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Abstract

Laternula ellipticaare large bivalves found in high densities in sefliments in coastal
regions of the Southern Ocedn.elliptica form an important part of the ecosystem, due to
significant sediment stabilisation and depositiDespite the important role. elliptica play
in their environment, little is known about how jcted ocean change will impact future
populations of this species. Invertebrate larvae aopnsiderably more sensitive to
environmental stressors than juveniles and adaltsl, increases in mortality and minor
reductions in dispersal could significantly redulteure population sizes. In a rapidly
changing climate, some of the greatest changesxgrected at high latitudes. The greatest
rates of warming of surface waters are occurringh@ Southern Ocean. Additionally,
undersaturation of aragonite due to ocean acidificais expected to affect these waters
within decades. Calcifying organisms such as modusiay be particularly sensitive to
reduced pH and saturation states associated wihnoacidification. However, information

on larval responses to these stressors in Antaspécies is limited.

The larvae ot. elliptica are large and lecithotrophic. Maternally proviaggbrgy reserves
sustain development until the completion of metghosis. While large reserves may
support long development times and extended entzdmsy they are finite and cannot be
replenished. Any stress during larval developmenictincrease metabolic costs and deplete
reserves, preventing metamorphosis. These stressays also impact the calcification
process and shell structures, resulting in weak®ak at settlement that are more vulnerable
to injury. Small reductions in larval survival cdulimit recruitment and population growth
may decline. Various responses to ocean acidifingfDA) and warming were studied in the
larvae ofL. elliptica. Larvae were raised under control pH and temperat(~8.00 and -
1.7°C, respectively) and conditions representinggations for the Antarctic by the end of
the century and 2300 (pH 7.80, 7.65 and -0.5, &#b® +1.5°C), both individually and in
combination. The effect of these stressors oiligation rates, development timing and rates
of abnormalities at various life stages were exachifrurthermore, SEM analysis determined
the impacts of OA and warming on larval shell giovand morphology. Respiration rates

and lipid reserves in developing larvae were aktemnined.



Information on OA and temperature responses in i&titalarvae is limited, and this is the
first study on the effects of these stressors inafmic bivalves. Elevated temperatures
largely improved development, increased early lieation rates, and accelerated
development through all larval stages and larvaelred competency 5 d ahead of larvae at
the control temperature. This would allow for fastettlement, significantly reducing time
spent in more vulnerable development stages. HEdvaemperatures also improved
calcification in later D-stage larvae increasingelsHengths and reducing pitting and
cracking, suggesting these larvae will be in adsetbndition at settlement. Reduced pH
improved fertilisation at control temperatures, lonpaired it at elevated temperatures,
although overall fertilisation was greater at pH55/0.4°C compared to the control
temperatures (60% and 50%, respectively). Developahelelays were observed at reduced
pH; however the effect varied between experimdntghe first, developmental delays due to
reduced pH were observed at all experimental teatpess and were greatest at 0.4°C, while
in the second experiment, delays only occurredrdtient temperature. The delay at ambient
temperature was 2 d in both experiments. The dadagifect in the first experiment was
mitigated by the overall faster development witlevated temperature. Larvae at pH
7.65/0.4°C reached competency at 22 d compared tb&2 pH 7.98/-1.6°C. Larvae from the
most extreme treatment (pH 7.65 and 0.4°C) stdthed the D-larvae stage two days ahead
of those at control conditions (pH 7.98 and -1.6°C)

This also was the first study to perform a detaitedlysis of the effect of pH and
temperature on shell size and ultra-structure inafmic bivalve larvae. D-larvae from
reduced pH treatments had significantly larger Ishael elevated temperatures. While light
microscopy suggested no significant effect of pHdavelopment, SEM analysis revealed
that reduced pH severely impaired the quality & drval shell at all temperatures. They
were more likely to have abnormal larval shapeswels as malformed hinges and edges.
These malformations will carry over into juvenil@ages, impairing swimming and feeding
capacity, which would reduce settlement successcandition. Additionally, these larvae
had lower shell integrity, with high frequencies pitting and shell damage, including
cracking under reduced pH, although elevated teatypess partially ameliorated this effect.
Larval shells at reduced pH were weaker, indicativey will be more susceptible to injury
and predation. This would flow on to later lifedaois/ stages, impairing success in settlement

when juveniles must bury in the sediments.



This is the second study, and the first for mokkuaad Antarctic species, to perform a
detailed biochemical analysis of the use of enargeserves in larvae in response to OA.
The larvae ofL. elliptica are lecithotrophic, depending on maternally prodigmergy for
development to competency. However, the composiaod size of the reserves were
unknown. The lipid reserves in the larvae were dargominated by triacylglycerols and
phospholipids. Despite significant depletion oftbthese lipid classes during development,
more than 65% of the original lipid pool remainet the D-larval stage, suggesting
significant reserves exist for later metamorphoBigher metabolic rates are expected in
response to pH and temperature stress and supgpdhese rates may be energetically
demanding. However, larvae did not alter use of ahythe lipid classes at elevated
temperatures. Increases in oxygen consumption @ l#nvae at elevated temperature
indicated low temperature tolerancesLinelliptica larvae, possibly around -0.5°C. These
may place increased energetic demands on latestifes that cannot depend on maternally
provided resources. Under OA, the energetic demanidsalcification are expected to
increase due to the costs of active maintenancthefpH of cellular fluids. However,
respiration rates were unaffected by reduced pHaagigater lipid reserve remained in larvae
at pH 7.65/-1.7°C compared to all other treatmesuggesting larvae may respond to OA by

reducing calcification.

Additionally, the impact of reduced pH on biodepiosi was assessed in adultelliptica.
Short term (48 h) exposure to reduced pH (to pH)7did not influence biodeposition rates
or the organic composition of faeces and pseudefgeadthough compositional changes may

have occurred in the latter due to increased mupmmguction or altered particle selection.

Overall, some resilience to projected climate cleatmnditions was observed in the larvae
of L. elliptica. Under future elevated temperatures, larger pdipuals could occur due to
improved fertilisation as well as larvae reachimgnpetency sooner with no added energetic
costs. However, changes in respiration rates iteliteat temperature tolerance thresholds are
low. The increased metabolic demands with tempezatabove -0.5°C could impair growth
beyond the D-larval stage, when they are no lordggendent on maternally provided
energetic reserves. Additionally, larvae may be pamised by reduced pH, as shell quality
and integrity were significantly impaired. This ¢dwsignificantly influence recruitment and
mortality rates in settlement, exposing larvaerteshing fractures in burial or reducing burial
capacity. Even with slightly greater larval numbensd faster development, an overall



population decline would occur if larvae fail inttlement. This study has shown that the
larvae ofL. elliptica are highly sensitive to future ocean change candit but future studies
of later life history stages are needed to continenimpacts of these changes on the greater

population.
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Chapter 1

Introduction

1.1Laternula elliptica

The Antarctic clamLaternula elliptica(Laternulidae, King and Broderip)s one of the
largest and most ubiquitous molluscs in the Soutl@cean. They are found in densities
ranging from 30 to nearly 170 ind.fmand with estimated mean biomasses of 4.8 g m
(Hardy, 1972; Ahn, 1993). Thegre slow growing and long lived, reaching sheligks of
~120 mm at nearly 40 years of age (Urban and Mgrd®98; Philipp et al., 2005)..
elliptica has been found at depths ranging from 1 to 360 trisbonost abundant shallower
than 20 m (Hendler, 1982; Ahn, 1994) and has ewsmnound intertidally (Waller et al.,
2016). The upper bounds of this depth range argelihby the influence of ice movements
and the lower bounds by phytoplankton availabi{tyn, 1994). These clams burrow deep
into most sediments types at settlement (Ralph Magwell, 1977; Ansell and Rhodes,
1997). Similar to many infaunal bivalvds, elliptica have large siphons that they extend up

through the sediments to feed.

L. elliptica are suspension feeders that rely on phytoplanktwh rasuspended benthic
material as a food source (e.g. Norkko et al., 208dspension feeders ingest phytoplankton
and other seston and sort them for digestion. Rajgearticles are bound in mucous strands
and are ejected as pseudofaeces, which then amgpanated into the sediments along with
faeces (Bayne et al., 1988). In Antarctic environtaemany benthic and infaunal organisms
rely on such deposits for food, as indicated bydteccurrence of benthic deposit feeders
(Ahn, 1993) During phytoplankton bloomd.,. elliptica biodeposition increases, at rates
equal to the temperate mushajtilus edulisat similar food concentrations, suggesting a high
feeding efficiency (Ahn and Shim, 1998). Biodep®siicrease the amount of organic and
inorganic material deposited in marine sedimentapared to passive settling, with organic
carbon flux estimated to be 95 mg C di* (Bayne et al., 1988; Ahn, 1993). elliptica also
influences the deposition of terrigenous minerattiplas, indicating the clam plays an
important role in the sedimentation process. Duthéar prevalence in soft bottom arehs,
elliptica are an important part of the ecosystem, signiflga@nhancing particle flux and

sediment stabilisation (Ahn, 1993). Sinceelliptica is an important organism in benthic

1



coupling, any change in feeding behaviour or pdpaiadensity could significantly alter the

carbon content of Antarctic sediments (Ahn, 1993).

Exposure to adverse conditions predicted in climatdels may affect. elliptica’s
ecological role. Prolonged exposure to warmer teatpees and reduced pH experienced
under climate change scenarios may impact popukatibrough reduced survival, altered
behaviour or reduced recruitment. Negative impdotssuch a prevalent and important
member of the Antarctic fauna could have flow-ofeef to the local benthic environment.
However, there are some significant gaps in ouretstdnding of their responses to a

changing environment.

1.1.1L aternula dliptica life history

There is limited information on the early life lisg of L. elliptica. L. elliptica is a
hermaphroditic, broadcast spawning species. Matk famale gonads are fused and are
nearly indistinguishable (Ahn et al., 2003) and ledweach sexual maturity at around 2-3
years old, although high reproductive output is regiched until later ages, with the greatest
rates occurring in individuals around 76-85 mmendth (Bigatti et al., 2001; Kang et al.,
2003). The timing of spawning events varies sigatfily between regions of the Antarctic
and may be linked to timing of local primary protian (Urban and Mercuri, 1998; Ahn et
al., 2000). In Potter Cove, King George Island, nges in gonad state indicated that
approximately 75% of the population spawned in Baby and March (Urban and Mercuri,
1998). On the Eastern Coast of the Antarctic Peenspawning was observed from
December through February (Ahn et al., 2000), whildcMurdo Sound, in the southern
Ross Sea, spawning was observed from late Marehrtg April, extending into May (Bosch
and Pearse, 1988). Fertilisation succesk.ielliptica is dependent on much higher sperm
concentrations than in temperate species (5xd®x10 sperm mf' compared to Tt a
maximum of 16 sperm mif), which may indicate a higher energetic cost tavsgpng
(Powell et al., 2001). The eggs are large and thiekcapsulated with total diameters >200
um (Ansell and Harvey, 1997). The capsule protdwsdeveloping larvae until the shell is
developed, at which time they hatch and settleuasniles in the sediments, although there
are indications the larvae may have a short pelatgige before settlement (Pearse et al.,
1985, 1986; Bosch and Pearse, 1988; Berkman dt981,; Ansell and Harvey, 1997).

L. elliptica has long embryonic and larval development timeaching the trochophore

stage in 240 h compared to a range of 8 to 84 ielated, temperate species (Peck et al.,
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2007b). Low metabolic rates as well as sizable gatar reserves in larvae may allow for
extended periods of encapsulation before metamsiplamd settlement (Pearse et al., 1986;
Peck et al., 2007b). Due to low fecundity and treddy long generation times, genetic
adaptation is an unlikely response to a rapidlyngiteg environment. Persistence in this
species is more likely to be reliant on an indigbdwanimal’'s adaptive capacity and
phenotypic plasticity at various life stages. Whi#sponses in larvae have not been studied,
comparisons of non-lethal thermal stress resporsaggest juvenild.. elliptica are more
resilient to temperature stress compared to adQlesk et al., 2016). The responses of larvae
to stressors will be the determining factor in v#onent and long term population
abundances. Despite this, the impact that clima#age related stressors will have on early

life stages is unknown in this species.

1.2 Climate Change Impacts - Temperature

Since the beginning of the industrial revoluticeydls of atmospheric Gave increased,
exceeding preindustrial values by around 40% thmoagthropogenic activities such as
combustion of fossil fuels, increased agricultund deforestation (Raven et al., 2005; Doney
et al., 2009; IPCC 2013). Atmospheric concentratiare far above levels experienced over
the last 800,000 years (> 400 ppm compared totarligange of 172 to 300 ppm) (Luthi et
al., 2008; Tans and Keeling, 2015). In additionfénent decades, the increase has occurred
at a far greater rate than any change for at BA8I00 years, and if current trends continue,
atmospheric C@could approach 1000 ppm by 2100 (Raven et al.528@inacher et al.,
2009; IPCC 2013). Increases in greenhouse gasedriaieg rapid change in the earth’s
climate, with an increase in the average globalasertemperature of around 0.78°C in the
past 150 years and increases of 0.3 - 4.8°C pegjdor the end of the century (IPCC, 2013).
Atmospheric energy is taken up by the oceans, autlr 60% of the increased energy in the
climate system stored in the upper 700 m (IPCC320Ihis has led to warming of surface
waters of approximately 0.11°C per decade with lgmgest warming observed in the
Southern Ocean (IPCC, 2013).

Organism responses to temperature change are feagald will be dependent on their
evolutionary history, adaptive capacity, as weltlas magnitude of the temperature increase.
Adaptive capacity is particularly important in deténing long term responses as it allows
the rise of tolerant phenotypes. However, adagiotential is dependent on generation times

as well as the natural variability of environmentahditions experienced by the organism



(Portner, 2010; Matson et al., 2012; Kelly and Hafm, 2013). Organisms that typically
experience a greater range in temperature or atihessors may already have mechanisms
that allow them to withstand such environmentalngjes, unless they are already close to
tolerance boundaries (Poértner, 2002a, b). Additlgnaven if adaptive mechanisms exist,
longer lived species with deferred maturity andglgeneration times may have limited time

in which to develop tolerant phenotypes in a rapaianging climate.

Changing sea temperatures impact species by siogeaiochemical reaction rates and
metabolism until thermal thresholds are reached rigyoet al., 2014). Under further
warming, organisms experience reductions in phggiohl activity or mortality (Portner,
2002a). Pejus temperatures represent a turning, petrere there is a shortfall between
oxygen supply and demand, and animal functionddégins to be lost. At higher “critical
temperatures” metabolism becomes anaerobic (Pori@02a) and thereafter lie lethal
boundaries. Pejus and critical temperatures areopgpte measures of species’ tolerance as
they represent a negative change in animal functibiere continued exposure would lead to
mortalities (Peck et al., 2002; Morley et al., 2BL2Therefore, these limits form the
boundaries of thermal sensitivity and tolerance thiquence species distribution ranges. As
sea temperatures rise, shifts in the northern anthern boundaries of these ranges may be
observed. Tolerance windows may be narrower inrpgpeecies where cold temperatures
dominate (stenothermy) (Peck and Conway, 2000;nBijr2002a). Sensitivities, as well as
acclimation capacity, may be governed by the r&t@avming, the length of exposure time,
as well as life history stages (Peck et al., 200&tner, 2008; Poértner, 2010; Morley et al.,
2014).

1.2.1 Responses df. eliptica to ocean warming

Under stress, an organism may have a number driiff responses involving different
levels of coping or repair mechanisms. Under thérsigess,L. elliptica ceases most
metabolic activity until favourable conditions reseL L. elliptica is highly stenothermic,
having a temperature tolerance range of aroundo-225°C (Peck et. al 2002, 2004).
Animals from the Antarctic Peninsula ceased burmgwactivity following exposure to 2°C
seawater and temperatures of 7.5-9.0°C were |@datner et al., 2006; Morley et al., 2007,
2009; Peck et al., 2007a). Under long term expogurao.) to elevated temperatures (1-2°C
above ambient), increased mortality and decreasebysiological condition were observed
for adults while the variability of metabolic resm®s increased, indicating a lack of



adaptation or acclimation (Hempel, 2016). Howeympulations ofL. elliptica have been
found intertidally, where sediment temperatureshed 7.5°C, suggesting select populations

may be adapted to elevated temperatures (Walkdr,2016).

Under elevated temperaturés,ellipticaincreases expression of heat shock proteins (Park
et al., 2007; Clark et al., 2008). Heat shock pnstare highly conserved across species and
are used in response to cellular damage to aidroteip folding and stabilisation,
transportation across membranes as well as reguléeat shock responses (Park et al.,
2007). InL. elliptica, heat shock proteins may be part of a cold adaiategy as they are
permanently induced even under nonstressful camditi Additionally, since the 1990s, a
shift in L. elliptica growth rates has been observed in response teetampe in populations
along the Antarctic Peninsula (Brey et. al 20119inCiding with changing air temperatures
as well as increased sedimentation and run-offpteimum obtainable size has diminished
in this species (Brey et al., 2011). Through analg$ decadal patterns of shell growth and
energy budgets, over a 50 year period a 25% dropaximum sizes was observed that was

partially associated with increases in metabolgt€@Brey et al., 2011).

In general, among adult clams, the impacts of emvirental change appear to hit hardest
on older and larger individuals, possibly due magr cellular and immune responses, lower
metabolic capacity, as well as life time accumolatof cellular waste products and metals
(Morley et al., 2009; Husmann et al., 2011; Husmeainal., 2012; Clark et al., 2013; Clark et
al., 2016) . Not only are changing temperaturesiogua shift in maximum obtainable size,
but added stress may also reduce maximum age udsdguent persistence in this long lived
species (Brey et al., 2011; Clark et al., 2013).

1.3 Climate Change Impacts — Ocean Acidification

Changes in ocean chemistry may negatively impaeriabrate species, particularly those
that calcify. Approximately one third of atmospliegarbon dioxide is taken up by the
oceans, making them important carbon sinks (Sadtrad., 2004). As C@dissolves in the
oceans, carbonic acid §810s;) forms and dissociates into hydrogen" tnd bicarbonate
(HCOy), and further into carbonate (§Q as summarised in the following equation (Doney
et al., 2009):

CO, + H;0 > HyCO3 > HCO5 + H > COs* + 2H".



In seawater around pH 8.1, gGlong with carbonic acid @€0s), makes up less than
1% of the total dissolved inorganic carbon (DIChtemt, while HC@ accounts for over
90% of total oceanic DIC and Gb approximately 8% (Raven et al., 2005; Doney et al.
2009). An overabundance of GGOshifts the equilibrium and increases the ocean
concentrations of HCQand H, subsequently reducing oceanic pH and {Qlue to the
increase in [H] (Doney et al., 2009). In the past 200 years, @or@imate 30% increase in
[H™] has led to a decrease of 0.1 units in the pHudBse seawater in the open ocean, in a
process referred to as ocean acidification (OA)ufrent emissions continue unabated, a
further decrease of 0.2-0.3 pH units could occuthgyyear 2100 (Feely et al., 2004; IPCC,
2013). This rate of change is around 10 times grahtin any event over the past 300 million
years (IGBP et al., 2013). Using g@bservations from 1975 to 2000 and projectiongter
years 2000 to 2100 (IS92a scenario, Houghton ,e2@0D1), an estimated maximum reduction
in pH of 0.77 may occur in surface waters by 23Déldeira and Wickett, 2003). This model
also showed that oceanic pH is particularly seresitdo increased [C£in the short term, as
long term change is buffered by interactions wehbonate minerals (Caldeira and Wickett,
2003). Due to the higher solubility of G@t colder temperatures and the large differences
between seawater and atmospheric partial pressu@Op (pCO,) at high latitudes, these
regions will act as the greatest sinks, and wkklly see the most importap€O, associated

decreases in pH (Mostofa et al., 2015)

1.3.1 Impacts of ocean acidification

The potential impacts of OA on invertebrates argedaand may include stress through
elevated CQ@ in internal fluids (hypercapnia), reduced intermdi (acidosis), impaired
calcification and dissolution of calcified struasr Organisms may be influenced through
any number of these pathways, the strength and euofbwhich may vary with life history

stage as well as other stressors.

1.3.1.1 Hypercapnia and acidosis

As externalpCQO; rises, so does intracellulp€0, (hypercapnia), which impacts diffusion
gradients across cell membranes. Increases in s&Egy@0, will reduce organism capacity
for CO, diffusion out of the cell. This will lead to the@mulation of respiratory GOwhich
elevates [H] and increases internal pH (acidosis). Organisray be able to regulate their
internal pH through the metabolic consumption otivac transport of protons across
membranes, or by reducing respiration to preveiitilae CO, build up (Poértner, 2002a,
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2010; Michaelidis et al., 2005). However, thesg@oeses may only be effective in the short
term. Regulation of cellular acidosis is an actprecess limited by animal energy budgets
and the strength of the stressor (see Thomsen adnbt, 2010; Hammer et al., 2011).
Active regulatory responses and higher metabotesrevould require the use of energy above
baseline levels (e.g. Parker et al., 2013). Asarsp mechanisms are metabolically related,
they may be absent or limited in organisms with @arsessile habit (Parker et al., 2013).
Organisms could provide extra energy for upregomatof metabolism either through
redistribution of energy budgets or by changingliieg behaviour (Fernandez-Reiriz et al.,
2011; Melzner et al., 2011; Navarro et al., 2018rgas et al., 2013). However, redistribution
of energy would occur at the expense of growth eproduction, reducing long term
population survival. Furthermore, increased foddke may be itself energetically costly and
may not be possible if food availability is altefeglsimilar stressors.

A range of factors may determine an organism’sitgbib withstand hypercapnia and
acidosis. For example, most bivalves are partiuensitive to OA due to a low capacity to
regulate acid-base balance of haemolymph, espgaialiulnerable early stages (Lindinger et
al., 1984; Melzner et al., 2011; Waldbusser et2013; Walbusser et al., 2015). However,
there are indications that infaunal organisms maynibre resistant to pH as they have
developed mechanisms to cope with the naturalletgu found in sediments (Talmage and
Gobler, 2011; Styf et al., 2013). Some organismy e the capacity to buffer pH by
increasing [HC@], however this may come at the expense of cattieuctures, as HGO
is obtained through shell dissolution (Michaelidds al., 2005). Organisms using this
compensatory mechanism may experience weakenediezhlstructures not only due to
buffering, but also to dissolution and reduced iGaltion due to the undersaturation of
calcium carbonate in seawater (Michaelidis et 2005; Berge et al., 2006; Wicks and
Roberts, 2012).

1.3.1.2 Impacts on calcification

Organisms may be further impacted by OA due todémeased availability of GO, and
subsequent reductions in the saturation of caldarbonate in seawater. The saturation state
(Q) of calcium carbonate is dependent on a combinaifaonic concentrations of Cand
COs? at a specific temperature, salinity and pressMam@amoto-Kawai et al., 2009 is
determined when the product of the concentratidnthe calcium and carbonate ions is
divided by the apparent stoichiometric solubilitpguct K’sp) (Steinacher et al., 2009):



Q = [C&"] [CO*)/K s

As [CO;?] decreasesQ s reduced. Whef > 1, CaCQ precipitation is favoured, whed
< 1, dissolution of carbonate structures will oc@eabry et al., 2008). Therefore, as seawater
pCQO, rises and lowers, organisms may have difficulty in biominéation or experience
dissolution of existing shells and skeletons.

Calcium carbonate has a variety of polymorphs #natprecipitated naturally or through
biogenic processes (Yamamoto-Kawai et al., 2008dgénite and calcite, which are forms
of calcium carbonate secreted by marine organisrage differingK’s, values, leading to
differing saturation states (Steinacher et al.,900The saturation state of aragonfi®{ is
about 50% lower than calciteQ¢;) meaning organisms with higher aragonite shell
compositions may experience dissolution or reducadification before organisms with
calcite shells (Steinacher et al., 200Q), and Qc, decrease with depth due to increased
pressure and lower temperature (Orr et al., 200b¢ depth at which a polymorph is no
longer deposited (i.€24; < 1) is referred to as the saturation horizon (@ral., 2005), and

organisms residing near this point are at greatkraf dissolution.

Low production and cold temperatures in polar witeill lead to undersaturation of
aragonite as early as 2050 in high latitude wateegly et al., 2004; Orr et al., 2005). Year
round undersaturation of aragonite is projectedfid@0 in the Southern Ocean (McNeil and
Matear, 2008; McNeil et al.,, 2010). The melting ioé in the poles further reduces the
saturation state of aragonite through the reduatiosalinity, total alkalinity (TA) and DIC

(Yamamoto-Kawai et al., 2009).

Reductions in [C@?] may only impact biomineralisation rates in organs that rely on
COs”. In some organisms, including bivalves, HC@&om seawater, or converted from
respiratory CQ, is the important substrate used in calcificafi@oleda et al., 2012; Thomsen
et al., 2015). Organisms such as these will nodibectly impacted by reduced [G€) and
may be capable of calcification even under extrgnwl pH conditions (see Tunnicliffe et
al., 2009). However, as biomineralisation is dependn the saturation states and pH of
calcifying fluids, active calcification may stillebimpaired by OA. In bivalves, calcification
occurs in the extrapallial fluid, between the shetid the mantle (McConnaughey and
Gillikin, 2008), and is a complex process, highlgntrolled and energetically costly to
regulate (Wicks and Roberts, 2012). Organisms magifiyn the saturation state of seawater

at the site of calcification by adding calcium icarsd actively removing protons, creating a
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microenvironment with a high saturation state (Me@aughey and Gillikin, 2008). The
formation of HCQ, as well as maintenance of internal saturatiotestad pH are active
processes, meaning organisms may still experierckictions in calcification due to
increased energetic cost rather than direct disalTunnicliffe et al., 2009; Thomsen and
Melzner, 2010; Wicks and Roberts, 2012).

Impacts on calcification vary with species. Reducattification has been observed in
coralline algae (Hall-Spencer et al., 2008), maktug¢Gazeau et al., 2007; Thomsen and
Melzner, 2010; Waldbusser et al., 2011), echinodgRies et al., 2009; Dupont et al., 2010),
corals (Cohen et al.,, 2009; Whittmann and P6rt@64,3) and other invertebrate species
(Riebesell et al., 2000; Ries et al., 2009; Whittmand Pdrtner, 2013). Other observed
impacts include net dissolution (Orr et al., 208&ll-Spencer et al., 2008), altered shell
structure (Beniash et al., 2010) and reduced sirdland integrity (Hall-Spencer et al., 2008;
Melatunan et al., 2013; Range et al., 2012). Gépecies show no response or even increases
in calcification rates (Iglesias-Rodriguez et 2D08; Ries et al., 2009; Range et al., 2011).
OA may also influence interspecies competitionyltesy in reduced biodiversity and trophic

complexity within ecosystems (Kroeker et al., 20Kfgeker et al., 2013b).

Despite the short time until polar waters becomeéeusaturated, information on the
impacts on polar organisms is limited. The polarg@bodd.imacina helicinaandL. helicina
antarcticg planktonic molluscs with an aragonite shell, @®galcification and experience
dissolution following exposure to reduced pH &g (Comeau et al.,, 2012a, b). These
species are commonly found near or below the datarhorizon for aragonite, indicating the
presence of a protective mechanism (Comeau e@l2a). Scanning electron imagery
(SEM) of the shells of four Antarctic CaG@epositing invertebrates, includihg elliptica,
exposed to reduced pH shows significant dissoludod exposure of internal crystalline
structure (McClintock et al., 2009). However, tihelts were exposed post-mortem, showing
only that dissolution occurs without protective s@@s. The impacts on shells of living

specimens remain unknown.

1.3.2 Responses af. eliptica to ocean acidification

The impacts of OA orL. elliptica are not as well understood as those of elevated
temperatures. The shell af elliptica is composed exclusively of aragonite, although the
chondrophore, the hinge support on a bivalve sladdlp contains calcite and vaterite, an

unstable form of CaC§YNehrke et al., 2012). Calcification and shelkopnity in this species
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is therefore likely to be susceptible to the lower conditions predicted under future climate
scenarios. Howevetl,. elliptica may have some level of control over pH stressaesgs, as
they are able to maintain calcification while bdrie@ sediments, which are naturally low in
pH (see Talmage and Gobler, 2011; Styf et al., 2013

Under ocean acidification, adult elliptica increased oxygen consumption rates (after 4
mo.) and expression of the heat shock proté8P70and chitin synthase (after 21 d),
although no mortalities occurred (Cummings et2011). The increases in the expression of
chitin synthase, an enzyme involved in the synghesbivalve shells, indicates calcification
may become more difficult (Cummings et al., 20JHgllowing 5 mo. exposure to reduced
pH, no statistically significant impacts were olv&el on overall mortality, metabolic rates or
physiological condition (Hempel, 2016). Howeverthnog is known of the responses in early

life history stages.

The shells oL.. elliptica are thin and are composed of a thin prismatic/masdéayer and
a thicker outer homogenous layer, typical of marmpive bivalve forms and indicative of a
low energetic cost of calcification (Sato-Okoshdadkoshi, 2008; Sato-Okoshi et al., 2010).
Prolonged exposure to seawater undersaturated agomite impacts these calcified
structures. As noted above, fresh empty shellk. adlliptica exposed to low pH displayed
significant dissolution and brittleness after 28/g1gMcClintock et al., 2009). However,
dissolution in the shells of dead individuals i$ agealistic indicator of a species response to
changing ocean conditions. A living specimen mayable to maintain calcification and/or
actively compensate for external pressures. Adualig, structures such as the epithelium or
periostracum may protect calcified structures frdissolution (see Tunnicliffe et al., 2009;
Przeslawski et al., 2015; Peck et al., 2016). Tihéty of calcifying organisms to survive

ocean acidification is contingent on their capatitgontinue growing and developing.

The total body masses of calcifying species froem3buthern Ocean have lower inorganic
content than those from warmer latitudes, indigptower shell masses (Watson et al., 2012).
This may be related to reduced predation presswreeased costs of cold water calcification
or to lower metabolic rates. Some Southern Oceagiap have high plasticity in skeleton
formation, reducing energetic costs by minimisiadcification but maintaining the capacity
to respond to environmental pressures such alated disturbances or lo@ (Watson et
al., 2012). Some level of plasticity in calcifiaati exists inL. elliptica. For example,
significant variation in shell morphology obseryaetween populations was attributed to the
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frequency of local ice impact events rather thamegje variation, indicating calcification in
this species responds to environmental input (Hagbeal., 2012). Additionally, repair of
shell damage has been observed in specimens from disturbed areas, suggesting that
active maintenance of established structures caur ¢klarper et al., 2012).

1.4 Climate Change Impacts — Other Stressors

In addition to ocean warming and acidification, reesed air temperatures will impact
salinity, sea levels, sea ice extent, water colstnatification, oxygen saturation, patterns of
water circulation, precipitation and freshwaterunpArrigo and Thomas, 2004; IPCC, 2013).
The rates of change in many of these stressonsigineand accelerating (Doney et al., 2012).
Not only will these factors directly influence indiual organisms, but their impacts cascade
to populations and ecosystems due to changing amged, food availability and seasonality,
as well as shifts in population boundaries. Chamgése regimes due to global warming may
also influence trophic structures. Sea ice is aomdjiver of ecosystem function in polar
regions, influencing light availability and subseqtly, primary production (Arrigo and
Thomas, 2004; Norkko et al., 2007). Additionallgasice indirectly influences benthic
diversity by seeding benthic environments withatgae (e.g. Norkko et al., 2007).

As the most isolated continent, Antarctica remains of the most untouched regions of
the world; however it is not fully free of anthragmic influences. A number of permanent
research stations around the continent distribatéous pollutants to the surrounding land
and sea (Ahn et al., 2001). Increased run off @uglacier retreat would impact not only
salinity, but also the amount of lithogenic pa#dsg;l changing the inorganic and organic
content of the seston, and possibly introducingngxsuch as heavy metals from research
stations or volcanic soils (Husmann et al., 2012hdle et al., 2015). Changes in
sedimentation may also have significant consequeetacbiodiversity in benthic assemblages
(Sahade et al., 2015).

