynamics that occur for Tethya spp. and
uses genetic tools to elucidate how sympatric species of sessile marine organisms, like sponges,
evolve. In particular, it investigated species boundaries and connectivity patterns for the
temperate sponges Tethya bergquistae and T. burtoni on New Zealand reefs; and further,
characterized the phenology of both sexual and asexual reproduction, while determining
potential environmental drivers of both modes of reproduction. Climate change is threatening
marine ecosystems worldwide, and understanding basic organismal processes like reproduction
is imperative for predicting how marine populations may cope with changing environments.
Furthermore, many marine invertebrates share life-history traits with sponges and may evolve
in a similar way, and these results allow the elucidation of complex evolutionary processes
such as cryptic speciation and introgression. Together, this thesis allows a thorough
understanding of population dynamics for Tethya and may aid in creating conservation and

management plans that must take these processes into consideration.
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APPENDIX 1:

INFORMATION FOR SAMPLES USED IN PHYLOGENETIC
ANALYSES

Table Al. Information on collected specimen for Chapter 2. Colour refers to colour of sponge,
where P = pink and Y = yellow. All sampling sites (Breaker Bay, BB: 41°19'53.3"S
174°49'52.6"E; Kapiti Island, KP: 40°53'23.6"S 174°52'40.3"E; Matiu-Somes Island, SI:
41°15'36.9"S 174°43'54.4"E; Red Rocks, RR: 41°21'04.5"S 174°43'54.4"E) are in New
Zealand. All specimens were collected from 5-10 m depth. Phylogenetic clade refers to clades
on individual gene phylogenetic tree. GenBank Accession numbers are given in parentheses

after haplotype ID.

Sample ID Sampling Phylogenetic clade Haplotype
. Colour : COl-
(field code) site 188 ml T 18S rnl COl-ext
Tethya bergquistae
18S-H1 rnl-H1 COlext-H1
BB128 P BB Cl Cl Cl \H180010) (MH180013) (MH180020)
18S-H1 rnl-H1 COlext-H1
BB124 P BB Cl € Cl \MH180010) (MH180013) (MH180020)
185-H1 ml-H1 COlext-H1
BB142 P BB Cl €l Cl (\MH180010) (MH180013) (MH180020)
185-H1 ml-H1 COlext-H1
BB151 P BB Cl Cl Cl \H180010) (MH180013) (MH180020)
185-H1 ml-H1 COlext-H1
BB117 P BB €l Cl Cl (\MH180010) (MH180013) (MH180020)
18S-H1 rnl-H1 COlext-H1
BB163 P BB €l Cl Cl (\MH180010) (MH180013) (MH180020)
18S-H1 rnl-H1 COlext-H1
BB176 P BB Cl Cl Cl \H180010) (MH180013) (MH180020)
185-H1 ml-H1 COlext-H1
BB18 Y BB Cl Cl Cl \H180010) (MH180013) (MH180020)
185-H1 ml-H1 COlext-H1
BB193 P BB Cl Cl Cl \H180010) (MH180013) (MH180020)
185-H1 ml-H1 COlext-H1
BB205 P BB Cl Cl Cl \H180010) (MH180013) (MH180020)
18S-H1 rnl-H1 COlext-H1
BB16 P BB €l Cl Cl (\H180010) (MH180013) (MH180020)
18S-H1 rnl-H1 COlext-H1
KP29 P K€l €L €l (MH180010) (MH180013) (MH180020)
18S-H1 rnl-H1 COlext-H1
KP31 P K€l €L €l (MH180010) (MH180013) (MH180020)
185-H1 ml-H1 COlext-H1
KP39 P KP €l €l Cl (\MH180010) (MH180013) (MH180020)
185-H1 ml-H1 COlext-H1
KP45 P KP €l €l Cl (\MH180010) (MH180013) (MH180020)
185-H1 ml-H1 COlext-H1
BB9 Y BB CL €L Cl (\H180010) (MH180013) (MH180020)
18S-H1 rnl-H1 COlext-H1
KP46 P kP €l €L €l (\MH180010) (MH180013) (MH180020)
Tethya burtoni
185-H2 mI-H3 COlext-H2
BB255 Y BB C2 €2 C2 \H180011) (MH180015) (MH180021)
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C2

C2

C2

C3

C3

C3

C3

C3

C3

Cc2

Cc2

Cc2

Cc2

Cc2

Cc2

C3

C3

18S-H2
(MH180011)
18S-H2
(MH180011)
18S-H2
(MH180011)
18S-H2
(MH180011)
18S-H2
(MH180011)
18S-H2
(MH180011)
18S-H2
(MH180011)
18S-H2
(MH180011)
18S-H2
(MH180011)
18S-H2
(MH180011)
185-H2
(MH180011)
185-H2
(MH180011)
185-H2
(MH180011)
18S-H2
(MH180011)
18S-H2
(MH180011)
18S-H2
(MH180011)
185-H2
(MH180011)
185-H2
(MH180011)
185-H2
(MH180011)
18S-H2
(MH180011)
18S-H2
(MH180011)
185-H2
(MH180011)
185-H2
(MH180011)
185-H2
(MH180011)
18S-H2
(MH180011)
18S-H2
(MH180011)
18S-H2
(MH180011)
185-H2
(MH180011)
185-H2
(MH180011)
185-H2
(MH180011)

rnl-H3
(MH180015)
rnl-H3
(MH180015)
rnl-H4
(MH180016)
rnl-H3
(MH180015)
rnl-H3
(MH180015)
rnl-H4
(MH180016)
rnl-H4
(MH180016)
rnl-H4
(MH180016)
rnl-H3
(MH180015)
rnl-H3
(MH180015)
rnl-H3
(MH180015)
rnl-H3
(MH180015)
rnl-H4
(MH180016)
rnl-H3
(MH180015)
rnl-H3
(MH180015)
rnl-H4
(MH180016)
rnl-H3
(MH180015)
rnl-H4
(MH180016)
rnl-H4
(MH180016)
rnl-H4
(MH180016)
rnl-H3
(MH180015)
rnl-H4
(MH180016)
rnl-H3
(MH180015)
rnl-H2
(MH180014)
rnl-H3
(MH180015)
rnl-H4
(MH180016)
rnl-H3
(MH180015)
rnl-H3
(MH180015)
rnl-H3
(MH180015)
rnl-H4
(MH180016)

COlext-H2
(MH180021)
COlext-H2
(MH180021)
COlext-H2
(MH180021)
COlext-H2
(MH180021)
COlext-H2
(MH180021)
COlext-H2
(MH180021)
COlext-H3
(MH180023)
COlext-H4
(MH180022)
COlext-H4
(MH180022)
COlext-H2
(MH180021)
COlext-H2
(MH180021)
COlext-H2
(MH180021)
COlext-H2
(MH180021)
COlext-H2
(MH180021)
COlext-H2
(MH180021)
COlext-H2
(MH180021)
COlext-H4
(MH180022)
COlext-H4
(MH180022)
COlext-H4
(MH180022)
COlext-H4
(MH180022)
COlext-H4
(MH180022)
COlext-H3
(MH180023)
COlext-H2
(MH180021)
COlext-H2
(MH180021)
COlext-H2
(MH180021)
COlext-H2
(MH180021)
COlext-H2
(MH180021)
COlext-H2
(MH180021)
COlext-H3
(MH180023)
COlext-H4
(MH180022)
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18S-H2 ml-H3 COlext-H2
S1295 Y SI €2 €2 C2 \MH180011) (MH180015) (MH180021)
185-H2 ml-H4 COlext-H3
RR385 Y RRC2 €2 C3 \H180011) (MH180016) (MH180023)
185-H2 ml-H4 COlext-H4
SI310 Y S| €2 €G3 (\MH180011) (MH180016) (MH180022)
185-H2 mi-H3 COlext-H4
KP77 Y KP €2 €2 G (\MH180011) (MH180015) (MH180022)
185-H2 mi-H3 COlext-H2
KP71 Y KP €2 €2 €2 (MH180011) (MH180015) (MH180021)
185-H3 ml-H7 COlext-H3
RR372 Y RR 3 G G (MHI80012) (MH180019) (MH180023)
185-H3 ml-H7 COlext-H3
RR384 Y RR €3 G G (MH180012) (MH180019) (MH180023)
185-H3 ml-He COlext-H3
KP62 Y KP C3 €3 G (MH180012) (MH180018) (MH180023)
185-H3 ml-H5 COlext-H3
KP43 Y KPC3 €3 G (MH180012) (MH180017) (MH180023)
185-H3 ml-H7 COlext-H4
BB280 Y BB C3 G G (\MH180012) (MH180019) (MH180022)
18S-H3 rnl-H7 COlext-H4
BB275 Y BB 3 G G (MH180012) (MH180019) (MH180022)
18S-H3 rnl-H5 COlext-H3
BB167 Y BB G G G (MH180012) (MH180017) (MH180023)
18S-H3 rnl-H5 COlext-H3
BB252 Y BB C3 G  C3  \H180012) (MH180017) (MH180023)
185-H3 ml-H7 COlext-H4
BB254 Y BB C3 G G (\MH180012) (MH180019) (MH180022)
185-H3 ml-H7 COlext-H4
BB256 Y BB C3 G C3  (\MH180012) (MH180019) (MH180022)
185-H3 ml-H7 COlext-H4
BB257 Y BB 3 G G (MH180012) (MH180019) (MH180022)
18S-H3 rnl-H7 COlext-H4
BB260 Y BB 3 G G (MH180012) (MH180019) (MH180022)
18S-H3 rnl-H7 COlext-H4
BB272 Y BB 3 G G (MHI80012) (MH180019) (MH180022)
18S-H3 rnl-H6 COlext-H3
BB271 Y BB C3 G G \MH180012) (MH180018) (MH180023)
185-H3 ml-H7 COlext-H4
BB263 Y BB C3 C3  C3  \H180012) (MH180019) (MH180022)
Tethya bergquistae-burtoni
hybrids
185-H1 mI-HL COlext-H2
KP72 Y KP €L Cl €2 \MH180010) (MH180013) (MH180021)
18S-H2 rnl-H3 COlext-H1
BB177 Y BB C2 €2 Cl \H180011) (MH180015) (MH180020)
18S-H2 rnl-H4 COlext-H1
S1322 Y S| €2 €2 Cl \iy180011) (MH180016) (MH180020)
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APPENDIX 2:

