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Abstract

This study investigated the algal density and ghowhotophysiology and contribution
of algae to animal respiration requirements (CZAR)he symbiosis between the sea
anemoneAnthopleura aureoradiataand its dinoflagellate symbionts (zooxanthellae)
under field and laboratory condition&. aureoradiatawas collected during summer
and winter on sunny and cloudy days from a rockyreshand mudflat environment.
Algal densities displayed a trend of being 2.6 aridtimes greater during summer than
winter on the mudflat on a sunny and cloudy daypeetvely. Algal division was
asynchronous under field conditions over a dailyigae and was 2.1 and 1.3 times
greater on the rocky shore and mudflat respectiviilying winter than summer on
sunny days. Under field conditions, the efficiemeyd maximum rate of photosynthesis
(per cell and per association) as well as respmatate, were all greater during summer
than winter. Cloud cover resulted in a difference @ higher maximum rate of
photosynthesis per cell on a sunny day than a gloay within summer at Kau Bay.
Additionally, these photosynthetic parameters agpiration rate were all greater on
the rocky shore than mudflat while the photosynthebmpensation irradiance was
greater on the mudflat. The CZAR was greatest errdabky shore during summer on a
sunny day (151%) and was also > 100% on a cloughirdaummer at this same site
(129%); on the mudflat the CZAR was greatest dusagimer on a sunny day (89%).
The CZAR was measured to be zero during winteo#t bites during winter on cloudy
days. Additionally, under laboratory conditioAsaureoradiatawvas exposed to gradual
(GTC) and rapid (RTC) temperature changes. WhildeurGTC and RTC, the algal
density did not vary, though higher temperaturestte an increase in algal division.
Under both GTC and RTC, the photosynthetic efficiermaximum photosynthetic rate

(per cell and per association) and respiration @dteincreased with temperature,



however under GTC these parameters all decreastdedre 32.5°C and 35°C.
Photosynthetic compensation irradiance increased w@mperature under both GTC
and RTC until 30°C, after which respiration excekdaaximum photosynthesis,
meaning that photosynthetic compensation did notilod=urthermore, photosynthetic
saturation irradiance increased with temperatuck @eaked at 15°C before declining
with temperature under both GTC and RTC. The CZARen GTC increased with
temperature until it peaked at 15°C (128%), befteereasing to zero at 30°C - 35°C.
Under RTC, the CZAR was zero for all temperaturesept at 10°C where it was
25.1%. A CZAR < 100% may suggest that the symbibsts/eerA. aureoradiataand
its zooxanthellae is parasitic under most cond#i@amd at most times of the year.
Alternatively, there may be some benefit to the lsigsis due to a competitive
advantage over other macro-invertebrate species asult of carbon translocation
from the symbiont providing extra support for reguwotion and growth. This study also
showedA. aureoradiatato have a wide temperature tolerance reflectiregfiictuating
conditions of a variable temperate environment. Wite temperature tolerance of this
species suggests that it will tolerate short te&® £ 100 years) increases in ocean
temperatures however, the threat beyond this tiraeé with other factors such as

ocean acidification remains to be determined.
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Chapter 1.

General introduction

1.1 Symbiosis

The term symbiosis was established by the botatestich Anton De Bary in 1879, to
describe the most intimate living relationship betw separate species (Wilkerson
2001). Though there is no single definition, synsisds commonly referred to as two
species living in close association (Smith and Da&1d987). Symbioses are common
in terrestrial, freshwater and marine ecosystemd,lave played a significant part in
the evolution of life forms over geological time ¢k&n 2006). Symbioses are separated
into three distinct categories: 1. mutualism, whénere are advantages for both
partners; 2. commensalism, where one species bemgdfile the other receives little or
no benefit or harm; and 3. parasitism, where omtnpabenefits at the expense of the
other (Smith and Douglas 1987; Douglas 1994; Wdkar 2001). Symbiotic
associations may also be characterized as ectosyimin which the symbiont lives on
the surface of the host, or, endosymbiotic wheee gpmbiont lives inside the host
(Douglas 1994). Additionally, symbiotic relationghimay be categorized as obligate,
where the symbiosis is necessary for survival @& organism; or facultative, whereby
the association is useful but not vital (Smith &wlglas 1987; Douglas 1994; Moran

2006).



1.2 Algal-invertebrate symbiosis and structure

Intracellular symbiotic dinoflagellates (“zooxanllae”) are located within the
animal host's endodermis (Trench 1987; Fig 1.1)oxamthellae reside within a
number of taxonomic classes that are represensabifvthe phylum Cnidaria. Members
include Anthozoa (anemones, scleractinian coralsard(h corals), zoanthids,
corallimorphs, blue corals, alcyonacean coralst(sofals, and sea fans), Scyphozoa
(e.g. the jellyfishCassiopeasp.) and Hydrozoa (including milleporine fire dsja
Zooxanthellae are also found within the mollusctasses Bivalvia and Gastropoda
(tridacnid clams, heart cockles), as well as largkolid Forminifera, sponges, and a
giant heterotrich ciliate (see Trench 1993 for egyiCarloset al. 1999; Lobbaret al.
2002). The relationship displayed between Cnidamnid its zooxanthellae is thought to
be a mutualistic association (Trench 1979, 1987).

Densities of zooxanthellae have been measuredat 07 - 5 x 10 cells cn?
in corals (Drew 1972; Porteat al. 1984; Hoegh-Guldberg and Smith 1989a, 1989b)
with each individual zooxanthella cell enclosedhiwita host-derived membrane known
as the perisymbiotic or perialgal membrane (Mied Yellowlees 1989). Residence
inside the perialgal membrane allows host regulatd inorganic nutrients to the

zooxanthellae (Rands al. 1993).
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Figure 1.1.Tentacle squash of the sea anem@nihoplerua aureoradiata
showing location of zooxanthellae in the anemorsssiés.

1.3 Zooxanthellar diversity and morphology

Characteristically, all zooxanthellae have the sdominant phenotype,that of a brown
coccoid cell (5-15 um) (Stat al. 2006). This led early researchers to document
zooxanthellae as a single speci€&yriibiodinium microadriaticumwithin marine
invertebrate associations (Taylor 1974 cited in éaR003). In contrast, molecular
genetic studies have revealed a high level of dityewithin the genusSymbiodinium
(Baker 2003). Molecular genetic studies utilisingNAYDNA hybridization and
allozymes (Schoenberg and Trench 1980; Blank args H989) and using sequences
derived from nuclear small subunit ribosomal DNA$irDNA) (Rowan and Powers
1991) determined the genus to be highly heterogenand similar to that of orders of
free-living dinoflagellates (Rowan and Powers 1992jis led to the development of a

classification system for zooxanthellae that digidee genus into several large groups



or clades, representing divergent lineages, eaalaitong closely related molecular
types (Baker 2003). Clades are as follows: A, B(Rowan and Powers 1991), D
(Carloset al. 1999), E (LaJeunesse and Trench 2000; LaJeuné64¢, Z (LaJeunesse
2001), G (Pochoet al.2001), and H (Pochaoet al. 2004). Further molecular work has
involved using chloroplast (Santesal. 2002; Takashitat al. 2003) and mitochondrial
genes (Takabayaslat al. 2004) as well as the ribosomal transcribed spédes)
region in determining the diversity of zooxanthelldJsing the ITS2 region, LaJeunesse
et al. (2003) discovered over 23 and 35 types of zooxdlakh in cnidarians from
Australia and the Caribbean, respectively. Furtleeensampling from numerous hosts
on one reef, LaJeunesskal. (2002) identified 69 types. Currently eleven spsdiave
been assigned to the gerfagmbiodiniun{Baker 2003), but this number is far exceeded

by the number of unnamed species likely to exishis genus.

1.4 Onset, recognition and establishment

Zooxanthellae are recruited to the host's endodather through maternal inheritance
from the parental polyp (vertically) or from zooxaellae present in the water column
(horizontally) (Trench 1987; Douglas 1994). Verticaheritance of zooxanthellae
occurs in the minority (~15%) of cnidarian assaorad (Fadlallah 1983; Babcock and
Heyward 1986; Richmond and Hunter 1990) and ocdursg the early stages of the
host’s life history while the offspring are stillssociated with the parental polyp
(Schwarzet al. 2002). Host offspring are guaranteed a foundumpl/ of symbionts,
though with limited genetic diversity (Weet al. 2001), a possible constraint should
environmental conditions change (Buddemeier andtifrat993). Alternatively,
horizontal infection is the mechanism by which tiajority (~85%) of cnidarian

species gain access to symbionts and occurs &igrhiave left the parental polyp.