1.4.1L. dliptica and other stressors

The cues for increases in feeding behaviour aneratttivity inL. ellipticashow a strong
link to variations in air temperatures, opposedda water temperature (Brey et al., 2011).
Rather than being a direct response, this is liklely to elevated air temperatures increasing
glacier melt, subsequently impacting salinity ocreasing sediment load (see Brey et al.,
2011). Increased air temperatures may also aleetithing of these blooms and subsequent
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cues inL. elliptica. Additionally, elevated temperatures maguse changes in sea ice cover
that could change the seasonality of food supplwéier, the impacts may be minimal.
Phytoplankton bloom timing typically varies yeanyear, and the diet df. elliptica is fairly
opportunistic, depending on the relative abundarafealgae and detritus made available
through primary production or advection. Additidgalthe potential influence of changing

ice cover on ecosystem trophic structure is complex

Reduced @solubility in warmer oceans as well as increaseatication will increase the
frequency of hypoxic events. Temperature tolerahoesholds irL. elliptica are dependent
on oxygen availability (Pdrtner et al., 2006), dhd impacts of hypoxia are greater in older
and larger individuals (Clark et al., 2013). Simunkous hypoxia and temperature elevation
could influence population age and subsequent ptipul sizes as larger individuals are
typically more fecund. Due to modelled impacts eproductive potential and mortality rates
at different life staged,. elliptica may experience a 75% population reduction underoénd
century temperature and pH projections (Guy eRall4). Biological success or fitness is not
measured by the number of individuals in an adoiytation, but rather by the population’s
capacity to propagate (Orr, 2009). In populationadies, the fitness of a population is largely
based on the number of reproducing adults and itexyuarvae (Orr, 2009). Population
analysis ofL. elliptica suggests that a 5% increase in mortality rateeairty life history
stages would result in significant declines in gdapan within the next 60 years (Guy et al.,
2014). A species not reproducing and recruitingividdals at a rate that replaces or
outnumbers the previous population cannot be censitisuccessful. It is therefore important
to consider reproductive success along with thparses of the whole organism in any study
of the effects of ocean acidification and tempeamtéAdditionally, in long lived species with
deferred maturity, phenotypic plasticity and theligbto compensate for environmental

stress in all life stages may be more important tienetic adaptation.

1.5 Larval Responses to Climate Change

Responses to environmental stressors vary greabyngst species and taxonomic groups,
as well as life stages (Kroeker et al., 2010, 20Pzaeira et al., 2015). Larvae are the most
vulnerable point of development in an organismfs history. This is due to the relatively
small size of larvae, increasing the proportiorcelis exposed to the external environment
(Pechenik, 1999; Melzner et al., 2009). Additiopadidaptive mechanisms in adults may not

be functional or present in larvae and embryos ¢l et al.,, 2009; Waldbusser et al.,
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2013). In more sessile species, planktonic laris@ may be the only opportunity to migrate
away from stressful conditions and establish neywugaiions. As early life history stages
represent bottleneck points for populations, everallschanges to the already high early
mortality rates could have significant flow-on effe to later stages and the greater
population (e.g. Parker et al., 2013; Guy et @14.

The success of fertilisation and development umhetironmental stress is an important
component of species’ success and adaptive pdtéBiiene, 2011). Genetic recombination
may allow for the rise of tolerant phenotypes isp@nses to stress, however this is largely
dependent on the phenotypic and genetic variatresemt within a population, as well as
generation time (Sunday et al., 2011). Longer ligpdcies, which generally reach sexual
maturity at a later age (Ridgway et al., 2011)] Wwé less able to adapt to stressors as long

generation times reduce opportunities for genesponses on short time frames.

1.5.1 Observed impacts on early life stage survivand development rate

Elevated temperatures and reduced pH may have tmpacdevelopment as early as
gamete release and fertilisation, reducing fedtilcn success or impairing viability (Kurihara
and Shirayama, 2004; Byrne et al., 2009; Ellis.e2@09; Parker et al., 2010; Pecorino et al.,
2014). Temperature impacts on larval developmeritess can be varied. For example, small
elevations in temperature may reduce mortalitysrate some mollusc larvae, as well as
increase development rates (Davis et al., 2013gyet al., 2013). Additionally, elevated
temperatures may alleviate some of the negativexeffof OA in urchin larvae (Byrne et al.,
2011; Davis et al., 2013). In contrast, in an abaland a sea urchin, moderate warming
increased occurrences of abnormal developmentramnchbtolerance was exceeded with only
a 4°C elevation in temperature (Byrne et al., 201d)bivalves, elevated temperatures
increased mortality and sensitivity to other stoessand reduced the accumulation of lipids,

important in energy storage for metamorphosis (Bgenand Gobler, 2011).

Larval development rates are generally negativaelgacted by reduced pH, with larvae
delaying metamorphosis or needing more time tohresguivalent life stages compared to
those at ambient conditions (Talmage and Gobled920avis et al., 2013; Gazeau et al.,
2013). Reduced pH also increases occurrencesnofmial development in urchins (Byrne et
al., 2013a; b), oysters (Parker et al., 2009; Ragkeal., 2010) and abalone (Byrne et al.,
2011). Compared to other invertebrate taxa, mollasee are particularly sensitive to OA

(Kroeker et al., 2010; Kroeker et al., 2013a). Emample, increased mortality rates have
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been observed in pteropods (Gazeau et al., 20a8)opods (Crim et al., 2011; Davis et al.,
2013) and bivalves (Talmage and Gobler, 2009; Wagta@l., 2009).

1.5.2 Observed impacts on calcification and larvaizes

While increased temperatures enhance growth in s$amwae and may mitigate the effects
of pH (Sheppard Brennand et al., 2010; Byrne et2il13a, b), species living near their
thermal thresholds may experience reduced growtth \drther temperature elevation
(Talmage and Gobler, 2011). Larval calcificationynhb@ particularly sensitive to OA due to
high rates of calcification relative to body masgjicating a larger metabolic burden to
calcification (Thomsen et al.,, 2015). OA may inc®eahe energetic cost of calcification,
resulting in unshelled larvae (Crim et al., 20X&fuced calcium content (Miller et al., 2009)
or shell dissolution (Watson et al., 2009; Talmangel Gobler, 2010). Calcification in the
early stages of invertebrate development may btecpkarly sensitive not only due to the
lack of regulatory mechanisms, but also due tofalee that they secrete more soluble forms
of CaCQ (e.g. in urchins and bivlaves; Weiss et al., 200&jadi et al., 2003).

OA may alter skeleton size, shape and morphologybserved in urchin larvae which
may have implications on larval feeding and swingniapacity (Matson et al., 2012; Davis
et al., 2013). Altered and abnormal shell shap&s ladso been observed in gastropods (Ellis
et al., 2009; Crim et al., 2011) and bivalves (Tad@m and Gobler, 2010; Barros et al., 2013).
Bivalve shells provide support for muscles and nsgahile hinges facilitate opening and
closing, altered shell shapes may reduce larvalement and subsequent feeding and
excretion (Talmage and Gobler, 2010; Andersen.e@l3). OA also reduces calcification
and shell integrity while causing simultaneous a@isson of existing structures; causing
larvae to produce weaker, thinner shells (Watsonl.et2009; Gaylord et al., 2011). This
would lead larvae to being more vulnerable to piiedaas well as crushing injuries at

settlement (Talmage and Gobler, 2010).

Smaller shell sizes due to reduced calcificatiomehbeen observed in marine molluscs
including pteropods (Gazeau et al., 2013), aba{@nien et al., 2011), mussels (Bechmann et
al., 2011; Gaylord et al., 2011) and oysters (Mi#eal., 2009; Parker et al., 2009; Watson et
al., 2009; Barros et al., 2013). Smaller larvaecoled under OA may be a result of delays in
development due to the increased metabolic demasrdsonversely may represent the
sacrifice of somatic growth at the expense of teeetbpment of vital structure (Stumpp et

al., 2011b; Matson et al., 2012). There are negatiwlications to either scenario. Larger
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larvae may have better success in settlement,fareduced pH is creating smaller larvae at
competency, it would likely indicate they are weakend may be more susceptible to
predation (Martel et al., 2014). Alternatively, agd in planktonic development would
significantly reduce settlement success (Rodrigeeal., 1993). If reduced pH prolongs
development periods, larvae will spend more timdeatelopment stages that are considered

highly vulnerable to predation (Martel et al., 2D14

1.5.3 Further implications for larvae

The vulnerability of larvae may be dependent oe history strategy. Larvae fuel early
development through maternally provided resourdest tare either sufficient for the
development of an independently feeding larva (glanophy) or large enough to allow the
larvae to bypass feeding stages and metamorphtuspiueniles (lecithotrophy). Under OA,
the increased metabolic costs of calcification wWlaukean more energy is required to produce
equivalent masses of Cagé&s would be produced under ambient conditions (Hsonet al.,
2015). Impacts to metabolism may include changetateal activity and heart rates or
reductions in lipid availability (Ellis et al., 200 Talmage and Gobler, 2011). Stress during
development could place pressure on energeticueserhich may be limited in some larvae.
This could occur by increased use of existing reseror by the diversion of energetic
resources to maintain cellular function under stressponses that alter metabolic rates
(Stumpp et al., 2011b; Matson et al., 2012; Waldbust al., 2013).

Metamorphosis into juveniles is energetically dediag (Bayne, 1971). Larvae must be
non-feeding during a portion of metamorphosis,hasr tfeeding structures are being formed
(Holland and Spencer, 1973; Lu et al., 1999). bngtotrophic species, lipids accumulated
during development are relied on for successfulametphosis, however, lecithotrophic
larvae cannot replenish their energetic reserveseased usage during embryogenesis would
mean reductions in the energetic pool availablevemting successful metamorphosis
(although some lecithotrophic larvae may take wgsalved nutrients; Jaeckle and Manahan,
1989). Additionally, successful settlement of lavanay be sensitive to changes in
environmental conditions, such as temperature turat#on state in the sediments. Changes
in these cues may impact the timing of settlingn@tamorphosis, potentially before larvae
reach competency (Rodriguez et al., 1993; Pechd®i®9; Green et al., 2009, 2013). If
larvae reach metamorphic competency faster withsigmificant depletion of energetic
reserves, reserves may allow them to delay settiemnatil favourable conditions are met
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(Paulay and Meyer, 2006). Conversely, developmededdys may result in larvae that are

unprepared for metamorphosis when they receiveutabe cues (Stumpp et al., 2011b).

Larval survival and response to stressors may Ioiheiu impacted by the conditions
experienced by adults, through carry-over effectgansgenerational epigenetic inheritance
(Miller et al., 2012; Parker et al., 2015). Offsgyiof oysters with prior exposure to high
pCO, conditions had lower rates of abnormality, fastevelopment and faster shell growth
compared to offspring of acclimated adults (Paideal., 2015) and adverse effects of pH
were absent in juvenile fish with parents expogedimilar conditions (Miller et al., 2012).
Additionally, mothers may alter maternal investmdrdsed on local environment or

conditions experienced during gametogenesis (Méteal., 2012; Parker et al., 2013)

1.5.4 Impacts of climate change stressors on Antdrc larvae

Sensitivity to OA and warming has been observeeghiry life stages of Antarctic species.
For example, increased temperature reduced viabiliembryos inOdontaster meridionalis
(Stanwell-Smith and Peck, 1998). In the echin@terechinus neumayeriincreased
temperature alone reduced egg viability, but enéarfertilisation, and the combination of
elevated temperatures and reduced pH reduceddatitih (Stanwell-Smith and Peck, 1998;
Ericson et al., 2012; Ho et al., 2013). Elevatedperature also increased late stage larval
sizes inS. neumayeribut negatively affected later development, ughe blastula stage
(Ericson et al., 2012) and increased sensitivitylb (Davis et al., 2013; Kapsenberg and
Hofmann, 2014).

S. neumayeris less sensitive to reduced pH, compared to ainsppecies from temperate
and tropical regions (Clark et al., 2009; Kapsegband Hofmann, 2014). For example,
larvae raised under very low pH had no degradatormalformation of fine skeletal
structures (Clark et al., 2009). However, OA redldertilisation success at low sperm
concentrations, and may increase polyspermy (Eriecdoal., 2010; Sewell et al., 2013).
Reduced pH also increased abnormal developmenary &rval stages o6. neumayeri
(Ericson et al., 2012) and negatively impacteddamorphology and size (Clark et al., 2009;
Yu et al., 2011; Davis et al., 2013).

Reduced pH also impaired fertilisation at low spemmcentrations in the Antarctic sea
star Odontaster validugGonzalez-Bernat et al., 2013). validuslarvae were also smaller

and had higher rates of abnormality and mortal@pr{zalez-Bernat et al., 2013). Reduced
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pH had no impact on fertilisation success in th@erean wornParborlasia corrugatusand

late stage larvae were only sensitive to very Igigeeductions (Ericson et al., 2010).

Impacts of pH and temperature stress in other Afitarspecies include decreased
hatching success with reduced pH in Antarctic ki{urihara, 2008), and developmental
delays with no increases in abnormality in the Aunbarctic sea urchifirbacia dufresnei
(Catarino et al., 2012). In the Antarctic dragohfi&ymnodraco acuticepsncreasedCO,
and temperature independently improved developmbuat, when combined, embryos

developed more slowly and had increased mortdhitynh et al., 2015).

1.6 Thesis Structure

The responses df. elliptica larvae and adults to environmental perturbatidnslevated
temperature and reduced pH were examined in assefi@boratory experiments. Chapters
2-5 of this thesis were written as independent mapeepared for publication, and therefore

will be subject to a degree of repetition.

Chapter 2 presents a study of patterns of larval developroeder ecologically relevant
reduced pH and elevated temperature using a lavygrakperiment. This assessed impacts
onL. ellipticalarval developmental success, including rates aftafity and abnormality and

the timing of development stages.

Chapter 3 provides a closer analysis of the mogayband quality of the larvae from the
Chapter 2 experiment using scanning electron meo@s techniques. The impacts of pH and
temperature were further assessed by comparinggbelth and quality at two points during

larval shell development.

Chapter 4 concerned the energetics of lecithotojainval development. The utilisation of
lipids, the lipid classes and relative importandetle classes were assessed through an
analysis of the changes in the lipid content in ell@ment to the D-larval stage.
Additionally, the potential metabolic cost of demg@inent under reduced pH and elevated

! This chapter was published in 2015 as follows:

Bylenga CH, Cummings VJ, Ryan KG (2015) Fertilizatand larval development in the
Antarctic bivalve,Laternula elliptica,under reduced pH and elevated temperatiesine Ecology
Progress Serie§36.187-201
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temperature conditions was determined by compatiffgrences in total lipid and lipid class

depletion, as well as oxygen consumption in lagetdevelopment.

Chapter 5 assessed adult feeding behaviour anefmsdion during short-term exposures
to reduced pH. The results and implications of @dap2-5 are synthesised and discussed in
the sixth and final chapter.

This thesis and the experiments it describes warttgew, designed and performed by
myself, while support and advice were received fragnsupervisors, Drs. Vonda Cummings
and Ken Ryan. The published manuscript for Chapteas written and prepared by myself,
with comments and editing from my supervisors, skeeondary authors, as well as three
anonymous reviewers and Marine Ecology ProgresesSeditor Dr. James McClintock. In
Chapter 3, assistance in the preparation of sastples for SEM analysis was provided by
David Flynn. In Chapter 4, | performed lipid anasysn Dr. Mary Sewell's laboratory
(University of Auckland), while the identificatioof the lipid classes by TLC was performed
by Josefina Peters-Didier on samples prepared [sglny
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Chapter 2

Fertilisation and larval development in the Antardtivalve,
Laternula elliptica under reduced pH and elevated temperature

2.1 Introduction

Since the industrial revolution, a 40% increaseaimospheric C® (>400 ppm) has
resulted in large scale changes in global clim®€C, 2013; Tans and Keeling, 2015). Even
under best-case mitigation scenarios further irs@e#@n atmospheric G@re projected (up to
450 ppm by 2100; Calvin et al., 2009; Fischedickalket 2011). Radiative forcing due to
increased greehouse gases results in increasegyamaiake in global climate systems and
subsequently, atmospheric temperatures are prddiotencrease. Over 90% of the total
energy increase observed in the climate systertoisdsin the oceans (60% in the upper 700
m), leading to warmer oceans (IPCC, 2013). Adddln increased C® concentrations
affect ocean chemistry through hydrolysis with sa@rn which results in increased hydrogen
ion (H") concentrations and a subsequent drop in pH (Baile Walsh, 2003; Orr et al.,
2005). Since measurements began, surface pH lesetsreduced by approximately 0.1 pH
unit with up to a further 0.3 unit drop projectegithe end of the century (IPCC, 2013). The
increased [H is buffered by carbonate ions through the foromatf bicarbonate, reducing
the carbonate saturation sta€®).(As Q decreases to undersaturatiéh< 1), dissolution of
calcium carbonate (CaGPoccurs. As C@dissolves more readily in cold water, the effects
of ocean acidification will be felt soonest in poland/or deep regions (IPCC, 2013).
Organisms using aragonite (a relatively unstablefof CaCQ) in shell formation may soon

experience undersaturation in winter months inAhtrctic (McNeil et al., 2010).

Early life stages are important in the context mfionmental stressors as sensitivity may
affect species’ persistence, success and adapt&yone, 2011). Due to the high percentage
of cells exposed to ocean conditions, invertebiateae may be more vulnerable to changes
in ocean chemistry than to adults (Pechenik, 1888zner et al., 2009). As ocearpCO,
increases, diffusion of CQOput of the cells becomes difficult. In adults, aame juveniles,

2 This chapter is reproduced as it was publishedef®a et al., 2015). The experimental conceptgaesi
performance and data analysis was performed bylmy$® manuscript was written by myself with commte
and editing provided by Drs. Vonda Cummings and Rgan, the secondary authors, as well as three
anonymous reviewers and Marine Ecology Progressseditor Dr. James McClintock.
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the pH gradient may be maintained either by inengathe metabolic rate or by switching to
anaerobic metabolism. However, larvae have a lanipacity to regulate internal pH and
ion transport systems (Melzner et al., 2009; Waddku et al., 2013).

Responses to temperature stress in invertebrateelare diverse and may include altered
growth rates, increases in abnormal developmentnaortialities, as well as mitigation of pH
effects (Byrne et al., 2011; Davis et al., 2013;d?mo et al., 2014). The impacts of changes
in pH and temperature on fertilisation vary in mariorganisms, with many species being
resistant to all but the most extreme conditiond athers only showing negative impacts
when stressors are combined (Byrne, 2011; Ericdoal.e2012; Gonzalez-Bernat et al.,
2013). Furthermore, the observed effects of temiperand pH stressors on fertilisation may
be dependent on sperm concentrations, populatioexperimental design (Reuter et al.,
2011; Ho et al., 2013; Sewell et al., 2013). Otlegponses to temperature and pH stress
include smaller larvae, reduced lipid content, cadlcalcification and increased abnormal
development (Talmage and Gobler, 2011; Nguyen.eR@l2; Andersen et al., 2013; Byrne
et al., 2013a). Reduced pH can cause down-regnlatigenes involved in skeletogenesis
and metabolism in sea urchin larvae (O'Donnelllgt2®10), while reduced survivorship,
particularly in later development stages, has h##served in mollusc larvae (Talmage and
Gobler, 2009; Van Colen et al., 2012).

In bivalves, changes in shell development have edun response to ocean acidification
and warming. These include reduced calcificatiorakened shells, increased pitting, and
changes in CaCgzrystal structure (Watson et al., 2009; Beniashl.e2010; Gaylord et al.,
2011; Gobler and Talmage, 2013). Additionally, defidies in shell hinges and valve edges
have occurred, which may significantly reduce lastavival by impairing feeding behaviour
and mobility (Talmage and Gobler, 2010; Andersealgt2013; Gazeau et al., 2013; Parker
et al., 2013).

The Antarctic geoduck,lLaternula elliptica is a deep burrowing bivalve with a
circumpolar distribution. It occurs at depths fronto 360 m, but is common between 5 and
30 m where densities of 50 to 170 ind® frave been recorded (Powell, 1965; Hendler, 1982;
Ahn, 1994; Cummings et al., 2011). Adultelliptica are temperature sensitive, with animals
from the Antarctic Peninsula region having a reducapacity for activities such as reburying
at 2.5°C and exhibiting a complete loss of rebugyaapability at 5°C (Urban and Silva,
1998; Peck et al., 2002; Peck et al., 2004). Ab6%€, increased oxygen consumption
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followed by a switch to anaerobic metabolism occuasid prolonged exposure to
temperatures exceeding 9°C is lethal (Heise eR@D3; Peck et al., 2004). elliptica may

be able to withstand small elevations in tempeeatfioy entering into low or anaerobic
metabolic states, allowing for the conservationeokrgy until conditions become more
favourable (Morley et al., 2007). Longer-term exjpesto elevated temperatures suggests
that adults have little or no capacity for acclimaf although their responses may be

dependent on other factors such as season anctippty (Morley et al., 2012a, b).

The responses df. elliptica to reductions in pH are less well studied. Whenosep to
low pH sea water, empty shells are prone to rajsdotution (McClintock et al., 2009).
Living L. elliptica adults exposed to low pH increased expressionehtat shock protein
HSP70and chitin synthase, an enzyme involved in sloethition (Cummings et al., 2011).
Oxygen consumption also increased with decreased iptHcating a metabolic effect.
Despite these changes in protein expression anabwlesm, exposure to reduced pH did not
result in mortality after 120 days (Cummings et &011). Although the adults appear
resilient (at least in the short term) to lowerdd @nd elevated temperatures on the order
predicted for the end of this century, effects an\elife history of this key bivalve are as yet

unknown.

L. ellipticais a simultaneous hermaphrodite with seasonally aagel dependent growth
and gonad development (Ahn et al., 2003, Husmarmah ,e2016). Larvae are large (220 pm)
and lecithotrophic (Pearse et al., 1985; Pearsal.et1986). Spawning times vanyith
significant interannual variation (Ahn et al., 200Beak spawning occurs from late February
to mid-May in McMurdo Sound (Ross Sea), and in ezember through February on the
Antarctic Peninsula with juveniles settling in tbediments in the following months (Ahn et
al., 2000; Pearse et al., 1985; Pearse et al.,)198@ sensitivity oL. elliptica fertilisation
and larval development to warming and acidificati®mddressed in this study. Fertilisation
success and subsequent progression of developatertrmality and mortality are examined
in the context of ecologically relevant elevateshperature and reduced pH.

2.2 Methods

2.2.1 Collection

Adult L. elliptica (4.2-8.9 cm shell length) were collected from teMurdo Station
intake jetty (77°51.093' S 166°39.931’ E), Ross ,S&atarctica, in November 2012. They
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were transported to New Zealand, and held in flomagh tanks with filtered (0.1 pm)
seawater chilled to -1.6°C, at pH 7.98 (ambientdaions in the Ross Sea at the time of
collection), until March 2013. They were fed ShshifDiet 1800 (Reed Aquaculture, USA),

a liquid algal mix.

2.2.2 Experiment Setup

A combination of three pH and three temperaturattnents were chosen to determine the
effects of acidification and/or warming on fert@digon and subsequent embryonic and larval
development. These included temperature and pH raent(-1.6°C and pH 7.98,
respectively). Projections of change in sea surfan®erature and pH through to the end of
the century were represented by two elevated teatyress (-0.5 and 0.4°C) and two reduced
pHs (pH 7.80 and 7.65) (Table 2.1; Orr et al., 2060€C, 2013). As a maximum of eight
treatments were possible due to system logisticastraints, the combination of 0.4°C and

pH 7.80 was not included.

2.2.2.1 Temperature and pH Manipulation and Measurement

Temperature and pH manipulations were performegight separate header tanks, which
supplied the 48 treatment tanks through insulatees] The pH in each header tank was
manipulated through the diffusion of food grade Cé@nd controlled using Omega pH
controllers (Model PHCN-37-Al-230-03). Temperaturas manipulated using 2000 W
submersible heater elements that were controlle@rmgga CN740 controllers connected to
precision PT100 probes that also logged temperditable 2.1). Temperatures and pH, on
the total hydrogen scale, were monitored for eaehdkr tank 8 times per day using
LabView® software. This automated system, detailedMcGraw et al. (2010), allows
precise control by measuring pH spectrophotomélyi@ad correcting for aberrations from
target pHs (Table 2.1; McGraw et al., 2010; Cummiagal., 2011). Flow was maintained at
200 ml min*. On days 6, 16 and 45, water samples were takem éach of the eight header
tanks and preserved with HgClor analysis of dissolved inorganic carbon (DIG)da
alkalinity (Ar) (Table 2.1). Saturation states of aragonig, Y and calcite Q@c,) and partial
pressure of C® (pCO,) at experimental temperatures and salinity weldeutated from
measured pH and-Ausing refitted equilibrium constants (Mehrbachakt 1973; Dickson
and Millero, 1987). Analytical methods follow thodetailed in Cummings et §R011).
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Table 2.1.Seawater conditions for all experimental treatmeAverage temperature (°C; n=360), pH
(measured on the total hydrogen scale; n=360}, atkalinity (Ar; n=3) andlissolved inorganic
carbon (DIC, n=3), partial pressure of OPCO,) is calculated from Aand pHQa andQc,are

calculated from Aand pH. Values presented are mean * standand 8alinity was 34.2 psu.

As DIC pCO,

Temp (°C) pH (umol kg?) (umol kg*) (ppm)

QAr QCa

-1.6+0.01 7.97+0.001 2263.3+82 2183.8+8.1B50.1+1.3 1.37+0.01 2.18=*0.01
7.79+0.001 2260.3+89 2233.0+4.0 554.6+21®92+0.01 1.47+0.0
7.63+0.001 2266.0+5.8 2271.2+94 823.3+20165+0.01 1.04+0.0

-05+0.01 7.99+0.002 2265.0+83 21744+3.867.2+14 1.37+0.01 219+0.01

7.80+0.001 2264.8+6.2 2254.0+22.4 569.06t10.95+0.01 1.52+0.0
7.64+0.001 2264.0+7.2 2270.8+15.0 835.6A420.68+0.01 1.08+0.0

04+0.01 7.99+0.001 2260.0+84 2173.8+588368+14 138+x0.01 2.19+0.01
7.63+0.001 2260.5+9.2 2260.0+4.2 893.0+30/66+0.01 1.06+0.01

feir—jeir

= =

2.2.3 Gamete Collection and Fertilisation

Eggs and sperm were collected from separate ingigdto avoid self-fertilisation. The
eggs were collected from 22 individuals by piercthg female portion of the gonad and
using a Pasteur pipette to collect the eggs tlmateftl out. The eggs were pooled and the
volume made up to 1.5 L with -1.6°C seawater. it of the egg solution (approximately
7,000 eggs) was added to a 400 ml fertilisatiortaioer suspended in a 4 L insulated tank.
Seawater at the experimental temperature flowedutir the 4 L tanks, maintaining
experimental temperatures in the fertilisation eordrs. Eggs were acclimatised to
experimental conditions by adding seawater at &speactive experimental temperature and

pH to make up the volume within the fertilisatiammtainers to 200 ml.

Twenty-four hours later, sperm were collected fraéh different individuals by cutting
into the male portion of the gonad until sperm #alout. A small sample of sperm collected
from each bivalve was examined to determine myptiBperm was pooled in a 1 L glass
beaker, the volume topped to 500 ml using -1.6@vs¢er and 10 ml of sperm solution was
added to each fertilisation container with eggser8p concentration in the fertilisation
containers was approximately 3 x’1€perm mf (Powell et al., 2001). Once an hour, the
water was gently agitated with a Pasteur pipetteertsure mixing. Four hours after the
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addition of the sperm, a sample of approximatelye§fs was removed from each container
using a Pasteur pipette and preserved in Carrilgafigtion for observations of fertilisation
success as described below (Carriker, 1950). Follpwhis sampling, the contents of the
fertilisation containers were carefully emptied améed into the 4 L tanks, through which
seawater flowed at experimental conditions. Thevaar were negatively buoyant and

remained on the bottom of the tanks.

2.2.4 Assessing Fertilisation and Larval Developmén

Development was tracked over the following 45 datysarying intervals (hours to days),
chosen to target particular embryonic and larvagss. Samples were collected at 4 and 6
hours post-fertilisation (PF) and every 1-2 daysreafter for 41 days. Sample points were
chosen to reflect previous observations in ambienditions of the first occurrence of each
development stage ib. elliptica (pers. obs., Table 2.2). The larvae are negatikalyant
and remain encapsulated through to the D-larvaes(pers. obs., Ansell and Harvey, 1997).
On each occasion, a sample of at least 50 eggsfesilarvae was removed from each
replicate tank by running a Pasteur pipette altweghiottom of the tank to ensure haphazard
selection. Fertilisation success was determineer aff 6, 24 and 48 h. At these and the
following sample points, embryos and larvae weesgified into seven developmental stages
using a stereomicroscope to assess the progresdiodevelopment (Fig. 2.1). The
percentages of fertilised larvae that were deadabnormally developed were also
determined. Larvae were considered abnormal if tisplayed unusual cell development
(e.g. Fig. 2.1g, h).

Table 2.2 Projected first observations of individual largthges.

Sample Point Stage (First observation)
4 h 2-cell embryo
24 h 8-cell embryo
48 h 16-cell embryo
4d Blastula
10d Trochophore
17d Veliger
20d D-larvae
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Fig. 2.1.Examples of embryos and larvae at the a) 2-cdil B&), b) 16-cell (3 d PF), c) blastula (11
d PF), d) trochophore (with cilia, 16 d PF), e)iget (25 d PF) and f) D-larvae developmental stages
(25 d PF). Examples of abnormal development obdeaiueing the blastula stage (11 d PF) are shown

in g) and h). Imaged larvae were raised at cogwabitions. Scale bars 100um.

2.2.5 Statistical Analysis

All statistical analysis was performed using IBMS3’Statistics, version 20. Normality of
the data was verified using Shapiro-Wilk's test aglality of variances was confirmed
using Levene’s test. The relation of the developada®sponses to pH and temperature was
examined by fitting the data to a general lineadatoPercent fertilisation, the individual
developmental stages and percent abnormalities usse as dependent variables while pH
and temperature, an@a, at the later stages, were fixed factors, and gpéeature x pH
interaction term was used. Where interactive edfagere significant, or trended towards
significance (p < 0.100), individual between grdttpsts were performed for temperature at
each experimental pH and for pH at each experirh&nagerature. In order to reduce type-I
errors, a Bonferroni correction was used to accéamiultiple measuresu(= 0.017): only p-
values <o were considered significant. If the general lineaodel indicated overall
individual statistical significance (p < 0.050) efther temperature or pH, post-hoc
Bonferroni multiple comparison test was performedetermine effects of pH averaged over
temperature and temperature averaged over pHywal Etage percentages and abnormalities

at each time point.
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Progression of development through the trochoplame D-larval stages was analysed
using a repeated measures general linear modeltewitperature and pH (trochophore stage),

or Qar (D-larval stage), as fixed factors.

2.3 Results

Temperature and pH data are detailed in Table(2\1was undersaturated at pH 7.80 and
7.65, whileQc, remained above, but close to, undersaturationHa? 65 (Table 2.1). All
adults dissected had fully mature and ripe gonaitls large numbers of eggs and sperm.
Eggs ranged in size from 180 to 230 um and werepsutated in a thick (30 um), slightly
sticky membrane. Sperm were highly motile (~99%)ewlactivated with fresh seawater.
Fertilised eggs often clumped and the sticky memdsacollected algae and other debris.

Abnormal development of larvae was observed atafies in all treatments.