DEFINITION OF SPICULE TYPES

Spicule type was assigned using descriptions provided in Bergquist and Kelly-Borges (1991)
and Sara and Sara (2004). The following are definitions for the observed spicule types given

in these studies:

Megascleres

Megascleres contained in Tethya spp. were strongyloxea and anisostrongyles (also known as
anisostrongyloxeas). Strongyloxea is used to describe a style which has two different ends (e.qg.,
the distal end is different to the proximal end). Anisostrongyles are a certain type of
strongyloxea in which the distal end is rounded and smaller than the proximal end. We also

observed a smaller, thinner auxiliary style, which we refer to as simply ‘style.’
Microscleres

Microscleres observed were megasters (~40-50 um) and micrasters (~5-15 pum). Megasters
included spherasters and oxyspherasters. Spherasters are distinguishable from oxyspherasters
in that the former have an R:C ratio (e.g., ratio between ray length and diameter of the centre)
less than or equal to 1, whereas the latter has an R:C ratio greater than 1 but less than 3.
Micrasters included oxyasters (also known as oxyspheraters), tylasters, chiasters and
strongylasters. Oxyasters are star-shaped asters, with conical rays, whereas tylasters are asters
with knobbed ends that are generally spined. Both chiasters and strongylasters are asters that
are an intermediate between oxyasters and tylasters, with the distinction that strongylasters
contain rounded ray tips. These can also be referred to as acanthooxyasters, acanthochiasters,

b

acanthotylasters, or acanthostrongylasters, where the prefix “acantho-” means containing

spines.
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Figure A3. Pairwise correlations between monthly means of sea surface temperature
(temp), total monthly rainfall (rain), and monthly means of chlorophyll-a concentration

(chla).
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APPENDIX 4:

DIFFERENCES IN ROI BETWEEN SITE AND SPECIES
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Figure A4. The effects of site (top) and species (bottom) on ROI for Tethya bergquistae
(purple) and T. burtoni (green) from both Breaker Bay (blue) and Princess Bay (orange).
ROI, or the reproductive output index, corresponds to the percent of tissue containing
oocytes. Plots on left are means of the log(ROI) between site (A) and species (C), and bars
are 95% confidence intervals. Plots on right are differences in ROI between sites (B) and
species (D) presented by month, where the entire reproductive event captured is highlighted
in grey. Sample sizes for species collected from each site are presented in Table 3.1. Error
bars on plots on right correspond to standard error.
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APPENDIX 5:

SUMMARIES OF RESULTS FROM ANOVAs AND LR »? TESTS FROM
CHAPTERS 3 AND 4

Table A5a. Results of likelihood ratio chi-square tests, testing the effects of site, sponge size,
species, sea surface temperature, rainfall and chlorophyll-a concentration on the probability of
a sponge containing gametes (Chapter 3). On the left, temperature as a continuous variable; on
the right, temperature as a categorical variable.

Probability of sexual reproduction
df ¥2 P df ¥2 P

Site 1 0.089 0.765 | Site 1 0.177 0.674
Size 1 12.416  <0.001 | Size 1 12.940 <0.001
Species 1 0.058 0.810 | Species 1 0.033 0.856
SST (contin.) 1 93.221  <0.001 | SST (cat.) 1 78.268 <0.001
Rainfall 1 7.568 0.006 | Rainfall 1 14.893  <0.001
Chl-a 1 0.401 0.527 | Chl-a 1 0.856 0.355

Table A5b. Results of an ANOVA testing effects of site, sponge size and species on oocyte
density, ROI (or a reproductive output index, or the % of tissue occupied by gametes) and

oocyte size (Chapter 3).
Oocyte density ROI Oocyte size
df F P | df F P | df F P
Site 1 10593 0.002| 1 87105 0.004| 1 0.6179 0.434
Size 1 7177 0.009| 1 6.3607 0.014| 1 13163 0.255
Species 1 13.073 0.001| 1 7.7786 0.007 | 1 1.1046 0.296
Residuals | 82 82 82
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Table A5c. Results of likelihood ratio chi-square tests, testing the main effects of site, sponge
size, species, sea surface temperature, rainfall and chlorophyll-a concentrations on the
probability of a sponge containing buds (Chapter 4). On the left, temperature as a continuous
variable; on the right, temperature as a categorical variable.

Probability of budding
df a P df v P

Site 1 6.264 0.012 | Site 1 6.133 0.013
Size 1 11.115 <0.001 | Size 1 11.313 <0.001
Species 1 30.053 < 0.001 | Species 1 29.536 <0.001
SST (contin.) 1 93.369 <0.001 | SST (cat.) 1 80.070  <0.001
Rainfall 1 0.138 0.710 | Rainfall 1 0.619 0.431
Chl-a 1 1.380 0.240 | Chl-a 1 0.055 0.815

Table A5d. Results of likelihood ratio chi-square for effects from the best fit model for the
probability of budding. Species refers to either Tethya bergquistae or T. burtoni, site refers to
either Breaker Bay or Princess Bay (Chapter 4). Sea surface temperature (SST) in °C and

chlorophyll-a concentrations in mg/m?.

Probability of budding

df Y P
SitexSpecies 1 10.609 0.001
SpeciesxSize 1 16.714 <0.001
SSTxChl-a 1 5.226 0.022
Chl-axSpecies 1 6.525 0.011
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Table Abe. Results from a Type-111 ANOVA, testing the main effects of site, sponge size,
species, sea surface temperature, rainfall and chlorophyll-a concentrations on bud density
(numbers per cm?; Chapter 4).

Probability of budding
df F P

Site 1 0.011 0.916
Size 1 37.4319 <0.001
Species 1 26.9981 < 0.001
SST 1 8.8614 0.003
Rainfall 1 4.5641 0.033
Chl-a 1 0.1111 0.739
Residuals 473

Table A5f. Results from a Type-111 ANOVA for effects from the best fit model for bud density.
Species refers to either Tethya bergquistae or T. burtoni, site refers to either Breaker Bay or
Princess Bay. Sea surface temperature (SST) in °C and chlorophyll-a concentrations in mg/m?
(Chapter 4).