This mode of transmission allows host flexibility choosing a potential symbiotic
partner that may be differentially adapted to ctads in which the host ultimately
takes up residence (Buddemeier and Fautin 1993s Ateal. 2001). The failure to
establish an association could result in an aposymkhost with reduced growth and
fitness (Weiset al 2001). There are three suggested methods for makzmfection.
First, motile, free-living zooxanthellae may masgdther and enter the host’s mouth,
otherwise termed “swarming” (Fitt 1984). They thgass through and enter the gastric
cavity and are taken up in the endodermal cellplhggocytosigKinzie 1974; Fitt
1984). Second, the host may acquire free-livingxaothellae that it ingests while
feeding heterotrophically (Fitt 1984chwarzet al. 1999). It has been shown that
zooxanthella cells ingested by live brine shrimp eatablish an association with the
polyp stage of the scyphozo@assiopeia xamacharefter the host ingests and digests
the brine shrimp (Fitt 1984). Lastly, recognitidnaosymbiont by the host may occur by
the interaction of surface molecules, most likelycgproteins between the symbionts
and host (Meints and Pardy 1980; kinal. 2000; Wood-Charlsoat al. 2006).

The abundance of cnidarians containing differerdxanthellar clades within
the same location suggests host-symbiont spegifisthere host and/or symbiont select
some partners and exclude others (Douglas 1994)eXxample, Caribbean gorgonian
octocorals have reported zooxanthellae represeesatielonging to clades B and C
with B being most common (Coffro#t al. 2001; Santost al. 2001;LaJeunesset al.
2002) whereas clades B, C and D have been fouid imard coral colonies sampled
from Heron Island on the Great Barrier Reef (lagsseet al. 2003). While many
studies document hosts consistently accepting th@mologous zooxanthellae and
rejecting others, hosts accepting heterologous aatbellae display reduced fitness and

growth (e.g. Kinzie and Chee 197%rench 1987; Rodriguez-Lanetst al. 2003).



Specificity has been linked to the local environtaénconditions. External
environmental conditions may promote certain pgsinbetween partners with
combinations potentially changing with depth, ireadte, temperature, latitude,

longitude and host ontogeny (Coffroth and Sant@520

1.5 Nutritional interactions

1.5.1 Photosynthesis and photoacclimation

Photosynthetic responses of zooxanthellae diffe¥ ttuchanges in irradiance on a
diurnal, weekly, monthly and even yearly basis @Satand Edmunds 1999).
Photoacclimation to long term (weeks, months, ahndaanges in the quality and
guantity of light occurs in response to changeghioton flux density and spectral
distribution (Kirk 1983 cited in Anthony and Fabus 2000). This may occur through
morphological changes in algal cell volume, the hamand density of thylakoid
membranes, the size of pyrenoids and other stolambBes within plastids and
sometimes by changes in the number of plastidegle(Postet al. 1984; Berneet al.
1989). Physiological changes may occur through geytthesis (Dubinskyet al.
1986), respiration (Geideat al. 1986), and growth (Post al. 1984; Falkowsket al.
1985).

At a cellular level, photoacclimation may occuraihgh changes in lipid content
and composition and pigmentation (Falkowski and @sv&980; Perryet al. 1981).
Changes in pigmentation as a result of photoactliomamay have two main
consequences for light absorption properties. Foits acclimated to high irradiance
levels have a relatively high carotenoid conceinain comparison to chlorophyd.

This can result in organisms acclimated to higladiance levels having lower



maximum quantum yields for photosynthetic oxygealaetwon (Morel and Ahn 1990).
Second, when cells acclimate to low irradiance Igvthe subsequent increase in
pigmentation is associated with a decrease in {ht&cad absorption cross-section
normalised to chlorophyll (Falkowski et al. 1985). An increase in chlorophyll
pigmentation occurs by either of two basic photbation strategies (Falkowski and
Owens 1980, Perrgt al. 1981). The first consists of an alteration in $iee but not the
number of photosynthetic units (PSU); the secondhes converse (Falkowski and
Owens 1980; Lesser and Shick 1989; Iglesias-PartbTrench 1994, 1997). The size
of a PSU is usually defined as the ratio of totdbophyll to reaction centres (either
Photosystem | (PS1) or Photosystem Il (PSII)) (Batki and Owens 1980, Peryal.
1981). However, the notion of a PSU size basechendtio of chlorophyll to reaction
centres (RC) is ambiguous. For example, if theorafi PSI to PSII reaction centres
changes, then an organism may appear to alterizbeo$ a PSU as determined by
chlorophyll/PS - RC | ratios but simultaneouslyeakhe number of PSUs as determined
by chlorophyll/PS - RC Il ratios (Falkowskt al. 1981). This effect is due primarily to
the self-shading of the chromophores between |ayfetisylakoid membranes and is an
inverse function of the number of membranes inctileroplast — the more membranes,
the lower the optical-absorption cross section iiBeet al. 1989). Thus, as cells
accumulate chlorophyll, each chlorophyll moleculkecdiimes less effective in light
absorption. The so-called “package effect” reduties effectiveness of increased
pigmentation in harvesting light and has importamplications for the capital costs of

light harvesting (Bernegt al. 1989; Kirk 1994 cited in Anthony and Fabricius 2R0



1.5.2 Carbon trandocation

Irradiance is the most important environmental peater for primary productivity, for
zooxanthellae as it determines the amount of carlibat can be fixed
photosynthetically (Muller-Parker and Davy 2001)heTmain pathway of carbon
fixation remains unclear as there is evidence @th iz (Hofmann and Kremner 1981)
and G pathways (Trench and Fisher 1983; Tytler and Twet#86) however, evidence
suggests that thes@athway is more likely (Biet al. 1992; Streameet al. 1993). The
release of fixed carbon to the host is perhapscediy a “host factor” (a substance or
substances residing in the host animals tissugen¢h 1971; Muscatinet al. 1972;
Sutton and Hoegh-Guldberg 1990; Cook and OrlaritB8i2), though there is currently
no evidence for the operation of this host factothie intact-association. Translocated
carbon is the primary source of energy for the liBseameet al. 1993) and is passed
on in the form of glucose, glycerol, amino acidsl afso possibly as lipid (Muscatine
1967; Muscatinest al. 1984; Sutton and Hoegh-Guldberg 1990). Initiadlyfraction of
the total fixed carbon is used by the zooxanthdtba¢heir own respiration and growth
(Trench 1979; Davet al. 1996). The remainder, estimated to be up to 95%efotal
fixed, is translocated to the host (Muscateteal. 1983: Muscatinest al. 1984) in
support of basal metabolism (Schmitz and Kremn&i7 1€rosslanct al. 1980; Battey
and Patton 1987; Muscatimt al. 1994). Of the carbon translocated, ~80% is redpire
(Falkowski et al. 1984) with the remainder used in the release ofiqudate and
dissolved organics, incorporated into the skeletadrix (in corals), storage (Falkowski
et al. 1984; Muscatineet al. 1984), or used for host growth and reproduction
(Muscatineet al. 1981; McCloske\et al. 1994).

Symbiotic cnidarians may be considered polytro@sdhey obtain nutrition in

the form of carbon from both photosynthesis an@dogtophic feeding (Muscatine and



Porter 1977). For tropical cnidarians, it is geligreonsidered that translocated carbon
is often more than enough to satisfy the respiyat@eds of the host (Muscatieéal.
1984) resulting in complete autotrophy. Howeverdaema variety of cloud conditions
(cloudless, intermittent cloud, heavily overcastavizs (1991) reports the energy
budgets of the coralBocillopra damicornis Montipora verrucosaand Porites lobata
to not be wholly met by autotrophy, with the ddfigiet from the lipid stores of the
host. Conversely, it is suggested that temperatecagions rely on some form of
heterotrophy to supplement their carbon demandsi¢iMBarker and Davy 2001) such
as predation on zooplankton, the uptake of padteuand dissolved organic material
from the environment (Lewis and Price 1975), muaesling, and feeding on micro-
organisms associated with detritus and mucus (Muscat al. 1984). Temperate
species are therefore highly dependent on het@iogr@Davyet al. 1996). However,
this is rarely a problem, for example the temperbterth American anemone
Anthopleura elegantissimean obtain 2550 ug C per day by feeding heterbtoatly
(Shick, pers. comms. cited in Verde and McClosk@96b). Another example is that of
the temperate coraldstrangia danaeand Oculina arbusculathat are facultatively
symbiotic, as they occur with and without zooxah#®e implying they can survive by
heterotrophy alone (Szmant-Froelich and Pilson 1984

Estimating the proportion of energy passed from lsgmt to host has been
traditionally determined by investigating the rataf maximum photosynthesis
(Pmaxgross) over day light hours to dark respiration) (P:R ratio) over 24 hours
(Davies 1977 cited in Leletkin 2000). If the valolethe P:R ratio exceeds 1, then it is
assumed that there is a surplus of photosynthitiiteéd carbon available to the whole
organism. Alternatively, a value less than 1 inthsghe association to only be partially

fulfilled photosynthetically (Muscatinet al. 1981). Further development of energy



budget models has introduced the contribution ehglocated carbon to animal
respiration requirements (CZAR) (Muscatigteal. 1981). This allows for an estimation
of the contribution of zooxanthellae carbon to hesipiration. The major components
used to estimate the CZAR are photosynthesis, reggm, algal reproduction
(cytokinesis), and algal translocation (Verde andOMskey 1996a). This equation has
been applied to a number of associations (e.g. Mumxet al. 1984; Edmunds and
Davies 1989; Davet al. 1996; Verde and McCloskey 2002) and has revedlatup

to 99% of carbon fixed in photosynthesis (Dastyal. 1996) is translocated to the
animal where it can potentially satisfy 100% of #n@mal’s daily requirements for

respiration (Muscatinet al. 1984).