Table 2.3.(Opposite Page) General linear model results ¥derilisation success, b) development

progression and c) abnormal development by timet-figoslisation. Temperature, pH and a

temperature x pH interactive term were fixed fast®olded p-values indicate significance where p <
0.050.
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Temperature pH Temp. x pH

Fz, A p Fz, A p Fs, A p
(a) Fertilisation
4 h 31.823 <0.001 0.097 0.908 5.992 0.002
6h 9.478 <0.001 2.114 0.134 0.964  0.419
24 h 0.317 0.730 0.977 0.385 1.670 0.189
48 h 1.858 0.169 0.808 0.453 1.027  0.391
(b) Developmental progression
2-Cell embryo
4 h 128.883 <0.001 0.811 0.452 2.234  0.099
6h 20.327 <0.001 3.651 0.035 0.752 0.527
8-Cell embryo
24 h 8.222 0.001 3.971 0.027 2.599  0.065
16-Cell embryo
48 h 16.164 <0.001 20.465 <0.001 9.146 <0.001
Trochophore
15d 30.019 <0.001 1.485 0.239 0.959 0.959
Veliger
17d 352.473 <0.001 12.186 <0.001 6.412 0.001
20d 470.430 <0.001 0.752 0.478 2.314  0.090
D-Larvae
17d 152.312 <0.001 3.374 0.044 3.944  0.015
18d 82.969 <0.001 11.38 <0.001 1.880 <0.001
20d 75.513 <0.001 7.087 0.002 8.416 <0.001
22d 83.985 <0.001 7.116 0.002 4.437 0.009
24d 122.428 <0.001 32.121 <0.001 5.025 0.005
27 d 22.803 <0.001 11.029 <0.001 3511 0.024
29d 16.293 <0.001 6.912 0.003 0.459 0.712
(c) Abnormal Development
4h 2.298 0.114 0.543 0.585 5,511  0.003
6h 2.910 0.066 2.103 0.135 7.472 <0.001
48 h 2.582 0.088 1.624 0.210 0.593  0.623
3d 0.070 0.933 0.508 0.605 0.354 0.786
44 1.207 0.310 0.352 0.705 3.030  0.040
6d 0.489 0.619 1.240 0.301 6.295  0.001
8d 19.455 <0.001 1.749 0.187 3.855  0.016
10d 4.027 0.026 1.647 0.205 0.247  0.863
11d 7.656 0.002 0.183 0.834 1.439 0.246
13d 3.719 0.033 0.160 0.853 0.151  0.929
15d 3.841 0.030 1.611 0.212 0.672 0.574
17d 2.390 0.105 0.478 0.624 0.280 0.840
18d 2.276 0.116 0.422 0.659 0.450 0.750
20d 1.948 0.156 1.605 0.214 0.133 0.940
22d 0.620 0.543 0.636 0.535 0.562 0.643
24d 4.460 0.018 1.393 0.260 0.552  0.650
27d 3.709 0.033 0.331 0.720 0.158 0.924
29d 0.784 0.463 0.375 0.689 0.377 0.770
35d 3.597 0.037 0.449 0.641 0.161  0.922
41d 5.568 0.007 2.341 0.109 0.097 0.961
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2.3.1 Fertilisation Success and Early Embryonic Stges

Fertilisation success reached a maximum of apprataly 85% at 48 h PF (Fig. 2.2). A
significant interactive effect of pH and temperatwas observed in the first hours of
fertilisation (p=0.002; Table 2.3), with the impaaft reduced pH on fertilisation success
dependent on the incubation temperature. In thér@otemperature treatments, fertilisation
was significantly lower at the control pH than &her of the two reduced pH levelg.{f =
4.09, p = 0.001 andy§) = 3.68, p = 0.002, respectively; Fig. 2.2a). Cosely, at 0.4°C,
fertilisation was lower at pH 7.65 compared to cohft10) = 2.98, p = 0.006; Fig. 2a).

a) b)
95 95 |
mpH 7.98
mpH 7.80
75 | EpH7.65 d 75
55
o
Q
2 35
5
£ o
§ 95 | NS g5
o
o
75
55
35

-1.6 -0.5 0.4
Temperature (°C)

Fig. 2.2 Percentage of eggs fertilised at experimentaperatures and pH after a) 4 hours, b) 6
hours, c) 24 hours and d) 48 hours; error barstarelard error; letters indicate significance among
treatments where p o5 treatments sharing the same letter are not ggnily different; the
temperature/pH combination of -0.5°C/pH 7.80 watsused. PF = post-fertilisation, NS = no

significance.
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Irrespective of pH, temperature had an effect atiliEation success that was dependent
on the time PF. Four and six h PF, elevated tenynerdreatments had higher fertilisation
success than those at the control temperaturerdiega of pH treatment (4 h PF: p < 0.001;
Fig. 2a; 6 h PF: p < 0.001; Fig. 2.2b, Table 2B4).24 and 48 h PF, there were no individual
or interactive effects of temperature treatmenfagtilisation success (p > 0.050; Fig. 2.2c

and d, respectively, Table 2.4).

Table 2.4.Development timing by treatment showing when asié&0% of the normally developing

larvae were at a particular stage.

Stage Time of approximate 50% abundance

Temp. (°C): -1.6 -1.6 -1.6 -05 -05 -0.5 0.4 0.4
pH: 798 780 765 798 7.80 7.65 7.98 7.65
Fertilised 4 h 4 h 4 h 4 h 4 h 4 h 4 h 4 h
2-cell 6 h 6 h 6 h 4 h 4 h 6 h 4 h 4 h
8-cell 24h 24h 24h 24h 24h 24h 24h 24h
16-cell 48h 48h 48h 48h 48h 48h 48h 48h
Blastula 4d 4d 4d 4d 4d 4d 4d 4d
Trochophore 15d 15d 15d 15d 16d 15d 15d 15d
Veliger 22d 22d 22d 17d 17d 18d 17d 17d
D-larvae 24d 25d 26d 22d 22d 25d 18d 22d

Progression of development through each stage wagsadted by both elevated
temperature and reduced pH (Tables 2.3 and 2.4mp&emture strongly influenced
development to the 2-cell stage, 4 and 6 h PF.ifBigntly fewer 2-cell stage embryos were
found at the control temperature compared to bletvaéed temperatures (p<0.002; Fig. 2.3b,
Table 2.4). In the intermediate temperature treatr©.5°C; Fig. 2.3a), 4 h PF development
was slower with reduced pH.d = 3.88, p = 0.002). At 6 h PF, there were feweeR-stage
embryos at the control pH compared to reduced p#D.(85; Fig. 2.3b, Table 2.3).
Interactive effects were non-significant 6 h PFQ527; Table 2.3).

By 24 h PF, over 50% of individuals were at thee8-development stage in all treatments
(Table 2.4, Fig. 2.3c). While there was no intakeceffect of pH and temperature (p=0.065;
Table 2.3), both variables individually influencedevelopment to the 8-cell stage
(temperature: p<0.001; pH: p=0.027; Table 2R)st-hoctests revealed percentages in the 8-

cell stage were significantly higher at both eledattemperatures than at the control
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temperatures (-0.5°C: p = 0.012; 0.4°C: p = 0.(&i; 2.3c). Individuals raised at reduced
pH had significantly higher percentages in the B-stage compared to control pHiff =
2.52, p <0.015; Fig. 2.3c).
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Fig. 2.3.Percentage of normally developing embryos at }#ell developmental stage at 4 hours
and b) 6 hours PF, c¢) the 8-cell stage at 24 hanulsd) the 16-cell stage at 48 hours at experirhenta
temperatures and pH; error bars are standard é&ttans indicate significance as described in Fig.
2.2; the temperature/pH combination of -0.5°C/p8D#Avas not used. PF = post-fertilisation, NS = no

significance.

By 48 h PF, development had progressed to the L &tege (Table 2.4, Fig. 2.3d). An
effect of pH was observed only in the two elevatedhperature treatments, where
percentages at the 16-cell stage were significdnglyer at reduced pH (p < 0.001; Fig. 2.3d,
Table 2.4).

By 3 d PF, development was entering the blastalgestbut percentages were low. By 4 d
PF, all normally developing embryos had progressedhe blastula stage (Table 2.4).
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Development progression and abnormalities through later blastula stage were not
significantly impacted by temperature and/or pH.

2.3.2 Trochophore and Veliger Stage Development

Development time to the trochophore stage was fgignily affected by elevated
temperature (p < 0.001; Fig. 2.4, Table 2.3), withindividual or interactive effect of pH.
Trochophore larvae appeared first in the 0.4°Ctrimeat at 11 d PF and after 13 d PF at
-0.5°C. At the control temperature, only a very Brparcentage of trochophore larvae were
noted 13 d PF, after which trochophore developrgeitkly progressed. By 17 d PF, there

were no significant differences among treatments.
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Fig. 2.4.Progression of normal larval development throdghttochophore stage at each temperature,

averaged over experimental pH; error bars are atdretror.

Timing of the veliger stage was significantly irdhced by temperature and pH and an
interaction term was detected (p = 0.001, in alesa Table 2.3). The first of the veliger
larvae appeared after 15 d in the elevated tempesgtcompared to 17 d at the control
temperature/pH and 20 d at the control temperatndepH 7.65. By 17 d PF, only 9% of the
developing larvae at the control temperature/pHevwarthe veliger stage compared to over
50% at -0.5°C (fo) = 14.13, p < 0.001) and 80% at 0.4°@oft= 23.40, p < 0.001; Table 2.4,
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Fig. 2.5a). After 20 d, this pattern of temperatdependence was still very evident as the
percentage of veliger stage larvae in both eleva&rdperature treatments was >90%,
significantly higher than levels at the control ferature (<25%: p < 0.001; Fig. 2.5b,

Tables 2.3 and 2.4).

The effect of reduced pH on development to thegeelistage was dependent on the
incubation temperature. At -0.5°C, 17 d PF, sigatfitly fewer larvae were observed in the
reduced pH treatment (pH 7.65) compared to corftyel = 7.65, p < 0.001) and pH 7.80
(taoy= 7.60, p < 0.001; Fig. 2.5a). Conversely, 20 daPFL.6°C, significantly more veligers
were observed in the lowest pH treatment than énctimtrol pH (ko) = 3.87, p = 0.002; Fig.
2.5b). There was no significant effect of pH at thghest temperature on either dayoft=
1.34, p = 0.105 angi§) = 1.19, p = 0.130; Fig. 2.5).
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Fig. 2.5.Percentage of developing larvae at the veliggyestéd a) 17 and b) 20 days PF; error bars are
standard error; letters indicate significance adeed in Fig. 2.2. The temperature/pH combination
of -0.5°C/pH 7.80 was not used. PF = post-fertilisa
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2.3.3 D-Larval Stage Development

D-larvae first appeared at 17 d PF in the 0.4°C-@°C treatments, and five days later
in the control temperature treatments (Fig. 2.6)significant interactive effect of pH and
temperature on the progression of D-larvae deveéopprwas observed from 17 d PF to 27 d
PF. Development was slowest in the reduced pHnrestls at all temperatures, with the
longest delays occurring at elevated temperatuileblé 2.4). At each experimental
temperature, pH had no effect on the first obsereaf D-larvae; however, the time needed
for 50% of the normally developing larvae to redble D-larval stage was increased at
reduced pH, an effect that was amplified at elaV&tenperatures (Table 2.3, Fig. 2.6). At the
lowest pH, larvae in the control temperature treatts were delayed 1-2 dif = 4.83, p <
0.001, Table 2.4, Fig. 2.6a), compared to 3 andaé tthie midrange (b = 10.73, p < 0.001,
Table 2.4, Fig 2.6b) and highest temperaturgg € 11.28, p < 0.001; Table 2.4, Fig. 2.6¢c),
respectively. At 29 d PF, a pH effect independdrntemperature was still evident, with D-
larvae development being significantly faster ihcaintrol pH treatments, compared to both
reduced pHs (p = 0.003; Fig. 2.6, Table 2.3).

Elevated temperatures accelerated developmentetoDtharval stage. This trend was
apparent regardless of pH treatment (Fig. 6). AtdlPF, less than 1% of the normally
developing larvae in the mid-range temperatureOd°C were D-larvae compared to 23%
and 35% at 0.4°C (p < 0.001; Fig. 2.6b and c, Ta¢. All normally developed larvae had
reached the D-larval stage in all treatments bweeh 29 and 35 d PF.

2.3.4 Abnormal Development

Instances of abnormal development were influencgddih temperature and pH (Fig.
2.7). However, the effect of temperature and pHabnormalities was largely dependent on
larval stage. At 4 h PF, 2-8% of fertilised and el-cstage embryos, on average, were
abnormally developed, and by 6 h PF this numberiha@ased slightly to 5-16% (Fig. 2.7a,
b). Despite these low occurrences, a significatgractive effect was observed between pH
and temperature at both time points (4 h: p=0.603; p<0.001; Table 2.3). By 4 h PF, at the
control temperature, significantly fewer abnormedit were observed in the control pH
treatment compared to the reduced pH treatmen@ (bt t10)= 2.61, p = 0.013; Fig. 2.7a).
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By 6 h PF, abnormal development in response toatdelvtemperature and reduced pH
was varied (Fig. 2.7b). At the control temperatutee reduced pH (pH 7.65) increased
abnormal development compared to the midrange pH7(80; ti0) = 3.07, p = 0.006). The
highest occurrence of abnormality at -0.5°C wasenledd with midrange pH{b) = 6.15, p <
0.001; Fig. 2.7b).

A significant interactive effect of pH and temperat on the percentages of abnormally
developing blastulas was observed 4, 6 and 8 ¢pRPH(.040, 0.001 and 0.016, respectively;
Fig. 2.7c-e, Table 2.3). Percentages were alwayedt at the control temperature and pH
(-1.6°C, pH 7.98). Embryos from the control tempera treatments exhibited significantly
higher abnormality percentages at reduced pH (F:d(f3) = 2.49, p = 0.016, Fig. 2.7c; 6 d
PF: t10) = 3.49, p = 0.003; Fig. 2.7d). Although this tremds still evident at 8 d PF, it was
not statistically significant after Bonferroni cection (i) = 2.09, p = 0.031; Fig. 2.7e).
Conversely, in the mid and high temperature treats¢-0.5°C and 0.4°C), the highest
abnormality percentages occurred at the contro{fpél 2.7c, d). At -0.5°C, both reduced pH
treatments had fewer abnormally developing indigldw4 and 6 d PF compared to control
pH (pH 7.80: o) = 3.12, p = 0.005 anghdy = 3.01, 0.007; pH 7.654) = 2.96, p = 0.007 and
tao) = 3.79, 0.002, respectively). A similar patternsweted in the 0.4°C treatment 6 d PF;
higher occurrences of abnormality were observettheitcontrol pH (to) = 2.71, p = 0.011,
Fig. 2.7d). By 8 d PF, at -0.5°C, the trend betweentrol pH and pH 7.65 was still
significant (f10) = 3.98, p = 0.001), but abundances of abnormsliteed increased at pH 7.80
to equal percentages at the control pH (Fig. 2.A&)0.4°C, the differences in abnormal
percentages due to pH were no longer significalet &onferroni correction g = 1.97, p =
0.039; Fig. 2.7e).

Abnormalities were high in all treatments at théabral stage, ranging between 47% and
68% (Fig. 2.7f). No interactive effects were obsgekvPost-hoctests revealed control
temperature treatments had the highest percentdgdmormal larvae but differences were
only significant against mid-range temperaturetineats (p = 0.042; Fig. 2.7f). There were
no differences in abnormality percentages at -0.&AG 0.4°C (35 d PF: p = 0.108). At all
temperatures there were indications of negativeactgpof reduced pH on D-larvae, however
these were non-significant (Fig. 2.7f). Aragoniégusation state had no significant effect on
abnormal development in D-larvae (p = 1.000).
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2.4 Discussion

Our data shows for the first time that larval depehent inL. elliptica is influenced by
reduced pH and elevated temperature. The obseffectsevary with both developmental
stage and with stressor combination. Where sigmificeffects were detected, increased
temperature had a consistently positive influencedevelopment, regardless of pH level,
resulting in greater initial fertilisation and fastdevelopment and reducing occurrences of
abnormalities at later developmental stages. THectsf of reduced pH were varied,
promoting development during some stages whileyilaait in others. Independent from
experimental temperatures, reduced pH did not fsogmitly impact occurrences of abnormal
development. Interactive effects of pH and tempgeadn development varied with stage.

Fertilisation was high in all treatments, consisteith the highest rates reported in Powell et
al. (2001). Overall, fertilisation ih. elliptica was robust against temperature and pH changes
projected for the end of the century, both indialijy and in combination. However, the
sperm concentrations in this experiment were witheoptimal range (reported by Powell et
al., 2001), and effects of temperature and pH strsson fertilisation may be more evident at
very low sperm concentrations (Reuter et al., 20d gt al., 2013; Sewell et al., 2013), such
as may be experienced in the wild. We noted hidwetilisation success at 4 and 6 h PF in
the elevated temperature treatments. An initialighhfertilisation success is potentially
important because as time progresses past spawgangetes may lose viability and local
currents may dilute sperm concentrations. Consdlyyghe greater fertilisation success at

elevated temperature observedlfoelliptica4 and 6 h PF may help overcome such issues.

The tolerance and faster development through t@theval stage at elevated temperature
observed here reflect observations of other Anitaiovertebrates where small increases in
temperature had positive or neutral impacts uhgfmal tolerance thresholds were reached
(Pearse et al., 1991; Stanwell-Smith and Peck, ;1E88son et al., 2012; Kapsenberg and
Hofmann, 2014). The temperature tolerance threshwid.. elliptica may be well above
existing conditions in the southern Ross Sea (MaduSound). Populations along the
Antarctic Peninsula may experience higher summarpésatures (ranging from 0.5 to
1.5°C), which are within and above the projectedgeratures for the Ross Sea (Brey et al.,
2011; Morley et al., 2012a). In adults, temperatioterance limits are higher in Antarctic
Peninsula compared to McMurdo Sound populationsriggcet al., 2012a). However, limits

may be further influenced by animal size, oxygenirsdéion, exposure to additional stressors
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or acclimation to elevated temperatures (Portnat.eR006; Peck et al., 2007a; Morley et al.,
2012a; Morley et al., 2012b). In our study, theestsed positive responses bf elliptica
larval development to temperatures up to 2°C alihwese currently found in McMurdo
Sound also indicates some resilience, althougimiédngnitude of the increase they can tolerate
is unknown. Additionally, other stressors couldttier impact larval responses (e.g. reduced
salinity, increased UV exposure). Exposure andimetion of adults to adverse conditions
can also influence tolerance of their offspringr le@ample, in the Antarctic sea urchin,
Sterechinus neumayeiiong term (17 mo.) exposure of adults to redugkldand elevated
temperature improved larval performance, while 6. mxposure did not (Suckling et al.,
2015). In this experiment, gametes were collectedh fadults developing in ambient pH and

temperature conditions for the Ross Sea.

In late developmental stages, high percentagesbobranalities were observed in all
treatments, although this was mitigated by elevda&dperature. If the high occurrences
observed here reflect abnormality rates in the wédhperatures projected for the end of this
century may result in larger populations at setletndue to fewer occurrences of
abnormalities, as well as the reduction in timenspst stages vulnerable to predation.
Warmer oceans may also alter temperature cuesiritatte spawning or settling and
metamorphosis, or may affect food availability dgrsettlement by impacting the timing and
magnitude of algal blooms (Clarke, 1982; Pechel®@9; Byrne, 2011; Ericson et al., 2012).
Additionally, faster settlement could come with atgntial trade-off of reduced larval
dispersal and thus genetic connectivity (Pecheb®99). However, species with demersal
larvae such a4. elliptica may rely on close proximity to other individualsr foptimal
spawning success, and decreased dispersal maynevease fertilisation success (Pechenik,
1999; Byers and Pringle, 2006; Byrne, 2011).

The effects of reduced pH on larval developmentewariable and largely dependent on
larval stage and incubation temperature. In ladgetarvae, delays from reduced pH were
greater at elevated temperatures, however, larased at high temperature and low pH
developed faster than those raised in control ¢mmdi (22 cf. 25 days to 50% abundance)
due to the overall faster development rates atagdeNtemperature. This reflects observations
in other species where the effects of reduced pHi@relopment timing are mitigated by
elevated temperature (Sheppard Brennand et alQ; 28hberg et al., 2013; Davis et al.,

2013). In other species, pH effects are amplifigdiritreased temperature (Talmage and
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Gobler, 2011; Pansch et al., 2012) or effects @t independent (Parker et al., 2009; Parker
et al., 2010).

In single stressor studies, developmental delagg@nurchin larvae in response to reduced
pH have been attributed to the allocation of en@gesources away from growth and
development in order to maintain cellular functemmd calcification (Stumpp et al., 2011b).
Slight delays in development timing may negativafiect larvae by prolonging planktonic
stages resulting in transport away from favourabtdgtlement conditions or through
prolonged exposure to predation or unfavourablelitimms (Dupont et al., 2010; Stumpp et
al., 2011b). Lecithotrophic larvae, such as thdsk. elliptica, are dependent on maternally

provided lipid stores during gametogenesis untitihiag and settlement (Pearse et al., 1986).

Ocean acidification could prolong development, miraj energy resources, although this
may be mitigated by the faster development obsewid elevated temperatures. Due to
sufficient energetic resources, other encapsulatedrtebrate larvae display an initial
capacity for high calcification during early devehoent even under acidified conditions
(Timmins-Schiffman et al., 2013). Under ambient ditions, other Antarctic species have
lipid stores in excess of what is needed for ladealelopment, allowing for the development
of larger juveniles (McClintock and Pearse, 198&wever, energetic reserves are limited
and development delays, as well as environmenedsand subsequent metabolic responses,
may increase the use of energy reserves to thé whire available energy is insufficient for
development (Portner, 2008; Dupont et al., 2010eRet al., 2013). For example, reduced
lipid content coinciding with prolonged developmeimiing has been observed in bivalve

larvae exposed to elevatp@O, (Talmage and Gobler, 2011).

Incidences of abnormal development in D-larvae werteinfluenced by reductions in pH.
The constancy of abnormal development, even uneduced pH, may be related Lo
elliptica larval encapsulation. Larvae are encapsulated thick (30 um) gelatinous egg
membrane, which may provide protection by bufferiagainst external conditions, or
conversely, create higpCO, environments within the eggs (Ansell and Harve997
Pechenik, 1999). Encapsulated larvae of the gasir@uepidula fornicataexhibit reduced
calcification at reduced pH, but abnormalities alifterences in shell sizes indicate a much
greater tolerance compared to other non-encapduhatdlusc larvae (Noisette et al., 2014).
Egg cases of cuttlefish significantly limit gasfdgion creating a high intercapsufa€O, as
development progresses, even under ambient pH yDOaral., 2013). However, despite the
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reduced pH, cuttlefish are able to begin calcifaatof their aragonite shells and continue
calcification after hatching as juveniles (Melzeeml., 2009; Dorey et al., 2013). If a similar
limitation of diffusion occurs irL. elliptica, larvae could be adapted to calcification under
high pCO..

The D-larval stage is not only a point of high daation as the shell is formed, it is at a
stage where isolation of calcifying surfaces mayrwge energetically demanding compared
to later developmental stages (Waldbusser et @L32 Additionally, shell formation may be
influenced by the availability and solubility of C@s. Aragonite was undersaturate@,(<
1) at both reduced pH levels in our experiment ([@&bhl), indicating that the observed D-
larval developmental delay may be due to diffi@dtiin shell maintenance. Closer
examination of the D-larvae is required to assesgtrment differences in shell formation and

morphology.

Reduced calcification in D-larvae would result imasler, weaker larval shells which
would be more susceptible to crushing injury anckdption upon settlement. The
requirements for successful settlement and metamsrp into juveniles irL. elliptica are
unknown. In other bivalves, settlement success lmmependent on a number of factors
including substrate suitability or sediment satoratstate (Snelgrove et al., 1993; Green et
al., 2009; Green et al., 2013). Protracted deve@grnimes indicate that shell formation in
juveniles may occur in winter months in the Rosa ®hen aragonite saturation state< at
1 (McNeil and Matear, 2008), may be unfavourablestrell maintenance. Impacts of ocean
acidification would likely persist past the D-lahvstage, potentially impacting settlement

cues and reducing survival and development of jlren

To conclude, fertilisation ih. elliptica was affected by elevated temperature and reduced
pH during the first 4-6 h; after which fertilisatiovas high in all treatments and robust to
temperature and pH. No loss of gamete viability whserved. The observed influences of
temperature and pH on development of the lateggeland D-larval stages suggest that
future ocean warming may accelerate developmentthese stages, but that ocean
acidification may limit this increase. Additionallglevated temperatures reduced occurrences
of abnormalities in D-larvae, while reduced pHmlkitely had no effect. Despite no change in
abnormalities, the slower development at reducednptéd for this calcifying stage may
indicate the diversion of energetic resources awWayn calcification/shell maintenance.
Under continued exposure to these conditions, crombination with other stressors, the
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negative effect of reduced pH on larvae may becaigaificant through reduced shell
growth rates, increased energy demands, or inateasetality rates. More work is required
to investigate the links between developmental ydelaenergetic reserves, and shell
morphology in order to determine the ecologicakvahce of these changes in terms of

longer term larval success.
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Chapter 3

Larval shell development ibaternula ellipticaexposed to future
climate change conditions

3.1 Introduction

Human use of fossil fuels and other activities hesulted in a significant increase in
greenhouse gas emissions. Since the industrialuteyo, atmospheric concentrations of £0
have risen by 40%, to over 400 ppm and are prajetteaise to 450 ppm by 2100 (IPCC,
2013; Tans and Keeling, 2015). In addition to wawgnbrought on by greenhouse gases,
increased partial pressure of £(PCO,) can further impact marine environments where its
uptake alters ocean chemistry. Carbon dioxide diatgs with seawater, resulting in an
increase in [M] and a subsequent drop in oceanic pH, a procdssred to as “ocean
acidification” (OA). Oceanic pH has dropped by 0dits since measurements began, with
further drops of over 0.3 units projected for tinel @f the century (IPCC, 2013). Excess][H
is buffered by free carbonate ions (£3) reducing their concentrations in seawater (Doney
et al., 2009).

Ocean acidification may directly impact organismwotgh cellular acidosis and
hypercapnia, while calcifiers may be further imgalcby reduced saturation stat€y) (of
calcium carbonate in seawater. Thés dependent on the relative concentrations 6t @ad
COs” (Doney et al., 2009; Steinacher et al., 2009):

Q = [C&"] [COz* 1K s

When undersaturation is reaché& € 1), dissolution of biogenic carbonates is faeour
Due to differing stoichiometric solubility product&’sy), 2 varies among polymorphs of
calcium carbonate (Doney et al., 2009). Aragoratesarbonate polymorph, is projected to
reach undersaturation as early as 2050 in polagrgjadnd even earlier in winter months in
the Southern Ocean (Feely et al., 2004; Orr et28lQ5; McNeil and Matear, 2008). In
addition to increased dissolution of establishettifted structures, organisms may also
experience difficulties in biomineralisation duette reduced availability of G©, which

they may depend on for calcification (Fabry et 2008). However, this will only impact
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those that rely on seawater [¢Q) some organisms, including bivalves, instead H&O;
(Roleda et al., 2012; Thomsen et al., 2015).

Furthermore, increased [GOmay impact metabolism through alteration of theddmase
status (Michaelidis et al., 2005; Pecorino et2014). Hypercapnia would place internal pH
at disequilibrium with the seawater, meaning ind€O,] would need to increase relative
to external conditions to favour Gdiffusion out of the cell. Invertebrates may rasgpdo
reduced pH by actively regulating internal acidébasonditions through metabolic
consumption or active transport of protons. Howgetlegse may only be short term solutions
or may require regulatory systems not present ssikespecies or ones that experience little
natural variability (Portner, 2002a; Michaelidisatt, 2005; Pdrtner, 2010). Bivalves may be
particularly sensitive to OA due to their low capyado regulate the acid-base balance of
their haemolymph, especially at vulnerable earagss (Lindinger et al., 1984; Melzner et
al., 2011; Waldbusser et al., 2013; Waldbusset.eR@15). Alternatively, internal acidosis
may be buffered by HC{ supplied through the dissolution of skeletal cnes
(Michaelidis et al., 2005; Wicks and Roberts, 20I2)is may result in reduced rates of shell
growth in calcifiers such as bivalves (e.g. Bergale 2006).

Laternula elliptica is a large, infaunal Antarctic bivalve that digasensitivity to
temperature and pH stressors. Increased tempegaluné energetic activities such as
reburying, and impact metabolic rates, with prokuhgthermal exposures resulting in
mortality (Urban and Silva, 1998; Heise et al., 20@eck et al., 2004). In the larvae,
increased temperatures result in faster developraadtreduce occurrences of abnormalities,
while reduced pH slows development, particularlglaivated temperature, with no change in
survivorship (Bylenga et al., 2015). Under redupet] adults increase oxygen consumption,
protein and chitin synthase gene expression, watimpacts on mortality (Cummings et al.,
2011). Additionally, empty valves rapidly dissolveacidified seawater (McClintock et al.,
2009). However, the direct impacts of reduced pHsloell growth and integrity in live adults

or larvae is unknown.

The adult shells df. elliptica are nearly entirely aragonitic and grow to beaagd as 117
mm (Barrera et al., 1994; Urban and Mercuri, 1998hrke et al., 2012). The adult shell
consists of two main layers, a thick outer homogengranular layer and a thin inner
nacreous layer (Sato-Okoshi and Okoshi, 2008; S&tshi and Okoshi, 2010). A thick

periostracum covers most of the shell's outer s@rfaAs sessile, infaunal organisms, shell
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integrity is important for withstanding crushingrées experienced during burial and ice
movements. Adult shell development lin elliptica displays a high level of phenotypic
plasticity in response to environmental conditiowth shell morphology being linked to
environmental disturbances (Harper et al., 2012)is Tmay indicate a developmental

response to environmental condition may exist enlénvae.

Exposure to reduced pH during larval shell formatinay be of particular importance.
The first calcification that occurs in many larveseamorphous calcium carbonate (ACC)
which, over time, converts to aragonite (Weisslet2002; Addadi et al., 2003). ACC is
highly soluble as it lacks a regular crystallineusture (Addadi et al., 2003; Wilt, 2005),

indicating that early stages may be more vulnerabtissolution than adult stages.

Reduced sizes in marine larvae, including bivabwesoften observed in response to ocean
acidification (e.g. Talmage and Gobler, 2011; Vane@ et al., 2012; Timmins-Schiffman et
al., 2013). However, these smaller sizes often cxdéen with developmental delays, which
suggests they are either a symptom of increasagjeticecosts associated with development
or are due to reduced calcification (see Gaylordalet 2011; Stumpp et al., 2011b).
Calcification of bivalve larvae occurs in two distt stages, one that corresponds with larval
body size and the other with the rate of shell fation, offering an opportunity to address
this question. Larval calcification begins at thechophore stage when specialised
ectodermal cells initiate shell formation (Carrik&996). These cells invaginate to form the
shell gland, while the rest of the structure fortitms periostracum (Eyster and Morse, 1984,
Weiss et al., 2002; Barros et al., 2013). Calciiozaof prodissoconch | (PI, Fig. 3.1), the
first larval shell, begins when the periostracunilyfispans the epithelial surface. Pl is
complete when the new shell meets at the margompletely enclosing the body, forming a
straight-hinged D-shaped larva (Waller, 1981). Giaktion then switches from the shell
field to the mantle, beginning the development midpssoconch 1l (Pll, Fig. 3.1). During Pl
development shell deposition continues from thdl shargins in conspicuous growth bands,
as well as the inside of the shell, terminatinghatamorphosis (Carriker, 1996; Kraeuter and
Castagna, 2001). Therefore, PI correlates to the ai the larvae at competency, while PII
corresponds to shell growth, and subsequently,réte of calcification between Pl and
metamorphosis (Martel et al., 1995; Martel et2014).

44



Al
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Fig. 3.1.SEM image of the shell ofla elliptica D-shape larva, showing prodissoconch | (PI), the
boundary between Pl and PII (B) and the narrow ledqtodissoconch Il (PIl). H and L indicate
measurements of shell height and length, respégi¥dl. Scale bar as indicated.