Probability of budding

df F P
SST 1 9.3344 0.002
Rainfall 1 5.4087 0.020
SizexSpecies 1 4.1933 0.041
Residuals 474
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APPENDIX 6:

IN SITU OBSERVATIONS OF BUDDING EVENTS RECORDED FOR
MONITORED SPONGES
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Figure A6a. Number of buds over time for each monitored Tethya bergquistae (sponge ID

indicated by tag number in legend) for tagged sites. Each number (1-6) represents a site,
each graph represents a tag, and each line represents a tagged sponage.
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APPENDIX 7:

INFORMATION ON CLONAL GROUPS

Table A7. Clone groups of Tethya burtoni found at Breaker Bay, with information for clone
group ID (1-4); sample ID (i.e. BB#); gametes observed (0 = no gametes, 1 = gametes present,
O = oocytes, SC = spermatic cysts); ROI (or reproductive output index, which is a measure of
reproductive effort and is calculated as the percent of tissue occupied by gametes over the total
tissue area); budding observed (0 = no budding, 1 = buds present); and budding period (time
of budding events). Duration of the monitoring period, as well as times monitored (X mon),
for each clone group are also given. Square area containing all clones is given in cm?, along
with radial area (radial area around the sponge containing gametes to the point where all other
clones are encompassed). Sponges in grey were mortalities over the monitoring period.

Clone sample 1D Gametes ROI Budding Bud<_jing Monit_oring X occfpriee?j by
Group observed observed period period mon clones
BB265 0 0 1 Spring Sq. area:
1 BB266 0 0 1 Spring June 2015- o4 264.312 cm?
BB267 1(SC) 0.456 1 Spring Nov 2017 Radial area:
BB54 0 0 1 Spring 18.601 cm
9 BB269 - - - - May 2016- 14 SQ. area:
BB270 - - - - Nov 2017 63.098 cm?
BB177 - - - -
BB178 1(0) 0.078 0 N/A
BB180 0 0 0 N/A Sq. area:
3 BB196 - - - - June 2015- 32 897.645 cm?
BB197 - - - - Nov 2017 Radial area:
BB199 - - - - 31.189 cm
BB200 - - - -
BB201 - - - -
BB276 0 0 1 All seasons
BB277 0 0 1 All seasons
BB278 0 0 1 Al seasons Sq. area:
4 BB279 0 0 1 All seasons | May2016- . 448.338 cm’
BB280 0 0 1 All seasons Nov 2017 Radial area:
39.188 cm
BB281 0 0 1 All seasons
BB282 1(0) 0.003 1 All seasons

225



226



APPENDIX 8:

LINKAGE DISEQUILIBRIUM BETWEEN PAIRS OF

MICROSATELLITE LOCI

Table A8. Linkage disequilibrium observed across populations of Tethya burtoni for analysis
excluding clones (without clones) and including clones (with clones), for all microsatellite loci
and for only those loci in HWE.

. Lm_k_agg All loci HWE loci
disequilibrium
Without clones No pairs No pairs
TBURT1 & TBURT2 TBURT1 & TBURT2
TBURT1 & TBURT3 TBURT1 & TBURT5
TBURT1 & TBURTS5 TBURT1 & TBURTG6
TBURT1 & TBURT10 | TBURT1 & TBURT10
TBURT2 & TBURTS TBURT2 & TBURTS
TBURT2 & TBURT9 TBURT2 & TBURT6
TBURT2 & TBURT10 | TBURT2 & TBURT9
With clones TBURT3 & TBURT6 TBURT2 & TBURT10
TBURT3 & TBURT10 | TBURT4 & TBURT10
TBURT4 & TBURT10 | TBURT5 & TBURT6
TBURTS5 & TBURTG6 TBURTS5 & TBURTY9
TBURT5 & TBURT9 TBURT5 & TBURT10
TBURTS5 & TBURT10 | TBURT6 & TBURT9
TBURT6 & TBURT10 | TBURT6 & TBURT10
TBURT8 & TBURT10 | TBURT8 & TBURT10
TBURT9 & TBURT10 | TBURT9 & TBURT10
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Abstract

Correctly determining species’ identity is critical for estimating biodiversity and effectively managing marine populations,
but is difficult for species that have few morphological traits or are highly plastic. Sponges are considered a taxonomically
difficult group because they lack multiple consistent diagnostic features, which coupled with their common phenotypic
plasticity, makes the presence of species complexes likely, but difficult to detect. Here, we investigated the evolutionary
relationship of Tethya spp. in central New Zealand using both molecular and morphological techniques to highlight the
potential for cryptic speciation in sponges. Phylogenetic reconstructions based on two mitochondrial markers (rnl, COI-ext)
and one nuclear marker (18S) revealed three genetic clades, with one clade representing Tethya bergquistae and two clades
belonging to what was a priori thought to be a single species, Tethya burtoni. Eleven microsatellite markers were also used
to further resolve the 7. burtoni group, revealing a division consistent with the 18S and rnl data. Morphological analysis
based on spicule characteristics allowed T. bergquistae to be distinguished from 7. burtoni, but revealed no apparent
differences between the T. burtoni clades. Here, we highlight hidden genetic diversity within 7. burtoni, likely representing a
group consisting of incipient species that have undergone speciation but have yet to express clear morphological differences.
Our study supports the notion that cryptic speciation in sponges may go undetected and diversity underestimated when using
only morphology-based taxonomy, which has broad scale implications for conservation and management of marine systems.

Introduction

Correctly identifying species units is critical for estimating
biodiversity, defining species boundaries and measuring
connectivity patterns (Hey et al. 2003; Frankham et al.
2012). Methods for species identification have been so hotly
debated in the literature that the phrase ‘species problem’
has emerged to describe the conundrum that biologists face
when defining a species (Mayden 1997; De Queiroz 2007).
Mayr (1942) was the first to address this problem by con-
ceiving the biological species concept, where he defined a
species as a group of interbreeding individuals which are
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(https://doi.org/10.1038/541437-018-0134-6) contains supplementary
material, which is available to authorized users.
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reproductively isolated from other groups. Since then, other
concepts have emerged based on: an organism’s functional
role/ecological niche (ecological species concept, Van
Valen 1976); historical ancestry lineages (evolutionary
species concept, Simpson 1951); and the sharing of com-
mon ancestors/alleles (phylogenetic species concept, Hen-
nig 1966; Rosen 1979; Baum and Shaw 1995; reviewed in
De Queiroz 2007). While many concepts exist, the most
traditional, widespread and consistently employed method
for taxonomy is based on comparative morphology (Padial
et al. 2010).

The recent advancement and accessibility of molecular
tools has begun to reveal conflicting evolutionary histories
for many species previously defined by morphological
characteristics (Wendel and Doyle 1998; Knowlton 2000;
Lecompte et al. 2005; Lihova et al. 2007; Wallis et al.
2017). Distinguishing between intraspecific plasticity and
interspecific cryptic diversity can be problematic when only
using morphology-based taxonomic methods (Knowlton
1993; Vrijenhoek 2009; Capa et al. 2013, Czarna et al.
2016). Additionally, congeneric species that live in sym-
patry often challenge the notion of species boundaries
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Fig. 1 Examples of sponges collected belonging to clades identified in
Fig. 3, to allow comparison of macromorphological features. For each
clade, cross sections that encompass the ectosome and choanosome are
included for a subsample (n = 3) of genetically identical individuals.

because introgression (i.e. where alleles from one species
enter the gene pool of another species via hybridization and
backcrossing) is common (Harrison and Larson 2014).
Failure to correctly identify species boundaries has con-
sequences for implementing effective conservation and
management strategies and for our overall understanding of
important evolutionary processes like speciation (Gémez
et al. 2002), bioinvasions (Knapp et al. 2015) and hybridi-
zation (Kauserud et al. 2006).