1.5.3 Nitrogen metabolism

Nitrogen may be incorporated into the algal-invieréée association via two pathways.
First, nitrogen may be directly taken up as nitr@#arubini and Davies 1996),
ammonium (D’Eliaet al. 1983; Wilkerson and Muscatine 1984), or dissoleeghnic
nitrogen from the water column (Ferrier 1991). Sekoit has been shown that
cnidarians obtain nitrogen through the digestiorpedy captured by the host (Lewis
and Price 1975; Clayton and Lasker 1984). The tiet@nof nitrogen within the
symbiosis is promoted by one of two mechanisms:

(1) Nitrogen recycling involves the bidirectionmbnslocation of nutrients.
First, host waste nitrogen is translocated to thexanthellae which assimilates the
nitrogen compounds via the glutamine synthetastutamate synthase (GS/GOGAT)
pathway, to a nutritional value to the host (i.mir@ acids) and second, translocates
these compounds back to the host (Douglas 1994)reftly, there are no

guantitatively reliable estimates of the flux of monium derived from animal
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catabolism to zooxanthellae or of the translocatbnitrogen compounds back to the
host (Wang and Douglas 1998).

(2) Nitrogen conservation was first proposed by R€86) and Rees and
Ellard (1989). They proposed that the utilisatioh amino acids as respiratory
substrates by the host is reduced by the rece@t) the algal cells, of photosynthetic
carbon compounds which are used preferentially ost hespiration. The resultant
conservation of nitrogenous compounds in the hestué¢s would promote the

persistence of these symbioses in low-nitrogenrenments.

1.6 Temperate vs. tropical symbioses

The geographic distribution of invertebrate-algsdaciations differs with thermal and
photic regimes. In the Pacific Basin they exteramfrAlaska (60°N) to New Zealand
(45°S) (Buddemeier and Fautin 1996 cited in MuRarker and Davy 2001) and in the
Eastern Atlantic Basin they are observed as fathnas Scotland (Muller-Parker and
Davy 2001). The majority of cnidarian species aaated in the tropics between 25° N
- 25° S (Muller-Parker and Davy 2001). It is henattminimal seasonal variation,
resulting in high irradiance and temperature, aytsergistically with low nutrient
concentrations to provide favourable conditions foe formation of cnidarian-
dinoflagellate symbioses (Muller-Parker and Dav@P0 Alternatively, in temperate
regions, overcast skies, short day lengths, tunatkrs, and low temperatures (Shick
and Dykens 1984; Farraat al 1987a, b; Turner 1988 cited in Muller-Parker ara/{p
2001) provide conditions for the formation of omlysmall number of algal-invertebrate
symbioses. However, symbioses at these latitudesemarded as highly robust and
tolerant of the extreme environmental conditionat thccur (Muller-Parker and Davy

2001).
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1.6.1 Irradiance

Irradiance is the most significant factor that colst the productivity, physiology and
ecology of symbiotic cnidarian®orteret al. 1984) and limits their distribution to the
photic zone. Irradiance varies with depth, watealigy and latitude, and may be
modified underwater by the angle of incident ligtite absorption and scattering of
light by dissolved and particulate matter in theevaand by the water itsglKirk 1994
cited in Anthony and Fabricius 2000). Consequemdly,irradiance is not uniformly
attenuated across allavelengths in shallow waters so called flashesumflecks can
exceed 4000 pmol photons?s® (Falkowskiet al. 1990 cited in Anthony and Hoegh-
guldberg 2003).However, irradiance within the aquatic environment displdygh
temporal variability over a range of timescales tphmy and Hoegh-Guldberg 2003).
Long term irradiance fluctuations occur seasonaétermined by the solar declination
cycle (Kirk 1994 cited in Anthony and Fabricius 2pOShort term fluctuations occur
due to cloud variation which may be consideredas@eal component, turbidity caused
by re-suspension of bottom sediments through watrera(Larcombeet al. 1995), and
tidal cycles which affect the depth of the wateluomn (Anthonyet al. 2004). Summer
irradiances for tropical and temperate regions rhaysimilar (1400 — 1500 pmol
photons rif s%) but light penetration through the water columngi®ater in clear
tropical waters (Muller-Parker 1987; Turner 1988diin Muller-Parker and Davy
2001). In Lough Hyne (Eire), on a bright sunny dayemones receive 546 pmol
photons rif s* compared with Hawaiian anemones receiving 1400!pimatons rif s

! at equivalent depths of 1.5 m (Muller-Parker 198drner 1988 cited in Muller-
Parker and Davy 2001). Furthermore, at the lowenitdi of temperate symbiotic
cnidarian distribution (21 m depth), anemones nemgive< 10 pmol photons s’

of the 1500 pmol photons s’ surface irradiance (Turner 1988 cited in Mullerkea
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and Davy 2001). However, the synergistic act otidldluctuation, turbidity and tides
on weekly to monthly light variations is unclear fine majority of coastal benthic

habitats (Anthonet al. 2004).

1.6.2 Temperature

Temperature is a major factor controlling the ratephotosynthesis in all plants.
Photosynthetic algae occur in the hottest and solkelevironments in which autotrophic
protists can be found (Davison 1991). Temperate toplical cnidarians are both
exposed to varied thermal regimes. However, seawataperatures are markedly
lower and more varied at temperate latitudes coetpéo tropical latitudes (Muller-
Parker and Davy 2001). For instance, temperaturéenaperate latitudes have been
reported to range from 9°C - 23°C seasonally (Kewid Hudson 1979; Farraet al.
1987a; Schiller 1993) and during the summer monmnttes-tidal temperate cnidarians
may experience fluctuations of 10°C over the cowfa day (Jensen and Muller-
Parker 1994). In contrast, annual temperatures flamaica have been recorded at
28.1°C £ 3°C (Webber and Roff 1995). Coral reefsctlly grow at 18°C - 30°C
(Veron 1986 cited in Hoegh-Guldberg 1999), but bel®8°C the abundance of
hermatypic corals declines and reefs do not fornoe@t-Guldberg 1999). These
temperature comparisons suggest that symbiotiadaids, their zooxanthellae or both
exhibit regional differences in temperature tolemrand that tropical symbiotic

cnidarians are less tolerant of temperature ch@vigéer-Parker and Davy 2001).
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1.7 Symbiosis stability

Under normal environmental conditions, the mainteeaof zooxanthellae within an
animal host is balanced by the expulsion and prilmlu®f new zooxanthellae during
mitosis. Typically, zooxanthellae are expelled at& of less than 4% at which new
cells are added to the population (Hoegh-Guldtetrgl. 1987). Over time these low
rates of expulsion/production of cells results @asonal changes in the population
densities of the zooxanthellae (Fét al. 2000). Seasonal changes are largely due to
variations in the physical environment (e.g. ireambie, temperature) at the present time
and occur slowly to optimise the physiological pemiance of the two-genome
syncytium as the environment changes (Hoegh-GuidhE®99). However, the
influence of the physical and chemical environmemder extreme conditions can lead
to rapid reductions in the population of zooxarteelvithin a variety of hosts (Hoegh-
Guldberg and Smith 1989a; Fitt and Warner 1995).

In recent times, symbiotic cnidarians have beeecéd by a phenomenon
known as coral bleaching (Lessarr al. 1996). Bleaching occurs through the loss of
symbiotic algae, reduction in chlorophgland accessory pigments, or a combination
of the two (Hoegh-Guldberg 1999). When cnidarialesath they may lose 60 — 90% of
their zooxanthellae and each zooxanthella may &ke- 80% of its photosynthetic
pigments (Glynn 1996). Particular attention hasnb&eused on tropical cnidarians
within this field, as they have shown a high degoéesusceptibility to bleaching as
slight variations in salinity, light and temperauhave a dramatic effect on the

formation of coral reefs (Hoegh-Guldberg 1999).
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1.7.1 Salinity

Tropical corals have been shown to exist at samifrom 32 — 40 ppt (Veron 1986
cited in Hoegh-Guldberg 1999) and consequently hive tolerance to salinity
fluctuations. Rapid decreases in salinity occurthgpugh freshwater runoff, heavy
rain, or flood events may have short term effelsteugh decreases in respiratory and
photosynthetic rates (Muthiga and Szmant 1987)lenbing term losses of chlorophyll
a and algal expulsion lead to death (Hoegh-Guldlaerdy Smith 1989a). Furthermore,
fluctuations in salinity are thought to play an onant role in limiting the distribution
of reef building corals in coastal regions duehe proximity of rivers to coral reefs

(Hoegh-Guldberg 1999).