Calcification typically occurs in the extrapallf@id, which is supersaturated with CagO
Bivalves may raise pH in the extrapallial fluid &d the calcification process, possibly
through active proton removal (McConnaughey andik@i| 2008). Under environmental
stress there may be an increased energetic castintaining calcification (Cohen et al.,
2009). Additionally, ocean acidification is not tlaly stressor that may be experienced.
Elevated temperatures may also influence specgsonses by increasing metabolic rates
(Higgins et al., 2012), or by impacting survivarJal sizes and development (Byrne et al.,
2011; Dauvis et al., 2013) and increasing developgmaes (Davis et al., 2013; Dorey et al.,
2013). OA may increase sensitivity to other stresgilostofa et al., 2015; Przeslawski et al.,
2015). Alternatively, exposures to other stressnay exacerbate or mitigate the effects of
OA (Parker et al., 2009; Byrne et al., 2011; Padkal., 2013; Pecorino et al., 2014).
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Reduced pH may impact more than shell size. OtHéscte include abnormal
development of hinge and valve structure (Talmagk@obler, 2010; Andersen et al., 2013),
abnormal calcification (Watson et al., 2009), restushell integrity (Gaylord et al., 2011)
and shell dissolution (Watson et al., 2009). Mamnalves rely heavily on shell structure to
aid in feeding and mobility (Talmage and Goblerl@0 Deformities in shell hinges and
valve edges may significantly reduce larval surliwvehile reduced shell integrity would
increase susceptibility to predation or crushingries (Talmage and Gobler, 2010; Gaylord
et al., 2011; Andersen et al., 2013). In orderxangine the impacts of future climate change
on shell formation during early life history stagaslL. elliptica, shell size and quality was
assessed in larvae raised under ecologically retes@enarios of elevated temperature and

reduced pH.

3.2 Methods
3.2.1 Collection

In November 2012, 32 aduliaternula ellipticawere collected from the intake jetty at
McMurdo Station (77°51.093° S 166°39.931' E), RoSea, Antarctica. They were
transported to Wellington, New Zealand where thegrewvheld in free flowing filtered
(0.1um) seawater at -1.6°C and pH 7.98 (ambiendlitons at the time of collection) until
March 2013. They were fed a liquid algal mix (St Diet 1800, Reed Aquaculture, USA),

3 times per week.

3.2.2 Experimental setup

Larvae were raised under eight temperature/pHnresats in order to assess impacts of
OA and warming on larval development (see ChapteinZaddition to a temperature and pH
control (-1.6°C and 7.98, respectively), elevawuperatures of -0.5 and 0.4°C were chosen
to reflect end of century projections for the R8s=a (IPCC, 2013). Projections for pH were
represented by two reduced pH treatments, 7.807a6&l (IPCC, 2013; Orr et al., 2005).
Logistical constraints allowed for a maximum of higtreatments, resulting in the
temperature/pH combination 0.4°C and 7.80 not beusgd. Temperature and pH

manipulations are detailed in Chapter 2 and Taldle 2

3.2.3 Microscopy

Larvae were raised to the D-larvae stage, the dicsurrence of a fully shelled larva in

bivalves, as described in Chapter 2. Ninety-sixrb@iter the point at which approximately
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50% of the normally developing larvae in each treatt had reached the D-larvae stage
(completing P1 development); a sample of approx@lya200 larvae was removed from each

replicate and preserved in 90% ethanol.

Individual larvae from each treatment replicate Anwere examined under a scanning
electron microscope, (SEM: JEOL, JSM-6610LA, Japtm)determine sizes and shell
morphology. Preserved larvae were rinsed with dsemhwater to remove as much of the
ethanol as possible. Larvae were careful excisad ffach egg capsule using a scalpel blade
under a dissecting microscope. Shelled larvae wene placed in a drop of deionised water
on carbon tape on aluminium stubs (~65 larvae pdy)sThe samples were air dried, and
excess organic material was removed by plasma g$bi30 min, and stored in a vacuum

desiccator until analysis. Samples were platinuatexh (10 nm) and imaged.

Under SEM, D-larvae on each stub were counted aoded for instances of severe
damage or malformation. Malformation counts incllidarvae that deviated from the
expected D-shape and also included larvae that weralcified. From each sample, 10 intact
larvae with a normal D-shape were then selectedriatysis of shell size and quality of shell
formation (magnification x350-500). The PI lengémierior to posterior) and height (hinge to
ventral edge, see Fig. 1) were measured for eagh ta assess body size at the onset of
calcification. PIl length measurements are typictken as the length across the larval body,
from edge to edge. This includes the length of iRl the new growth on PIl. However, as
variations in Pl size would influence total PII ¢gh, we measured growth of PIl from the
terminal edge of PI to the new shell margin. Thisasurement was made at three standard
points along the shell edge, and these values ge@r attain a single PIl length for each
individual and an estimate of shell growth.

Images were imported into ImageJ (version 1.47%) aach individual was further
assessed for evidence of damage and malformatitmecghell surface. On each image, the
total pixel areas of shell malformation, crackingpdting were determined and expressed as
a percentage of the total shell area. Values oflthéndividuals from a particular replicate
were averaged to obtain one value for each pararf@teeach replicate prior to statistical

analysis.
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3.2.4 Statistical Analysis

All statistical analysis was performed using SP&3sion 22. Normality of the data was
verified using Shapiro-Wilk's test and equality \driances was confirmed using Levene’s
test. Differences in shell size at Pl and PII, &l ws shell quality, were related to pH and
temperature by fitting the data to a general lineadel using pH and temperature as fixed
factors, with a temperature x pH interaction tetfinthe general linear model indicated
overall individual statistical significance (p <08) of either temperature or pH,past-hoc
Bonferroni multiple comparison test was performedetermine effects of pH averaged over
temperature and temperature averaged over pH, real lahell sizes and quality. Where
interactive effects approached significance (p X00), a one-way ANOVA was performed

with treatment as a single factor.

3.3 Results

Calcification of Pl and PIlI occurred in encapsullatarvae in all treatments, despite
aragonite being undersaturated (Table 3.1) at kethced pH levels. Fully shelled D-larvae
at Pl were capable of rotating within the egg cépbut development of Pll caused the larval
shell to press against the edges of the egg capgmeleenting later larvae from rotating (Fig.
3.2).

Table 3.1.Seawater conditions for all experimental treatrmeAtverage temperature (°C; n=360), pH
(measured on the total hydrogen scale; n=360)igparessure of CO(pCO,) is calculated from A
and pH,Q, is calculated from Aand pH. Values presented are mean + standard Salinity was

34.2 psu. Further details are given in Chaptertdera.1.

Temp (°C) pH pCO, (ppm) Q

Ar

-1.6 £+ 0.01

-0.5+0.01

0.4+0.01

7.97 £0.001
7.79 +£0.001
7.63 £ 0.001

7.99 +0.002
7.80 £ 0.001
7.64 +£0.001

7.99 +0.001
7.63 + 0.001

350.1+1.3
554.6 +2.2
823.3+2.1

367.2+1.4
569.0+1.6
835.6 £ 2.7

383.6+1.4
893.0 + 3.7

1.37+£0.01
0.92+0.01
0.65+0.01

1.37+0.01
0.95+0.01
0.68 +0.01

1.38 +0.01
0.66 + 0.01
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Fig. 3.2.D-larvae displaying encapsulated development adlissoconch | and Il (Pl and PIl). In the
profile view of the larva on the right, note elotiga of egg capsule due to Pl growth. C indicadbes

thick gelatinous capsule in which the larvae deweficale bar = 200um.
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Table 3.2.Summary table of 2-way ANOVA for factors pH anchfgerature on shell measurements,

shell shape and larval quality of D-larvae. Sigrafit results in bold.

pH Temperature Temp. x pH
Fy o P Fy o P Fs o1 p

Larval Quality

Malformation  4.633  0.027 0.48f 0.627 0098  0.960
Shell Quality 75.521 <0.001 5.281 0.006 6.818 <0.001

Shell Measurements

Pl Height 1.318 0.270 4.290 0.015 3.009 0.031
Pl Length 1.525 0506 2.048 0.132 0.781 0.200
Pll Growth 0.562 0.571 11.056 <0.001 5.146 0.002
a b
I:2,15 FS,lE

3.3.1 Larval Shell Quality

Damage appeared as heavy pitting and crackingnresshells (Fig. 3.3b-d, cf. with Fig.
3.3a, an example of a normally developing shelhhe® forms of aberration included
malformation of shell hinges (Fig. 3.3b, d and ®j ahell edges (Fig. 3.3b-e). Additionally,
Fig.3.3e shows an abnormal D-shaped larva (noterdgular outline of PI). Fig. 3.3f shows
a highly aberrant shell as well as an unshelledalaShell quality analysis was only
performed on the larvae that were used for thd simd measurements. Therefore, unshelled
larvae and those with significant malformations damage to the hinges or edges were

excluded from the shell quality assessments.
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Fig. 3.3.SEM images of D-larvae from experimental treatmetnormal D-larvae from the control
treatment (pH 7.98 and -1.6°C), and b-e) larvamfreduced pH treatments (pH 7.80 and 7.65 at

various temperatures) displaying pitting, crackamgl/or malformation, f) extremely malformed and

uncalcified larvae from the reduced pH treatmeni &°C. PI: prodissoconch | and PII:

prodissoconch Il, 5am scale bars as indicated on each image.
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A significant effect of pH was observed on the mmjen of larvae that had abnormal D-
shapes or were uncalcified (Table 3.2, Fig. 3.4)erb0% of the larvae developing at pH
7.80 and 7.65 were malformed compared to only Z&-8% those raised at the control pH
(Fig. 3.4). Temperature did not affect the perogataf normally developed D-shaped larvae
(Table 3.2).

90 r b mpH 7.98
80 | mpH 7.80
70 | b mpH 7.65

b

Percent malformed

-1.6 -0.5 0.4
Temperature (°C)

Fig. 3.4.Percentage of D-larvae in each treatment that afenermally shaped, severely damaged or
unshelled. The letters above the columns indidgtéficance at p < 0.05. The temperature/pH

combination of 0.4°C/7.80 was not used, n = 4. Boars are standard error.

In the larvae that were fully shelled and had ndriivahapes, damage to the shell surface
covered 3.2 to 11.6% of the total area, and wasiented by reduced pH and elevated
temperature. Shell damage increased with reducedwitile significantly more damage
occurred at pH 7.65 compared to those reared atdh&ol pH (Table 3.2, Fig. 3.5). A
significant temperature x pH interaction was obsdrwhereas at pH 7.80 and 7.65 elevated
temperatures significantly reduced the extent eflstamage shell quality scores, but had no
significant impact at the control pH. An overalgsificant effect of temperature was also
measured (Table 3.2), where shell damage was lowerall at -0.5 and 0.4°C, with no

significant differences between the two elevatedperatures.
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14 mpH 7.98
mpH 7.80
mpH 7.65

c

Shell damage (% area)

-1.6 -0.5 0.4
Temperature (°C)

Fig. 3.5.Shell damage in hormal D-shaped larvae from eaairhent, where shell damage is equal
to the percentage of the shell surface that isgittracked or malformed. Letters indicate sigaifite
as in Fig. 3.4. The temperature/pH combination.4f©/7.80 was not used, n = 4. Error bars are

standard error.

3.3.2 Shell Measurements
3.3.2.1 Prodissoconch |

Larval shell heights at Pl ranged between 173 & m, and lengths from 189 to 194
um (Fig. 3.6). Reduced pH alone had no impact eghhef Pl, and therefore, larval size at
the onset of calcification, but a significant irstetive effect was observed, with the effects of
pH 7.65 differing with treatment temperature (TaBl2, Fig. 3.6a). Larval heights were
smallest at pH 7.65 at both -1.6 and 0.4°C (178® H/3.0 um, respectively), which were
significantly smaller than in larvae raised at °@%and pH 7.65 (179.8 um). An overall,
independent effect of temperature was also obsem#dgenerally smaller shell heights in
Pl at 0.4°C. Length of Pl was not impacted by trestt (Table 3.2, Fig. 3.6b).
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Fig. 3.6.Impacts of reduced pH and elevated temperature$ shell height and b) shell length on
prodissoconch | (PI). Letters indicate significaasdn Fig. 3.4. The temperature/pH combination of

0.4°C/7.80 was not used. NS = no significant diffexes between treatments, n = 4. Error bars are

standard error.

3.3.2.2 Prodissoconch |1

During PII growth, larvae added 8.3 - 11.5 pm ofvrehell. Temperature influenced this
growth with elevated temperatures increasing theusmhof new material at the shell edge
(Table 3.2, Fig. 3.7). Interactive effects of pHilaemperature were again observed on shell
growth, with the effects of pH being dependentl@ihcubation temperature. The largest PlI
growth occurred in larvae raised at pH 7.65 and’@.4Conversely, at the control
temperature, reduced pH resulted in the smallesit ghowth (-1.6°C and 7.65, Fig. 3.7).
There was no significant effect of pH on shell gttowef PIl. Total shell lengths (PI+PII)
ranged between 205 and 2b% with the largest total lengths occurring at p#57and
0.4°C.
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Fig. 3.7. Impacts of reduced pH and elevated temperaturggsawth of prodissoconch Il. Letters
indicate significance as in Fig. 3.4. The temperpH combination of 0.4°C/7.80 was not used, n =

4. Error bars are standard error.

3.4 Discussion

Temperature and pH both affected shell developraedt quality inL. elliptica larvae.
Impacts occurred on both PI, when larvae first bezdully shelled and competent and PII,
the point of shell elongation between competencyl ametamorphosis. Both factors
influenced larval body size and shell growth. Lavaised under elevated temperatures had
smaller body sizes and displayed greater PIl grattaquivalent larval stages compared to
those at the control temperature treatments, whaeimpact of reduced pH was dependent
on incubation temperature.

In Chapter 2, abnormality rates in these larvaeewedetermined by performing a
qualitative assessment of the overall larval shegieg light microscopy. In Chapter 2 it was
concluded that abnormality rates were high in edlatments, but not impacted by pH,
although a trend towards higher abnormalities weseoved (Fig. 2.7f). It was suggested that
larvae were robust to OA, and that temperature daduch greater influence on larval
development in this species. However, this studeats that the effect of pH is significant
and may have serious implications for later devalept stages. SEM analysis of the
apparently normally developed D-larvae showed ldrate from reduced pH treatments had
abnormal D-shapes, deformed shell edges and iaedphges, cracked shell surfaces and
some were even uncalcified (Fig. 3.3). Furthermpitting of the shell surface was observed

on all larvae raised at pH 7.80 and 7.65, indicatiissolution due to the undersaturation of
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aragonite in both reduced pH treatments. Reduce{7@® and 7.65) significantly increased
the frequency of aberrations of shell edges anddsn pitting and cracking. Elevated
temperatures partially mitigated the damaging éffed reduced pH. These results suggest
that pH is in fact a major stressor in developmfamt this species, with larval shells

experiencing significant losses in quality, whiculd impair function or success.

These observations have important implicationsGér research on larval development.
Current methodology in many larval morphologicalvastigations may inadvertently
underestimate the damaging effects of pH exposurteich could lead to incorrect
assumptions about stress responses. Due to small &zes, only severe abnormalities may
be immediately obvious. The dissolution of shellfates, as well as damage to fine
structures, may not be initially noticeable with@EM (see Green et al., 2009; BednarSek et
al., 2014; Miller et al., 2015). Sublethal damagehsas this is notable as reduced shell
integrity could drastically impair swimming (seelfiage and Gobler 2010; Andersen et al.,
2013), and subsequently larval settlement and iteoent. Additionally, larvae may have
experienced trade-offs in muscle and tissue dewedop in order to maintain calcification,
resulting in a weaker animal (Wood et al., 2008)ribg settlement if. elliptica, juveniles
must bury in sediments, and reduced muscle masfieyed shell shapes may increase the
energetic cost of doing so. Furthermore, reducedl sitegrity may hinder burial or expose
soft tissues to damage, impacting successful sedtie with negative flow-on effects to the

population.

Repair to shell surfaces may be possible, howdwemptocess is slow and energetically
demanding (Harper et al., 2012; Sleight et al.,5201t is likely that the energetic costs of
repairing such extensive damage to the shell wbeldigh in larvae, even with extensive
energetic reserves, particularly under OA. Weaketls could lead to significantly reduced
populations in more disturbed environments. Eleya¢enperatures may relieve some of the
negative impacts of reduced pH on shell integrity, example, at pH 7.65, elevated
temperatures reduced shell damage by 34%. Howeweter these concurrent elevated
temperature/reduced pH scenarios, shell damagestilasl20% greater than in control
conditions. Under projected warming and acidifmat larvae will reach competency faster
(Fig 2.6) and larval shells may grow to be largeig( 3.7), but weakness in the calcified
structures could reduce recruitment and signifigainicrease post-metamorphic mortalities
and will likely overcome any potential benefitslafger juveniles. The effects of reduced pH

will have a greater impact on larval survival thadicated in Chapter 2 and similar studies. It
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is unknown how dissolution and reduced integrityt wmifluence survival in later stages and
this is therefore an important direction for furtliesearch into the effects of reduced pH on

larval development.

Shell development occurred at all reduced pH treats despite undersaturation of
aragonite, indicating calcification was not limitéy saturation states. Calcification with
undersaturation is not uncommon, in fact, manyistudhow calcification does occur (e.g.
Miller et al., 2009; Ries et al., 2009), but thHa¢ extent and quality of the calcium carbonate
is impacted (e.g. White et al., 2014; Pereira gt28115). While undersaturation in seawater
would reduce C& availability and promote dissolution of establishesdcified structures,
saturation states may not have directly impactédfization of theL. ellipticalarvae. These
larvae would have still been able to calcify usioigarbonate from seawater, or made through
the conversion of respiratory GQRoleda et al., 2012; Thomsen et al., 2015), wialy
have increased in availability in elevated tempemttreatments if metabolism was
upregulated. Undersaturation does not createtmdatisine between inability and ability to
calcify, but rather increases the metabolic cos$tsatcification (Tunnicliffe et al., 2009;
Thomsen and Melzner, 2010; Wicks and Roberts, 2012)

Despite not using seawater €Oin biomineralisation, variations in calcificatioim
bivalve larvae show a strong link to seawd(Waldbusser et al., 2015). Calcification is
still dependent on the pH arfd at the site of calcification, maintained throudje tactive
pumping of ions in and out of the calcifying fluilcConnaughey and Gillikin, 2008). Under
OA, the cost of doing so would increase (Thomsedn Melzner, 2010; Wicks and Roberts,
2012). Additionally, established calcified struasirwould be at risk of dissolution. Shell
growth did occur in thé&. ellipticalarvae at reduced pH, however, the quality of thieiam
carbonate structure was low. This is likely relatedhe energetic cost of maintaining shell
growth which could also have serious implicatiomsrecruitment and survival. Larval shells
appeared to be weaker, displaying an increaseddrexy of cracking and pitting as well as
significant damage and malformation of shell hingesl edges. During growth of PII in
bivalves, larvae do not add calcium carbonate tmlthe shell edges; they also thicken the
shell by adding to the inside of the PI structi@argiker, 1996). Under an increased energetic
burden from maintaining calcification fluid pH arel calcification on Pl may have been
limited, resulting in thinner shells that were mprene to damage.
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The size of Pl is typically correlated to egg sidaile Pl size is dependent on the time
between competency and metamorphosis (Waller, 19&ittel et al., 1995; Martel et al.,
2014). As metamorphosis would occur when the apatpcues are received, the length of
time spent on PIlI development, and therefore Pde,smay vary between seasons and
populations (Martel et al., 2014). ProdissoconclsIhot always present in lecithotrophic
species due to immediate settlement at compete@cie{mann, 1965); however, it was
present irL. ellipticalarvae. As both Pl and PIl development occurreencapsulated larvae
in L. elliptica, PI may be more accurately linked to larval bodg sather than egg size and
Pll size should be dependent on the length of tieteveen a fully calcified D-larva (PI) and
hatching. Shell length measurements were similéindee reported by Berkman et al. (1991),
who determined PI/PII sizes from adult shells. Tineeasurements of Pl ranged from 214—
265 pm compared to 205-215 pm in this experimerdicating the larvae analysed here

might have been able to develop longer before imed@dnd metamorphosis.

The timing of development ih. elliptica is impacted by temperature and pH (Chaper 2
and Bylenga et al., 2015). Temperatures 2°C abousemnt advanced development to the D-
larvae stage by up to 5 days, while reduced pHyedlalevelopment up to 4 days (Fig. 2.7
and Table 2.4 Bylenga et al., 2015). If larvae de®eloping faster they may be able to
initiate calcification earlier, leading to fully lcified larvae of a smaller size, explaining the
trend towards smaller Pl heights at +0.4°C. WHhile differences in shell height at Pl appear
to correlate with differences in development timahge to temperature, they do not relate to
the delays observed with reduced pH. At pH 7.6&rehwas a trend towards smaller Pl larvae
at -1.6°C and 0.4°C, while significantly larger ae occurred at the intermediate
temperature, -0.5°C. Possibly, this relates to ptmum temperature window for tolerance
of pH stress, where temperatures around -0.5°Ga&ser metabolic rates, aiding in internal
pH regulation and promoting larval growth. Howeae0.4°C, metabolic increases may have
become insufficient to manage regulation at redugdd and as these larvae approached

critical temperatures, they may have diverted resesuto activity other than growth.

Due to the observed differences in developmentalntl, sampling time varied with
treatment, dependent on the completion of Pl dgmeént. This meant that while larvae were
collected at different ages, they were at equivaién history stages and had spent similar
times in Pll development. The measurements of idtefore are a reflection of the rate of
calcification. Under both elevated temperatures]isirowth on PIl was greater than that of

control temperatures, implying the larvae may hlaaé higher rates of calcification. Larger
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larvae may reduce vulnerability in settled juvesi(&osselin and Qian, 1997; Phillips and
Gaines, 2002; Martel et al., 2014), indicating tteatruitment irL. ellipticamay be improved
under future warming. However, the differences omalt shell length were minor (< 5%
increase in length). While the length of larvaePdlt is not necessarily an indication of
competency, size at settlement relates more tdirtteelarvae take to find suitable habitat or
receive settlement cues (see Martel et al., 2004.faster development rates observed.in
elliptica may mean that more larvae settle on the receiptettfement cues, potentially
reducing time spent at this vulnerable life staf@e cues for settlement are unknowrLin
elliptica. Beyond the time frame of this experiment, competarvae may have continued
P1l growth while waiting for appropriate cues. Unééevated temperatures, larvae will either
reach a larger size in a set development time tireguh larger juveniles, or they will have
the potential to settle earlier. Both scenariosla¢dwave beneficial flow-on effects to the

population through improved juvenile success.

Ocean acidification typically limits larval sizes bivalves (see Parker et al., 2009; Watson
et al.,, 2009; Parker et al., 2010; Jansson et28l3; White et al., 2013) largely due to
increased shell dissolution and reduced calcificatiates due to Gf undersaturation
(Waldbusser et al., 2015). This was only refleated. elliptica at the control temperature,
where the smallest PII shells were observed atotvest pH (where,, = 0.65, Table 3.1).
Conversely, in the two elevated temperatures (wkkge= 0.68 and 0.66, Table 3.1), the
largest PII larvae were at pH 7.65 (Fig. 3.7). Hegre despite these larger sizes, these larvae
still had significantly high levels of damage andlformation of shell surfaces (Fig. 3.4 and

3.5), which would overcome any benefit to a lagfell in settlement.

An increase in shell size in larvae in the higlststssed treatments may due to a hormetic
response in which combined stressors crossed eancke threshold and activated repair
mechanisms (e.g. Gooding et al., 2009). Altern&tjMemay be related to the protected form
of development used hy. elliptica larvae (Lucey et al., 2015). Increases in caldiftcaat
reduced pH have been observed in encapsulateéfiit{Gutowska et al., 2010; Dorey et
al., 2013). In a gastropod with encapsulated deweént, pH impacts on growth were minor
in comparison to non-encapsulated species (Noisdttal., 2014). Egg capsules act as
diffusion barriers for respiratory GO and this indicates encapsulation may reduce
extracellular pH during development, even underianttconditions (Melzner et al., 2009).
Despite the reduced pH, calcification of aragorsteuctures still occurs, indicating ion

regulatory mechanisms may exist in these speciedz(idr et al., 2009; Dorey et al., 2013).
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While ion regulatory mechanisms would allow for ttoued calcification iri. elliptica, they
may not fully protect larvae from the effects ofean acidification. Bivalves may have a
reduced capacity for ion and acid-base regulafismgctive control in these areas is related to
metabolic capacity which would be limited in anismalith sessile life stages (Seibel and
Walsh, 2001, 2003; Melzner et al., 2009; Parked.eR013).

3.4.1 Conclusions
Elevated temperatures and reduced pH influencedllahell development ih. elliptica

Elevated temperatures improved larval shell quadihd increased PIl sizes as well as
accelerated development (Chapter 2, Bylenga et2@l5). While reduced pH increased
larval shell sizes at elevated temperature, it stbvdevelopment to the D-larval stage
(Bylenga et al., 2015). The results presented iap@r 2 suggested pH had no significant
influence on larval abnormalities; however, thebseovations were limited by methodology.
Detailed analysis of the shell using SEM here shibthiat reduced pH significantly increased
occurrences of malformed larvae, produced fewevakarwith a normal D-shape, and
increased shell pitting and cracking in these Ddarby as much as 230%. This indicates
larvae may be in poor condition at settlement, Whiould reduce juvenile recruitment and
overall survival. Under future ocean conditionsgtaly larger larvae may be observed at
elevated temperatures and reduced pH (< 5% increasength), which could improve
settlement irL. elliptica. However, the overall impacts on larval shell gyahnd integrity
due to reduced pH would likely overshadow any bierafresults, due to reduced survival in

settlement and recruitment, limiting populationgho$ prevalent Antarctic species.
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Chapter 4

Lipid use in the lecithotrophic larvae baternula ellipticaunder
pH and temperature stress

4.1 Introduction

Mortality in early development is often associatgth environmental fluctuations during
embryogenesis and metamorphosis (Lu et al., 199@¢cessful development is largely
dependent on stored energy and the ability to ffeeding structures before these reserves
are depleted. In invertebrate larvae there arebagic development modes, lecithotrophy and
planktotrophy, which are differentiated by the amoof maternal investment and whether or
not the larvae are able to feed (Jaeckle and Mand®89). In either case, eggs must carry
enough energy and structural components to devetopindependently feeding larvae or

juveniles (Prowse et al., 2009).

Planktotrophic larvae have a feeding stage. Endmgenresources support their
development until larval feeding structures aremfed, after which the larvae rely on
remaining egg reserves (facultative feeding) arajerous energy to support metamorphosis
to juvenile stages (Miner et al., 2005; Pernetlet2®06; Byrne et al., 2008a; Byrne et al.,
2008b). Metamorphosis may be delayed until energetierves are high enough to support it
(Lucas et al., 1986). This results in relativelgdodevelopment times during which the larvae

are exposed to risks such as predation, starvatidrdisease (Prowse et al., 2009).

Lecithotrophic larvae lack a feeding stage, relyomgmaternally-derived egg nutrients for
embryonic development and metamorphosis. Therefingre are maternal trade-offs of
energetic input and fecundity, with mothers prodgciow numbers of nutrient rich eggs,
compared to the high numbers of nutritionally pawgs in planktotrophic developers
(Prowse et al., 2009; Moran et al., 2013). As heatiiophic larvae do not require exogenous
food sources, time spent in vulnerable larval sgger to development to the juvenile stage
is reduced compared to planktotrophic larvae (Wakgd Roberts, 2012). Consequently, with
fewer egg numbers, lecithotrophic larvae may haneatgr success in terms of juveniles
produced per parent (Prowse et al., 2009). Lecipbty also allows development during low
productive seasons, producing competent feedingnjles at the onset of phytoplankton
blooms (Lee et al., 2006; Pearse et al., 1991).cbse of initial investment from the parent is
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high, and eggs may only be supplied with the amadfirdnergy required to develop to an
independently feeding state under the natural fist@nge of environmental conditions

experienced by the population.

The main constituents providing energy and stratteomponents for the larvae are
lipids, proteins and carbohydrates. Lipids provide densest form of energy, having more
energy per gram compared to either carbohydratpsotein (Lee et al., 2006; Parrish, 2013).
Since relative concentrations of lipids, proteind aarbohydrates vary with species and each
component has different energetic densities™)\J there may be significant variation in the
energy available in eggs of similar size (DeFremsa Clark, 1983; McAlister and Moran,
2012). Compositionally, lecithotrophic eggs gengralave higher lipid:protein ratios than
those from planktotrophs (Villinski et al., 2002alkner et al., 2006; Byrne et al., 2008b;
Falkner et al., 2015). In echinoderms with contrgsimodes of development, lecithotroph
lipid density is often greater and energetic lipigsount for a greater proportion of the total
lipid content compared to planktotrophic specieslKfer et al., 2006; Falkner et al., 2015).
Lipid content can be partially correlated with laingrowth, where it may be a major energy

reserve in some species (Holland and Spencer, 1973)

Lipids are used both energetically and structuralih major energetic lipid classes
including triacylglycerol (TAG), diacylglycerol e¢ns (DAGE), phospholipid (PL) and wax
esters (WE) (Lee et al.,, 2006). Of particular nsteTAG, an energetic lipid common in
animal tissues that is often involved in larval eleyyment (Allen, 1976; Fraser, 1989; Lee et
al., 2006; Prowse et al., 2008). TAG is often faeaufor short term energy provision, due to
its ability to be quickly hydrolysed (Lee et alQ(b).

Wax esters are another primary energetic lipid nimal tissues, and are commonly a
dominant class in species at high latitudes (Leal.e2006). WE often serve as long term
energy providers that can be stored for energyigi@mv during metamorphosis and post-
metamorphic development, as they may not be axlguinydrolysed as TAG (Lee et al.,
2006; Prowse et al., 2009; Falkner et al., 2018gyTalso play roles in buoyancy control,
being more buoyant than TAG due to their capacady thermal expansion and their

compressibility properties (Lee et al., 2006; Pand Tarling, 2011; Falkner et al., 2015).

DAGE is a major energetic lipid in some speciesytipaarly in lecithotrophic
echinoderms (Lee et al., 2006; Prowse et al., 208®ilar to WE, DAGE are long term

energy providers that are used in early and peshjle development and may have a role in
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buoyancy control (Falkner et al., 2015). Increasefsee diacylglycerol (DAG) may also be
observed during development (Tocher et al., 198G is a by-product of cellular

signalling pathways and possibly of the hydrolysisTAG (Berridge, 1984; Canavoso and
Wells, 2000).

PL is a structural lipid, and will often accumuladaring development due to cellular
growth (Pernet et al., 2006; Meyer et al., 200%.itAs a key component of membranes, per
cell abundances of PL may give an indication ofdhcondition and nutritional state (Lee et
al., 2006; Meyer et al.,, 2007). However, PL mayoal®e used energetically in larval
development, dependent on species. For exampletone and king crabs, significant
depletion of PL occurs during development, indiogiits use as an energetic source (Kattner
et al., 2003). In euphausiids, PL is the primargrggtic lipid in eggs (Lee et al., 2006).
Cholesterols (ST) are another common structuradl lgdass. As ST content is typically
proportional to larval size, it can be used asayiin standardising lipid use to larval size

during development (Fraser, 1989).