Organisms that have only a few defining traits available
for comparison are particularly prone to identification pro-
blems (Knowlton 1993; Bickford et al. 2007; DeBiasse and
Hellberg 2015). In such groups, cryptic species often
emerge during molecular studies, as sequences provide
more characteristics (bases) with which to differentiate
organisms, which allows a finer resolution of relatedness
between individuals to be determined (Hilis 1987; Hebet
et al. 2004; Bickford et al. 2007). Sponges have relatively
few morphological traits, yet a rich taxonomic literature
exists delineating species boundaries within sponges based
on phenotypic characteristics (Hooper and Van Soest 2002).
Skeletal composition, arrangement and spicule morphology
are key features used to classify and identify sponges
(Hooper and Van Soest 2002), despite the fact that struc-
tural components of sponges can be highly dynamic (Bond
1992; Nakayama et al. 2015) and spicules can exhibit
variability under different environmental conditions
(Bavestrello et al. 1993; Bell et al. 2002; McDonald et al.
2002). Furthermore, recent studies on sponge taxonomy

Clade 1 (top) are examples of Tethya bergquistae, while Clades 2 and
3 (middle and bottom, respectively) are examples of 7. burtoni. Scale
bars in each photo = 10 mm

have highlighted problems with using morphology as a sole
defining trait and have used phenotypic traits combined
with molecular analyses to resolve evolutionary relation-
ships (Alvarez et al. 2000; Erwin and Thacker 2007; Mor-
row and Cardenas 2015; Plotkin et al. 2017). As a result,
phylogenetic analyses for many sponges have begun to
reveal cryptic speciation throughout the phylum, suggesting
that diversity within the phylum is even higher than pre-
viously thought (see Table 1 in Xavier et al. (2010) for
reported cases of cryptic speciation in sponges, plus
Andreakis et al. 2012; De Paula et al. 2012; DeBiasse and
Hellberg 2015; Knapp et al. 2015; Uriz et al. 2017).

In this study, we used ‘golf ball sponges’ belonging to
the genus Tethya in New Zealand as a model to investigate
cryptic speciation and to better understand how evolu-
tionary processes occur for species living in sympatry.
Tethya is a ubiquitous genus, with 92 described species
worldwide (Van Soest 2008), and has a particularly high
diversity (31 species) recorded in coastal waters of Australia
and New Zealand (Bergquist and Kelly-Borges 1991; Sara
1998; Sara and Sara 2004; Heim et al. 2007). While
members of the genus are easily distinguishable by their
globular form, identifying Tethya to the species level can be
difficult because they exhibit a high degree of morpholo-
gical plasticity, and have only a few defining traits available
for species differentiation. The challenge in species identi-
fication is reflected in the dynamic taxonomic literature,
where new species are constantly being described (Corriero
et al. 2015), and previously described species are regularly
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reconsidered and reclassified (Sara 1987; Bergquist and
Kelly-Borges 1991; Hooper and Wiedenmayer 1994; Sara
and Sara 2004; Heim et al. 2007). In New Zealand, tax-
onomy has been based solely on morphology with no
genetic phylogenies constructed to date (Bergquist and
Kelly-Borges 1991; Sara and Sara 2004). Here, we used two
common species of Tethya in New Zealand (Tethya berg-
quistae and Tethya burtoni) as models to investigate evo-
lutionary relationships and cryptic speciation using both
genetic (COl-ext, ml, 18S and 11 microsatellite markers)
and morphological traits (spicules) in order to understand
the advantages and limitations of both methods in deter-
mining species boundaries.

Materials and methods
Study species

Tethya bergquistae and T. burtoni are two of the most
common species of Tethya found in the waters of central
New Zealand, and both occur in the waters around Well-
ington, New Zealand (Fig. 1). Tethya bergquistae is
described as rose-pink in colour, firm to the touch and with
an irregular surface with grouped oscula (Bergquist and
Kelly-Borges 1991; Hooper and Wiedenmayer 1994; Bat-
tershill et al. 2010). Tethya burtoni is bright orange to
yellow and is described as having a warty surface with an
inflated, soft texture (Sara and Sara 2004; Battershill et al.
2010). Tethya bergquistae is generally found in well-lit
areas with moderate flow, whereas T. burtoni tends to prefer
more shaded, sedimented areas (Battershill et al. 2010).
Spicules for both include megascleres, which are strongy-
loxeas; and microscleres, which are megasters and micra-
sters of similar sizes (Bergquist and Kelly-Borges 1991;
Sara and Sara 2004). A key distinguishing feature between
both species relies on their spicular composition with
respect to the location/density of megasters, as 7. burtoni
contains fewer megasters, which are mainly found in the
cortex (Bergquist and Kelly-Borges 1991; Sara and Sara
2004).

Tracking the description of both species through the
literature reveals a complex taxonomic classification history
within New Zealand, highlighting the complexity in species
identification common to Porifera. For instance, 7. berg-
quistae was incorrectly identified as Tethya ingalli by
Pritchard et al. (1984) and formerly described as Tethya
australis by Bergquist and Kelly-Borges (1991), and T.
burtoni has been also incorrectly referred to as Tethya
aurantium by Pritchard et al. (1984). Overall in New
Zealand, there are ten species of Tethya recorded, but two of
these are also thought to exist in Australian waters

SPRINGER NATURE

(Ledenfield 1888; Bergquist 1961; Bergquist and Kelly-
Borges 1991; Sara and Sara 2004). Many of these ten
species are thought to be endemic to certain regions (e.g.
Tethya compacta to the Chatham Islands and Tethya fasti-
gata to the Poor Knight Islands), but this has been based on
observations from only one to a few sponges (e.g. T.
compacta), or on descriptions dating from the 19th Century
(e.g. Tethya multistella). In the literature, pictures identi-
fying New Zealand Tethya are often inconsistent and clas-
sification by comparative morphology is therefore
challenging. Descriptions of species within Tethya are
based on cross sections and spicule compliments, but dif-
ferences can be often subtle and difficult to detect, espe-
cially for non-specialists. Around New Zealand, sympatric
Tethya spp. display a wide range of colours and textures,
making them difficult to confidently match to descriptions
in the current taxonomic literature. Tethya also appear to
undergo seasonal morphological changes (M. Shaffer, per-
sonal observations from monthly monitoring for 2+ years).
For example, the same sponge’s appearance may go from
porous and soft to very firm over a period of a month. In
addition, during the summer a sponge may be covered more
extensively by crustose coralline algae (CCA), rendering it
more reminiscent of Tethya amplexa (Bergquist and Kelly-
Borges 1991), but in the winter be completely free of CCA.
Because morphology can be very variable and temporally
dependent, assessing species based solely on morphology
has the potential to lead to erroneous conclusions. To date,
molecular differences have allowed at least one other
instance of sibling species within the genus Tethya to be
uncovered. Sara et al. (1993) reported cryptic speciation in
two populations of Tethya robusta, which were morpholo-
gically similar but genetically different. The taxonomic
history, phenotypic plasticity and previous report of a spe-
cies complex within the Tethya genus makes other occur-
rences of cryptic speciation within this group likely.

Collection

Sponges which were a priori thought to be T. bergquistae
and T. burtoni were collected using SCUBA from two
different locations in waters around Wellington, New
Zealand (Breaker Bay: 41°19'53.3”S 174°49'52.6"E; Kapiti
Island: 40°53'23.6”S 174°52'40.3"E). Additional speci-
mens of 7. burtoni were collected from two further loca-
tions (Somes Island: 41°15'36.9”S 174°43'54.4"E; Red
Rocks: 41°21'04.5”S 174°43'54.4"E). Sponges were col-
lected 3—5 m apart to avoid collecting clones, at depths from
5 to 10 m. Three sponges of unknown identity were col-
lected from Breaker Bay (n =2) and Kapiti Island (n = 1),
which were texturally similar to 7. bergquistae but the same
colour as 7. burtoni. A picture of each specimen was taken
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Table 1 Primer information for

markers used: 18S. rnl and COL- Region  Primers Size Ref. Accession number of
ext. Forward and reverse ®p) products
sequences presented 5'— 3", 185 18S__1-600_F: 425 Knapp etal.  MHI80010-MH180012
imd“c? sizes af in bfe tpa‘r& GCCAGTAGTCATATGCTTGTCTCA 2015
ccession numbers refer to
18S_1-600_R:
distinct haplotypes and GACTTGCCCTCCAATTGTTC
genotypes that were deposited to .
GenBank for each marker. rnl diplo-rnl-f1: 570 Lavrov et al. MH180013-MH180019
TCGACTGTTTACCAAAAACATAGC 2008
diplo-rnl-rl:

AATTCAACATCGAGGTSGGAAAC

COI-ext COXI1-R1:

425 Rot et al. 2006 MH180020-MH180023

TGTTGRGGGAAAAARGTTAAATT

COX1-D2:

AATACTGCTTTTTTTGATCCTGCCGG

to aid in later identification. Tissue was extracted for both
genetic and spicule analysis, and the rest of the specimen
was preserved in ethanol. In total, 71 sponges of various
morphologies were collected for phylogenetic and mor-
phological analyses. For those sponges assumed to be T.
bergquistae, samples were collected from Breaker Bay (n
= 10) and Kapiti Island (n = 5). For those sponges assumed
to be T. burtoni, samples were collected from Breaker Bay
(n=17), Kapiti Island (n =20), Red Rocks (n=135) and
Somes Island (n = 12). For information on specimens col-
lected for this study, see Table S1 in the Supplementary
Information.