1.7.2 Ultraviolet radiation (UVR)

Reduction in stratospheric ozone as a result dfrapbgenic inputs has resulted in an
increase of ultra-violet radiation (UVR) (290 — 4@@n) reaching the sea surface
(Lesser 1996). In response, the host and symbiave ha range of protective
mechanisms to counteract the direct and indirdiiances of UVR. These include the
production of mycosporine-like amino acids (MAAshish are natural sunscreen
(UVR blocking) compounds, and a range of activegexyscavenging systems (Shick
et al. 1996). However, effects of exposure to UVR havashdecreased growth rates,
chlorophyll a concentrations, carbon:nitrogen ratios, photostithand ribulose

biphosphate carboxylase/oxygenase (Rubisco) adesv{e.g. Jokiel and York 1982;

Shicket al. 1991, 1995; Kinzie 1993; Banaszak and Trench 1995)
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1.7.3 Temperature

Temperature has been shown to be an importantoemaental parameter for algal-
cnidarian symbiosis (Muscatinet al. 1991; Hoegh-Guldberg 1999). Photosynthetic
responses of cnidarians to temperature show teathttrmal environment has a strong
impact on the photosynthetic apparatus (Davisonl)l9%his is because rates of
photosynthesis and respiration are temperaturendepé, and an increase or decrease
in ambient seawater temperature can result in a@mease or decrease in both
photosynthetic and respiration rates (Howe and N&kr2001; Nakamurat al. 2003).
High temperatures result in the breakdown of enzymaathways within the
photosynthetic apparatus, resulting in biochemaca metabolic dysfunction. The level
of stress depends on the length of exposure andsyhergistic action of other
environmental variables (e.g. light, salinity) (Sms and Bowler 1987 cited in Fat

al. 2001).

Numerous sites within the photosynthetic apparaites sensitive to high
temperatures (Warnet al. 1996). Photosystert (PSII) has been reported to be most
sensitive to elevated temperature with high irradéincreasing damage to PSIlI further
through deterioration of the 32 kpmotein O (Warneret al. 1999). Reactive oxygen
species (ROS) such as hydrogen peroxideOg hydroxyl radicals (OH) and
superoxide radicals (O) are produced through normal cellular metabolignthie host
and by photosynthesis @boxanthellae (Griffiret al. 2006). As seawatdemperature
increases and photosynthesis is impacted upon, &©®$9roduced in greatamounts
(Lesser 1996,1997; Nii and Muscatine 1997) sthe cells react by amplifying
concentrations of anti-oxidants and the ROS arexdfetd. However, if the amount of
ROS produced is greater than the rate of detoxibioathen ROS can cause oxidative

damage by denaturing a variety of cell componeunth s lipids, nucleic acids and
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proteins (i.e. D protein) that make up the photosynthetic apparawithin

zooxanthelladJoneset al. 1998; Asada 199%nd consequently result in bleaching.

1.7.4 Acclimation vs. adaptation

Many studies document elevated temperature asahsecof mass bleaching events
(Coles and Jokiel 1972978; Glynn and D’Croz 1990; Lessetr al. 1990). In 1998,
more than 16% of the world’'s tropical coral reeferev seriously damaged by
bleaching, with 50 — 90% mortality in sorageas (Wilkinson 2002 cited in Smigh al.
2005). Climatechange models predict a 1.8°C - 4°C increase mmpésatures for
tropical regions over the nexentury (IPCC 2007 cited in Hoegh-Guldbezg al.
2007), which is likely to result in more frequentdamore severe mass bleaching
events. For corals to survive long-term they musfimate or adapt with the rate of
change Koegh-Guldberg 2004). &limatisation in corals can take the form of a
change in the physiology of the host as well akange in the relative proportion of
symbiont types in theéhost (Baker2004; Coles and Brown 2003; Rowan 2004).
Adaptation requires selective mortality of less thermallyetaht individuals or
differential reproductive success and providesreetie basis for a change in tolerance.
Buddemeier and Fautin (1993) proposed the “adaptigaching hypothesis” (ABH).
This hypothesis suggests that changing combinatérsts and zooxanthellae have
the potential to create new ecospecies that diffeenvironmental tolerances. The
diversity and flexibility of symbiotic associatiomgthin an animal host, occurring over
small spatial scales and short (single generatiorg scales, could explain differences

from one coral population to another.
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1.8 Anthopleura aureoradiata

Anthopleura aureoradiatgFig 1.2), the mudflat anemone, is a common ititat
anemone found throughout New Zealand, from Steigkamd to Cape Reinga (Phillips
2006), inhabiting mud-flat and rocky inter-tidal velonments. On mudflatsA.
aureoradiatais commonly found attached to the cockkaystrovenus stutchburyi
burrowed an inch or so below the surface of the-ffatdA. aureoradiataresiding on
cockles mayreduce the rate at which cockles accumulate treteaparasites in the
field, suggesting a non-obligate mutualistic asstbmn between the anemone and
cockle (Mouritsen and Poulin 2003). During highetidr in shallow pools of water
during low tide,A. aureoradiatamay be seen with its oral disc and tentacles aysul
above the surface of the mudflat. However, at othmees, A. aureoradiataremains
retracted beneath the surface even when wateesept above; perhaps as a result of
sun exposure, turbidity or windy conditions. Altaetiwely, A. aureoradiatafound
inhabiting the rocky inter-tidal zone may be foumithin cracks and crevices attached
to rocks within tide pools and hence may be subgedb aerial exposure for long
periods of time during low tide, yet at high tidési completely submerged.

This temperate species provides a good model mmato investigate the
photobiology and function of the symbiosis unddfedent environmental regimes and
diverse habitats. The stability of this symbiosisseen to be highly robust as it has
never been seen to bleach, even in high shorepoals during summer and therefore

Is also a good model organism to investigate thestahility in temperate symbiosis.
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Figure 1.2. Anthopleura aureoradiatavith tentacles full expanded.
1.9 Aims

The aim of this study was to determine the potemtidotrophy under a variety of
irradiance and thermal regimes in a temperate -algdarian symbiosis by
constructing carbon budgets #r aureoradiata

In particular, this study:

1. Determined the photosynthetic abilities #r aureoradiatafrom mud flat and
rocky shore habitats, during summer and wintersuamy and cloudy days, and
determined the potential for autotrophy under tres®litions

2. Determined the thermal thresholds for photosynthetction, when exposed to
gradual temperature and rapid temperature chadgkktionally, the potential

for autotrophy under these temperature exposurssiei@rmined.
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Chapter 2:

Carbon flux in the symbiotic inter-tidal sea
anemonénthopleura aureoradiata.

2.1 Introduction

Cnidaria and their endosymbiotic dinoflagellatezofxanthellae”) are thought to have
a mutualistic relationship (Trench 1979, 1987). taturn for fixed carbon,
zooxanthellae receive waste products from its hdsth are high in nitrogen and
phosphorus (Dubinsky and Jokiel 1994). It is estaddhat > 95% of total fixed carbon
is translocated to the host (Muscateteal. 1983; Muscatinest al. 1984). Initially, a
fraction is utilized by the zooxanthellae for thewn respiration and growth (Sharp
1977; Trench 1979) with the remainder translocédegely in the form of glycerol and
glucose for the support of basal metabolism ofhtbst (Schmitz and Kremner 1977,
Battey and Patton 1987; Muscatieteal. 1994).

The significance of translocated carbon to the Hwst been reported in a
number of algal-invertebrate associations (e.g. ddtise et al. 1984: Davies 1991,
Verde and McCloskey 2007). For tropical cnidaripedes, translocated carbon is, on
sunny days, more than enough to satisfy the raspyraeeds of the host (Muscatiee
al. 1984) resulting in complete autotrophy. Conversdiyr temperate species,
photosynthesis alone cannot meet the demandsmifatten and the host must rely on
some form of heterotrophic feeding to supplemenéitergy demands (Muscatieteal.
1984). This may occur through predation on zooglamkuptake of particulate and

dissolved organic material from the environmentwise and Price 1975), mucus
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feeding, and feeding on micro-organisms associateth detritus and mucus
(Muscatineet al. 1984). Nevertheless, the ability of a zooxanthellanidarian to
compensate for decreased photosynthesis via iredtehsterotrophy is most likely
species specific (Anthony and Fabricius 2000).

The photosynthetic capability of zooxanthellatedamians is habitat dependent
(Falkowskiet al. 1984). Photosynthetic measurements show troppeadiss to be more
productive than temperate species, at saturatragiance. Yet, temperate species are
known to have a higher photosynthetic efficiencgufeng in greater use of low light
(Davy et al. 1996). This occurs by photoacclimation, a biocluainresponse to an
increase in the relative quantum yield of photosgsais (Leletkinet al. 1980) and
occurs by an increase or decrease in zooxanthadlasity, size and pigment content,
relative to the observed light intensity (e.g. ylathov et al. 1980, 2000; Fricke and
Meischner 1985; Muller-Parker 1987)

At tropical latitudes, low nutrient concentratioc@ncide with modest seasonal
variability resulting in minimal variation in irréa@hce and temperature, providing
favourable conditions for the formation of cnidariaymbioses (Muller-Parker and
Davy 2001). Alternatively, in temperate regionsemast skies, short day lengths,
turbid waters, and low temperatures (Shick and DgkE984; Farrangt al. 1987a, b;
Turner 1988 cited in Muller-Parker and Davy 200Xpvde conditions for the
formation of only a small number of algal-invertater associations. Although,
symbioses at these latitudes are regarded as highlyst and tolerant of the extreme
environmental conditions that occur (Muller-Parkad Davy 2001).