Stress during development could place pressurenergetic reserves due, for example, to
increases in metabolic rates under elevated termyesa(Portner, 2002b). Many species’
specialisations or adaptations are related to testyre thresholds (Portner, 2002a), but
warming temperature is not the only climate chargated issue. ApCO, increases in the
atmosphere, and subsequently in seawater, hydsobfsiCQ increases concentrations of
hydrogen ions (B, subsequently reducing pH, commonly referredsttbaean acidification’
(OA). Due to the high solubility of CQn cold water, OA is expected to be first obseraéd
high latitudes (IPCC, 2013). OA may exacerbate omsp to thermal stress, narrowing
windows of thermal tolerance (Portner, 2008; Pdrtard Farrell, 2008). Additionally,
carbonate ions become limited as they are usedififering excess hydrogen ions. Some
calcifying organisms rely on carbonate ions in ssawin order to calcify, and reduced
availability may increase the energetic demands sbéll and skeleton production.
Additionally, even if an organism is not dependentcarbonate availabilityp calcify (see
Roleda et al., 2012), established calcium carbostatetures are at risk of dissolution at low

concentrations (saturation state3,

IncreasedpCO, can have further impacts by affecting metabolismough altered acid-
base regulation (e.g. Pecorino et al., 2014). Awrazal pCO, increases, cellulapCO,
increases due to diffusion across cell walls. Tasilts in a build-up of internal G@s well
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as extracellular acidosis which can be mitigateadtwe ion transport, metabolic production,
consumption of protons and passive buffering. Ry, all of these are at the expense of
calcified structures (Michaelidis et al., 2005; Gxau et al., 2012b; Wicks and Roberts,
2012). An organism that cannot compensate for a@donay experience metabolic
suppression, respiratory stress, reduced metaBobpe, loss of consciousness and even
death (Michaelidis et al., 2005; Wicks and Robe?3]12). Some authors (Portner, 2002a;
Portner, 2010) have suggested species may not beelhsdapted to changing pH as to
changing temperature, as there may be less natamability in the former in some of these
species’ habitats. This may not limit adaptiong\irtarctic species as phytoplankton blooms
in the Ross Sea drive considerable variability H pn seasonal scales, although daily
variation in coastal zones may be smaller (Hofmetnal., 2011; Matson et al., 2014; McNeil
et al., 2010).

Bivalves may have a reduced capacity for activeand acid-base regulation due to their
sessile life stages (Portner, 2010; Parker et 20013). In mussels, decreased oxygen
consumption was observed with hypercapnia, indigateduced metabolism (Michaelidis et
al., 2005). Larvae may be more vulnerable, as tnay lack mechanisms for acid-base
regulation that may be present in adults (Parkemlet 2013; Pecorino et al., 2014).
Importantly, increases in external stressors méjaia stress responses that alter metabolic
rates or result in the diversion of energetic resesito maintain cellular function, potentially
reducing reserves (Stumpp et al., 2011b; Waldbusssat., 2013). In the one study to date
directly quantifying the impacts of elevatp@O, on the use of lipids in larval development,
no change was observed in echinoderm larvae, howibeee were indications of reduced

growth with equivalent lipid use (Matson et al.,12].

The developmental rate of the lecithotrophic larwdethe Antarctic clamLaternula
elliptica is altered in response to temperature and pHsstresFor example, under elevated
temperatures, larvae developed faster, while uretkrced pH, development slowed (Chapter
2 and Bylenga et al., 2015). However, little is Wmo about the energetics of their
development even under normal conditions. Duringnab development at high latitudes
metabolic rates are generally lower in cold clirsatghich may reduce energy requirements
(Pearse et al., 1986). Large energetic reservesv dlbr increased development times or
extended periods of dormancy such as observedetiiptica (Peck et al., 2007b). However,

developmental delays observed under climate chaogelitions may be a symptom of
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increased metabolic stress and/or increased deorardergetic resources, which could have

significant flow-on effects to later life stageghiese resources are depleted.

Metamorphosis into juveniles is energetically dediag. Larvae must be non-feeding
during the portion of metamorphosis when their flegdtructures are being formed (Holland
and Spencer, 1973; Lu et al., 1999). Lipids accduonta large portion of the energetic
expenditure during metamorphosis (Holland and Sgen&973; Lu et al.,, 1999). In
planktotrophic species, lipids accumulated duriegyedopment are required for successful
metamorphosis. However, lecithotropH@rvae have finite energy reserves that sustain
development and metamorphosis. Increased usagegdwibryogenesis could mean
reductions in the available energetic pool, premgnsuccessful metamorphosis (although
some lecithotrophic larvae have the capacity tee tak dissolved nutrients; Jaeckle and
Manahan, 1989)L. elliptica do not have the capacity to move to more favoeralbitats
under environmental stress. Furthermore, their [pegeration times will limit their ability to
respond to a rapidly changing climate through geragtaptation. Additionally, most bivalves
have a low capacity to regulate acid-base balampaeticularly in larval stages (Lindinger et
al., 1984; Melzner et al., 2011; Waldbusser et 2013; Walbusser et al., 2015). Species
persistence will be determined both by the disperapacity of the larvae as well as their

ability to withstand environmental stress.

Reproduction irL. elliptica has been observed in the Ross Sea from late Fglinuarid-
May (Pearse et al., 1986; Bosch and Pearse, 198Bjnathe laboratory as late as June and
July (Bylenga, pers. obs.). In the months followsgawning, larvae develop into aragonite
shelled juveniles that settle in the sediments rfee@t al., 1985; Pearse et al., 1986).
Following their summer maxima during phytoplanktdooms, pH and aragonite saturation
state {2a;) both begin to fall, reaching 7.94 and 1.04 respeky, in May 2013 (cf. 8.17 and
1.79 in January) at Cape Evans. for example (Kdpsegret al., 2015). This raises concerns
about the impacts of OA on these larva€asis already approaching undersaturation during
spawning and settlement times in the Ross Sea.elUdd conditions, empty shells of adult
L. elliptica rapidly dissolve (McClintock et al., 2009). Howeyé¢he impacts of OA on
calcification in live adults and larvae are unsaatliUnder future OA scenarios, the metabolic
costs of larval development may increase in or@emmiintain calcification or cause a
prioritisation of energetic resources to maintatimeo cellular function, subsequently reducing
calcification. Alternatively, acidosis and the laskcompensatory mechanisms may result in

metabolic suppression.
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It is unknown how metabolic rates in elliptica larvae would be impacted by elevated
temperatures or reduced pH. Larvae may increasedbeof lipids to support development
under stress, which may impact the finite energe#iserves in lecithotrophic larvae.
Additionally, the changes ih. elliptica developmental timing observed in Chapter 2 may
suggest an increase in metabolic rate, but thiddMoe limited by energy reserves in larvae.
Increased demand on lipid reserves in support sfefadevelopment or in maintaining
cellular function could significantly impact lipidceserves needed for subsequent

metamorphosis.

In this study, | investigated larval energetics aneétabolism during development from
fertilisation to the shelled D-larval stage underbéent conditions. | analysed the differences
between the total lipid pools, as well as the dé#fe lipid class components, at 48 h post-
fertilisation and in D-stage larvae to determirmpdiuse during development. Additionally, |
raised the larvae under reduced pH and elevategeteture conditions to see how these
stressors influenced the use of total lipids amaks#s during development. Respiratory
responses to these stressors were also assessetedsuring the changes in oxygen

consumption in D-stage larvae.

4.2 Methods
4.2.1 Collection

Adult L. elliptica (6.5-9.7 cm shell length) were collected from Grarilarbour, Ross
Sea, Antarctica (77°00.963'S, 162°52.607) in NovemB014. They were transported to
Wellington, New Zealand and held in tanks with ffEving (250 ml mint), filtered (0.1
pm) seawater chilled to -1.7°C, at pH 8.00 in agerature controlled room, until March
2015. They were fed a liquid algal mix (ShellfiskeD1800, Reed Mariculture, USA), 3 days

per week during this period.

4.2.2 Experimental treatments

Larvae were fertilised and raised to the D-larvéeges under a combination of four
temperature and two pH treatments (8 treatmentspiént conditions in the Ross Sea were
represented by the control conditions of -1.7°C jpH®B.00. Two elevated temperatures were
chosen to represent projections for sea surfacegehtrough to the end of the century (-0.5
and 0.5°C, IPCC, 2013), and a further elevated &atpre (1.5°C), based on “business as
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usual” end-of-century projections (+3°C RCP8.5, (RCQ013) was chosen to examine
temperature tolerance limits in larvae. Projectiémis end-of-century pH conditions were
represented by the reduced pH treatment, 7.65€iCGalc, 2005; IPCC, 2013).

4.2.2.1 Temperature and pH manipulation and measurement

Wellington Harbour seawater was chilled to -1.7°@hwfurther temperature and pH
manipulations occurring in 8 separate header témkissupplied 64 insulated 4 L treatment
tanks through insulated lines (n=8 replicates ahdaeatment). Temperature was elevated to
experimental conditions using 500 W submersibletdreapH was manipulated using
diffusion of food grade C®through 0.5 mm (4 mm diameter) silicone tubingmperature
and pH were controlled remotely by a LabView® sermemmunicating with Jumo dTrans
pH 02 controllers via a MOBUS serial interface. pamature and pH were continuously
logged (5 min intervals) using PT100 temperatu@ps and Sensorex S150C pH probes,
and additional checks of pH were made spectrophetiocally. Flow was maintained at 100
ml min™®. On days 1, 21 and 31, water samples were takem éach treatment and preserved
with HgCL for analysis of dissolved organic carbon (DIC) aaklalinity (Ar). Aragonite
(Qar) and calcite Q¢ saturation states and partial pressure of, GACO,) at the
experimental temperatures and salinities were takd from the measured values of pH and
A+t using refitted Mehrbach constants (Mehrbach et1873; Dickson and Millero, 1987).
Analytical methods followed those detailed in Cumgs et al. (2011). Seawater conditions

for each treatment are summarised in Table 4.1.

4.2.3 Gamete collection and fertilisation

Prior to gamete collection, in order to avoid deltilisation, 74 individuals were
designated egg donors and 32 were set aside fansgmlection. The ovary was dissected
and eggs were collected using a Pasteur pipettgs Bgre pooled and the volume was
topped up to 1.4 L with -1.7°C seawater at the mdmiH. Twenty ml of the egg solution was
added to each of the 4 L tanks containing seavadtexperimental conditions, equating to
approximately 50,000 eggs per tank. Water flow weséntained through the tanks (100 ml
min™) to ensure eggs were acclimated to experimentaditions prior to fertilisation. The
depth of the tank, along with the demersal natdirh® eggs, ensured that water flow could

be maintained with no loss of gametes.
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Twenty-four hours later, sperm was collected bytiegtinto the testis and collecting the
sperm using a Pasteur pipette. The sperm was paoiédhe volume made up to 1 L as
above. Ten ml of the sperm solution was added ¢b &nk. The seawater was gently mixed
to ensure even distribution of the sperm acrossetigs. A 1 ml subsample was removed
from the egg and sperm solutions to determine eggsaerm counts. Additionally, gametes
were examined microscopically for condition andes{eggs) as well as motility (sperm).
Fertilisation success was checked at 48 h. Larvae \weld in the tanks for 45 d in free-
flowing seawater (100 ml mih) at experimental conditions.

Forty-eight hours post-fertilisation (PF), approately 500 developing larvae were
sampled from each replicate and placed in Eppenuairés. The seawater was carefully
removed and the samples frozen at -80°C for latatyais of the lipids available for the
developing larvae. Development in the remainingdarwas allowed to continue to the D-
larvae stage. Due to temperature and pH impactewalopment timing, each treatment was
closely monitored around the expected time of thest foccurrence of D-larvae
(approximately 15 d; see Chapter 2 and Bylengd.ef@15). Each day, subsamples were
removed from each replicate to assess developnmegtgssion. The time when 50% of the
normally developing larvae were at the D-larvaggstavas noted (Table 4.2). Five days
following this timepoint, samples of approximat&Q0 D-larvae were removed from each
replicate and placed in Eppendorf tubes. The semwats carefully removed and the
samples frozen at -80°C for lipid analysis. Mukidamples were collected as above from
control condition replicates to be used for thentdeation of the lipid classes presentlin
elliptica larvae. Ten days following the point at which 50%abvae were found in each
treatment, approximately 1000 larvae were removedhf4 replicates per treatment for

respiration measurements (described below).

4.2.4 Lipid analysis

Four replicates of each treatment from both 48 ¢h @Aarval stages were processed to
determine the composition of energetic and strattlipids in the larvae. Lipids were
extracted from the frozen larval tissue using aowfbrm/methanol method adapted by
Sewell (2005) from Holland and Gabbott (1971) witianges as detailed below. Methanol
and chloroform from the LiChrosolv® Hypergrade td2-MS range (Merck Millipore) were
used in extractions. Following preliminary TLC hipclass analysis (see below) that indicated

the presence of WE, cetyl alcohol was used aslaaement internal standard (15 pl of 3 mg

68



ml™ chloroform) to determine recovery in lipid quaitdition samples, as ketone may be
hidden by large WE peaks, making quantificatioriclift (Parrish, 1987). Lipid extracts in
chloroform were stored at -20°C for a maximum ofdi8efore analysis.

Thin layer chromatography (TLC) was used to aid idhentification of neutral lipid
classes, based on their relative mobility on TL&tgd against lipid standards. Using glass
capillaries, lipid extracts were placed in 3 pgabts in 2 mm narrow bands onto aluminium-
backed TLC plates (Reveleris, Grace) alongside gvegp lipid standards: aliphatic
hydrocarbon (AH), methyl ester (ME), WE, DAGE, a GME/WE standard, a
ME/AH/TAG/free fatty acid (FFA)/ST and a TAG/FFAastdard. Plates were developed in
preconditioned TLC tanks containing a hexane/diettther/acetic acid (90:10:1 v/v/v)
neutral solvent system (Bergelson, 1980). Plate® wprayed in a primuline solution (5 mg
in 100 ml acetone/water, 80:20 v/v), which is admcal stain, and viewed under ultraviolet
light. Lipid bands were identified by their relagivnobility on the TLC plate compared to the
lipid standards.

Lipids were quantified using an latroscan Mark¥Thin Layer Chromatography/Flame
lonization Detection system (TLC/FID), and silical g5-Ill Chromarods as described in
Sewell (2005), with modifications as detailed belofir flow was 2000 ml mitt and
hydrogen was set to 160 ml rlininstrument grade Ngas was used to dry samples before
they were resuspended in 20 ul chloroform, usimmpsitive displacement pipette (Gilson,
Microman, USA). Following cleaning of the chromasp@ ul of sample was applied to each
chromarod. Lipids were separated along the chrodsaim a two stage development system
(Parrish, 1987, 1999) resulting in two chromatoggrar chromarod. Chromarods were first
developed in a hexane/diethyl ether/formic acidusoh (98.95:1:0.05 v/v/v) for 22 min,
followed by 5 min in a humidity chamber before het development for 16 min.
Chromarods were dried in the latroscan for 5 miiodgea 30 s partial scan was used to burn
from the solvent front and manually stopped follogvithe WE peak. Following a 5 min
incubation in the humidity chamber, the chromaradse developed for 27 min in a more
polar hexane/diethyl ether/formic acid solution:@M1 v/v). Chromarods were dried in the
latroscan for 5 min and scanned on full scan frbm golvent front to the origin. A SES-
Chromstar PC-board was used to collect data andC3E&mstar version 4.10 was used to
record and quantify chromatograms (SES Analysesystelipid classes were quantified by
guadratic regression from multilevel lipid calibost curves using lipid standards as in

Sewell (2005). Standards represented energeticahdigids [i.e., aliphatic hydrocarbon
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(AH), wax ester (WE), triacylglycerol (TAG), freatty acids (FFA) and diacylglycerol
(DAG)]; the structural neutral lipid cholesterolT)Sand also, the structural polar lipids [i.e.,
acetone mobile polar lipids (AMPL) and phospholgi(PL)]. Total lipid content was
determined from the sum of the lipid classes inhesample. Total energetic and structural
lipids, as well as ratios of energetic:structuriglids, TAG:ST and TAG:PL were also

calculated.
4.2.5 Respiration measurements

Approximately 1,000 larvae from four replicateseaich treatment were placed in separate
25 ml glass vials filled with seawater at experitaéritemperature and pH. Vials were
precalibrated using a two point calibration systeith water vapour saturated air and 0%
oxygen saturated seawater (deoxygenated usingatadusodium sulphite). The vials were
sealed and checked for trapped air bubbles. Oxggtmation measurements were made with
a non-invasive fibre optic oxygen microsensor sysi@reSens, Germany) using micro-
optodes placed in each vial. The sealed vials wkreed in a water bath at the appropriate
experimental temperature and measurements of oxgafemation were made every hour for
6-8 h. Oxygen saturation was not allowed to falobe50%. Preliminary respiration trials
had been performed on concentrations of larvaeimgrfigpom 100-1000 ind. vidifor a range
of 1-8 h, in order to determine appropriate lamvambers and measurement times necessary
to detect oxygen consumption. Two vials contaironty seawater at experimental conditions
were also analysed for each treatment. Oxygen oopison was measured as the difference
between initial and final measurements and wasessed as pmolvtind.™.

The relationship between temperature and changesspiration rates was examined by
determining the @ value for the change in respiration rate betweacheexperimental
increase in temperature at each pH (see Davenfpf@2). Qo is a tool to describe
temperature compensation by comparing rate changeetabolic responses in response to
temperature elevations, extrapolated to 10°C diffees. A @ value < 1 indicates higher
metabolic rates at lower temperatureg; ©1 indicates perfect compensationy® 1 and <
2 indicates partial elevation of rates with somenpensation. A @ =~ 2 indicates no
compensation, and the rate change is explainetidoyemperature change;d@ 2 indicates
responses are greater than can be explained kgrtigerature elevation, indicating a stress

response.
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4.2.6 Statistical analysis

Statistical tests were performed to assess thegelsan lipid reserve compositions during
development, as well as the impacts of reduced mdHedevated temperatures on lipid use
and oxygen consumption. All statistical analysissweerformed using SPSS, version 22.
Normality of the data was verified using Shapiroléi test and equality of variances was
confirmed using Levene’s test. Lipid content atilieation, lipid depletion by the D-larval
stage, respiration and the relation of the respts@H and temperature were examined by
fitting the data to a general linear model. Whemparing the impacts of stressors on lipid
content, lipid depletion and respiration, pH andhperature were fixed factors, and a

temperature x pH interaction term was used.

Depletion of total lipid content, total energetiedastructural lipid content and individual
lipid class content in development to the D-lamnwak analysed using development stage as a
fixed factor. When analysing the impacts of pH &emperature at 2 d PF, total lipid content,
total energetic and structural lipid contents, wndlial class content as well as ratios of
energetic:structural lipid, TAG:ST and TAG:PL weused as dependent variables. In D-
larvae, percent depletion in total lipid contentat energetic and structural lipid content and
individual class content were used as dependemblas. In respiration trials, respiration

rate was used as a dependent variable.

Where the general linear model indicated overalividual statistical significance (p <
0.050) of either temperature or pH,past-hocBonferroni multiple comparison test was
performed to determine effects of temperature ayextaover pH or pH averaged over
temperature respectively. Where interactive effeqiproached significance (p < 0.100), a
one-way ANOVA was performed with treatment as algirfactor, in order to determine

differences between each treatment.

4.3 Results

Temperature, pH and carbonate chemistry data #rdiration of the experiment are
detailed in Table 4.1Q,, andQc, were undersaturated at pH 7.65 at all temperatimas
remained at or above saturation at the control aiie 4.1).
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Table 4.1.Seawater conditions for each experimental treatnfergrage temperature (°C; n =
22,765); pH (measured on the total hydrogen soate22,765); total alkalinity (4 n = 3); dissolved
inorganic carbon (DIC, n = 3), aragonite and calsaturation stateSf, andQc,, respectively) and
partial pressure of CpCQO,) are calculated from-Aand pH. All values are mean + SE. Salinity was
34.7 psu.

Temp A DIC pCO
N H B 1 2 Q Q
(°C) P (umolkg)  (umolkg)  (ppm) o ca

-1.7 £0.018.00 +£ 0.001 2290.0 + 7.3 2211.7 +6.3 482.3 + 161708 + 0.041.72 + 0.04
7.64 £0.0012290.0 £6.4 2306.6 +7.0 1074.8 +6.4.53 +0.000.85 + 0.0

-0.5+0.017.99 £0.001 2290.1 + 6.8 2199.2+49 460.3+4.9 1.18 + 01087 + 0.03
7.65+0.0012290.4+6.7 2293.4+55 999.0+8.6 0.59 + 00094 +0.0]

0.5+0.017.99+0.0012290.7 £+6.6 2198.0+9.6 476.3 + 241020 + 0.051.91 + 0.09
7.66 £0.0012290.2+6.9 2288.6+6.2 1002.8 +5162 +0.010.98 +0.01

1.5+0.017.99+£0.0012290.7+6.8 2193.1+85 478.6+ 181124 +0.041.97 +0.04
7.65+0.0012288.8+6.2 2293.5+7.4 1104.0 +349.69 +0.020.95 + 0.03

Fertilisation success ranged from 73-81%, and wasas across all treatments. D-larvae
first appeared at 17 d PF at treatment temperatire$ and 1.5°C and at 21 d at the control
temperature (Table 4.2). Across all treatments, 8@Undance of D-larvae was reached 5-6 d
following their first observance (Table 4.2). A @ééspmental delay due to reduced pH was
only observed at -1.7°C (Table 4.2).

Table 4.2. Days post-fertilisation of first observations ofl@vae by treatment, the point of 50%
abundance and the day of sampling for lipid ancpiraBon analysis (5 and 10 d after 50%

abundance, respectively).

Days Post Fertilisation
o First 50% Lipid Respiration
Temperature (°C) - pH Observance Abundance Anaﬁysis Anglysis
-1.7 8.00 21 26 31 36
7.65 22 28 33 38
-0.5 8.00 19 24 29 34
7.65 19 24 29 34
0.5 8.00 17 22 27 32
7.65 17 22 27 32
1.5 8.00 17 23 28 33
7.65 17 23 28 33
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4.3.1 Lipid Analysis
4.3.1.1 Lipid Reserve Composition

Newly fertilised eggs contained approximately 20§ total lipids per individual egg,
although large variations in lipid content were eved (Appendix 1). Eight lipid classes
were identified in the eggs and developing larvég.(4.1, Tables 4.3 and Appendix 1). The
energetic lipids AH, WE, TAG and DAG accounted #@% of the total lipid content. The
remainder were the structural lipids ST, acetonbilagolar lipids (AMPL) and PL.

AH A
M
W

ME

G
E
E

Fig. 4.1.Example of the TLC plates used for identificatafmeutral lipid classes in sample extracts
(E) against standards of WE, AH, ME and a TAG, Mid &VE standard.

4.3.1.2 Embryos 2 days Post-Fertilisation

In embryos 2 d PF, TAG was the dominant lipid €lasembryos with 64% of the total
content, followed by PL (24%, Table 4.3). DAG wasirid in only trace amounts (< 0.1%)
and was not present in all samples. In embryosPE dno significant effects of temperature
and/or pH were observed on total lipids, conceiutngtof any of the lipid classes, or percent
of total lipids (p > 0.050, Appendix 2). TLC ideftd the presence of free fatty acids (FFA),
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however, separation of TAG and FFA peaks usingp$atn TLC/FID can be difficult if
either is present in large amounts (Parrish, 19&¥ccurred here with TAG. As FFA peaks
were obscured by TAG, TAG should be considered asmme of TAG and FFA content.

However, it will be referred to as TAG.

Table 4.3. Summary of lipid content and ratios in embryos_afernula ellipticafrom the control
treatments (-1.7°C and pH 8.00), 2 d PF (n = 8,0~B0vae ea.) and in D-larvae from control
treatments, 31 d PF (n = 4, ~500 larvae ea.), m@ted by latroscan TLC/FID. Data are mean + SE.
Total lipids: sum of all lipid classes, energetmds = AH + WE +TAG + DAG, structural lipids =
ST +AMPL + PL. nd = not detectable. For a detadachmary of all treatments see Appendix 1.

Embryo D-Larvae
Amount per % of Total Amount per % of Total
embryo (ng) lipid larvae (ng) lipid
Total Lipids 197.47 £ 14.60 151.26 £ 2.40
Energetic Lipids:
TAG 126.66 £ 9.64 64.13+091 95.20£1.00 62.95+0.42
WE 6.85+0.43 3.48 £ 0.04 6.39 + 0.28 4.23+£0.20
AH 2.46 £0.24 1.24 +0.06 2.33+0.25 1.53+£0.15
DAG nd nd 4.41+0.88 2.91 +0.58
Total 136.56 £ 10.02 69.18+1.03 108.32+1.83 71.62+0.78
Structural Lipids:
PL 46.46 + 4.08 2352+1.13 2996+2.11 19.79+1.3
AMPL 10.04 £ 0.85 5.26 +0.12 9.10+1.01 6.02 + 0.69
ST 4.06+0.44 2.04 +0.07 3.89+0.40 2.56 +0.23
Total 60.92 +5.12 30.82+1.03 4294+150 28.38+0.78
Ratios
Energetic:Structural  2.25+0.11 2.53+£0.10
TAG:ST 31.49 +0.87 25.12 + 2.07
TAG:PL 2.75+0.17 3.22+0.25

4.3.1.3 D-larval stage

Total lipid content in D-larvae ranged from 136.488.3 ng larva. TAG dominated the

lipid classes, averaging 63% of the total lipid teon, followed by PL at 20% (Appendix 1).
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4.3.1.3.1 Lipid Depletion

In development to the D-larval stage, over 45 ngadél lipid per larva was used, a
depletion of nearly 25% of that available at 2 d (fRble 4.3 and 4.4). Depletion of total
lipid content between 2 d PF and 27-33 d PF rariged 9.3+ 6.3% depletion in the low
pH/control temperature treatment to 33.4.1% depletion in the low pH/0.5°C treatment
(Fig. 4.2a). Significant reductions occurred in rgeéic and structural lipids (9.4-45.9% and
10.0-24.9%, respectively; Fig. 4.2b and c), ana al&G and PL (12.1-35.8% and 21.5-
49.9%, respectively), indicating these were thenpry lipids used during development (Fig.
4.2d and e, Appendix 1). Increases were observddAiG while non-significant depletion
was observed in AH, ST, and AMPL. Overall lossedbath energetic and structural lipid
classes were largely due to significant depletiomMAG and PL, respectively (energetic: 6.5-
31.3% and structural: 15.9-38%, Fig. 4.2b and c).

Table 4.4.Summary of one-way ANOVA for difference in lipid m@nt and classes between embryos
2 d PF and D-larvae 27-31 d PF (as described ite™aB) with development stage as an independent

factor for D-larval lipid content at the control @d temperature. Significant results in bold.

Lipid I:(3,23' p

Total Lipids 16.198 < 0.001
TAG 16.098 < 0.001
WE 1.568 0.219
AH 0.835 0.362
DAG 133.489 < 0.001
PL 20.475 <0.001
AMPL 1.967 0.170
ST 0.466 0.500
Energetic 11.348 0.002
Structural 19.729 <0.001
Energetic:Structural  2.621 0.115
TAG:ST 18.896 < 0.001
TAG:PL 4.363 0.045
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The amount of depletion in the different lipid das during development to D-larvae was
influenced by temperature (Fig. 4.2; Table 4.5} #ms trend was driven largely by the high
retention in the reduced pH/control temperatureatinent. Post-hoc tests showed a
significantly higher percentage of the overall D¢ lipid pool was depleted in elevated
temperature treatments (-0.5°C: p = 0.034, 0.5°€:@003 and 1.5°C: p = 0.014, cf. with
-1.7°C; Fig. 4.2a). Elevated temperatures alsoesmed percent depletion of energetic and
structural lipids during development (Fig. 4.2b adAn independent effect of temperature
on percent depletion of TAG and PL was observedh wost-hoctests showing greater
depletion of TAG in elevated temperature treatmentapared to control conditions (-0.5°C:
p = 0.001, 0.5°C: p = 0.002 and 1.5°C: p = 0.010with -1.7°C; Fig. 4.2d). In PL, greater
depletion occurred at the highest temperature,thisdwas significantly different from the
control and the -0.5°C temperatures (p = 0.016(a0119, respectively, Fig. 4.2e).

Table 4.5.Summary table of 2-way ANOVA for factors pH andhjgerature on percent depletion of
lipid content and classes (as described in Taldg ahd ratios in D-larval stageaternula elliptica

Significant results in bold.

pH Temperature Temp. x pH

Llpld Fl, 28 P I:3, 28 P I:3, 28 P

Total Lipids 0.641 0.432 3.239 0.016 0.264 0.074
AH 1.529 0.229 1.432 0.259 0.373 0.773
WE 1.111 0.303 1541 0.231 1.185 0.337
TAG 0.412 0.513 5.439 0.006 2.570 0.079
ST <0.001 0.989 1.010 0.406 0.169 0.916
AMPL 3.642 0.069 0.361 0.782 1.899 0.158
PL 2.219 0.150 3.407 0.035 0.761 0.527
Energetic 0.339 0.566 4.171 0.017 2.343 0.100
Structural 0.948 0.340 3.770 0.025 1.816 0.172
Energetic:Structural 0.601 0.446 4560 0.012 1.835 0.169
TAG:ST 0.584 0453 1934 0.152 0.901 0.456
TAG:PL 0.183 0.189 4.189 0.010 0.948 0.434
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%0 ) Total Lipid
a) Total Lipi m5.00
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b) Total Energetic Lipid c) Total Structural Lipid
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1.5
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Fig. 4.2. Percent depletion during early development fromiags PF to D-larvae stage in a) total
lipids, b) energetic lipids, c) structural lipid, @AG and e) PL. The letters above the columnscisue
significance at p < 0.05, n = 4 per treatment. Bpars are standard error.
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Reduced pH did not influence lipid use in developtm® the D-larval stage. The data
suggested an interactive effect of pH and temperatthere larvae at low pH had similar
lipid depletion to control, except those at -1.7B@rvae in the pH 7.65 and -1.7°C treatment
used considerably less total lipids (~60% less) BAG (~50% less) compared to all other
treatments. Variation in depletion between repésaand this interactive effect was not
significant. Percent depletion between embryos#arvae was not measured for DAG, as
it was below the limit of detection in some treahtse2 d PF. Depletion in other lipid classes

was low, highly variable and not influenced by pHemperature (Appendix 1).

34 m38.00
m7.65

a) Energetic:Structural Lipids

-1.7 -0.5 0.5 1.5
5.2

Ratio

31

[ b) Triacylglycerol:Cholesterol [ ¢) Triacylglycerol:phospholipid
b

4.7
4.2
3.7
3.2

2.7

22

-1.7 -0.5 0.5 1.5
Temperature (°C)

Fig. 4.3.Lipid ratios in D-larvae a) Ratio of energeticidigo structural lipid classes, b) Ratio of total
triacylglycerol to cholesterol content and c) Ratfdotal triacylglycerol to phospholipid contefithe

letters indicate significance as in Fig. 4.2, n.£¢dor bars are standard error.

78



4.3.1.3.2 Lipid Ratiosin D-Larvae

D-larvae contained 2-3 times more energetic ligitsn structural lipids, and this was
similar to the ratio in embryos (Fig. 4.3a; Tabf#e3 and 4.4). During development to the D-
larval stage, the TAG:ST ratio decreased whileTtA&:PL ratio increased (Tables 4.3 and
4.4).

Temperature, but not pH, influenced ratios in Drer. Elevated temperatures lowered the
ratio of energetic to structural lipids (Table 4Fg. 4.3a). A trend was observed in the
TAG:ST ratio, where it was reduced by elevated terafures (Table 4.5, Fig. 4.3b). Ratios
were significantly higher at the reduced pH/conttemperature compared to the pH
8.00/0.5°C and pH 7.65/1.5°C treatments. In contthe ratio of TAG to PL was higher at
elevated temperature (Table 4.5, Fig. 4.4c). Af@.and pH 8.00, the TAG:PL ratio was
significantly higher than those under all other pematures, regardless of pH (-1.7°C: p =
0.016, -0.5°C: p = 0.002 and 0.5°C: p = 0.006; Ei§c).

4.3.2 Respiration

Elevated temperatures increased respiration ratesarvae above those in control
temperature treatments (Table 4.6, Fig. 4.4). Raspn rates reached a maximum of 204.6
pmol O, h' ind® at 0.5°C, compared to 130.9 pmo} B" ind* at control conditions (Fig.
4.4). The high @ values for the -1.7 to 0.5°C range indicated a iBogamt metabolic
response to this temperature elevation, whilgv@ues for the -0.5 to 0.5°C and 0.5 to 1.5°C

ranges showed a lack of compensation to furthepéeature elevations (Table 4.7).