DNA extraction, PCR amplification, sequencing and
fragment analysis

Tissue used for genetic analysis was taken from the inside
(choanosome) of the sponge and rinsed thoroughly to
reduce the risk of contamination from epibionts or other
associated organisms. DNA was extracted using a DNeasy
Blood & Tissue Kit (Qiagen), following the protocol of the
manufacturer. We tried five primer sets, but two regions
failed to consistently give readable sequences across all
samples (ITS, primer set: ITS2.2/ITSRA2, as in Adlard and
Lester 1995; and COI, primer set: dgLCO1490/
dgHCO2198; Folmer et al. 1994), so were discarded for
further analysis. Three markers were amplified in total: 188,
rnl and COI-ext. 18S is a nuclear gene that codes ribosomal
DNA (tDNA), and rnl is a mitochondrial partition that
codes the large ribosomal subunit RNA (Boore 1999). COI-
ext is a region downstream of COI, which is a mitochon-
drial coding region for the cytochrome ¢ oxidase subunit
used in cellular metabolism (Folmer et al. 1994). This
extended region is thought to be more informative for clo-
sely related species because its substitution pattern (mainly
consisting of transversions) reveals a more progressive
stage of character evolution (Erpenbeck et al. 2006a). As

such, this region exhibits variation during early stages of
species divergence compared to the traditionally conserved
COI region (by Folmer et al. 1994) that is commonly used
(Erpenbeck et al. 2006a). Primer information and product
sizes are shown in Table 1.

Reaction and cycling conditions were similar for all three
markers. Reactions were carried out in 30 ul volumes con-
sisting of: 15 ul MyTaq Red Mix (Bioline), 0.6 pl of each
primer (10 uM), ~25ng template DNA and a volume of
distilled water to reach 30 pl. Amplification profiles were as
follows: an initial denaturation at 94 °C for 5 min; 35 cycles
of 94 °C for 30 s, T, for 55 s (T, = 50 °C for 18S; T, =58 °C
for COI-ext and ml), 72 °C for 45 s; followed by a final
extension at 72°C for 7min. Products were visually
checked on a 1.5% agarose gel stained with RedSafe
Nucleic Acid Staining Solution (20,000x) and sequenced
using automated DNA sequencing services provided by
Macrogen, Inc. (Seoul, South Korea). Sequences were
deposited into GenBank, with accession numbers for hap-
lotypes of all individuals provided in Table S1 in the
Supplementary Information.

Eleven microsatellite markers were developed for T.
burtoni (see Supplementary Information for microsatellite
development and Table S2 for microsatellite information).
These markers failed to amplify for T. bergquistae. Frag-
ment analysis was performed on sponges belonging to the
T. burtoni clades. Reactions were carried out in 30 pl
reactions, with 15 ul MyTaq Red Mix (Bioline), 0.6 ul of
each primer (10 uM), ~25 ng template DNA and a volume
of distilled water to reach 30 pl. Amplification profiles were
as follows: an initial denaturation at 94 °C for 10 min; 35
cycles of 94 °C for 455, 60 °C for 55s, 72 °C for 60s;
followed by a final extension at 72 °C for 10 min. Fluor-
escently labelled products were visually checked, pooled,
purified and then genotyped using the 3730x]1 DNA Ana-
lyzer (Applied Biosystems) from GeneScan Services for
fragment analysis by Macrogen Inc. (Seoul, South Korea).
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Alleles were visualized in GeneMarker v2.2 (Hulce et al.
2011) and scored manually relative to a size standard
(LIZ500). Some sponges that were thought to be T. burtoni
had a lower amplification success for some loci, even after
redoing the DNA extraction and fragment analysis two to
three times. Because of this, missing information was
considered informative in analyses.

Genetic analysis

All sequences were checked for contaminants and verified
as being poriferan using BLAST (http://blast.ncbi.nlm.nih.
gov/Blast.cgi). Sequences were edited in Geneious 11.0.2
(Kearse et al. 2012) and aligned using CLUSTALW2.0
(Larkin et al. 2007), as implemented in Geneious 11.0.2
(Kearse et al. 2012). Phylogenetic analyses were applied to
18S, rnl and COl-ext separately, as well as to the mito-
chondrial partitions concatenated (COI-ext + rnl), creating
four data sets. MrModeltest v2.3 (Nylander 2004) was used
to select the best-fitting model of nucleotide substitution for
each data set under the Akaike information criterion, and it
was determined that the SYM + G model was the best fit-
ting model for all data sets. The closely related Tethya
actinia was chosen as an outgroup because both the 18S
region and its complete mitochondrion genome have been
sequenced and made available on GenBank, making it an
ideal candidate to root all three markers (accession num-
bers: AY320033 for rnl and COI-ext; AY878079 for 18S).

Phylogenetic trees were constructed using both Max-
imum Likelihood (ML) and Bayesian Inference (BI)
methods for each data set. ML constructions were per-
formed in PAUP* 4.0 (Swofford 2002), and BI construc-
tions were performed in MrBayes 3.2.6 (Ronquist et al.
2012), using the model criterion generated from MrMo-
deltest v2.3 (Nylander 2004). For ML analyses, a bootstrap
analysis using a tree-bisection-reconnection (TBR) heuristic
search with 1000 replicates was performed to determine
topological confidence of the tree. For BI analyses, posterior
probability of trees was estimated using Monte Carlo
Markov Chain (MCMC) analyses, where one million gen-
erations were run sampling four chains every 100 genera-
tions, with a burn-in of 0.25. For each marker, p distances
were calculated within and between clades as a measure of
divergence using MEGA 7 (Kumar et al. 2015). In addition,
p distances were calculated between and within 7. berg-
quistae (Clade 1) and T burtoni (Clades 2 4 3, combined).

For microsatellite data from sponges belonging to the T.
burtoni clades, a principal coordinate analysis (PCA) based
on genetic distances from allele frequencies was performed
in the adegenet package (Jombart 2008) in R (https://www.
r-project.org/). Assignment of individuals into genetic
clusters was also assessed using STRUCTURE, which is a
Bayesian clustering analysis for multilocus genotype data
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which probabilistically assigns individuals to clusters
(Pritchard et al. 2000). Analyses were carried out in
STRUCTURE v 2.3.2 (Pritchard et al. 2000), using 100,000
Markov Chain Monto Carlo (MCMC) iterations, a burn in
of 10,000 iterations, 10 replicates per run and with the K
value set from 1 to 8. The optimal K was determined in
Structure Harvester (Earl and vonHoldt 2012) to be K =4,
and the 10 replications for K =4 were merged in CLUMPP
(Jakobsson and Rosenberg 2007). Plots were visualized in
MS Excel (2016). Clusters within T. burtoni were consistent
with phylogenetic clades produced by 18S and rnl, and the
degree of differentiation between these two groups was
assessed using Fst. Because individuals belonging to Clade
3 contained loci that failed to amplify (missing data), these
loci were removed for calculations of Fst. A pairwaise Fst
value was calculated from the remaining 5 loci with sig-
nificance determined by performing 20,000 permutations in
Arlequin 3.1 (Excoffier et al. 2005). In addition, because
measures of differentiation based on distance are sensitive
to deviations from Hardy Weinberg Equilibrium (HWE;
Waples 2015), Fst was calculated again removing one (out
of five) loci that was not in HWE (Supplementary
Information).