Many studies investigating invertebrate-algal asgmns have focused on
tropical species (Port@t al. 1984; Stimson 1997; Browet al. 1999), while temperate

studies have focused in particular on the North Atae sea anemon&nthopleura
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elegantissimgMcCloskeyet al. 1996; Saunders and Muller-Parker 1997; Verde and
McCloskey 2007) and to a lesser extent the Europgamoné\nemonia viridigDavy
et al. 1996). This study presents the first detailed deton of the temperate symbiotic
sea anemondnthopleura aureoradiataunder field conditions, by addressing the
following:
1. How does season affect the algal density and groaté?
2. How do season, cloud cover and habitat affect thetgphysiology ofA.
aureoradiat&
3. How do season, cloud cover and habitat affect tbatribution of
zooxanthellae to the animal's respiratory requinetsie(CZAR) in A.

aureoradiat®
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2.2 Materials and methods

2.2.1 Study species

The temperate symbiotic sea anema@mghopleura aureoradiatgdformerly Bunodes
aureoradiatg (Fig. 2.1A) is common throughout New Zealand’'seirtidal zone
(Phillips 2006). It is one of several anemone sEeaihabiting mud-flat environments
(Morton and Miller 1968), though the only one tontain zooxanthellae, that are
thought to belong to the gen®&mbiodiniumwithin Clade A (Phillips 2006) (Fig
2.1B). Within the mud flat,A. aureoradiatais found residing upon the cockle
Austrovenus stuchburyFig 2.2D) and occasionally upon cockle shell gehrocks,
oysters, mangrove roots and within the stranddgafea(Phillips 2006)A. aureoradiata
residing on cockles mayeduce the rate at which cockles accumulate treseato
parasites in the field, suggesting a non-obligatdualistic association between the
anemone and cockle (Mouritsen and Poulin 2003high tide or in shallow pools of
water during low tideA. aureoradiatamay be seen above the surface of the mudflat
with its oral disc and tentacles displayed (FigQ®).2Gibbons, personal observation).
Within the rocky inter-tidal zoné). aureoradiatamay be found in cracks and crevices,
typically residing in small groups (Fig 2.2F). Agh tideA. aureoradiatas completely
submerged, while during low tide it may be subjddie aerial exposure for hours at a

time.
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2.2.2 Field and collection sites

Two distinct field sites were chosen within the Wgjton region. First, Pauatahanui
Inlet (Fig. 2.2B) is a soft shore tidal estuaryuated on the west coast of the North
Island, 20 km north of Wellington city. The estu@yapproximately 3.5 km long by 2
km wide. Second, Kau Bay (Fig. 2.2E), located oe tMiramar Peninsula of
Wellington's south coast, is predominantly rockerived from greywacke and

associated argillite sediments.

Figure 2.1. (A) Anthopleura aureoradiatavith tentacles exposed to irradian¢B)
Zooxanthellae residing withiA. aureoradiata (C) A dividing zooxanthella appearing
as a doublet.
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2.2.3 Environmental parameters

Environmental parameters were measured to modelcdméribution of translocated
zooxanthellar carbon to the animal’s daily respinatrequirements (CZAR) (Muscatine
et al. 1981). Environmental parameter recordings werertakourly from first light to
last light over a day, and included measuremens®lai irradiance (Lmol photons®s

) (LI-COR LI-1000 irradiance data logger), salinifypt), air temperature (°C), water
temperature (°C), mud temperature (°C) (Pauatah&émet only), cloud cover (%
determined by eye) and rain (“light”, “moderateheavy”). At Pauatahanui Inlet,
recordings were taken 50 m from shore at 3 locati@pproximately 25 m away from
each other. At Kau Bay recordings were taken at fbifferent rock pools, two north
facing and two south facing, in the mid-littoralneo Measurements were taken at
Pauatahanui Inlet on Januar§, 3™ and 18' 2007 during summer and Jul{?, 8", 10"
and 11" 2007 during winter on both sunny and cloudy d#tsKau Bay measurements
were taken on December®&9d" 31% 2006 and January"92007 during summer and

July 8", 6" and August 8 2007 during winter on both sunny and cloudy days.

2.2.4 Photosynthesis-irradiance relationships

Oxygen flux ofA. aureoradiata(Fig 2.3) was measured for 4 anemones simultaheous
in a clear glass cylindrical chamber (~14 ml volymstuated in a clear Perspex,

temperature controlled water bath. The glass chamt&ained 1-um filtered seawater
(FSW), with a magnetic spin bar gently stirring thater inside the chamber to provide a
homogeneous distribution of dissolved oxygen; thm $ar spun at a rate where the
anemones did not appear stressed. The spin baowedsaid by a perforated plastic floor

and a layer of nylon mesh, on which the anemone® \p&ced. The chamber was

situated on top of an underwater magnetic stivaribmag Compact). The chamber was
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sealed with a rubber bung, into which two holes ewerilled, and oxygen and
temperature sensors inserted; these were conndoted Fibox 3 temperature-
compensated oxygen meter, linked to a laptop whsdd the Fibox 3 computer software
as a chart recorder. Calibration of the oxygen amchperature sensors involved
preparation of oxygen free FSW (0%) using 1 g sodaulphite (NaSQ;) per 100 mi
FSW, and stirring for 30 sec. Alternatively, pregggon for air saturated FSW (100%)
involved using an air pump to blow air into 100@hIFSW for 20 min. The chamber was
illuminated by a halogen dichroic PAR (photosynitedty active radiation) 12 V 50 W
13 lamp. Irradiance incident on the anemones was umedsusing a cylindrical clear
perspex chamber (as the light meter probe was bolet ta fit into the smaller glass
chamber) situated in the water bath and a LI-CORQQO irradiance data logger.

Environmental field conditions prior to a laborataneasurement had to consist
of a minimum of four hours of sunny or cloudy weathOn this basis, anemones were
collected at 1400 — 1500 h during winter and 120880 h during summer from Kau
Bay and Pauatahanui Inlet during low tide. Anemomese brought back to the
laboratory and debris (e.g. shell, sediment) reddvem them. Anemones were then
placed upwards on the mesh, in 10 ml FSW and atlowesettle for approximately 60
min at the appropriate temperature for a sunnylardy day (Table 2.3), 35 ppt salinity
and a irradiance of 100 pmol photon$ &t.

Following the settlement period, the water inside thamber was replaced with
100% Q saturated water of the same temperature, and $ipiragon rate (ml @h™) of
the anemones measured in darkness for 45 minlites PAR lamp was then switched on
and the rate of net photosynthesis measured from28® umol photons fs* (in 20
pumol photons M s* increments), 200 - 400 pmol photon¥ 8T (in 40 umol photons m

2 st increments) and 400 — 900 pmol photoné &t (in 100 umol photons Hs*
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increments). Photosynthesis at each irradiance measured until a constant rate was
attained, typically within 10 min.

Upon completion of a photosynthesis — irradiancd) (Reasurement, anemones
were homogenised in a hand-held glass tissue grindetaining 10 ml FSW. The
resulting slurry was centrifuged in a 10 ml centgié tube at 2355 x g for 5 min. The
anemone/animal portion (i.e. the supernatant) wesamted into a 20 ml measuring
cylinder. Another 10 ml of FSW was then placedhe centrifuge tube and centrifuged
at 2355 x g for 5 min. The supernatant was agagamted into the measuring cylinder.
From this cylinder, 1.5 ml of animal supernatansvpgpetted into a 1.5 ml Eppendorf
tube (n=2) and frozen at -20°C to be analysed fotepn concentration at a later date.
Zooxanthellae remaining in the centrifuge tube wersuspended in 10 ml FSW. A
subsample (200 ul) of the zooxanthella suspensias pipetted onto a haemacytometer
and the number of zooxanthellae counted (n=10 sopert sample), and averaged. These
counts were ultimately used for the calculatiorzobxanthellar density (i.e. number of

zooxanthellae per mg host protein).
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Figure 2.3 O, flux setup for photosynthesis/irradiance measurgsmeshowing the lap
top, water cooler, water heater, glass chamberagang anemones, water bath and the
PAR lamp. The PAR lamp was moved progressivelyerlds the chamber in order to
increase irradiance.

2.2.5 Protein analysis

Anemone protein was assayed according to a motidicaof the Lowry procedure
(Shakiret al. 1994). A standard curve was generated using speatbncentrations of
bovine serum albumen (BSA) (Table 2.1). To thismll of alkaline copper sulphate
solution (containing 19.6 g Na@0s, 3.92 g NaOH, 0.097 g Cug[.198 g KNaGgH,Og
dissolved in 1 L of distilled water) was added aodexed for 5 s. Samples were heated
to and maintained at 37°C for 3 min, before addi@g pl of Folin Ciocalteau’s Phenol
reagent (Sigma) and vortexed for 5 s before hedting further 3 min at 37°C. Samples
were then centrifuged at 14000 x g for 3 min to seenprecipitate. The absorbance of
samples was measured using a Nicolet Evolutionsp@@trophotometer set at 750 nm,

and the protein concentration of samples estimiabea the standard curve.
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Table 2.1 Specified concentrations of bovine serum alburtB8A) to generate a
standard curve.