Table 4.6 Summary table of 2-way ANOVA for factors pH ar@mperature on respiration in D-

larval stagd_aternula elliptica Significant results in bold.

pH Temperature  Temp. x pH
F p F p F p

1, 2¢ 3,24 3,24

1.060 0.313 3.157 0.043 0.837 0.487
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Fig. 4.4.0xygen consumption in D-larvae. The letters ingicagnificance as in Fig. 4.2, n = 4. Error
bars are standard error.

Table 4.7 Qo values for the changes in respiration rates olbsewith successive temperatures
elevations at each experimental pH.

Temperature range Q,, at experimental pH
C) 8.00 7.65
-1.7to -0.5 10.90 72.00
-0.5t0 0.5 0.28 1.02
0.5t0 1.5 5.76 0.22

Despite pH having no independent or interactiveaotpn respiration rate (Table 4.6),
Q1o values showed a stronger impact of elevated tesiyrer at reduced pH treatments (Table
4.7). At pH 8.00, an initial high rate of changer@spiration was observed when temperature
was raised from -1.7 to -0.5°C (Fig. 4.5, Table)4Under reduced pH, the change in
respiration rate between -1.7 and -0.5°C was eveatgr compared to the change observed at
the control pH (Fig. 4.4).

4.4 Discussion

4.4.1 Development

Elevated temperatures accelerated developmenetDarval stage, with the fastest rates
occurring at 0.5°C (Table 4.2). Larvae at 1.5°Ccheal the D-larval stage a day later than
those at 0.5°C, suggesting that the limit for a@@ded development under elevated

temperature likely falls within this range. Compmhit® previous observations (Chapter 2),
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these larvae reached the 50% abundance point tys k&er, however the pattern of
acceleration with temperature was equivalent (T@beand 4.2). Contrary to my previous
observations (in Chapter 2), pH only had a delagfigct on larval development to the D-
larvae stage at the control temperature (Table 4.2)

4.4.1 Lipid utilisation by L. eliptica larvae

Energetic lipids accounted for 70% of the totaldipontent inL. elliptica larvae. These
were made up primarily of TAG, with WE as a smhlif notable portion. There was nearly
three times as much TAG as the next abundant dlassstructural phospholipids, which
accounted for over 20% of the total lipid conteBdth energetic and structural lipids were
used during development. Dominance of these lif@dses ir.. ellipticaeggs was measured
by Ahn et al. (2000) using HPLC and TLC. HoweveAQ content accounted for only
24.4% of the total lipids in their study, compatedthe 64.1% found in this experiment in
larvae 2 d PF. Methodologies used by Ahn et aloQ2@iffered from this experiment both in
how eggs were collected and how lipids were medsuiglditionally, the adult source
populations differed (Antarctic Peninsula vs. RdSea). Energy per egg can differ
significantly within species, varying with factosach as the type and availability of food for
adults during gametogenesis, or population, gesietemperature and other abiotic factors
(DeFreese and Clark, 1983).

Of the four energetic lipid classes found, only TAiSplayed significant depletion during
development from embryos to the D-larvae stage. TRA&G accounted for the largest
proportion of the total lipid pool, it is likely #t TAG is the main energetic source for larval
development inL. elliptica. TAG is a common energetic storage lipid in anim@en,
1976; Holmer, 1989) and is the primary energepadliclass in many invertebrate larvae,
including those of echinoderms (Falkner et al.,@2@yrne et al., 2008a; Byrne et al. 2008b;
Falkner et al., 2015), crustaceans (e.g. Kattned.e2003) and molluscs (e.g. Holland and
Spencer, 1973; Moran and Manahan, 2003; Pernetl.et2@03a). Despite its use in
development, significantly large amounts of TAG amed at the D-larval stage
(approximately 75% of the concentration at 2 d PH)is suggests the large remaining
reserves could provide energy for these non-feeldingie waiting for settlement cues. In a
laboratory settingl.. elliptica larvae remained encapsulated for 18 mo. (Peck..e2@D7Db)
with no observations of hatching or settlement. Th#hors suggested that protracted

development allows larvae to wait for favourablenditions for settlement. A sizeable
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remaining lipid reserve, of the magnitude obserkietk, coupled with low metabolic rates
typical in cold climate animals (Pearse et al., 6)9&vould allow for a long period of
encapsulation in the absence of appropriate cuellitidnally, TAG may also be an

important reserve in metamorphosis.

Wax esters are another primary energetic lipid mmal tissues. They are often the
dominant class in species at high latitudes (Leal.et2006), as well as in lecithotrophic
larvae (Falkner et al., 2015), and are considerggortant in metamorphosis and post-
metamorphic development (Villinski et al., 2002)EWere found in the larvae &f elliptica
in this study, although the amount present was Isimadlomparison to TAG (~4% WE vs.
64% TAG). WE concentrations showed minimal changeng development, suggesting that
they too may be a reserve for later metamorphasis settlement, stages which were not
examined in this experiment. The WE reserve wadlenthan might have been expected in
a polar lecithotroph. Wax esters are a source oféacy control and large reserves in marine
larvae may aid in dispersal (Villinski et al., 20Q2e et al., 2006; Pond and Tarling, 2011).
The small amounts ih. elliptica may encourage larval retention and recruitmentiwiareas

favourable to settlement.

Significant depletion was also observed in PL, Whicay indicate it too was used as an
energy source. Despite being classified as a smalctlipid class, PL can be used
energetically in development or during periods taingtion (Holland, 1978; Kattner et al.,
2003; Pernet et al., 2003b; Kattner et al., 200} ia known to be used as a storage lipid in
high latitude euphausiids (Lee et al., 2006). WRénis used solely as a structural lipid in
development, its content remains constant or ise®adue to its use in larval body structure
(see Pernet et al., 2006; Lee et al., 2006; Meyal.£2007; Byrne et al., 2008a). Despite the
use of PL during development, reserves were ndy fekhausted. Around 65% of the
available PL in 2 d old larvae remained availaldeDtlarvae. However, it is unclear how
much of this reserve would remain available energhty, as a portion of the remaining PL

would be performing a structural function.

4.4.2 Impacts of pH and temperature on lipid use

There was no impact of the various temperature thdreatments on lipid content and
individual lipid class content during the earlissiges of embryogenesis (2 d PF). Results of
my previous work ork. elliptica larvae have shown that, in the first 48 h develapmates
are slower at elevated temperatures (to 0.5°C) fastér at low pH (Chapter 2 and Bylenga
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et al., 2015). This was not reflected in lipid uatthough any differences may have been
hidden in the variation seen between treatmentsveider, development at this very early
stage may not be energetically costly. In urchirvde, the use of energetic lipids was
negligible in early development stages (early cemv to hatching), higher levels of
maternally provided lipids were used in the develept of the feeding larvae (Byrne et al.,
2008a).

While there was an indication of a significant alkeffect of elevated temperature bn
elliptica lipid use, the significance was only due to theeobstion of reduced depletion in a
single treatment (pH 7.65/-1.7°C). The trend of@éased lipid use at elevated temperatures
was not significant against the control due to mes$ variations, although it was still
apparent. Additionally, even with a trend towardsager lipid use at elevated temperature,

large reserves remained in larvae at all treatm@3ts'5% of the original lipid pool).

Changes in development rate in response to temyerand pH change are not
uncommon (e.g. Sheppard Brennand et al., 2010; (giwehal., 2011b), although how these
changes are reflected in energy use is largely amwknFaster development rates observed in
this experiment were not supported by increasedipid use. Therefore, at elevated
temperatures, larvae reached competency faster lattfe remaining reserves. Through
lecithotrophy, lipids can provide larvae with saoféint reserves to sustain development
through periods of low primary production, genargtcompetent larvae at the onset of spring
blooms (Lee et al.,, 2006). It is unknown how eledatemperatures will impact food
availability and feeding behaviour in adults, which turn would influence larval
provisioning. Adults undergoing gametogenesis etakd temperatures and/or reduced pH,
may provide larvae with better resources for swalvor initiate changes in gene expression
(Miller et al., 2012; Parker et al., 2015). Howevander current provisioning, elevated
temperatures may improve populationd_oglliptica through the production of larvae ready

for metamorphosis at a faster rate, with no graaket-off in energy expenditure.

An animal’s response to OA may be dependent ocaipscity to regulate acid-base status
(Portner, 2002a; Michaelidis et al., 2005), whinharvae may be metabolically demanding
or limited (Melzner et al., 2009). Additionally,glcosts may be greater in calcifiers as they
will need to regulate saturation states at theditlcification (McConnaughey and Gillikin,
2008), which may also incur metbolic costs (Turiffclet al., 2009; Thomsen et al., 2010;
Wicks and Roberts, 2012). Other costs may come faotive processes surrounding the
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provision of substrates for calcification, such meving seawater carbonate into the cell
against concentration gradients under low saturairoby the conversion of respiratory €O

into bicarbonate (Roleda et al., 2012). Organismay mespond by either reducing

calcification rates or by increasing the use ofrgne

Potential energetic costs for development have befmired through the analysis of
changes in growth rates (Thomsen and Melzner, 281npp et al., 2011b), calcification
(Thomsen and Melzner, 2010), metabolic rates (Tleonmad Melzner, 2010; Nakamura et
al., 2011), gene expression (Todgham and Hofmabg;20'Donnell et al., 2010; Stumpp et
al., 2011a), and the regulation of proteins (Woh@gle 2011). Despite these observations,
this is only the second study | am aware of togrenfa detailed biochemical analysis on the
energetic reserves in larvae affected by OA (see llatson et al., 2012). In this experiment,
only larvae from the reduced pH treatment at th&rob temperature displayed a significant
change in lipid use. These larvae developed monlgland used significantly less TAG in
development to the D-larvae stage compared toithall other treatments. Additionally,
these larvae used less PL compared to larvae &€ .1These results imply that reduced pH
lowered energetic costs at the control temperataneshad no effect in larvae at elevated
temperatures. Therefore larvae at reduced pH rdaehaivalent life stages with little or

reduced impact on lipid reserves.

Biochemical analysis of larval urchins raised untiegh pCO, conditions showed no
change in lipid use at set times PF, but the lahakreduced growth (Matson et al., 2012).
The authors suggested the urchin larvae were metiraj the use of the energy they had
available, but rather growing less under the samexgy usel. elliptica larvae may be
continuing development through the diversion ofoweses away from energetically
expensive activities such as calcification or |ateell growth. Reductions in the energy spent
in these areas could result in smaller and wealkgaé at competency. There are indications
that this may be the case; under reduced pH, thvallshells ofL. elliptica have high
occurrences of malformation, pitting and crackisge( Chapter 3).

Increases in metabolic rates have been used asdarator of a greater energetic cost to
development under stress (e.g. Stumpp et al., J0TChkerall, respiration rates increased at
elevated temperatures, while they did not chandk widuced pH. These rates reflected the
impacts of temperature on development ratd .irelliptica. Respiration was significantly
higher in the larvae that reached 50% abundantieeiD-larvae stage in 22-24 d relative to
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those that took 26-28 d. While the increased ratipin indicates a higher metabolic rate at
elevated temperatures, this did not appear to havedded energetic cost, at least in the use

of lipids.

Q1o results from this study suggest that a thermak&wice point foL. ellipticalarvae was
reached, possibly around -0.5°C. Following anahiticrease when temperatures were raised
from -1.7 to -0.5°C, respiration rates remaineddyeupon further temperature elevation,
indicating maximum respiration rates were reaclieid. likely that oxygen delivery systems
in polar species will be optimal between the averaigh and lows found in the organism’s
environment, and that a less variable environmelhhave restricted tolerance limits. Limits
of thermal tolerance are also linked with respamatiand organismal capacity to supply
oxygen demand. A decrease in aerobic scope panas tapproach towards thermal limits,
indicated by falling internal ©levels or decreased ventilation followed by ai@aitthreshold
where anaerobic metabolism begins (Portner, 200Ralhermal sensitivity is usually first
observed as limitations in species with high orgational complexity, so that less complex
organisms tend to have higher thermal tolerancestriial limitation is progressive, affecting
processes first and flowing downwards: from systena cellular to molecular levels
(Portner, 2002a).

The lack of change in larval respiration rates all as no increased lipid use with reduced
pH suggests that these larvae are not upregulatigtgbolism to support the increased costs
of calcifying under OA. Larvae may instead be redgaalcification, which would lead to
smaller, weaker shells (see Chapter 3). Howeveis fiossible that reduced pH causes a
switch in energetic pathways, supporting metabokgth a different energetic source, such
as protein which fuels adult metabolism (Brockimyt@001; Ahn et al., 2003). Proteins
typically are another major energy component ireitebrate eggs (Holland and Spencer,
1973; Labarta et al., 1999; Falkner et al., 20Hhough their use in development and
relative proportions varies with species. Proteamaentrations inL. elliptica larvae are

unknown.

The larvae ofL. elliptica have the capacity to defer metamorphosis andessdtit and
remain encapsulated for extensive periods of tifis (mo; Peck et al., 2007b). During this
time, larvae would be able to continue growth whnigting for settlement cues. The sizable
lipid reserves observed here would likely be aldestipport long encapsulation times,
particularly if the larvae do not perform additibrshell and somatic growth in this period,
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reserving this energy for basic functioning. Adaliially, remaining reserves may carry over
through metamorphosis, providing an alternativeouese for juveniles guarding against
starvation or food limitation (Thiyagarajan et &005). However, the higher metabolic rates
and some of the trends toward higher lipid usdeataged temperatures could strain energetic
resources and could impair later development. Sma#émaining reserves would reduce
larval capacity to defer settlement in the absesfceues. Supporting the increased rates of
metabolism may become difficult if malformed andakeshells (see Chapter 3) impair
feeding capacity in juveniles. Projections to 250@gest these larvae will not be negatively
impacted by ocean warming and acidification. Whitey may be approaching thermal
tolerance limits, a temperature change of +3°C wdonbt significantly tax energetic
resources and may result in larvae prepared foamatphosis sooner than under ambient

conditions.
4.4.3 Conclusions

The lecithotrophic larvae df. elliptica rely on large reserves of TAG and PL to develop
to the D-larvae stage. Despite considerable deplatfi both of these lipid classes during
development, significant reserves remained for metphosis, suggesting these larvae are
well provisioned, even for long periods of encaptah in the absence of settlement cues. In
contrast to other polar species, WE comprised argynall portion (< 5%) of the total lipids

in L. ellipticalarvae.

These larvae showed resilience to projected ockeanges. An elevation in metabolic rate,
indicated by increased,@onsumption, coincided with observations of pH #smperature
impacts on development rates in this species (Beet al., 2015). However, increased
metabolic rates did not come at great energetit &sanges in development rates were not
reflected in significant changes in the lipids regdh to reach equivalent points of
development, although the impacts of these stressorother energetic reserves in larvae
(protein, carbohydrates) are still unknown. Carkeroeffects may last over generations.
Larvae ofL. elliptica are well provisioned and will likely experiencetlt energetic cost in

development under end of century temperature angdrpjéctions.
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Chapter 5

Ocean acidification does not impact biodepositigrie Antarctic
bivalve Laternula elliptica

5.1 Introduction

Ocean acidification (OA) is an important stressor molluscs. OA occurs through
increased uptake of GOby the oceans, resulting in an increase in hydrogm
concentrations, and a subsequent reduction in opgBarExcess hydrogen can be removed
through buffering by carbonate, which in turn reskias availability for processes such as
biological calcification. Thus, as OA increasedcifi@rs may experience increased difficulty
in shell formation as well as dissolution or degtamh of existing calcium carbonate
structures. OA may also have further impacts thinoalgering immune responses, changing
metabolism and interfering with acid-base pathwagswell as reducing reproduction and

survival (Parker et al., 2013).

In calcifying organisms, research and concern aluis often related to growth, or the
maintenance and production of calcified structurEsyever, there are also metabolic effects
that may result in a change in feeding behaviowsome species. Research into the impacts
of acidification on feeding behaviour in bivalvegitally focuses mostly on acidification
from eutrophication, sewage and acid soils outfl¢see Pynnénen and Huebner, 1995; Dove
and Sammut, 2007), as well as industrial dischaegek mining waste (see Loosanoff and
Tommers, 1947; Bamber, 1987; Bamber, 1990; LoaymaseMand Elias-Letts, 2007),
situations that involve short term exposures tostitally low pH (~5.5) and that often
coincide with toxic metal exposure. In these casissye degradation and necrosis occurred
along with abnormal filtering behaviour includindgiell gaping or prolonged closure,
diminished biodeposit production, increased mugoosluction and decreased filtration rates
(Bamber, 1987;Bamber,1990; Pynnonen and Huebner, 1995; Dove and Sam200(;
Loayza-Muro and Elias-Letts, 2007).

Few studies have examined feeding behaviour undestigss from elevated [GPD Some
invertebrate species show no direct impacts on\betiaor feeding rates (e.g. Marchant et
al., 2010; Arnberg et al., 2013). In some bivalvaswever, long term exposure to low pH
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reduced food clearance rates and absorption efligieas well as diminished oxygen
consumption and increased ammonia excretion (FdezaReiriz et al., 2011; Navarro et al.,
2013). However, in closely related species, redymddesulted in losses of organic tissue
mass with no changes in ingestion and clearanas r@ternandez-Reiriz et al., 2011).
Abalone larvae altered their particle selectiorfamour of smaller food particle sizes, and

reduced ingestion and clearance rates (Vargas, @0413).

Higher routine metabolic rates occur with OA, meagnihat increased energetic costs may
be associated with reduced pH (Parker et al., 200t8se increases in metabolic rates may
result in changes to energy allocation, redirecterergy at the expense of non-vital
processes (Melzner et al., 2011). This indicated fbod availability too could influence
responses to OA. This has been observed in mussbkre increased shell dissolution

occurred under combined stressors of reduced fodd& (Melzner et al., 2011).

Primary production in the Antarctic is seasonahwérge variations due to differences in
light conditions, sea-ice cover and currents. Adddlly, productive seasons in the Antarctic
may be quite short (Kang et al., 1997; Ahn et 2003). Some ice-covered, shallow water
regions are classified as phytoplankton impovedslkiespite having highly productive
benthic communities (Ahn et al., 1993; Norkko et 8D05a). Suspension feeders in these
communities may be opportunistic, using both adkcnhaterial and resuspended benthic
microalgae for food (Peck et al., 2005; Tatianlet2908).

Sedimentation is the process by which organic @odganic particles suspended in the
water column are deposited to the benthos. Thisga®is enhanced through biodeposition,
where suspension feeding organisms bind particutedtter and expel it as faeces and
pseudofaeces, substantially increasing organicnatrient content in surrounding sediments
(Kautsky and Evans, 1987; Jaramillo et al., 199@rkiMo et al., 2001). Due to this benthic-
pelagic coupling, benthic communities are enharmedle presence of biodepositors (Norkko
et al., 2001). The extent of biodeposition is dato the abundance of suspension feeding
organisms, their distributions and their feedingdaour (Jaramillo et al., 1992). Suspension
feeders generally ingest particles from the watduron; particles that are not selected for
consumption are bound in mucous and rejected asdp&eeces, while particles that are
utilised are digested and the remains depositeda@ses (Levinton, 1972). Suspension
feeders may alter rates of filtration, ingestiorrgection as well as change particle handling

times and selection efficiency in response to emvirtental conditions in order to maximise
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the energetic gain from feeding (Bayne, 1998). @kann particle selection in response to
stress or increased metabolic demands could afterganic and organic content of
pseudofaeces and faeces. Feeding and biodepasitenmay be impacted by factors such as
sediment loads (Hawkins et al., 1996; Safi et26lQ7), temperature (Jaramillo et al., 1992),
salinity (Navarro, 1988; Jaramillo et al., 1992ypbxia (Norkko et al., 2005b), and the
presence of toxic species (Hégaret et al.,, 2008 well as variations in the amount and

quality of food (Bayne et al., 1988; Lauringsorakt 2007).

The suspension feeding clamsaternula elliptica plays an important role in Antarctic
benthic-pelagic coupling (Ahn, 1993; Ahn et al..93R Sedimentation of organic matter
increases in the presencelofelliptica, with deposition of organic carbon measured around
95 mg C nf d*, a value comparable thlytilus edulisin temperate waters (Ahn, 1993).
ConsequentlyL. elliptica increases the amount of organic carbon availabtedeposit
feeders in sediments (Ahn et al., 1993).

L. elliptica feeds on particles suspended in the water coluvhich in winter months are
limited due to lack of primary production or sedimheesuspension in fast-ice covered seas
(Brockington, 2001; Tatian et al., 2008). They albde to utilise a variety of particle types
and sizes, including macroalgal fragments, althahghimportance of different food sources
may be site-specific (Norkko et al., 2007; Tatidnak, 2008). Energy budgets vary with
season, with somatic growth occurring primarilystimmer months. During winter, feeding
and metabolic activity are reduced and the animaliges on energy stored primarily in
muscle tissue (Ahn and Shim, 1998; Brockington,120Gonad development may remain
constant across seasons, although peak gametagéndisked to chlorophylk abundance
(Kang et al., 2009). Their capacity for enterintpa metabolic state allowk. elliptica to
withstand unfavourable conditions. However, thiguiees that the animal be able to make up
energy reserves upon return to favourable condititins unknown whethdr. elliptica has
the capacity to enter low metabolic states in raspoto other stressors. Larger animals
reduce respiration rates, and presumably filtratiates, under increased sediment loads
(Philipp et al., 2011), but the influence of otkséressors on biodeposition rated.irelliptica

are unknown.

Exposure to OA results in rapid dissolution of eyngiiells inL. elliptica (McClintock et
al., 2009); while in live adults exposure increasgpression of chitin synthase and heat
shock proteins and elevates oxygen consumption (dngs et al., 2011). In addition to
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impacts on the shell, living under reduced pH woalslb expose tissues to unfavourable
conditions, which could lead to an increased cdgnaintaining homeostasis. Under such
conditions, adults could increase food uptake,ltieguin changes to pseudofaeces and faeces
production as well as their inorganic and orgamintents. Alternatively, adults could divert
energy from areas of lesser importance such adingesomatic growth and gonad
development. The larvae af elliptica are lecithotrophic, meaning they rely on mategnall
provided energetic reserves in the egg to fuelllatievelopment through to metamorphosis.
Changes in feeding behaviour could be indicatidneareased energetic demand, pointing to
potential flow on effects to eggs and larvae. $ssoof juveniles can be directly linked to
nutritional supply (Emlet and Sadro, 2006); thididates that reduced nutritional states in
adults could carry over to vulnerable early juverstages. Larvae experience high mortality
rates (60%) and altered development timing in respao both elevated temperature and
reduced pH, individually and in combination (Chap?e Bylenga et al., 2015). As they are
important biodepositors, changes in feeding behawiader these conditions could also have
negative flow on effects to the benthic communkgr example, reductions in deposited
carbon through altered feeding rates would imgaetavailable energy for associated deposit
feeding organisms. In this study, feeding behavmfut. elliptica under OA was examined
by comparing biodeposit production and organic cositipn of faeces and pseudofaeces

across a range of reduced pH levels.

5.2 Methods

On 31 October 2013, 48 ellipticawere collected from a depth of 14.2 m in loose grav
sediments at Cape Evans (-77.635258° S 166.414B882FThey were hung in a catch bag
under the sea ice until they were used in the éxgets 7-15 d later. Two separate
experiments were conducted to assess biodeposiitowing 48 and 96 h exposure to
reduced pH. Both experiments were carried out gieClavans in a tent on the sea ice.

Experimental tanks were isolated from the ice bynanlated floor and padding.

The first experiment was initiated on 7 Novembefl20when clams were placed into
insulated experimental tanks in free flowing seawatc50 ml/min). The clams were
acclimated to the tanks at the control pH (~pH Bfob two hours. Seawater pH was slowly
lowered over the following 6 h to experimental példls 7.78, representative of end of
century projections (Caldeira and Wickett, 2003C@; 2013), and further reduced pH of

7.54 in order to further assess responses to loywphg diffusion of food grade GGOnto
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two supply tanks. A third tank supplied seawatesirabient pH as a control. No temperature
manipulation was performed; therefore, all treatteevere at ambient temperature (around -
1.9°C).

Fig. 5.1.Set up for biodeposition experiment. pH was malaiggd in the blue supply tanks visible in
the background in a, and experimental seawaterdetigered to the 30 insulated tanks via the line

suspended above the tanks in b.

Thirty 2 L experimental tanks were used, 10 forhemeatment pH (Fig. 5.1). Prior to the

experiment, a 1 litre plastic bag was placed ihdaacket and the flow was directed into it to
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fill it up until it flowed over into the tank (Figh.1 a). The tanks were placed in a randomised
block design to account for any possible effectdeofiperature gradients from the nearby
door and dive hole. The set of tanks was coverdaack plastic sheeting to help mimic low
light conditions under the ice. The shell lengtheath clam was determined before placing
them on the bottom of the experimental tank (ortk per tank, n = 8 per treatment). Two
tanks with plastic bags were left empty at each tpHorovide a control for the passive
settlement of organic and inorganic particulateteradue to natural sedimentation. Three to
five times per day, the plastic sheeting was raiedded the clams and to make observations

of behaviour ir_. elliptica, such as siphon position and movement.

When the target pH was reached, clams were remipeadthe bottom of their tanks and
placed in their respective plastic bags. The shapie plastic bag allowed the clams to
maintain a natural upright body position in order rhinimise animal stress. The 48 h
experimental period was then initiated. Twice a daying this time, the flow was stopped
for 30 min to feed the clams 0.5 ml of a mixed hlg@aution, created from concentrating
scrapings from under the ice. As empty tanks weesluo control for the passive settlement
of particles outside of biodeposition, the algakmias added to all tanks. After 48 hours,
water flow was turned off and clams were removede Dag was sealed and the contents
were allowed to settle. Before filtration a quadlita assessment of the shape, size and colour
of the pseudofaeces and faeces was made. Depositdhbth experiments were filtered onto
preweighed 47 mm precombusted Whatman GF/C filfers measurements of total
biodeposits and passive settlement and kept frazetl analysis was performed in

Wellington, New Zealand.

Experiment 2 was initiated on 15 November, withnadv individuals. Methods followed
those described above for Experiment 1, with twoeexions. Firstly, once the pH had been
lowered, L. elliptica were acclimated to experimental conditions forhirs prior to the
collection of biodeposits. Secondly, faeces andugstaeces were collected separately.
Clams were fed during acclimation, also as desdrdd®ve. The clams were then placed in
the plastic bags and biodeposits were allowed tleatofor 48 hours following the
acclimation period. In order to assess potentiglaots of pH on food rejection, pseudofaeces
were separated using a Pasteur pipette and filteepdrately from the faeces and any
remaining settled particles (referred to colledinas faecal deposits).
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Filters were dried for 24 hours at 60°C, weighed #ren combusted at 450°C for 3 hours
to determine ash-free dry weight (AFDW). Dry wdggliDWs) of passive settlement and
deposit samples were determined by subtractingnttial filter weight from the weight after
being dried for 24 hours. Biodeposition in Expennh#& was determined by the DW of total
deposits produced in 24 hours, corrected for tagalvell as inorganic and organic content of
passive settlement (mg iffdd™). In Experiment 2, total deposits were calculatgdadding
the DW of pseudofaecal and faecal content. Orgaoigtent in both experiments was
determined using the differences between AFDW awd Rates of pseudofaeces production
and the organic content of deposits were expreasedg ind d; and organic content was
also expressed as percentage of total DW. Due doséparate collection of faeces and
pseudofaeces, only total deposits in Experimenta@pdes were corrected for passive
settlement. As biodeposit production lin elliptica is linked to animal weight (Ahn et al.,
1993) and limitations of field work prevented aater weighing of the clams, deposit

weights were normalised to shell length.

5.2.1 Statistical analysis

All statistical analysis was performed using SP&3sion 22. Normality of the data was
verified using Shapiro-Wilk’s test and equality wdriance was confirmed using Levene’s
test. The impacts of pH on total biodeposits (Expent 1 and 2), pseudofaecal and faecal
production (Experiment 2), as well as the orgamimponents of each were compared by

one-way ANOVA with pH as a single factor.

5.3 Results
5.3.1 Behaviour

Clams ranged in size from 63.3 - 93.6 mm, averagihi mm in Experiment 1 and 75.1
mm in Experiment 2. The shape of the bag which &l clam allowed individuals to
maintain an upright position, reflecting their naluorientation in sediments. Siphons
remained partially to fully extended and the foaswoften observed extending from the
bottom of the shell. Feeding behaviour was not t@oris Clams regularly had their siphons
closed, but not for extended periods of time (>)2 Mo differences in behaviour were

observed in individuals between treatments.
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Pseudofaeces and faeces were ejected simultaneandlywere slightly sticky, often
adhering to the siphon or shell. Individuals weaeetully rinsed with filtered seawater into
the tanks to ensure collection of all depositsteduced pH treatments in both experiments,
an apparent increase in mucous production was wdxsewith pseudofaeces appearing larger
and more translucent.

5.3.2 Deposition

Total deposition in both experiments was greatan thassive settlement (up to 2.3 x).
However, the net deposition rates differed betwegoeriment 1 and 2 (average 4.4 and 21.6
mg ind* o above passive settlement, respectively). Passilersent was similar between
experiments and did not vary with treatment pH (3160.3 mg &; comprising 12.5 + 0.1
and 3.9 + 0.2 mg dinorganic and organic content, respectively). Whejusted for wet
weight using average values from Ahn (1993), ddéposition rates in Experiments 1 and 2
were 0.26-0.53 mgg wet wt* - d™.

5.3.3 Experiment 1

In Experiment 1, deposition Ry ellipticawas 3.64-4.87 mg ind.d™, when corrected for
passive settlement (Fig. 5.2). Inorganic conteroanted for a greater percentage of the
biodeposits (70-75%) and pH had no effect on ueoted or length-corrected total deposits,

inorganic or organic content (Table 5.1).
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Fig. 5.2. Average organic and inorganic content of individdily deposition at experimental pH in

Experiment 1, corrected for passive settlemenbriyars are standard error.
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Table 5.1. Results of one-way ANOVA on the effect of pH orodéposition in Experiment 1,

including results corrected for shell length.

Fz, 21 P
Total deposits 0.758 0.481
Organic content 0.293 0.749
Inorganic content 0.884 0.428
Percent organic 0.889 0.426
Length Corrected:
Total deposits 1.553 0.235
Organic content 0.378 0.690
Inorganic content 1.844 0.183

5.3.4 Experiment 2

Biodeposition was much higher in Experiment 2, lmgdetween 21.2 and 22.1 mg ifd.

d* above passive settlement in control tanks. Pseedes accounted for approximately 45%

of the total deposits, with no effect of pH on tadaposits, pseudofaeces or faecal deposits

(Table 5.2). Approximately 30% of pseudofaeces faedal deposits were organic material

and organic content was not significantly impadigdgpH (Fig. 5.3, Table 5.2). Additionally,

no significant difference was found between treatimevhen deposits and organic content

were corrected for shell length.

Table 5.2. Results of one-way ANOVA on the effect of pH omatodeposition, faecal content and

pseudofaecal content in Experiment 2.

7

Total deposits Non- Pseudofaece
pseudofaeces

Fy 21 p Fy o Y Fy 2 p
Total deposits 0.146 0.865| 0.021 0.979| 0.691 0.512
Organic content 0.128 0.881| 0.019 0.981( 0.496 0.616
Inorganic content 0.144 0.867| 0.020 0.980| 0.839 0.446
Percent organic 0.067 0.935| 0.011 0.989( 1.043 0.370

Length Corrected:

Total content 0.691 0.512| 0.364 0.699| 0.952 0.402
Organic content 0.687 0.514| 0.240 0.789( 1.180 0.327
Inorganic content 0.644 0.535] 0.362 0.700| 0.889 0.426
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Fig. 5.3.a) Total organic and inorganic deposition, coeddior passive settlement and b) average
individual daily deposition at experimental pH ixgeriment 2 separated by inorganic and organic

content of faecal and pseudofaecal deposits. Benar are standard error.