Morphological analysis

To determine if morphological characteristics were con-
sistent with the observed genetic clades, a subsample of six
sponges from each clade was selected for spicule analysis.
We chose genetically identical individuals that fell con-
sistently into the same clade for all three markers. Samples
were collected from the same location and at the same time
in order to reduce potential environmental and seasonal
variation in spicule morphology (Bell et al. 2002). Each
sponge was cut in half to photograph its cross section.
Further, a small piece of tissue was embedded in paraffin
wax and sectioned to 20 um using a rotary microtome
(Leica Biosystems RM?2235) to examine the location,
arrangement and density of spicules across the ectosome
and choanosome. A ~5mm?’ tissue sample was then
removed from each specimen and dissolved in bleach at
50 °C for 48 h and the remaining spicules were washed with
distilled water and rinsed 3x with absolute ethanol, fol-
lowing the recommendations of Hooper (2003). One mil-
lilitre of the remaining spicule solution was mounted onto a
slide using DPX and examined at a magnification of
x100-200, using a compound light microscope (Leica
Microsystems DM LB) with attached digital camera (Canon
EOS 70D). Spicule type (see Supplementary Information
for definitions of spicule types) and location (defined as
region of tissue in the sponge—cortex versus choanosome)
was recorded for a qualitative analysis. For a quantitative
comparison, the sizes of 30 of each spicule type which were
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Fig. 2 Phylograms showing the relationship between Tethya berg-
quistae (Clade 1) and T. burtoni (Clades 2 and 3) based on individual
mitochondrial markers (rl and COl-ext). Topology generated from
Maximum Likelihood (ML) analysis. ML bootstrap confidence values/
Bayesian Inference (BI) posterior probabilities given on each branch.

present in all sponges (strongyloxea, megasters and micra-
sters) were recorded per sponge. For megascleres (stron-
gyloxea), the length and width were recorded for both
thicker and thinner auxiliary types (stronglyoxea and styles,
respectively). For both megasters and micrasters, the dia-
meter and R:C ratio (ray length to centre length ratio) were
recorded, following Bergquist and Kelly-Borges (1991) and
Sara and Sara (2004). Size measurements for all megasters
(spherasters and oxyspherasters) were grouped, as well as
micrasters (oxyasters, chiasters, stronglyasters and tyla-
sters), because they could not be differentiated using light
microscopy. Sizes were measured using ImageJ (Schneider
et al. 2012). Non-parametric multidimensional scaling
(nMDS) ordinations were generated using Euclidean dis-
tance on Primer v7 (Clarke 1993) to determine any clus-
tering based on average, minimum and maximum sizes.
Spicules from all 18 sponges that were subsampled for
spicule analysis were also observed using Scanning Elec-
tron Microscopy (SEM), to visualize the megasters and
micrasters at higher resolution and magnification. Spicules
preserved in ethanol were mounted on stubs, air dried and
coated with a gold/palladium alloy using a sputter coater.
Scanning electron micrographs were taken with the Hitachi
TM3000 Benchtop Scanning Electron Microscope in high
vacuum mode.

T. actinia was selected as an outgroup. Inconsistencies in the COI-ext
tree versus rnl are highlighted by having sponges retain the colour of
the ml placement and by bolding individuals. Scale bar = substitutions
per site

Results
Molecular phylogeny

A total of 1420bp (425bp for 18S, 570bp for rnl and
425 bp for COI-ext) were sequenced for 71 Tethya indivi-
duals. For all trees, branch confidence (via bootstrap/pos-
terior probability values) ranged from 64 to 100%/0.91 to 1
for divergences between the main clades (Figs. 2 and 3).
18S resolved the clades above 86%/0.96 and rnl above
74%/0.99, but COI-ext exhibited slightly lower confidence
from 63%/0.91. The nuclear 18S region grouped sponges
into three genotypes, and for the mitochondrial rnl and COI-
ext partitions there were seven and four haplotypes present,
respectively. The concatenated data set for the mitochon-
drial markers revealed 15 different haplotypes (Fig. 3). For
each individual locus, phylogenetic reconstructions revealed
three divergent clades that each contained samples from all
sampling locations; in other words, none of the clades
contained individuals from strictly one location. For rnl and
18S, those sponges that were thought to be T. bergquistae
all grouped together into one clade (Clade 1), but for COI-
ext, one individual that was thought to be T. bergquistae
grouped with Clade 2 (T. burtoni clade). For T. burtoni, rl
and 18S generated congruent placement of sponges into two
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Fig. 3 Phylograms showing the relationship between Tethya berg-
quistae (Clade 1) and T. burtoni (Clades 2A 4+ B and 3) based on
nuclear DNA (18S) and mitochondrial DNA (concatenated COI-ext +
rnl). Topology generated from Maximum Likelihood (ML) analysis.

separate groups. However, COI-ext placed sponges differ-
ently, where some sponges that belonged to Clade 2 for rnl
and 18S were placed into Clade 3; and in addition, two
sponges which were thought to be T. burtoni were placed
into Clade 1 (T. bergquistae clade). The three uncertain
yellow sponges (Fig. 1) grouped with T. bergquistae for all
three markers.

Divergence was calculated between and within all
genetic clades using p distances (Table 2). Intraclade p
distance across all three markers ranged from 0 to 0.13%
(average = 0.04%, stdev=0.06%), whereas interclade p
distances for all pairwise clade comparisons across all
markers ranged from 0.5 to 11.2% (average = 5.29%, stdev
=3.83%). For all pairwise clade comparisons, interclade p
distances for 18S (0.5-1.2%) were lower than for the mt-
markers rnl and COI-ext (4.8-8.6, 6.4—11.2%, respectively).
For T. bergquistae (Clade 1), intraclade p distances for all
markers was zero. For T. burtoni (Clades 2 + 3, combined),
intraclade p distances were: zero for 18S, 2.1% for rnl and
4.2% for COIl-ext. The divergence between T. bergquistae
and 7. burtoni was: 0.8% for 18S, 6.6% for rnl and 9.0% for
COl-ext.

For T. burtoni, both PCA and STRUCTURE based on
microsatellite allele frequencies revealed two distinct
genetic clusters that were congruent with the 7. burtoni
clades generated from phylogenetic analyses for 18S and rnl
(Fig. 4). The T. burtoni clades (Clades 2 and 3) were

SPRINGER NATURE

ML bootstrap confidence values/Bayesian Inference (BI) posterior
probabilities given on each branch. T. actinia was selected as an
outgroup. Scale bar = substitutions per site

Table 2 Genetic divergence (p distances, %) for Tethya spp. for all
gene markers, where Clade 1 is T. bergquistae and Clades 2 and 3 are
T. burtoni. Intraclade p distances are reported for individuals within
clades, while interclade values are pairwise comparisons between all
clades.

188
Intraclade Interclade
Clade 1 Clade 2 Clade 3
Clade 1 0 Clade 1 0
Clade 2 Clade 2 0.7% 0
Clade 3 0 Clade 3 1.2% 0.5% 0
rnl
Intraclade Interclade
Clade 1 Clade 2 Clade 3
Clade 1 0 Clade 1 0
Clade2 0 Clade 2 5.9% 0
Clade 3 0.13% Clade 3 8.6% 4.8% 0
COlext
Intraclade Interclade
Clade 1 Clade 2 Clade 3
Clade 1 0 Clade 1 0
Clade2  0.10% Clade 2 6.4% 0
Clade 3 0.13% Clade 3 11.2% 8.3% 0

significantly different with respect to their genetic structure
(Fst=0.39, P<0.0001). When using only those loci in
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PC2 (20.69%)

4
)

PC1 (33.65%)

Fig. 4 Genetic differentiation within Tethya burtoni based on micro-
satellite data. On left: Principal coordinate analysis (PCA) based on
genetic distances from microsatellite allele frequencies for the 7.
burtoni clades (Clades 2 and 3 from Fig. 3). Each point represents a 7.
burtoni genotype, and the two groups (C2 and C3) are labelled inside
of their 67% inertia ellipses. On right: Group assignment of T. burtoni
individuals into four genetic clusters (K =4) based on STRUCTURE.

Each vertical line represents an individual, and the coloration is the
proportion of that individual’s estimated membership into each of the
four genetic clusters. Labels along the horizontal refer to individual
IDs (see Supplementary Table S1 for more information). Horizontal
bars under individual IDs correspond to sampling locations, which are:
Kapiti Island (black), Red Rocks (dark grey), Breaker Bay (light grey)
and Somes Island (white)

Table 3 Mean lengths for spicules in Tethya bergquistae (Clade 1) and T. burtoni (Clades 2 + 3) for three genetic clades identified by 18S and ml
(Figs. 2 and 3) and for all samples combined (overall). Strongyloxea are presented as length x width. R:C refers to ray length:diameter-to-centre

ratios. All sizes are in microns (um)

Stronglyoxea (I x w)

Style (Ixw)

Megaster diameter

Megaster R:C Micraster diameter Micraster R:C

(um) (pm) (pm) (pm)

Clade 1 1032.0+2194x227+  3564+103.6x 144+ 429+125 0.75+0.15 13.7+32 0.81+0.19
5.7 3.3

Clade 2 1054.7+320.4x21.6+  424.1+108.1x13.6+ 44.7+6.4 0.73+0.15 152+1.4 0.79+0.16
4.6 3.8

Clade 3 1104.0+2735x 167+  419.7+1247x9.9+  44.1+9.0 0.86+0.15 12.4£2.0 1.07£0.25
5.3 2.9

Overall 1061.2+2753x20.6+  399.0+1159x12.8+ 43.9+97 0.77+0.16  13.8+2.6 0.88 +0.23

5.8

3.9

HWE, differentiation between clades was also significant
and strong (Fst=0.47, P <0.0001).