Diluted BSA or Protein concentration Protein  FSW Final volume
anemone protein (ug/ml) (ul) (ul) (ul)
BSA 0 0 300 300
BSA 10 15 285 300
BSA 20 30 270 300
BSA 40 60 240 300
BSA 60 90 210 300
BSA 80 120 180 300
BSA 100 150 150 300
Anemone * 10 290 300

*calculated from the standard curve

2.2.6 Determination of mitotic index (Ml)

Diel mitotic activity was measured to determine frewth rate of zooxanthellae from
Kau Bay and Pauatahanui Inlet during summer andewiron a average sunny and
cloudy day. Specimens @&. aureoradiata(n = 100) were collected on the same day of
analysis from Kau Bay and Pauatahanui Inlet. Intligls ofA. aureoradiataresiding on
the cockle A. stutchbury) were collected from Pauatahanui Inlet and pldoeal 10 cm
deep bowl, covered with a 5 cm layer of mud andcen2ayer of unfiltered seawater, and
exposed to the ambient diurnal regime over the 84rhpling period during summer and
12 h sampling period during winter. SpecimensAofaureoradiatacollected from Kau
Bay were left on rocks and placed in a bucket aiwsger, and also maintained under
natural light for 24 h during summer and 12 h dgriwinter. Sampling of the MI
occurred every 3 h, whereby a tentacle frém aureoradiatawas snipped off and
smeared across a slide, with a drop of FSW andvarslip placed on top. A cell was
considered dividing (i.e. undergoing mitosis) ihjipeared as a doublet with a cell plate

(Fig 2.1C) x 100, when observed at magnificatiohe ™ividing cells in five samples
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each of 300 cells were averaged and the resulenceptage taken as the MI for each

anemone (Wilkersoat al. 1983).

2.2.7 Contribution of zooxanthellae to animal respiration
(CZAR)

The contribution of zooxanthellae to animal regpra (CZAR) was calculated from O

flux values according to Muscatiret al. (1981, 1983) (see Appendix A for details).
Hourly irradiances recorded from Kau Bay and Pawatai Inlet were averaged to give a
mean hourly irradiance for the day. The rate ofréXg) for this average irradiance was
derived from P — | curves, and then multiplied bg total number of daylight hours to
obtain total P(gross) for the day. Algal respiratiderived by assuming that animal and
algal respiration rates are proportional to thelative biomass (see Appendix A) over 24

h was subtracted from this daily P(gross) to edenfgnet):

Equation 2.1:P, (net) = P(gross)(natural light hours) (R4 hours)

Where R(net) = net zooxanthellar photosynthesis over m@tlight hours, P(gross) =
P(net) + R (whole symbiosis respiration) and, R algal respiration over 24 h and is

subtracted due to the 24 hourly nature of the togasion estimate.
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Daily P,(net) was then used to calculate the CZAR over:24 h
Equation 2.2 CZAR =B(net) x T
Ra

Where T = translocation, assumed to be all fixedb@a not used for respiration and
growth by the zooxanthellae (see Appendix A foradel and R = animal respiration

(i.e. the amount of total respiration not attrithiéato R). As a result, the CZAR was
calculated for an “average” cloudy and sunny day,both winter and summer at

Pauatahanui Inlet (mudflat) and Kau Bay (rocky shor

2.2.8 Statistical analysis

All statistical analysis was carried out with SPS$€0 for Windows. Two sample T-
Tests were performed between different sites, dog &nd seasons for the photosynthetic
parametersu, le, lk, cell specific Ragross and Rygross (all defined in Table 2.2),
respiration, and the zooxanthellar parameters agasity and mitotic index. To reduce
the effect of a Type | error the significance le(@05) was corrected by the Bonferroni
correction, to a new level of 0.004 (i.e. 0.05/1@ne-way ANOVA was used to
determine if algal cell division, over 24 hoursidgrsummer and 12 hours during winter,
was asynchronous.

Regression lines fitted to photosynthesis — irnackacurves were carried out
using Sigmaplot version 8.02. Regression lineslafpRus-beta and Platminus-beta were

fitted to data depending on which line fitted tregadbest.
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Table 2.2 Definitions of the photosynthetic parameters.of, Ik, cell specific Ragross

and Rhagross.

Photosynthetic Parameter

Definition

a
(The initial slope of the P — | curve

)of the zooxanthellae.

An estimate of the photosynthetic efficiency

e

The irradiance at which there is no net oxygen

(The compensation irradiance) | flux.
Ik The lowest irradiance at which light saturated
(95% saturation irradiance) rates of photosynthesis are attained.

Cell specific Raxgross A measure of the photosynthetic capacity of a

(The maximum photosynthetic ratezooxanthella cell at photosynthetically

per zooxanthellar cell) saturating irradiances.

Pmaxgross A measure of the photosynthetic capacity, of
(The maximum photosynthetic ratethe whole zooxanthella populations |at

photosynthetically saturating irradiances.
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2.3 Results

2.3.1 Environmental parameters

2.3.1.1 Irradiance

Irradiance during summer and winter at Kau Bay Badatahanui Inlet on sunny and
cloudy days is shown in Fig. 2.4. The maximum imade during summer at Kau Bay
was 1651 pmol photons s (Fig. 2.4A) and for Pauatahanui Inlet 1614 pmadtphs
m? s (Fig. 2.4C). The maximum irradiance during win&rKau Bay was 1160 pmol
photons rif s* (Fig. 2.4B) and for Pauatahanui Inlet 795 pmoltphe n s* (Fig.

2.4D).

2.3.1.2 Temperature

Temperature varied between season, cloud coverhabdat (Fig. 2.5). Temperature
variability appeared greater on a sunny day in ampn with a cloudy day. At Kau
Bay, rock pool temperatures during summer on ayday were lowest at 0530 (13.1°C)
and warmest by 1530 (17.3°C) (Fig. 2.5A). On a djoday the temperature rose from a
low of 12.9°C at 0730 to 15.9°C by 1530. At Pauatain Inlet, during summer on a
sunny day temperature increased from 9.8°C at @31.8°C by 1630, whereas on a
cloudy day the lowest temperature occurred at Q3306°C) and the warmest at 1430
(16.9°C) (Fig. 2.5C).

In contrast to summer temperatures, winter tentipeys at Kau Bay peaked at
11°C at 1230 on a sunny day from a low of 6°C &{Fig. 2.5B). On a cloudy day the
temperature peaked at 10.2°C at 1030 before regchimow of 8.4°C at 1630. At

Pauatahanui Inlet during winter, the temperatunendua sunny day began at a low of
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4.8°C at 0730 and increased to a high of 12°C 801Fig. 2.5D). On a cloudy day

temperatures rose from 6.4°C at 0730 and reachaghaof 9.2°C by 1330.
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Figure 2.4. Dally field irradiance(A) Kau Bay during summer on sunny and cloudy déyk.
Kau Bay during winter on sunny and cloudy d&¢$ Pauatahanui Inlet during summer on
sunny and cloudy dayfD) Pauatahanui Inlet during winter on sunny and cjadalys; (n = 2
for each point, except n = 1 for each point dunvigter at Kau Bay on a sunny day and
during summer at Pauatahanui Inlet on a cloudy.day)
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Figure 2.E. Daily field temperaturgA) Kau Bay during summer on sunny and cloudy days.
(B) Kau Bay during winter on sunny and cloudy dq@.Pauatahanui Inlet during summer
on sunny and cloudy dayf) Pauatahanui Inlet during winter on sunny and cjodialys;

(n = 2 for each point, except n = 1 for each pduining winter at Kau Bay on a sunny day
and during summer at Pauatahanui Inlet on a clolagy.

Table 2.3.Averaged daily temperatures for Kau Bay and P#aawai Inlet during summer
and winter on sunny and cloudy days.

Kau Bay Pauatahanui Inlet
Summer Winter Summer Winter
Sunny day 15.5°C 9.8°C 16.5°C 9.3°C
Cloudy day| 12.5°C 9.2°C 15.7°C 8.4°C
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2.3.2 Algal and symbiosis characteristics

Algal and symbiosis biomass characteristicsAathopleura aureoradiatare shown in
Tables 2.4 — 2.5. Two sample T-Tests between tegasnare shown in Appendix B,

Table 5.1.

2.3.2.1What isthe affect of season on the algal density of A. aureoradiata?