5.4 Discussion

The presence of a single adultelliptica increased deposition of material from the water
column above passive settlement, demonstrating ithpiortance in benthic-pelagic coupling
and sedimentation. Short term exposure to reduekedigh not influence feeding behaviour or
the amount or the characteristics of biodeposaimal wet weights were not measured in
this experiment; however when deposition rates veslisted using average wet weight
values from Ahn (1993), deposition was within tbevlend of the range of their daily rates
(i.e. 0.26-0.53 mg g wet wi' - d’ vs. 0.26-2.17 mg g wet wi' - d* in Ahn 1993). AsL.
elliptica has the capacity to enter a near hibernation statker low food concentrations
(Brockington, 2001), clams were well fed to ensw@fficient biodeposit collection.
Biodeposition in this experiment may have beerugtiiced more by food availability than by
the external seawater conditions. Under ideal fooaditions, impacts of stressors may be
reduced or overridden (Norkko et al., 2005b; Metzteal., 2011).

Stress responses may be dependent on other fattdnsas age, size class and source
population. For example, under various stressorallsiyoungL. elliptica showed lower
stress responses to tissue and shell damage, Wad &cumulation of metals and cellular
waste products, and also displayed a greater dgpfaci reburial and other energetically
intense actions under stress compared to oldelaager adults (Clark et al., 2013; Husmann
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et al.,, 2011; Husmann et al., 2012). Respiratioanimals from different source populations
on King George Island on the Antarctic Peninsulawsd various responses to increased
sediment loads in the water column which reflectediment influx in the source areas
(Philipp et al., 2011). Animals grown in a moreigate environment (in terms of sediment
load, salinity, temperature, food supply etc.) naégo show a greater capacity to respond to
and withstand a changing environment, reflecting ithportance of experience in defining

tolerance limits (Pdrtner, 2010).

In 2011, daily variation at Cape Evans reachedigis &s 0.090 pH units and seasonal
variation was 0.3 units in 2012 and 2013 (see Muatsbal.,, 2011; Matson et al., 2014,
Kapsenberg et al., 2015). However, the lowest pldsuements occurred in winter months
(Kapsenberg et al., 2015), when feeding activity_irelliptica would be minimal or cease
altogether (Brockington, 2001). Although the pHmy experiments was lower than that
observed at Cape Evans, the natural variationeasite may indicate an adaptive capacity in
the adults, allowing them to withstand short tetnesses (maximum exposure time to low
pH was 4 d in Experiment 2). While. elliptica may be adapted to short term exposure,
longer term exposure may have a metabolic costekample, under reduced pH, increased
heat shock protein levels and chitin synthase gepeession (after 21 d) as well as increased
oxygen consumption (after 120 d) were observdd iglliptica (Cummings et al., 2011). It is
possible that the increased metabolic costs adsdciaith these observed changes could
increase energetic demand over time, resulting hanging feeding behaviours with

prolonged exposure.

The energy to support added metabolic costs mayectsom increased food intake,
internal reserves, or the diversion of energy afayn less important activities, such as
gametogenesis. Here | show that in the very steom,tL. elliptica do not change feeding
behaviour to support these additional demands. t&doay be tolerating pH in the short term
or else they are supporting increased metabolicadenby diverting resources, which could
have consequences for individual growth or larvadvisioning. However, longer term

exposure in the adults is necessary to fully urtdedsthese implications.

In these experiments, qualitative differences inrupefaeces were observed, being less
compact and more translucent under reduced pH.r@thdies have shown increased mucus
production in molluscs in response to reduced pHafiza-Muro and Elias-Letts, 2007).
Additionally, stress may result in changes in ptetselection (Safi et al., 2007; Vargas et al.,
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2013). Increased mucous production could hide obsrig particle selection when only
organic content is measured. The observed diffeerio pseudofaeces colouration in
Experiment 2 could be an indication of changes artigle selection and/or mucous
production. IfL. elliptica were rejecting fewer particles under low pH, andudtaneously
increasing mucous production, overall organic cointeay have remained similar between
treatments. Ashing provides a measure of organiteod in a sample, but it does not allow
differentiation of carbon sources, and therefoféedinces in organic carbon contributions
from mucous and phytoplankton would not have beeasured. Closer examination and
comparison of species abundances and particle isizeeudofaeces and faeces would allow
clarification of feeding behaviours such as ingestiejection rates, and indicate whether

changes in particle selection occur under lower pH.

A difference in total biodeposition was observetileen Experiments 1 and 2. In the first
experiment, pH was lowered over 6 hours prior aékperiment start and clams were fed at
the start of the experiment. In the second experimée clams were held in the tanks at
experimental pH for 48 h prior to the start of theeriment and were fed during this time.
Food may reside in the gut bf ellipticain excess of 15 h (Tatian et al., 2008). The clams
Experiment 1 may have had a period of relatively food intake by having been stored
under the ice prior to the start of the experimamd the reduced deposition may be due to

clams filling empty stomachs before beginning déjmos

5.4.1 Conclusions

L. elliptica significantly enhanced their environment throulgé provision of nutrients and
organic deposits above natural sedimentation. T&pbsition is dependent on variables such
as feeding duration, season and organic conterdgpiieepH impacting respiration rates in
another experiment (Cummings et al., 2011), pH nid affect deposition or feeding
behaviour, at least in the short term with highd@wvailability. However, changes in particle
selection may have occurred, as indicated by e differences in pseudofaecal
appearances at low pH. This indicates thatelliptica adults may be able to withstand
projected conditions for the Antarctic, continuitg provide adequate reserves for their
lecithotrophic larvae as well as conserving suéalglserves for dormancy in winter months
and maintaining their role as significant biodeparsi in the Antarctic. However, longer term
assessment of feeding behaviour would need to erpeed to see if rates are impacted by

metabolic changes observed under longer term ex@osu

99



Acknowledgements

| thank the NIWA dive team (Scott Edhouse, Davidemner, Peter Marriott, Peter
Notman and Andrew Lohrer) fdr. elliptica collection and Antarctica New Zealand for their
logistical support. This research was funded by V®rant 100241, the Victoria Doctoral
Scholarship Fund, The ARC Endowed Development Fuhd, Royal Society of New
Zealand Marsden Fund NIW1101, and NIWA. | also khaleill Barr (National Institute of
Water and Atmospheric Research, NIWA) for his cwml support during set-up and
maintenance of the experiment. Lisa Northcote iankied for providing her lab and
equipment for the dry weight analysis

100



Chapter 6

Discussion

6.1 Introduction

Anthropogenic activities are having a significantpact on the environment, changing
temperatures and ocean chemistry at an unprecedeaite (IPCC, 2013). Rapidly changing
ocean conditions have significant implications $pecies survival, particularly in regions
more sensitive to these changes, such as the Soueean. Previously, adults of the
Antarctic clam,Laternula elliptica have been demonstrated to be sensitive to twoesfeth
stressors, ocean acidification and warming (see rGings et al., 2011; Hempel, 2016),
however, impacts on early life history stages aMeown. In order to address this knowledge
gap, larval development in. ellipticawas analysed in a series of laboratory experimamts,
which larvae were raised under elevated temperatargitions (-0.5 to +1.5°C) and/or
reduced pH (7.80 to 7.65), representative of chawmgeheir environment projected for the
end of the century. The observed differences ireldgament and abnormality rates, larval
sizes and metabolism between larvae raised atahiot pH and temperature (~8.00 and -
1.7°C, respectively), and those elevated tempearatand reduced pH are summarised in
Table 6.1.

Table 6.1. (Opposite page). Summary of the experimental t&sah the effects of elevated
temperature and reduced pH on development andtiontin L. elliptica compared to the control
temperature and pH treatment (-1.6/-1.7°C and ~8@€pectively).t and | indicate significant
increases and decreases, respectively, in fetidisssuccess, larval development, abnormalities,
respiration rates and sizes or lipid use, whergifsignce is p < 0.05. Double arrows indicate p <
0.001, ns = no significance. Green arrows indieateeffect that would likely be beneficial and red
indicates detrimental effects. Blank spaces, dpamt those at control conditions, indicate treattaen
where the effect was not assessddcludes 2, 8 and 16-cell stagéincludes blastula, trochophore

and veliger stages. Low pH value for biodeposition was 7.54.
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Experimental Temperature (°C)
-1.7/-1.6
pH (Control) -0.5 0.4/0.5 15 Parameter Chapt
N ™ Fertilisation (4-6 h) 2
™ ™ Early development (to 48 *h) 2
™ ™ Early development (2-20 ’E)
N ™ D-larval development 2
™ ™ ™ D-larval development 4
" " Early abnormality rate (to 6 d) 2
((50863?)') ! ns D-larval abnormality rate 2
ns ns PI size (larval body) 3
ns ns PlIl size (shell growth) 3
ns ns Shell malformation 3
ns ns Shell abnormalities 3
ns ns ns Lipid depletion (Total, TAG) 4
1 1 1 Respiration 4
Biodepositior*;* 5
™ N Fertilisation (4-6 h) 2
ns ™ Early development (to 48 *h)
ns ™ Early development (2-20 E) 2
l 1 D-larval development 2
D-larval development 4
1 ns Early abnormality rate (to 6 d) 2
7.80/7.78 ns ns D-larval abnormality rate 2
ns ns Pl size (larval body) 3
ns ns Pl1l size (shell growth) 3
1 1 Shell malformation 3
™ N Shell abnormalities 3
Lipid depletion (Total, TAG) 4
Respiration 4
ns Biodepositior?* 5
™ N ™ Fertilisation (4-6 h) 2
ns ™ " Early development (to 48 *h)
i " ™ Early development (2-20 E)
1l ! ™ D-larval development 2
1l N ™ N D-larval development 4
1 ns ns Early abnormality rate (6 d) 2
265 ns ns ns D-larval abnormality rate 2
ns ns l P1 size (larval body) 3
ns 1 ™ Pll size (shell growth) 3
i 1 i Shell malformation 3
™ ™ ™ Shell abnormalities 3
l ns ns ns Lipid depletion (Total, TAG) 4
ns 1 1 1 Respiration 4
ns Biodepositior?* 5
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6.2 Synthesis

Chapter 2 describes changes in fertilisation swcqa®gression of embryonic and larval
development, occurrences of abnormalities and lawaival under reduced pH and elevated
temperature. Further impacts of these stressoréamal quality and development were
analysed in Chapter 3 by evaluating changes inl gfnelth and the quality of calcified
structures using scanning electron microscopy. @napexamined both the use of energetic
reserves by larvae and their metabolic responseglitoate change stressors during
development. Chapter 5 examined the impacts ofroeeaification on feeding behaviour
and biodeposition in adult clams. A synthesis ef tbsults of these experiments is presented

here, followed by a discussion of their implicagdor future populations df. elliptica.
6.2.1 Fertilisation

Fertilisation in invertebrates is generally robiestvarming and acidification (reviewed in
Byrne, 2011). In the Chapter 2 experiments, elev&enperature improved fertilisation rate
relative to control conditions at both 4 and 6 lso{irable 6.1). At these higher temperatures,
reduced pH impaired fertilisation compared to lewa the control pH. However, even under
pH stress, fertilisation success was still higlmeelevated temperature treatments compared
to rates at control temperatures (Table 6.1). Ticates projected ocean changes might
improve fertilisation success, even with pH stre8g.48 h fertilisation was high in all
treatments and robust to the temperature and pdment conditions. No loss of gamete

viability was observed with either stressor.

Fertilisation studies made in a laboratory can ifffecdlt to interpret as results may differ
with experimental method (Byrne, 2011). Significaatriation is often observed between
experiments on the same species (e.g. Havenhan&dnedgel, 2009; Parker et al., 2010).
There are many variables that can influence measnts of fertilisation success, such as
population differences, parental age and gamet@ugutexperimental method, gamete
concentrations, sperm residence time, etc. (By20&1). The fertilisation in the Chapter 2
study occurred under optimum sperm and egg corateris (Powell et al., 2001), which are
unlikely to occur in the wild. The higher fertilisan rates observed in the first few hours
following spawning may significantly increase thamber of fertilised eggs at elevated
temperature and reduced pH, before sperm concemsatare diluted, subsequently

increasing the numbers of developing larvae.
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6.2.2 Development timing

Not only will elevated temperatures potentially remse larval populations through
enhanced fertilisation, the developing larvae widach competency faster. Elevated
temperatures accelerated development rates in pgriexents (Table 6.1), an effect that was
noticed as early as 4 hours post-fertilisation (BFbhe 2-cell stage. In addition to reaching
the first developmental stage earlier, these lamvaitained a faster rate of development
through successive development stages (TableBylthe D-larvae stage, a +2°C change in
temperature resulted in fully shelled larvae depiglg 5-6 days sooner compared to those at

the control temperature, equating to a 20-25% as®en development rate.

The impacts of pH were more variable and highlightiee necessity of assessing the
impacts of stressors at multiple developmental esadRkeduced pH largely accelerated
development up until the trochophore stage, fiesinsaround 10 days PF, which is the point
in bivalve development where calcification begikga(ler, 1981; Weiss et al., 2002). This
stage marked a turning point where the effectd-bsfarted to become negative. Reduced pH
significantly slowed development by the D-larvaagst, relative to control pH, with the
effect dependent on the incubation temperature |€T&bl). For example, at control
temperatures, the delay was 1-2 d, but at 0.4°€ diéday was 4 d. However, due to the
overall faster development at elevated temperategsae at pH 7.65 and 0.4°C still
developed faster than those at control conditiorele 6.1). The observed influences of
temperature and pH on development of the lateggeland D-larval stages suggest that
future ocean warming may accelerate developmentthiese stages, but that ocean
acidification may limit the extent of this increaddowever SEM data (discussed below)
indicates that settlement and juvenile survival rhayimpaired by extensive shell damage at
reduced pH

Larval stages are among the most vulnerable liégest, and any change in rates of
mortality or development could have significantwiton effects for the population (e.g.
Parker et al.,, 2013; Guy et al.,, 2014). The lackdefeloped protective structures and
mechanisms, exposure to adverse conditions andatoradall significantly reduce the
proportion of spawned gametes that survive to becsettled juveniles (Martel et al., 2014;
Pecorino et al., 2014; Przeslawski et al., 2018stér rates of development would mean
protective and regulatory structures would be fatmgooner, potentially reducing
vulnerability and allowing for responses to extégieessors.
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Elevated temperatures are not likely to occur withooncomitant reductions in pH,
therefore it is important to consider the impadtsimultaneous reduced pH and elevated
temperature. Despite the delaying influence pH badthe development of D-larvae, at
elevated temperatures, the influence of pH was mimaomparison to the overall faster
development rates observed with elevated temperatlone. Larvae in the most extreme
treatment (pH 7.65 and 0.4°C) still reached commpmtebefore the larvae at control
conditions. However, even within a species, respems stressors may be quite varied.

Variable responses to reduced pH have also beama@usbetween populations Miytilus
edulis In populations from the North Sea, shell dissolutand significant reductions in
calcification were observed with elevate@O, (Gazeau et al., 2007). In contrast, edulis
from a Baltic Sea upwelling region maintained datetion, somatic growth and juvenile
recruitment at much high@CO, levels (Thomsen et al., 2010) and individuals frtma
American Atlantic coast experienced no change iltifgztion following exposure to
elevatedpCO;, (Ries et al., 2009). The naturally high#O, experienced in the upwelling
zone may have allowed for acclimation within theglation, leading to higher resilience.
Differential responses to stress in adultelliptica have been observed in populations that
experience contrasting conditions. For example,teadinermal limits and individual
performance at elevated temperatures were greaiadividuals from locations with higher
summer maximum temperatures (Morley et al., 20@9)ditionally, in the Ross Sea,
antioxidant defences were upregulated and oxidatiness was greater in populations from a

more polluted environment (Lister et al., 2015).

In the present studies, differences in developnheimbang were observed between larvae
from the Chapter 2 experiment compared to thosa f@hapter 4. Experimental conditions
were similar between these chapters, eggs weibsktunder reduced pH (7.80 and 7.65 in
Chapter 2, pH 7.65 in Chapter 4) and elevated teatyes (-0.5 and 0.4°C in Chapter 2 and
-0.5, 0.5, and 1.5°C in Chapter 4), and larvae waiged under these conditions to the D-
larvae stage. In the Chapter 4 experiment, no deksy observed in any of the reduced pH
treatments at elevated temperatures (up to 1.5%Gi)e those at control temperature were
delayed by close to 2 d. The adultellipticathat supplied the larvae for the two experiments
were sourced in different years (2012 vs. 2014) fooh different populations (McMurdo
Jetty vs. Granite Harbour). Adult condition and em@nce during gametogenesis can
influence larval performance through the alteratioh energetic provisioning or by
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transgenerational epigenetic inheritance (Sunday.,e2011; Miller et al., 2012; Parker et al.,
2013; Parker et al., 2015). For example, in oysaisr exposure to reduced pH led to lower
rates of abnormality, faster development, fastesllsgprowth and increased heart rate in
following generations (Parker et al., 2012; Parkeral.,, 2015). Similar responses are
observed in other marine species (e.g. Foo ek@l2; Miller et al., 2012; Vehmaa et al.,
2012), although prior exposure may exacerbate ivegegsponses (see Dupont et al., 2013).
The variable responses observed between the exgr@ammay indicate that ellipticalarval
sensitivity to reduced pH may be linked to diffdrenvironmental conditions experienced by

the parents.

No long term data sets exist detailing conditiorts Granite Harbour. However,
Kapsenberg et al. (2015) compared conditions at Mdd Jetty to Cape Evans. Short term
measurements of pH made at Cape Evans and Gramitboltt from the same time
(November) in different years (2013 and 2014, respely) indicate these locations are
similar, but pH is slightly lower at Granite Harlazompared to Cape Evans (approximately
7.99 vs. 8.04, respectively; Cummings, Pers. ComicMurdo Jetty has small short term
variations in pH, and seasonal averages are highmpared to conditions at Cape Evans
(8.15 vs. 8.05, respectively, Kapsenberg et all520if pH variability at Granite Harbour is
similar to that at Cape Evans, the adults usedh®iChapter 4 lipid analysis may have been
better adapted for reduced and variable pH conditmmpared to those from the McMurdo
Jetty. This may have allowed larvae to responcebétt the low pH conditions in Chapter 4.
However, the data from Granite Harbour are fronmmatéd time scale and a different year
from Cape Evans data, more data would be needethk® an accurate comparison of the

conditions experienced by the different populations

Small changes to developmental timing could hagaicant flow on effects to the size
of population at settlement. Larvae reach competeidhe D-larvae stage. At this critical
point, they can begin metamorphosis and settlaersediments as juveniles. Under elevated
temperature, larvae will reach competency soondh two positive implications: faster
settlement or greater growth. Early competency mdarvae will be able to complete
metamorphosis and settlement sooner upon the teo€&ipppropriate cues. This would
reduce the time in which larvae might be carriedhgfvom favourable settlement locations
due to currents, promoting the retention of larvadditionally, larvae would spend less time
in life stages where they are vulnerable to predathereby increasing the overall population
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of juveniles (Lamare and Barker, 1999; Prowse et28l09). Alternatively, larvae would be
able to delay metamorphosis and spend more timkariral somatic and shell growth,
allowing for the development of larger juvenileshigh could increase their survivorship
(Gosselin and Qian, 1996; Emlet and Hoegh-GuldiE®g7; Emlet and Sadro, 2006; Martel
et al., 2014).

Settlement in invertebrate larvae is typically degent on external cues (Martel et al.,
2014; Wicks and Roberts, 2012). These cues mayhysiqal, chemical or interactive,
triggered by the presence of specific predatorprey, substrata and/or biofilms (Hadfield
and Paul, 2001). Additionally, within a speciesestior settlement may differ from those for
metamorphosis (Hadfield and Paul, 2001). Cues neainttuenced by the same conditions
that influence larval development in elliptica, therefore, even if larvae reach competency
sooner, there is no guarantee the larvae will vecdhe appropriate cues to initiate
metamorphosis and settlemelntellipticalarvae are non-feeding, and are unable to replenish
any reserves before metamorphosis. If cues arengjdarvae may be able to wait, but this
time will be limited by the available energeticeage. The observed impacts of reduced pH
and temperature on energetic reserves and lazed sire further discussed below. However,
if cues are not affected in this species, the fadevelopment indicates that elliptica

populations could possibly increase under projeetedated temperatures.
6.2.3 Abnormalities and mortalities

Abnormal development was observed in all life higtetages studied. Abnormalities
included altered larval body shapes, which wowkdlii result in larvae not progressing on to
successive developmental stages, or larval mortdddur hours PF, abnormality rates of the
embryos ranged between 2-8%, and by 6 d PF hadased to 18-30%. Temperature and pH
did not individually influence abnormality ratestime first 6 d, but an interactive effect was
observed with reduced pH increasing abnormalitiet.&°C but reducing them at -0.5°C. By

the D-larvae stage, abnormality rates were higdilitreatments.

The elevated temperature of -0.5°C reduced occcesenf abnormalities in the D-larval
stage (Table 6.1). Due to the difficulty of obsaryidetails of the larval shell under light
microscopy, observations of abnormal developmeittiénD-larvae in Chapter 2 were limited
to those that presented obvious malformation orrwgrogressed past previous stages (e.g.

“ab” and “vel” in Fig. 6.1a). Abnormalities were mgofrequent in reduced pH treatments at
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each temperature, however, this effect was nasstatly significant due to large variability
between treatments, which indicated that futurenvesir oceans might increase D-larvae

numbers with little impact of concurrent reduced (d17.65).

While the effects of pH on abnormal developmentewveon-significant in Chapter 2,
closer examination of shell quality and morpholagygler SEM revealed significant negative
effects. D-larvae from reduced pH treatments tipgteared to be fully shelled under light
microscopy (e.g. “D” in Fig. 6.1a) were sometimexalcified and a significant portion of
them had abnormal D-shapes, deformed shell edgésiresgular hinges (Fig. 6.1b-d).
Furthermore, of the larvae that had normal D-shapgpmificantly more displayed high
amounts of shell damage when raised under redukkedTpble 6.1). Undersaturation of
aragonite in both reduced pH treatments likely tedthe dissolution of shell surfaces,
resulting in the increased pitting that was obsgér#evated temperature did not impact shell
morphology (Table 6.1), but it did have a slighttigating effect on reduced pH. These
results suggest that OA will be major concern faske developing larvae, as larval shells will

experience a significant loss of quality, which lcbimpair function or success.

Apparently normal larvae may actually be severeyndged by pH. Abnormalities and
dissolution of calcified structures are difficuti bbserve without SEM. This may lead to
incorrect interpretations of stress responses.Haper 2, abnormalities were judged solely
on the apparent overall shape of the larva, andag suggested that larvae were largely
robust to reduced pH, particularly in the context leneficial effects of elevated
temperatures. However, Chapter 3 revealed signifilaws in shell structure that would
have serious implications for settlement and salviln order to avoid an underestimation of
the impacts of pH, future studies on larval develept will need to pay close attention to

calcified structures.
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Fig. 6.1.Images of larvae from the Chapter 2 and 3 expettisnéaken using (a) light microscopy and
(b-d) SEM. (a) shows a D-larvae (D), late stagégees (vel) and an extreme example of abnormal
development (ab); (b-d) are examples of D-larva tere counted as “normally developed” under
light microscopy, but that SEM examination in Cle® revealed were in fact malformed. Scale bar
=10Quin (a), (b-d) as indicated.

Larval morphology and shell integrity may have egéainfluence on survival (Talmage
and Gobler, 2010; Gaylord et al., 2011). In spew#hk planktonic feeding stages, reduced
shell integrity in structure, or in the hinge oged may impair feeding or swimming capacity
(Talmage and Gobler, 2010; Waldbusser et al., 2048t L. elliptica may not be heavily
reliant on structural integrity as they are sesgilewever, impaired swimming may reduce
the capacity of juveniles to select suitable swbstron which to settle. Additionally, as
infaunal organisms, they must bury in sedimentgaaof the settlement process.elliptica
is found in a large variety of sediment types raggrom coarse gravel to mud. Altered shell
shape may influence the sediment types in whiclenigs are able to settle and burrow,

while reduced shell integrity may increase monadit settlement.
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The impacts of exposure to reduced pH will likelyan reduced larval and juvenile
populations due to malformed and/or weaker caltiBguctures. Simultaneous exposure to
elevated temperatures will improve shell conditiand reduce abnormal development.
However, unlike the observed impacts on developntegning, the benefits of elevated
temperatures will not overcome the costs of redymt¢dThe increased frequency of cracking
on larval shells at reduced pH is a symptom ofrgelaproblem. The larvae are encapsulated
in a thick gel capsule that should offer protectionthe developing larvae. Larvae raised
under reduced pH had higher occurrences of shattkorg. This implies that they have
weaker shell structure and may be prone to danmagetilement. While there are no crushing
predators in Antarctica, shell strength is an inbgoar component of individual survival In
elliptica. The shells of bivalves may also offer protectiggaiast bacterial invasion, and
significant cracking and damage may leave larva@ janeniles vulnerable to infection
(Husmann et al., 2011; Harper et al., 2012).

In molluscs, larval shells are not lost in metanhmgs, but are incorporated instead into
the juvenile and adult shells (Weiss et al., 20G@nsequently, any damage sustained in
larval development will carry-over to later stagegpair of damage is possible in adults that
sustain crushing injuries suffered during physutiaturbances (e.g. from icebergs Harper et
al., 2012). However, the repair procesd.irelliptica is slow and may be limited (Sleight et
al., 2015) and extensive damage, as seen herenval Ishells may be too energetically
demanding to repair. Additionally, under ocean #ication, reduced pH will not only affect
larval stages. Juveniles and adults will be subjectthe same conditions, possibly
experiencing similar reductions in shell qualitydanay not be able to repair damage. Under
future ocean conditions, shell damage sustainedgllarval development may significantly
reduce recruitment leading to significant populataeclines, particularly in more disturbed
habitats. It must also be considered that thesereampnts were carried out in a laboratory
setting where developing larvae were largely prteticNatural mortality rates would likely
be even higher in the wild as larvae would be egdo® predation, advection and other
stressors. Climate change related stressors mag pldded strain upon already vulnerable
life stages (Gazeau et al., 2013; Parker et al.3R0

6.2.4 Larval sizes

Elevated temperatures and reduced pH not onlyentied the rate of development and the
quality of calcified structures, they also impactacral body sizes and shell growth (Table
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6.1, Chapter 3). Larval sizes often affected bgsstors, however, it is not clear whether the
size differences are related to developmental dedayeduced growth (Gaylord et al., 2011;
Stumpp et al., 2011b). When comparing larval seteset times PF, developmental delays
may indicate smaller larvae sizes. However, redwgreavth would only be apparent when

comparing larvae at equivalent life history stagedependent of the time PF. Iln elliptica,

the answer to whether larvae are smaller or justyee lies somewhere in the middle.
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Fig. 6.2.SEM image of a normal D-shape larva, showing pemtisnch | (P1) and the narrow band of
prodissoconch Il (PIl). H and L indicate measuretsi@h shell height and length, respectively of PI.

The two-staged development of bivalve shells adldar the measurement of different
aspects of larval growth: body size and shell faroma The first part of shell development is
the formation of prodissoconch | (PI, Fig. 6.2).I¢facation is initiated by the shell field,
specialised ectodermal cells that later form thellspland and periostracum (Eyster and
Morse, 1984). The development of the larval sheljibs in the trochophore stage at the
onset of calcification, and Pl is complete whenghell meets at the margins and the body is
completely enclosed forming a D-shaped straightgduh larvae. From this point the
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formation of prodissoconch II (PIl, Fig. 6.2) begirAt this stage, shell formation switches
from the shell field to the mantle, and calciumbcarate is laid in thin bands along the newly
formed shell edges. The larvae will also add cafcearbonate to the inside of the shell,
thickening it (Carriker, 1996). PI height and ldmgheasurements correspond to the size of
the larvae at competency, while the width of newellsh PIl corresponds to shell growth, and
subsequently, the rate of calcification betweerad metamorphosis (Martel et al., 1995;
Martel et al., 2014).

Larval body sizes (PI) as well as shell growth \Rere influenced by both reduced pH
and elevated temperatures (Table 6.1). In Pl deweémt, under elevated temperature, larvae
had significantly smaller shell heights and thereftarval body sizes, compared to those at
the control temperature. Incubation temperature rbtl impact Pl length. These smaller
larvae at elevated temperature are contrary toatapen. Generally, larger larvae sizes are
an indication of greater health or quality (Gosselnd Qian, 1996; Martel et al., 2014).
Faster growth rates had already been observed elgtvated temperature in Chapter 2,
indicating that the larvae were reaching the fghelled D-larvae stage sooner. This would
mean that the larvae were finishing the formatibRlcat an earlier age PF. Larvae may have
had less time in which to perform cell growth dgridl development, becoming fully shelled

at a smaller size.

The temperature dependent impact of pH on Pl dpuwedmt is harder to interpret (Table
6.1). At -1.6 and 0.4°C, smaller shell heights welbbserved at reduced pH. Conversely, the
largest shell heights were observed at pH 7.65-@riefC. This variable response may be
related to the energetic costs of calcificationlcfiaation is dependent on an organism’s
capacity to maintain pH at the site of calcificati?&dnder ocean acidification, internal pH can
be regulated through the removal of protons usomg transport mechanisms or through
buffering using bicarbonate (McConnaughey and Kailli 2008). Bivalves are capable of
forming bicarbonate through the energetic conversid respiratory CQ (Roleda et al.,
2012). Under elevated temperatures, respiratioreased inL. elliptica larvae (see below,
Table 6.1). This may have supported a higher mésabpleading to a greater production of
bicarbonate, improving buffering and allowing geratell growth. However, a lack of
change in respiration rate at temperatures eleatede -0.5°C (i.e., 0.5 and 1.5°C, Chapter
4) indicates that metabolism may be limited. Adudhiglly, increased metabolic demands at
the higher temperatures may have resulted in thalamarvae seen at 0.4°C, as energetic
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resources may have been used to build vital latvattures and not for further body growth.

This indicates that smaller sizes may also be d@rpeabove 0.4°C.

Elevated temperature increased the amount of gheWth performed at PIl, while the
influence of pH was once again dependent on thebeiton temperature. At the control
temperature, significantly less shell material wlaposited at reduced pH. Unlike the larval
body growth at PI, which increased under reduceaply at -0.5°C, increased growth of PII
was observed at both elevated temperatures (i.®.afid 0.4°C) with reduced pH. This is
likely related to the patterns of development désckin Chapter 2. Larvae raised in elevated
temperature treatments reached the D-larvae stamgges meaning they could have more
time to continue calcification before settlemehieattiement cues are not received, resulting
in larger PIl growth. This increase could have pesi implications for L. elliptica
populations, as a larger size at metamorphosisgivayan advantage in settlement (Martel et
al., 2014; Phillips and Gaines, 2002). Larger shelay reduce the vulnerability to predation,
as well as give the larvae a competitive advantagprime settlement areas. Additionally, as
P1l growth occurs on the inner shell layers as waslhlong the shell edge, more time spent in
Pl growth will mean larval shells may be thickerdamore resistant to crushing fractures

during burial.

Reduced pH had a variable effect on shell growtRlgtapparently limiting shell growth
at the control temperature, but not at the elevédetperatures. If increased respiration and
metabolic limits under reduced pH and elevated tatpres noted in Chapter 4 (see below)
explain the pattern of growth in PI, they may adsplain the effect at PIl. While size at PI
relates more to larval body growth, PIl may rekatealcification rates. Factors limiting cell
growth at elevated temperature may not have hadfluence on the ability to calcify. The
larvae may have continued growing larger shellsedticed pH and elevated temperatures
due to the increased production of bicarbonate tigher respiration rates. Interestingly, not
only was shell growth greater at reduced pH at mévated temperatures, greater shell
growth occurred at pH 7.65 compared to 7.80 (Td&bB. If increased buffering aided
calcification at high temperatures, it would be ected that shell formation would be similar,
not greater. Perhaps a hormetic response occuwbdre the increased and combined
stressors (pH 7.65 and 0.4°C) crossed a threstigdering a repair mechanism that was not

activated under less stressful conditions. Howenesmponses such as these are energetically
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demanding and may come at costs to the developimgéd, such as losses in tissue mass or

reductions in energetic reserves.
6.2.5 Larval energetics

The energetics of larval developmentLinelliptica were analysed in Chapter 4, focusing
on the use of lipid reserves in development to Bhiarval stage, as well as how these
reserves were impacted by reduced pH and elevateperature. Eggs contained around 200
ng of lipids, which were dominated by the energédipad triacylglycerol (TAG) and the
structural phospholipid (PL). TAG accounted for ne&5% of the total lipid content. Also
present were wax esters, aliphatic hydrocarborgytiilycerol, cholesterol, acetone mobile

polar lipids and free fatty acids.