Morphological analysis

All sponges contained megascleres that were strongyloxea
and anisostronglyes, along with smaller, thinner auxiliary
styles. Megasters were spherasters and oxyspherasters, and
micrasters were tylasters, chiasters, stronglyasters and
oxyasters. Spicule sizes are summarized in Table 3. Aver-
age strongyloxea and auxiliary style length x width were
1061 £275x21 +6 um and 399+ 116 x 13 £4 um, respec-
tively. Respective megaster and micraster diameters were
44+ 10 and 14 +3pum, and the average R:C ratio was
~0.8+0.2 for all asters. n-MDS plots for spicule size
(average, minimum and maximum sizes) revealed no evi-
dent clustering (Fig. 5). Qualitative differences were
observed between the location and density of megasters

within the different genetic clades. Those sponges belong-
ing to Clade 1 contained megasters throughout both the
cortex and choanosome, whereas those sponges in Clades 2
and 3 had megasters in the cortex, but little to none in the
choanosome. Within the T. burtoni clades (Clades 2 and 3),
there were no differences in spicule composition detectable
by light microscopy. Scanning electron micrographs of
spicules from the three genetic clades also revealed no
visible differences in megastar or micraster morphology
(Fig. 6). However, sponges belonging to the T. bergquistae
clade contained an additional spined oxyaster, which was
absent in the T. burtoni clades. A qualitative assessment of
cross sections from this subsample of sponges revealed high
plasticity within each genetic clade, and no clear differences
between clades (Fig. 1). Further, 20 um cross sections
examining the spicule composition between the choano-
some and ectosome revealed that 7. bergquistae contained
more asters in the choanosome than 7. burtoni (Fig. 7).

SPRINGER NATURE



362

Megan R Shaffer et al.

Fig. 5 Nonparametric-

[Resemblance: D1 Euclidean distance |

multidimensional (nMDS)
scaling ordination of mean
spicule sizes for Tethya
bergquistae (pink squares, Clade
1) and T. burtoni (orange circles,
Clade 2; and blue triangles,
Clade 3). Clades are identified in
Fig. 3. Spicules sizes are based
on measurements from
strongyloxea, megasters and
micrasters (n =30 per sponge).
Codes above each sample refer
to individual sample ID (refer to
Supplementary Table S1 for
more information on individual
samples). A subset of all
samples are presented in the
nMDS, based on a Euclidean
distance matrix
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However, within 7. burtoni, there were no evident differ-
ences between Clades 2 and 3. While some members of
Clade 2 appeared to contain a slightly higher density of
asters in the cortex, this was not consistent for all indivi-
duals within that clade.

Discussion

Here, we document discordance between molecular and
morphological descriptions of Tethya spp. in central New
Zealand and highlight the potential for cryptic speciation to
go undetected based on morphological features alone.
Phylogenetic reconstructions based on 18S, rnl and COI-ext
revealed three genetic clades, with a speciation event likely
occurring in the group described as 7. burtoni. This division
within 7. burtoni was further confirmed using novel
microsatellite markers. Morphological analyses based on
spicule size and composition allowed 7. bergquistae to be
differentiated from 7. burtoni but failed to reveal differ-
ences between the 7. burtoni clades. To our knowledge, this
is only the second report of cryptic species on the basis of
molecular differences within the group Tethya (with the first
being 7. robusta, Sara et al. 1993). Understanding how
organisms evolve is central to ecology and evolution, but
can be particularly complex for phenotypically similar
organisms living in sympatry with no obvious barriers to
reproduction, reflected in Tethya spp. examined here.
Overall, our study highlights the need to use more than one
method to define sponge species boundaries in a reliable
way.

SPRINGER NATURE

Species delineation based on genetics

The phylogenetic relationship of Tethya spp. was not con-
gruent for all three markers, as COI-ext placed sponges into
different clades with most discrepancies occurring in the T.
burtoni group. Microsatellite markers also supported the T.
burtoni clade division that was indicated in the 18S and nl
trees (Figs. 2 and 3). The use of COI to delineate species has
had differential success among sponges (Erpenbeck et al.
2006b; Worheide and Erpenbeck 2007; Erpenbeck et al.
2007; Poppe et al. 2010; Belinky et al. 2012) as well as
other organisms (Shearer and Coffroth 2008; Derycke et al.
2010), resulting in debate around its use as an informative
marker (Waugh 2007). The COI region often has low
variability (Bucklin et al. 2011), and this conservativeness
can fail to capture evolutionary relationships between clo-
sely related species. We instead employed COI-ext to avoid
this drawback, as this region downstream of COI is thought
to substitute earlier during species divergence (Erpenbeck
et al. 2006a). We captured variation between T. bergquistae
and T. burtoni, as well as within T. burtoni; however, the
relationship produced from COI-ext was incongruent with
that produced from 18S, rnl and the 11 microsatellite mar-
kers. For species living in sympatry, introgression can be
common, resulting in semipermeable species boundaries
(Riiber et al. 2001, Harrison and Larson 2014). Genes can
introgress at different rates (called differential introgres-
sion), which can result in phylogenies from multiple mar-
kers in disagreement (Harrison and Larson 2014). It is
possible that the inconsistency in the COI-ext phylogeny is
a product of this, and if true, gives evidence of introgression
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Fig. 6 Scanning electron micrographs of spicules belonging to Tethya
bergquistae (Clade 1) and T. burtoni (Clade 2+ 3), from sponges
belonging to the three genetic clades of Tethya identified in Fig. 3.
Clade 1: A—C = spherasters; D = spined oxyaster; E-H = tylasters; G

between T. bergquistae and T. burtoni. For instance, one
sponge (KP72) that was thought to be T. bergquistae (as
evidenced by its placement into Clade 1 for 18S and rnl)
was placed into the T. burtoni clade (Clade 2) for COl-ext.
In addition, two sponges (BB177 and SI322), which were
thought to be T. burtoni (from their placement into Clade 2
by 18S and rnl), were placed into the 7. bergquistae clade
(Clade 1) for COIl-ext. Within 7. burtoni, there is more
disagreement between COI-ext and the other markers within
the clades. For example, those sponges belonging to Clade
2B of the mitochondrial concatenated data set (Fig. 3) were
placed into Clade 2 by 18S, rnl and the microsatellite
markers, but Clade 3 for COI-ext. It is possible that this
group of sponges, which possess genes common to two
different putative species (discussed below), have also
undergone introgressive hybridization. Some corals have
also been found to exhibit high degrees of sympatry, cryptic
speciation and introgression (Ladner and Palumbi 2012),
and perhaps shared life-history traits between corals and
sponges (i.e. sessile, sexual and asexual reproductive ecol-
ogy) shape the evolutionary history of these populations.

= oxyaster. Clade 2 and 3: A-B = spherasters; C-D = tylasters; E =
oxyaster. Scale bars are located in the bottom right of each micrograph
and represent 10 um

While additional sequencing work would provide clarity on
this topic, it appears highly probable that the species
boundaries between T. bergquistae and T. burtoni, as well
as between the putative 7. burfoni cryptic species, are
actually semipermeable.