At Pauatahanui Inlet on a sunny day, the algal idengas 2.6 times greater during
summer than winter ¢ = 8.92, p < 0.001) and on a cloudy day the algakidy was 1.7
times greater in summer than wintep @ 4.37, p = 0.002). Seasonal differences in the
algal density resulted in an increase of the algalotal symbiosis biomass ratio from
winter to summer. This difference was further exbated by a decrease of 1.5 — 2.1
times in animal protein from winter to summer. Alga total symbiosis protein ratios
were greatest during summer at Kau Bay on a suagy(@P%) and lowest during winter

at Pauatahanui Inlet on a sunny day (32%).
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Table 2.4. Anthopleura aureoradiataalgal and symbiosis biomass-characteristics for
summer: n = 5 except: Kau Bay (cloudy day) n = &d&ahanui Inlet (sunny day) n =7

and algal cell diameter n = 100; Values are meah$E.

Characteristic Kau Bay Kau Bay Pauatahanui Inlet  Pauatahanui Inlet
(Cloudy day) (Sunny day) (Cloudy day) (Sunny day)
Algal cell diameter 10.48 £0.11 11.46+0.1 10.25 £ 0.09 9.73+0.09
(um)
Algal cell volume 601.51 788.16 563.57 481.33
(un)
Derived algal cell carbon 88.48 111.81 83.62 72.95
(pg C cell’)
Derived algal cell protein 90.65 114.56 85.68 74.74
(pg protein celf)
N content per cell 145 18.33 13.71 11.96
(p9)
Total no. of algae per anemone 4.7 £0.57 7.41+0.74 5.22+0.27 6.5+£0.28
(x10P)
Total animal protein 307.64 £33.12 379.96 +65.67  316.06 +21.25 423.87 £20.23
()
Algal density 15.76 £ 1.7 21.57+4.18 16.86 + 1.54 15.1+0.61
(algae pg protein x16)
Total algal protein 1.43+0.15 2.47 +0.48 1.44 +0.13 1.13+0.05
(mg)
Algal: Total protein ratio 0.58 £ 0.03 0.69 +0.03 0.59+0.02 0.53+0.01
Derived algal carbon standing stock (C)
(ug C ug* protein) 1.39+£0.15 2.4 +£0.47 1.41+£0.13 1.13+04
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Table 2.5. Anthopleura aureoradiataalgal and symbiosis biomass-characteristics for
winter: n = 7 except: Pauatahanui Inlet (cloudy)day 6, Pauatahanui Inlet (sunny day)
n =5 and algal cell diameter n = 100; Values aeams + 1 SE.

Characteristic Kau Bay Kau Bay Pauatahanui Inlet ~ Pauatahanui Inlet
(Cloudy day) (Sunny day) (Cloudy day) (Sunny day)
Algal cell diameter 10.93+0.11 11.09+0.11 10.5+0.1 10.18 + 0.07
(Lm)
Algal cell volume 682.41 713.31 605.84 551.29
(HnT)
Derived algal cell carbon 98.7 102.55 89.02 82.04
(pg C cell)
Derived algal cell protein 101.12 105.07 91.21 84.06
(pg protein celf)
N content per cell 16.18 16.81 14.59 13.45
(P9)
Total no. of algae per anemone %10 8.28£0.6 6.69 + 0.63 6.07 £ 0.95 4.9+0.49
Total animal protein 475.66 +53.2 549.73 +74.16 637.89 £ 97.66 877.01 £100.94
(h9)
Algal density 189+251 13.09 £ 1.52 9.66 + 0.8 5.71+0.84
(algae ug protein x16)
Total algal protein 1.91+0.25 1.38+0.16 0.88 + 0.07 0.48 £ 0.07
(mg)
Algal: Total protein ratio 0.64 + 0.03 0.57+£0.03 0.47 £ 0.02 0.32+£0.03
Derived algal carbon standing stock (C’) 1.87 £0.25 1.34+0.16 0.86 + 0.07 0.47 £0.07

(ug C ug protein)
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2.3.3 Mitotic index

The mitotic index (MI) over a diel period duringmsmer and winter at Kau Bay and
Pauatahanui Inlet on sunny and cloudy days is shiowfig. 2.6. Cell division was
determined as asynchronous across habitat, seadasicaud cover. A one-way ANOVA
determined that there was no significant differeac@ongst cell division rates at Kau
Bay during summer (Fig. 2.6A) across the coursa oloudy (F, 7= 0.951, p = 0.473)
and sunny day (F7, = 1.339, p = 0.245), and similarly at Pauatahdniet during
summer (Fig. 2.6C) across the course of a clougy,{E 0.686, p = 0.683) and sunny
day (R, 72 = 0.253, p = 0.97). Additionally, during winter, @ane-way ANOVA
determined that there was no significant differeimcénhe MI over a diel period at Kau
Bay on a cloudy (Fs¢= 0.75, p = 0.527) and sunny day (& = 2.48, p = 0.07) (Fig.
2.6B) and also at Pauatahanui Inlet across theseafra cloudy (£s6= 1.08, p = 0.365)

and sunny day @ss= 2.46, p = 0.72) (Fig. 2.6D).

2.3.3.1 What isthe affect of season on the M| of algae within A. aureoradiata?

The averaged mitotic index over a period of a daghiown in Fig. 2.7. Two Sample T-

tests between treatments are shown in AppendixaBleT5.2. The MI was higher during

winter than summer by 2.1 times at Kau Bays{F 5.14, p <0.001), and by 1.3 times at

Pauatahanui Inlet ¢3s = 5.14, p <0.001) on sunny days.
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Figure 2.6. Mitotic index for Anthopleura aureoradiatalA) Kau Bay during summer on a
cloudy (n = 10 for each point) and sunny day (nO=fdr each point)(B) Kau Bay during
winter on a cloudy (n = 15 for each point) and sudiay (n = 15 for each pointJC)
Pauatahanui Inlet during summer on a cloudy (n fot@ach point) and sunny (n = 10 for
each point) dayD) Pauatahanui Inlet during winter on a cloudy (n5=fdr each point) and
sunny (n= 15 for each point) day; values are mearSE.
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Figure 2.7. Percentage of algal cells undergoing mitosisAithopluera aureoradiata

from Kau Bay and Pauatahanui Inlet during summaer amter on cloudy and sunny
days (n = 15 for Kau Bay and Pauatahanui Inletrduwinter on cloudy and sunny days;
n = 10 for Kau Bay and Pauatahanui Inlet during m@mon cloudy and sunny days);
values are means +1 SE.

2.3.4 Photosynthesis vs. irradiance

Plots of gross photosynthesiersusirradiance (P-1 curves) fok aureoradiatacollected
from Kau Bay and Pauatahanui Inlet during summaer amter on sunny and cloudy
days are shown (Fig. 2.8). Two Sample T-tests detwtreatments are shown for all
photosynthetic parameters in Appendix B, Tables 5.5.8. For clarification, only

significant differences are described here.

2.34.1 What is the effect of season and cloud cover on the photophysiology and
respiration of A. aureoradiata?

The initial slope of the P-I curvel) (Fig. 2.9A), was 5.2 times greater during sumorer
a sunny day at Pauatahanui Inlet than in wintap & 5.33, p < 0.001). Similarly,

respiration rates (Fig 2.9B) were also greater rdursummer than in winter at
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Pauatahanui Inlet but on both cloudy §10.01, P < 0.001) and sunny dayss& 15.4,
p < 0.001). The interaction betweerand respiration during summer and winter resulted
in no seasonal differences in the compensatiodiarae () (Fig. 2.9C), furthermore the
95% saturation irradiance)I(Fig. 2.9D) also displayed no change with sea¥@, the
rate of cell specific Ragross (Fig. 2.9E) was 1.6 times greater during semiiman in
winter at Kau Bay on a sunny day;{F 4.61, p < 0.001), but the greater zooxanthellar
density at this time of year meant that maximumtpsynthesis (R.gross) (Fig. 2.9F)
on sunny days was 2.7 times greater at Kau Bayhgwsummer than in winter (J =
4.99, p < 0.001), and similarly was 4 times greatdPauatahanui Inlet in summer than in
winter on sunny days ¢(§= 8.11, p < 0.001). A further seasonal differemas observed
between seasons at Pauatahanui Inlet when durmgisuon a cloudy day, the rate of
Pmaxdross was 2.6 times greater than winter on a claagy(To = 10.9, p < 0.001).

The effect within season of cloud cover was limjtedsulting in a single
difference in cell specific fgross, when the rate during summer at Kau Bay was 1

times greater on a sunny day than on a cloudy Tay @.38, p = 0.002).

What is the affect of habitat on the photophysiology and respiration of A.
aureoradiata?