Depletion of lipids over time was partially depentlen the incubation temperature. In
development to the D-larval stage, a trend towarigker depletion was observed at elevated
temperatures. Surprisingly, the lowest lipid depletwas observed in larvae developing
under reduced pH at control temperatures (Tablg Bldwever, the differences in lipid use
between treatments were minor and considerableveseemained under all experimental
pH and temperatures. Larvae developing under eddvimperatures reached the D-larval
stage sooner compared to those at control tempesafGhapter 2) and achieved greater shell
growth (Chapter 3). Larvae that reach greater sazesjuivalent age may be expending more
energy to complete equivalent growth. Metamorphdasignergetically demanding and if
reserves are depleted before competency is reatdmede will not be able to complete
metamorphosis. However, there was little or no ddefeergetic cost to maintain these faster
development rates (Chapter 4). This indicates ttheaiarvae may have reached competency

sooner, with no increase in lipid use.

In development to the D-larvae stage, around 25%efotal lipid pool was depleted (~45
KQ), largely due to changes in PL and TAG contéhe relative size of the original TAG
lipid pool also declined significantly, indicatirtgat it was the primary lipid used in larval
development irL. elliptica. This was not unexpected, as TAG is a common gedlipid used
by many marine invertebrates in larval developmgtdalmer, 1989; Kattner et al., 2003;
Moran and Manahan, 2003; Falkner et al., 2015) pDests classification as structural lipid
class, the significant depletion of PL during deypeahent indicated it was used energetically
in development (Kattner et al., 2003; Pernet et 2003b; Pernet et al., 2006). Similar to

114



TAG, more than half of the original PL reserve ramed at the D-larvae stage, indicating that
it may also be a significant reserve for metamosghoHowever, it is unknown what

proportion of the remaining reserve is availableeaused energetically as PL is an important
component of cell membranes (Fraser et al., 1988;dt al., 2006), some of the measured PL

would have been performing a structural functiothia larvae.

The small size of the wax ester poollinelliptica was unexpected, as it is commonly a
dominant energetic lipid class in high latitudespes (Lee et al., 2006). Wax esters are also
important for metamorphosis and post-metamorphield@ment (Villinski et al., 2002). The
size of the wax ester reserve did not change dueglopment, indicating it may still be

important later for metamorphosis.

The high proportion of the TAG and PL reserves teatained at the D-larval stage was
surprising. However, these may be important fagrladetamorphosis (Holland and Spencer,
1973; Rodriguez et al.,, 1993). When larvae reacimpstency, they may delay
metamorphosis in the absence of cues for settlermeim favour of searching for more
suitable settlement sites (Pernet et al., 2003hbjing this time, larvae would be able to use
energetic reserves and continue shell developmesitilting in larger larvae at settlement
(Martel et al., 2014). The large reserves remaimn-larvae inL. ellipticaobserved in this
experiment, would allow for long periods of encdpsan, which have been observed in this
species (see Peck et al., 2007a) in the absenappobpriate settlement cues. Additionally,
large remaining reserves could benefit juvenilevisat as they may be able to use remaining
reserves once settled to prevent starvation uratet fimitation (Thiyagarajan et al., 2005),
as well as to increase early growth rates (Emlet ldoegh-Guldberg, 1997; Prowse et al.,
2008). The large energetic reservek.irllipticaeggs and larvae may flow on to benefit later
life stages.

The large size of the remaining lipid pool in stex$ larvae does not mean there are no
added energetic or metabolic costs for the devedmpah changes observed under reduced pH
and elevated temperatures lin elliptica. Differing growth responses in larvae may have
implications for the allocation of energy duringvdpment. Larvae that reach equivalent
life stages at different sizes may be divertingrgpeway from somatic growth to processes
of more immediate concern, such as mechanisms regfjuor survival. Rather than
significantly increasing lipid use, the larvae abuhave maintained a faster rate of
development through the diversion of resourcehateixpense of other energetically costly
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activities, or may have used other energetic ssusceh as protein or carbohydrates, which
are also common in marine larvae (Falkner et 8152 Holland and Spencer, 1973; Labarta
et al.,, 1999). Larval body sizes (Pl in Chapterwgre smaller at elevated temperature.
Possibly, the faster development was at the costdifced tissue growth. Reductions in the
energy spent in these areas could result in smalhelr weaker larvae at competency.
However, when comparing lipid use to shell develeptnin PII larvae, both shell growth and

quality were improved under elevated temperatdrenergy was diverted to aid in faster

development at elevated temperature, it was nibieagxpense of shell growth.

A metabolic cost to development under elevatedptature may be shown by the
observed changes in respiration rates (ChapterLdval metabolic rates increased in
response to small elevations in temperature ioenf-1.7°C to -0.5°C). However, tolerance
thresholds were low, as there was no further sgant increase in rate after -0.5°C. This
suggests early life history staged.irelliptica may not be tolerant to future warming above -
0.5°C (i.e. at 0.5 or 1.5°). At higher temperatum@sygen delivery systems may be limited,
which could impair function. During developmentyviae rely on maternally provided
energetic stores and therefore experience no adderyetic costs in food capture. If this
temperature sensitivity continues into the juvesitigges, once the larvae settle and can no
longer rely on energetic reserves, activities agbalcification or later shell growth could be
significantly reduced. The increase in respiratiate at elevated temperature appeared to be
greater among reduced pH treatments, althoughffibet &as not statistically significant.

Additionally, there may have been an energetic obstalcification at reduced pH. In
early larval development ib. elliptica, before the onset of calcification, larvae appeace
benefit from reduced pH, developing faster (Chaf@gr However, as soon as shell
development started at the trochophore stage, algvental delays set in. This may have
been related to the cost of maintaining pH at tteecf calcification through the formation of
bicarbonate or the removal of Hor to the diversion of energetic resources awaynf
calcification/shell maintenance (Roleda et al., 20&/icks and Roberts, 2012; Thomsen et
al., 2015). Under OA, calcification may become geécally costly and an organism must
respond by either reducing calcification or inciegshe energetic input. The strategy for
calcification in the larvae df. elliptica is likely the former. Larval energy use showed no
significant increase with reduced pH (Chapter 4j, ¢hells in D-larvae developing under
reduced pH were weaker and prone to breakage (@hapt Additionally, larval body and
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shell shape were negatively impacted. Some of #meagie observed may have been directly
related to the dissolution of calcium carbonate tueéhe undersaturation of aragonite in
reduced pH treatments, as pitting of the shell olaserved. However, the fragility of the
shell indicates that overall calcification was reeld, possibly resulting in a thinner shell, in
addition to the observed dissolution. This implibat, despite the large energetic reserves
available in the eggs df. elliptica, larvae may respond to OA by reducing calcificatio

rather than increasing the lipid use.
6.2.6 Biodeposition

Through lecithotrophy, adult invertebrates can pregdarvae for development in regions
of seasonal or poor food supply by providing a isight reserve to sustain development
through to competency (Lee et al., 2006). Howetrex, nutrient supply in the egg may be
dependent on the conditions experienced by thet.aduder stress, adults may need to
increase energy intake to support higher metabates (Parker et al., 2013). They may do
this by altering feeding behaviours such as parts@lection, or rates of ingestion, digestion
and filtration (Bayne, 1998; Vargas et al., 2018lternatively, high metabolism may be
supported by diverting energy to maintain critiéahction at the expense of growth or
gametogenesis (Melzner et al.,, 2011). It is unkndww ocean change conditions will
impact food availability and feeding behaviour idul L. elliptica, which in turn would

determine larval provisioning.

Reduced pH had no effect on the amount of biodépgwioduced, the amounts of
pseudofaeces and faeces, nor the organic compafearty of the deposits (Chapter 5, Table
6.1). However, the pseudofaeces from the reducedrgdiments appeared larger and more
translucent. Larval gastropods altered selectiohabieurs in response to reduced pH,
favouring smaller particles sizes that may haveertahdling easier (Vargas et al., 2013). In
L. elliptica, an increased ingestion of particles in order upp®rt higher metabolic rates
would mean less food particles were being rejedtedhe pseudofaeces. Additionally,
observations of increased mucous production haga bede in suspension feeding bivalves
exposed to very low pH (pH 4 and 5; Loayza-Muro &iths-Letts, 2007). If a similar
response occurred in. elliptica, alongside reduced patrticle rejection, the largesiucent
appearance and constant organic weights may baieggdlby simultaneously higher mucous

and lower particle content.
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Changes in metabolic rates have been observeduitsaaf this species in response to
longer term exposure to reduced fELmmings et al., 2011), but rates following sherm
exposure are unknown. The lack of response in pioglgon to reduced pH indicates that if
higher metabolic rates occur during short term exp®, the adults are not altering feeding
behaviours to supply an increased energetic den¥drd.could indicate that adults tolerate
reduced pH in the short term, with no change inal@ic rates. Alternatively, they may be
supporting an increase in metabolic demand by tingrresources. If this behaviour
continued with longer exposure to pH stress, thidatimpact reproduction and subsequent
population growth, either by reducing the numbegafmetes produced by an individual or
reducing the energetic reserves provided in the.egfiile reserves were sufficient for larval
growth under stress in well supplied larvae, palestress or pH exposure could reduce the
overall reserve. However, longer term exposuresthuced pH in the adults is necessary to
see if changes in feeding behaviour occur alongsd@ging metabolic responses, and how

this could impact larval provisioning.
6.3 Future Directions

Through this series of experiments, a basic unaeditg has been developed of the
responses of. elliptica larvae to environmental stress. However, therestllesignificant
gaps in understanding how future populations walilmpacted. As previously mentioned,
any positive, negative or neutral impacts of terapge or pH stress experienced by the
larvae will flow-on to later stages during metantapis and settlement, and to the greater
population. There is no information surroundingtlegient in this species, except that
juveniles appear in sediments in the months folhgnapawning (Bosch and Pearse, 1988). In
order to gain a better understanding of how chamgtsval development timing and energy
use will flow on to the later life stages, we wiked to know what triggers metamorphosis in
this species, and how those cues may be impactedtregsors. The determination of
biological cues may be difficult, particularly ey are a combination of interactive factors
such as temperature, substrate conditions, bdcta@nélms and biochemical cues from
predators or prey (Hadfield and Paul, 2001; Bow@885). Information on settlement cues
in other Laternulid or Antarctic benthic speciedimited, making it difficult to infer what
cues inL. elliptica may be. Bacteria may play a strong role in setti@nwies for soft
sediment dwelling invertebrate species (Hadfieldd @&aul, 2001). By studying local
conditions, such as phytoplankton species and amaed, sediment saturation states and
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bacterial content, and localised temperature ardhedime juveniles begin appearing in the
sediments in different populations, potential coesy be determined or eliminated. These

potential cues could then be tested_oellipticaD-larvae in a laboratory setting.

While reduced pH and elevated temperatures are riantostressors to consider in the
context of larval development in high latitude raslis, these are not the only stressors larvae
would face. Larvae may also experience alteratiorglinity, sea ice extent, water column
stratification, oxygen saturation, and water ciatioin (Arrigo and Thomas, 2004; Doney et
al., 2012; IPCC, 2013). In addition to these climeathange related stressors, early life stages
may also experience high rates of mortality dugredation, UV exposure, low nutrition,
disease, internal defects or the inability to fawdtable settlement sites (Gosselin and Qian,
1997; Lamare and Barker, 1999; Pedersen et al8)20&tural mortality rates in larvae and
juveniles may be significantly high in marine intedarates (Gosselin and Qian, 1997). Larvae
in these experiments were raised under relativagli conditions, in order to isolate effects
from reduced pH and elevated temperature. Gainithgteer understanding of the natural
larval mortality rates for this species, or whabgwrtion of spawned gametes successfully
settle, would allow for a better interpretationhmfw negative effects will impact the greater
population (Guy et al., 2014).

Additionally, more work is needed to understand Howre ocean changes will impact
larval development and recruitment in this speckes: instance, lipids are not the only
important component of larval energetics. Protsirmimajor energetic reserve in adult
elliptica (Brockington, 2001; Ahn et al., 2003), and it fiea a major reserve in the larvae of
other species as it may be used to build functidroaly structures (Labarta et al., 1999;
Byrne et al., 2008a; Byrne et al., 2008b; Prowsal.et2008; Falkner et al., 2015). In some
bivalves, protein is an important energy sourcéater larval development, particularly in
metamorphosis (Labarta et al., 1999; Lu et al. 9)9Bhe importance of protein and its use in
the larval development oL. elliptica is unknown. However, larvae from the same
experiment as that used for the lipid extractionCinapter 4 were set aside for analysis.
Whether proteins form an important part of larvakemgetic stores alongside lipids, and

whether they have similar responses to stresdwitonsidered in a future study in 2016.

Acclimation periods are not necessarily a concarfertilisation and larval development
studies as larvae do not experience an abrupt ehamgxternal condition when fertilised
under experimental conditions. However, these emymrts are unable to account for
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maternal experience during gametogenesis. Shiftolgrance beyond natural thresholds
requires genetic adaptation (Portner 2010). Thelitions experienced during gametogenesis
may influence larval responses to stressors (Suetaly, 2011; Parker et al., 2015). Gametes
in these experiments were sourced from adults plediormed gametogenesis in the wild
under current ambient environmental conditions,clwhinay have influenced the observed
effects on larvae in these experiments. For exangulalts of invertebrate species that are
well fed during gametogenesis may provide larvath vioietter reserves, or may produce
greater gamete numbers (Minor and Scheibling, 1BP8drbagher et al., 2010). Alternatively,
exposing adults to stressful conditions led to iowpd responses in subsequent generations in
fish (Miller et al., 2009; Schade et al., 2014)pepods (Vehmaa et al., 2012) and oysters
(Parker et al., 2012; Parker et al., 2015). A kimeffect may have been responsible for
some of the observed differencesLinelliptica development. It would be interesting to see
how maternal experience ih. elliptica influences stress responses in their larvae. By
exposing recently spawnéd ellipticato pH and temperature stress, as well as diffdoat
regimes for a full gametogenic cycle this may bedoeinderstood. Carry-over effects could
be observed by examining egg numbers, energetivigowaing and subsequent larval

development under stress.

Variations between adult populations of L. elliptitave been observed, such as altered shell
thickness dependent on local ice movements (Haapal., 2012), higher levels of oxidative
stress in regions with greater anthropogenic ingpdtister et al., 2005), as well as
differences in thermal tolerance, suggesting adagiotential within this species (Morley et
al., 2012a, Waller et al., 2016). Since the envitental conditions typically experienced by
an individual influences tolerance to stressorst(fed, 2002a), differences in the baseline
conditions between sites may have influenced lgpeaformance through adaptation by the
adults. Performing the same experiments on lark@® fadults from different populations,
collected around the same time would help deterntioe/ population experience may
influence larval tolerances. Different responsey mige a better indication of the future of
the species as recruitment from more variable enuanents could aid species persistence

under climate change conditions.
6.4 Conclusions

Survival of a species under stressful conditionsas determined solely by resistance in

the individual adult, but rather the ability of thpecies to persist under pressure. In order to
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survive unfavourable conditions, species must ettlanove away from or adapt to
detrimental conditions (Peck 2005). Adaptation esctihrough genetic recombination in
reproduction and allows an organism to expand dt &8 ideal range of physiological
conditions to fit around the changed environmeetk? 2005). Genetic recombination allows
the rise of tolerant phenotypes in responses éssthowever this is largely dependent on the
phenotypic and genetic variation present withinagpybation, as well as generation time
(Sunday et al., 2011).ong term responses to climate change conditiofid@idependent on
adaptive potential, which may be limited in orgamssfrom historically stable environments
or with long generation times relative to the rafeenvironmental change (Portner, 2010;
Matson et al., 2012; Kelly and Hofmann, 2013). A&dps that cannot produce or fertilise
gametes or recruit larvae under adversity will @& able to adapt to unfavourable
environmental conditions. Therefore, the developnnphenotypes tolerant to projected

climate conditions will be partly dependent on Emesponses to these conditions.

Under elevated temperature alone, improvement®jpulation size could be expected in
L. elliptica. Higher initial fertilisation, faster developmenttes with no real change in lipid
use, as well as reductions in abnormalities indidhat larger numbers of larvae will be
competent sooner after fertilisation. Larvae wal &ble to either settle faster, reducing time
spent in vulnerable larval stages or they will beedo use remaining reserves to spend more
time growing, resulting in larger sizes of the joles at settlement, which could reduce
juvenile mortality. However, this would be dependem the scale of the warming.
Respiration rates indicate that temperature toterathresholds in the larvae are low,
particularly compared to adults. Following an itincrease in respiration rate with a
temperature elevation to -0.5°C from ambient, Q)6 larvae appeared to be unable to
compensate for further elevations in temperaturberd appears to be an optimum
temperature around -0.5°C. At this point the dgwelent rates were faster, and abnormalities
and shell quality scores were better than larvaeuatrol or higher temperatures.

Faster development may better prepare larvae fitlesent; however, the impacts of
reduced pH may overwhelm the positive implicatiohglevated temperature. Reduced shell
integrity and larval sizes could have significamiplications for population survival. At pH
7.65, at both elevated temperatures in the Chaptexperiment (-0.5 and 0.4°C), initial
fertilisation rates were higher, development wasidia and PIlI shell growth was greater
compared to larvae in control conditions (pH 7.9 al1.6°C). These results alone would

indicate an overall benefit to developmentirelliptica under future ocean conditions with
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greater numbers of larger larvae reaching compgtsooner. However, there are indications
that the larvae may be disadvantaged. Larval satéd were smaller compared to those at
control conditions. While larvae did not alter th&e of energetic reserves in responses, the
smaller size may indicate that under stressful tmmd, less larval body development occurs
with similar lipid use. Additionally, larvae fromhé stressed treatments had higher
occurrences of shell malformation and abnormalidsswell as reduced shell integrity.

Reduced shell integrity could significantly influnmortality rates in settlement.

Maternal provisioning in the larvae is sufficiemr fdevelopment up to metamorphosis;
however, after metamorphosis juveniles are relamtheir ability to capture available food.
Large reserves may have supported metabolic changdsvelopment, resulting in faster
growth and larger shells, but the energetic demafhdsaintaining alternative pathways may
not be supported in juveniles.

Overall, impacts of reduced pH and elevated tenpess on the larvae df. elliptica
were sub-lethal. However, the observed effects halle considerable consequence for later
life stages. Exposure to reduced pH and elevategbeeatures does not end when larvae
metamorphose and settle. At higher temperaturegnjles may experience metabolic
depression. Energetic activities such as food sefteenay not be supported, leading to
reduced condition and somatic growth and even higta The reduced larval condition
observed with pH stress would lead to reduced @djoums of juveniles with weak and
malformed shells. Even with slightly larger larvaimbers and faster development, an overall
population decline would occur as juveniles failsgttlement, which could have significant

connotations for the benthic environments in whiay are prevalent.
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Appendix

Appendix 1. Detailed summary of lipid content and ratios imbeyos ofLaternula elliptica 2 d PF (n
= 8, ~500 larvae ea.) and in D-larvae, 31 d PF 4n=500 larvae ea.), determined by latroscan
TLC/FID. Data is mean = SD. Total lipids: sum dflgdid classes, energetic lipids = AH + WE
+TAG + DAG, structural lipids = ST +AMPL + PL. ndrot detectable.

Average across all treatments
Embryo D-Larvae
Amount per % of Total Amount per % of Total
embryo (ng) lipid larvae (ng) lipid

Total Lipids 201.99+3.21 152.38 +5.38
Energetic Lipids:

TAG 131.00 + 2.45 64.82 £ 0.41 94.48 £ 3.39 62:a230

WE 7.42 £0.28 3.65+0.08 6.93+0.38 534 0.17

AH 2.50 £ 0.03 1.24+£0.01 229+0.05 .52+ 0.06

DAG 0.17 £0.07 0.09 £ 0.04 591+051 3.89+0.34

Total 141.03+2.73 69.77 £ 0.43 109.61 + 3.85 71+9.68
Structural Lipids:

PL 46.13£0.91 22.85+0.33 29.43 £1.79 127279

AMPL 10.75+£0.30 5.36 £ 0.15 9.55+0.49 6.32+0.29

ST 4.08 +0.06 2.03+0.03 3.78 £0.07 2.50+0.05

Total 60.96 £ 1.05 30.23£0.43 42,76 £1.94 .028: 0.68
Ratios

Energetic:Structural 2.33+0.04 2.60 +0.08

TAG:ST 32.19 £ 0.55 25.15 £ 0.57

TAG:PL 2.86 £ 0.05 3.34+£0.15
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pH 8.00/-1.7°C

Embryo D-Larvae
Amount per % of Total Amount per % of Total
embryo (ng) lipid larvae (ng) lipid
Total Lipids 197.47 + 14.60 151.26 +2.40
Energetic Lipids:
TAG 126.66 +9.64  64.13+0.91 95.20 £1.00 62:9542
WE 6.85+0.43 3.48+£0.04 6.39£0.28 4.23+0.20
AH 2.46 £0.24 1.24 £ 0.06 2.33+0.25 1.53+0.15
DAG nd nd 441 +0.88 291+05
Total 136.56 + 10.02 69.18+1.03 108.32+1.83 .62%0.78
Structural Lipids:
PL 46.46 £4.08  23.52+1.13 29.96 £2.11 1927930
AMPL 10.40 £ 0.85 5.26 £0.12 9.10+1.01 6.02+0.69
ST 4.06 +0.44 2.04 £0.07 3.80+0.40 2.56+0.23
Total 60.92+5.12 30.82+1.03 4294 +150 .338:0.78
Ratios
Energetic:Structural 2.25+0.11 2.53+0.10
TAG:ST 31.49 £0.87 25.12 +£2.07
TAG:PL 2.75+0.16 3.23+0.25
pH 7.65/-1.7°C
Embryo D-Larvae
Amount per % of Total Amount per % of Total
embryo (ng) lipid larvae (ng) lipid
Total Lipids 207.68 £ 3.61 188.29 + 13.17
Energetic Lipids:
TAG 13346 +1.72 64.30+1.37 117.30 +8.87 62:2P43
WE 8.41 £ 0.66 4.04 +0.27 8.60+0.77 4.60+0.42
AH 2.57£0.10 1.24+0.04 230+0.13 1.24+0.10
DAG 0.37+£0.31 0.19+0.19 7.16 £1.57 3.95+0.99
Total 14472 +1.41  69.73+1.32 135.36 +8.44 I12@.94
Structural Lipids:
PL 47.13+2.30 22.67+£0.79 36.98 £5.15 124260
AMPL 11.66+1.44 5.60 £ 0.61 11.77+1.18 6.32+0.67
ST 4.16 +0.30 2.00+0.13 418+0.12 2.25+0.14
Total 62.95+3.72 30.27+1.32 52.93+5.04 .92% 0.94
Ratios
Energetic:Structural 2.32+0.14 2.59+0.12
TAG:ST 32.31+£1.80 28.00 £ 1.65
TAG:PL 2.85+0.15 3.27 £0.25

148




pH 8.00/-0.5°C

Embryo D-Larvae
Amount per % of Total Amount per % of Total
embryo (ng) lipid larvae (ng) lipid
Total Lipids 217.34 £20.99 115(;3_ g’g +
Energetic Lipids:
TAG 14581 +15.47 66.92 +0.66 98.72 £6.11 BH1D.81
WE 8.53+1.59 3.83+0.33 8.44+190 155 0.79
AH 2.64+£0.28 1.22 +0.03 220+0.11 1.39+0.04
DAG nd nd 7.46 £1.09 4.66+0.5
Total 156.89+17.32  71.93+1.01 116.82 +8.62 183 0.92
Structural Lipids:
PL 47.01 +3.54 21.76 £ 0.46 30.38 £ 2.88 19.a33
AMPL 9.17+1.25 4.33+0.63 8.44+0.79 5.37+£0.62
ST 4.27 +0.28 1.98 £ 0.08 3.88+0.34 432t 0.10
Total 60.45 + 3.92 28.07+£1.01 42.70 £2.70 26:8.92
Ratios
Energetic:Structural 2.58+0.14 2.74 +£0.13
TAG:ST 33.92+1.47 25.65+1.16
TAG:PL 3.08 £ 0.09 3.30+0.24
pH 7.65/-0.5°C
Embryo D-Larvae
Amount per % of Total Amount per % of Total
embryo (ng) lipid larvae (ng) lipid
Total Lipids 201.38 £14.74 153.31 +6.07
Energetic Lipids:
TAG 130.37 £+ 9.58 64.73 £0.28 93.27 £ 3.70 638607
WE 7.69+0.91 3.78 £0.20 5.76 £0.25 3.77+0.18
AH 250+0.14 1.26 £ 0.09 2.09+0.18 1.37+0.12
DAG 0.10 £ 0.07 0.05+0.04 487 +1.62 3.15+0.97
Total 140.64 +10.47 69.82+0.20 105.97 +4.90 9.16 +1.78
Structural Lipids:
PL 46.82 +4.52 23.12+0.61 36.04 £ 4.04 234529
AMPL 10.10 + 0.56 5.15+0.67 7.81+055 5.13+0.46
ST 3.82+0.20 1.91 £ 0.09 3.49+0.20 2.28£0.13
Total 60.74 £ 4.29 30.18 £ 0.20 47.34 +3.44 .88C 1.78
Ratios
Energetic:Structural 2.31+£0.02 2.27 +0.17
TAG:ST 34.12 £ 1.56 26.86 £ 1.28
TAG:PL 2.81£0.08 2.67£0.25
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pH 8.00/0.5°C

Embryo D-Larvae
Amount per % of Total Amount per % of Total
embryo (ng) lipid larvae (ng) lipid
Total Lipids 196.90 + 6.74 146.41 + 9.69
Energetic Lipids:
TAG 123.93+7.27 62.85+2.26 88.98 £ 6.09 6Gt7928
WE 6.53 £0.19 3.32+0.07 6.29+0.40 4.33+0.28
AH 2.55+0.19 1.29+£0.08 2.64 £0.27 811+ 0.17
DAG nd nd 3.68 £ 1.05 2.50 £ 0.6%
Total 132.95+7.62 67.44+234 101.58+7.09 B%4.99
Structural Lipids:
PL 48.65+5.14 24.72+2.50 29.58 £ 3.30 2@1963
AMPL 11.02 +0.96 5.66 + 0.67 11.41+£1.25 7.74+0.45
ST 4.28 +0.20 2.18 £0.09 3.84+0.09 2.65+0.14
Total 63.95+4.41 3256+2.34 4483 +4.53 580 1.99
Ratios
Energetic:Structural 2.12+0.22 2.32+0.24
TAG:ST 28.94 £1.13 23.12+1.25
TAG:PL 2.64 £0.32 3.10+0.36
pH 7.65/0.5°C
Embryo D-Larvae
Amount per % of Total Amount per % of Total
embryo (ng) lipid larvae (ng) lipid
Total Lipids 211.78 £14.19 141.05+2.42
Energetic Lipids:
TAG 135.92+8.82 64.23+0.87 87.33+2.78 618704
WE 7.98 £ 0.66 3.77+0.19 5.68+0.16 4.03+0.11
AH 2.52£0.15 1.20+£0.05 225+0.11 1.59+0.07
DAG 0.09 £ 0.04 0.04 £0.02 539+1.11 3.85+0.84
Total 146.51+9.58 69.23+1.01 100.65 +1.91 313®.15
Structural Lipids:
PL 48.96 +3.54  23.12+0.58 27.72+£1.91 126005
AMPL 12.06 £1.80 5.64 £ 0.67 9.05+1.45 6.48+1.15
ST 4.25+0.28 2.01+£0.06 3.63+£0.22 2.57+0.15
Total 65.27 £5.33 30.77+1.01 40.40 £0.53 .688: 0.15
Ratios
Energetic:Structural 2.26+0.11 2.49 +0.02
TAG:ST 32.06 £ 0.86 2434 +£1.64
TAG:PL 2.79+0.10 3.18£0.13
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pH 8.00/1.5°C

Embryo D-Larvae
Amount per % of Total Amount per % of Total
embryo (ng) lipid larvae (ng) lipid
Total Lipids 196.03 + 8.61 14271 +7.43
Energetic Lipids:
TAG 128.67 +5.86 65.63 + 0.56 90.54 £ 4.15 634847
WE 7.14 £ 0.47 3.63+0.11 7.48+1.54 5.16+0.80
AH 2.37+0.13 1.22 £0.09 2.34+0.18 1.64+0.10
DAG nd nd 6.52 £ 1.46 4.49 +0.7¢
Total 138.31+6.24 70.55 £ 0.56 106.88 + 7.18 847.10
Structural Lipids:
PL 43.13 +2.37 22.01+£0.72 21.62+£1.18 153258
AMPL 10.70 £ 0.87 5.45+0.34 10.53+0.96 7.35+0.28
ST 3.89+0.19 1.99+0.11 3.68+0.47 2.56+0.19
Total 57.72+2.73 29.45 £ 0.56 35.84+0.26 .2251.10
Ratios
Energetic: Structural 2.40 £ 0.07 2.98+0.18
TAG:ST 33.25+1.94 25.09 £2.01
TAG:PL 2.99+0.12 4.23+0.44
pH 7.65/1.5°C
Embryo D-Larvae
Amount per % of Total Amount per % of Total
embryo (ng) lipid larvae (ng) lipid
Total Lipids 187.35 £ 10.75 136.45 + 5.86
Energetic Lipids:
TAG 123.21+7.30 65.75 £ 0.35 84.54 +3.10 62269
WE 6.23£0.28 3.34£0.06 6.82+£0.80 4.97 £0.45
AH 2.36 £0.13 1.29+0.15 220+0.08 1.62+0.07
DAG nd nd 7.77 £1.17 5.61 +0.66
Total 131.68 + 7.46 70.30 £ 0.42 101.33 +4.93 34D.91
Structural Lipids:
PL 40.88 + 2.25 21.83+£0.09 23.15+1.98 169309
AMPL 10.87 +£1.28 5.76 £ 0.48 8.30+0.90 6.14+0.77
ST 3.91 £ 0.07 2.10+0.11 3.67+£0.11 2.70+0.07
Total 55.67 £ 3.41 29.70+£0.42 35.12+1.66 .7250.91
Ratios
Energetic:Structural 2.37£0.05 2.90 £ 0.15
TAG:ST 31.47 £1.49 23.02+£0.51
TAG:PL 3.01 £0.02 3.71+0.24
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Appendix 2. Summary table of 2-way ANOVA for factors pH andhpgerature on lipid content and
classes (as described in Chapter 3, Table Ladernula elliptica 2 d PF.

pH Temperature Interactive

) p Fs,23) p Fa,23) p

Total Lipids 0.000 0.991 0.647 0.593 0.6230.607
TAG 0.006 0.937 0.617 0.611 0.8910.460
WE 0.326 0.574 1.217 0.326 1.5190.236
DAG 0.509 0.486 1.429 0.103 0.9000.463
AH 0.016 0.902 0.489 0.693 0.1580.923
PL 0.019 0.891 1.261 0.311 0.0620.979
AMPL 1.052 0.316 0.971 0.424 0.0800.970
ST 0.238 0.630 0.687 0.569 0.4400.727
Energetic 0.002 0.969 0.664 0.583 0.9270.444
Structural 0.017 0.896 1.241 0.318 0.0870.966
Energetic:Structural 0.0710.793 1.847 0.167 1.1170.363
TAG:ST 0.344 0.563 2.141 0.123 1.0420.393
TAG:PL 0.001 0.977 1.471 0.249 0.7480.535

152