The definition of a species continues to be debated, and
when complex evolutionary processes like introgression can
shape species, understanding species delineations becomes
more complicated. The topology produced from 18S clearly
differentiates our clades. 18S is a slowly evolving gene
region (Berntson et al. 2001), and as such often captures
interspecific variation rather than intraspecific variation.
Three separate clades, despite the slow evolving nature of
this gene, provides strong evidence that these three clades
correspond to three different species. Most interestingly,
two clades exist within 7. burfoni and suggest cryptic
speciation within the group. Other measures exist (e.g. p
distances, Fst) to more definitively set a quantitative value
to define species divisions. Comparing the p distances
obtained in this study to other observed divergence values
for sponges (Table 4), both within- and between-clade
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Fig. 7 Cross sections of a small
piece of tissue (20 um thick)
from Tethya spp., where Clade 1
is T. bergquistae and Clades 2
and 3 are T. burtoni. Arrows are
pointing to the line that divides
the outer cortex and the inner
choanosomal tissue. Black scale
bars represent 500 um

distances give further evidence for species-level relatedness.
Our intraclade p distances were about ~5-50 times less than
the interclade values for all pairwise comparisons of clades,
which is consistent with intraspecific values for other
sponge taxa. These intraclade distances suggest that spon-
ges belonging to the same clade are conspecific. When
comparing the individual markers used here to the same
markers (or similarly evolving markers) in other studies, the
interclade p distances calculated for all pairwise clade
comparisons in this study compare to interclade p distances
for other sponge species (Table 4). This further reveals our
clades do in fact correspond to species. For example, Sco-
palina lophyropoda was reported as being comprised of a
cryptic species complex (Blanquer and Uriz 2007), and the
interclade p distances for 18S (0.3-2%) were on the same
scale as for those clades we found within 7. burtoni (0.5%).
Considering T. bergquistae (Clade 1) versus T. burtoni
(Clades 2+ 3, combined), divergence between the two
species was: 0.8% for 18S, 6.6% for rnl and 9% for COI-
ext. Divergence between the T. burtoni clades (Clade 2
versus Clade 3) were on the same order: 0.5% for 18S, 4.8%
for ml and 8.3% for COI-ext. Divergence within 7. burtoni
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that is on the same scale as between 7. burtoni and T.
bergquistae gives further evidence that the two T. burtoni
clades correspond to different species. The microsatellite
data also reveal strong differentiation within the 7. burtoni
group (Fst=0.39, P <0001). While microsatellite markers
are traditionally not used as a tool for phylogenetic studies
(but instead population structure analysis), used here in
combination with the other genetic markers gives further
evidence for strong genetic differentiation between clades.
Interestingly, differentiation between both 7. burtoni clades
was not a product of location (population structure of 7.
burtoni discussed elsewhere), as evident from the
STRUCTURE plot (Fig. 4). Instead, sponges that lived
sympatrically were strongly genetically different, suggest-
ing reproductive isolation for sponges in the same location.
Cryptic speciation has been recorded throughout the Por-
ifera phylum (Solé-Cava et al. 1991; Muricy et al. 1996;
Nichols and Barnes 2005; Worheide et al. 2008; Xavier
et al. 2010; DeBiasse and Hellberg 2015; Knapp et al. 2015;
Uriz et al. 2017), and is also likely for what’s known as T.
burtoni. We believe our genetic data combined gives strong
evidence that T. burtoni is in fact be comprised of a species
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Table 4 Summary of genetic divergence (p distances, %) for various
sponge species. Ranges given for intraclade and interclade p distances

Species Marker Intraclade  Interclade  Reference
p distance  p distance
Aplysina spp.  COI 0 - Cruz-Barraza
ITS1- 0 0.1-22  ctal 2012
5.8-
ITS2
Astrosclera COI - 0.2-0.4 Worheide
willeyana 2006
Cliona spp. COI - 2.7-8.7 De Paula et al.
ms - 59-148 2012
Cliona celata® COI - 2.7-8.3
ITS - 8.1-11.6
Cliona celata®  COI 0.1-0.5 6.2-8.4 Xavier et al.
A8  0-0.5 7.9-16 2010
28S 0 2.8-54
Haliclona sp. ITS1 1.7-3.0 - Redmond and
ITs2 ~ 07-18 - McCormack
2009
Hemimycale COI - 8.4-8.7 Uriz et al.
SPp- 288 - 1822 2017
18S - 1.4-1.9
Hexadella spp. COI 0-3.5 3.9-8.7 Reveillaud
ATPS ~ 0-63 10-28.5  etal 2010
Ianthella basta® COI - 0.5-1.75 Andreakis
et al. 2012
Plocamionida  COIL 0.5 1.3-20 Reveillaud
Spp. 28S _ 0.1-3.3 et al. 2011
Scopalina COI 0-3 13-22 Blanquer and
lophyropoda® 78S 0-0.8 2-19 Uriz 2007
18S 0.1 0.3-2
Tethya spp. COI- 0-0.1 6.4-11.2 This study
ext
rnl 0-0.1 4.8-8.6
18S 0 0.5-1.2
Tethya burtoni® COI- 0.1 8.3
ext
rnl 0-0.1 4.8
18S 0 0.5

Reported as cryptic species

complex, being more genetically diverse than previously
thought based on morphology alone.

Discordance between molecular and morphological
characteristics

Our analysis of spicule size/type, in conjunction with our
qualitative assessment of macromorphological features

(colour and cross sections), was inconsistent with the
molecular phylogeny that we generated. Macro-
morphological features allowed sponges belonging to the 7.
bergquistae clade to be distinguished from sponges
belonging to the 7. burtoni clades; however, we were not
able to identify sponges belonging to separate genetic
clades within 7. burtoni from morphology. The three
uncertain, bright yellow specimens grouped together with
those sponges belonging to 7. bergquistae, which has not
previously been described as yellow (Bergquist and Kelly-
Borges 1991; Hooper and Wiedenmayer 1994; Battershill
et al. 2010), indicating that colour is not a reliable distin-
guishing feature in this case. Qualitative observations
revealed no obvious differences in cross sections between T.
burtoni clades, and instead were highly variable within each
clade. While generally cross sections are a key defining
feature between species of Tethya, they did not provide
clear resolution here. There was a marked difference
between the spicule composition of 7. bergquistae and the
T. burtoni complex (more asters in the choanosome of the
former), but there were no differences evident within the T.
burtoni clades. Morphological characteristics therefore
provided no clear evidence of speciation within 7. burtoni.
Because there is a lack of defining characteristics available
for Porifera, it is common for genetic diversity (and cryptic
speciation) to go undetected, where molecular and mor-
phological relationships are commonly incongruent
(McCormack et al. 2002; Erpenbeck et al. 2006b; Xavier
et al. 2010). Determining which morphological traits are
informative in species differentiation can also be compli-
cated. For example, Erpenbeck et al. (2006b) documented
that sponges containing highly divergent skeletal features
are actually closely genetically related. In contrast, spicules
within the same species may be highly variable due to
environmental influences (Bell et al. 2002). We show here
that morphological features may not be able to reveal spe-
cies boundaries, as perhaps skeletal changes following
divergence may be delayed. Mutations may accumulate
without altering the phenotype when nucleotide changes
have no effect on how its product (protein) folds and its
function overall (Avise 2012), which could explain delayed
morphological expression in genetically different indivi-
duals. While it is possible that subtle morphological dif-
ferences may exist, they were not able to be detected in this
study. The high phenotypic plasticity observed across
individuals of 7. burtoni resulted in a lack of clear diag-
nostic features for sponges belonging the different genetic
clades. Furthermore, the potential introgression events
between cryptic species may make detecting morphological
differences between such species more difficult. To avoid
this potential confounding factor, we used sponges which
showed no introgression based on our markers for the

SPRINGER NATURE



366

Megan R Shaffer et al.

morphological analysis presented here. However, we cannot
confirm that these sponges have not undergone introgres-
sion, as we only surveyed three genes. A survey of other
regions of the genome may reveal clearer relationships and
show the scope of introgressive hybridization between the
T. burtoni cryptic species. This may shed more light on
differences between plasticity versus distinct morphological
features that allow species to be characterized. With such
incongruence between morphological and molecular data, it
is imperative to use a combination of methods to correctly
delineate species in order to fully understand the species
evolutionary relationships.

Conclusions

Our study highlights the complexity in delineating sympa-
tric, morphologically similar species when disagreement
between morphological and molecular traits exist, and the
importance of using multiple taxonomic methods. While
traditional morphology-based taxonomy can be the first step
in species identification, we show that it can fail to reveal
cryptic species. Being able to confidently identify a species
is crucial to any ecological or evolutionary study, yet this
remains a challenge. Organisms with few defining traits,
like sponges, present an opportunity to examine potential
morphological and molecular discord, and highlight the
complexity in defining species boundaries. Failure to detect
cryptic species may result in an underestimation of biodi-
versity and an incorrect interpretation of functional roles of
an organism. In addition, it can mislead our understanding
of connectivity patterns and evolutionary relationships, if
interspecific diversity is confused for intraspecific variation.
As such, we strongly recommend the use of integrative
taxonomy in species identification.
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