The rate ofx was higher at Kau Bay than Pauatahanui Inlet dusimter by 2.1 times on
a cloudy day (11 = 4.16, p = 0.002) and by 2.9 times on a sunny(d@ay= 4.73, p <
0.001). Respiration was also higher at Kau Bay thanatahanui Inlet during winter on
both cloudy (T1 = 4.86, p < 0.001) and sunny daysoF 5.22, p < 0.001). In contrast |
was 1.8 times greater at Pauatahanui inlet dutingnser on a cloudy day than Kau Bay.
Ik and cell specific Ragross displayed no difference due to habitat howeRg,gross
was 2.2 times greater at Kau Bay than Pauatahateti during winter on both a sunny

(T10=28.4, p <0.001) and cloudy day,(E 6, p < 0.001).
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Figure 2.8. Photosynthesis vs. irradiance curves Amthopleura aureoradiata(A) Kau
Bay during summer on sunny (n = 5) and cloudy @) days.(B) Kau Bay during winter
on sunny (n = 7) and cloudy (n = 7) da§S) Pauatahanui Inlet during summer on sunny (n
= 7) and cloudy days (n = 5)D) Pauatahanui Inlet during winter on sunny (n = &) a

cloudy (n = 5) days; values are mean £+ 1 SE
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Figure 2.9.Photosynthesis — irradiance parameter@ftthoplerua aureoradiatat Kau Bay
and Pauatahanui Inlet during summer and winterwaroast and clear sky day#) initial
slope of P — | curved), (B) dark respiration rate of intact symbios{§) compensation
irradiance (), (D) 95% saturation irradianceg)| (E) cell specific Ragross,(F) maximum
rate of photosynthesis (Bgross). (n = 5 for Kau Bay, summer, sunny / Pawatahlinlet,
summer, sunny / Pauatahanui Inlet, winter, sunmycoudy) (n = 6 for Kau Bay, summer,
cloudy) (n = 7 for Kau Bay, winter, sunny and clgudPauatahanui Inlet, summer, sunny);

values are means + 1 SE.
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2.35Rates of respiration, net photosynthesis, and carbon
translocation

Biomass specific rates of the host’s respiratioth estimates of the potential contribution
of translocated carbon to its daily respiratorybear requirements (CZAR) are given in
Table 2.6. Rates of et were typically between 4 — 5 times greaterrdusummer than

in winter; however, an extreme difference was obegtiat Kau Bay on cloudy days when
P.net was 51 times greater during summer than inerit@arbon translocation rates were
1.2 — 1.9 times greater during summer, than in evimn a sunny day, as a result of
increasing photosynthetic carbon availability. Iontrast, low light during winter

especially, on cloudy days, led to translocatiotesaof zero at both Kau Bay and

Pauatahanui Inlet.
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Table 2.6.Parameters used in the estimation of CZARADthopleura aureoradiatfrom Kau Bay and Pauatahanui Inlet during summerainter
on sunny and cloudy days (1 = cell specific grovete; R = predicted net photosynthesis by zooxanthellges parbon specific growth rate; T =
percentage of net fixed carbon translocated to; iRyst predicted animal respiration per day).

Parameter Kau Bay Kau Bay Pauatahanui Inlet Pauatahanui Inlet
(Sunny) (Cloudy) (Sunny) (Cloudy)

Summer  Winter Summer Winter Summer Winter Summer Winter

(@) 0.0293 0.0566 0.0488 0.0628 0.033 0.0458 0.044 0.0535
P, net 557.66 139.41 347.4 6.78 402.35 83.28 128.62 29.73

(Mg C mg protein d)
He (0 0.2312 0.1039 0.2492 0.0036 0.3548 0.1772 0.0912 0.0346
T (%) 87.35 45.48 80.43 0 90.7 74.17 51.76 0

Ra 320.88 139.68 216 150.72 409.68 94.08 293.04 111.36

(ng C mg' protein d')
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2.3.6 Daily CZAR

The daily CZAR was greatest at Kau Bay during sumamea sunny day (Fig. 2.10),
where the algae completely satisfied the energyirespents of the animal host, with a
CZAR of 151%; on an overcast day during summerai Bay the CZAR also satisfied
the animal’s energy requirements (CZAR 129%). Giuiany, winter day at Kau Bay,
the CZAR reached 45% of the animal’s daily eneegyuirements, but on a cloudy day
the CZAR was zero. The CZAR fdk. aureoradiatafrom Pauatahanui Inlet during
summer on a sunny (89%) and cloudy day (65%) amndewion a sunny (22%) and
cloudy day (0%) failed to reach 100%, thus not cleteby satisfying the animals daily

respiratory requirements.
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Figure 2.10. Daily CZAR for Anthopleura aureoradiatafrom Kau Bay and
Pauatahanui Inlet during summer and winter on aidyjoand sunny day; no bar
represents a CZAR of zero. All values calculatexnfraveraged parameters (n = 4),
hence no error bars are shown.
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2.4 Discussion

The effect of season resulted in the algal dens#ing greater during summer than
winter, while the Ml was asynchronous and highetirduwinter than summer at Kau
Bay and Pauatahanui Inlet on sunny days. Seasdfelkdces in the photophysiology
and respiration oAnthopleura aureoradiatavere greater during summer than winter,
while cloud cover resulted in a higher rate of aglecific R,,gross on a sunny day
than a cloudy day within summer at Kau Bay. Theedffof habitat resulted in
differences in the photophysiology and respirattonbe greater at Kau Bay than
Pauatahanui Inlet with the exception gfshich was higher at Pauatahanui Inlet. The
contribution of the zooxanthellae to the animalttsodaily respiratory carbon budget
(CZAR) was calculated >100% féY. aureoradiatafrom Kau Bay during summer and
thus the host may not rely on heterotropic feedmgrovide energy for its metabolic
activities. In contrast, the highest CZAR valuePatuatahanui Inlet was measured as
89% during the summer on a sunny day while CZARieslof zero were measured

from Kau Bay and Pauatahanui Inlet during the wintecloudy days.

2.4.1 Algal cell size and density

2.4.1.1 Algal cell size

Under high light conditions zooxanthellar size bagn shown to vary from 6 — 9 pm
(Titlyanov and Titlyanova 2002). Zooxanthella sineA. aureoradiata(9.73 — 11.46
pHm) is similar to that seen in corals acclimatetbw light environments (Wilkersoet

al. 1988; Titlyanovet al. 2001). Titlyanovet al. (2001) suggest two reasons for the
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acclimation to large zooxanthellae in low light enmments. First, the reduced light
intensity leads to a significant decrease in tlegdency of division and degradation of
zooxanthellae, thus increasing the average agheota@oxanthellae in the colony and
resulting in an accumulation of old large cellsc@w, if a cnidarian contains a mixture
of genetically different types of zooxanthell@owan 1998 differing in sizes, a

decrease in light intensity can lead to an increaseretention of one type of

zooxanthellae with large cells; there is currently evidence for mixed symbiont

populations inA. aureoradiata

2.4.1.2 Algal densities

Algal densities reported from this study show adreof increasing from winter to
summer. Studies examining seasonal algal denditee®e not reported consistent
results. Some researchers have found algal densdtide higher in winter (Stimson
1997; Brownet al. 1999; Fagooneet al. 1999; Fittet al. 2000), summer (Verde and
McCloskey 2007) or consistent throughout the y&ykéns and Shick 1984; Porter
al. 1984; Jones and Yellowlees 1997; Verde and Mc@ipsk998). Many studies
showing an increase in algal density during wind@re conducted with tropical
cnidarian species (Stimson 1997; Broetnal. 1999; Fagooneet al. 1999; Fittet al.
2000) that suffer from bleaching during the summenths and hence have lower algal
densities than during winter; temperate associatiare not stressed in this manner
during summer (Verde and McCloskey 2001).

The effect of seasonality on algal density in teisdy may occur through
changes in temperature or PAR light or both. Terupee has been suggested to have a
greater influence on algal density than does ligtiensity in both tropical and

temperate associations (Hoegh-Guldberg and Sm&Bd;SSaunders and Muller-Parker
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1997). This is because increases in water tempera&an cause algae to rapidly be
expelled from the host, resulting in a reduced nemdf algae within the association
(Lesseret al. 1990; Fittet al. 1993; Berkelmans and Willis 1999; Buek al. 2002).
Alternatively, decreased temperature has also lskewn to cause reductions in the
algal density in a number of cnidarian species é€and Jokiel 1977; Steen and
Muscatine 1987; Muscatinet al. 1991; Saxbyet al. 2003), though in the temperate
Anthopleura elegantissim@mperature has no effect (Engebretson and MBleker
1999; Verde and McCloskey 2001).

The effect of light intensity on algal density iariked. Titlyanovet al. (2001)
documented an 80% increase in algal density ovetad8 within the corabtylophora
pistillata when exposed to 30% PAR compared with 95%. Furtbhez, the algal
density doubled when the light intensity was furttezluced to 8% PAR compared with
30%. Saunders and Muller-Parker (1997) found tbat light caused a significant
increase in the density of zooxanthellae within tdr@peratéA. elegantissimaver 25
days. Alternatively, Fitt and Cook (2001) reportbdt shaded colonies of the tropical
hydroid Myrionema amboinenseontained half the algal density of high lightaakes
after a period of 4 weeks. Many studies have regonb change in algal density with
increased light availability in tropical (Falkowskind Dubinsky 1981; Lesset al.
1990) and temperate species (Harland and Davie$; M&Closkeyet al. 1996; Verde
and McCloskey 2002).

Seasonal fluctuations in algal densities are thotmimpact on the host tissue
biomass. Fitet al. (2000) documented that decreased densities ofisytsbduring the
warmer seasons cause decreases in animal protemass, while increasing symbiont
densities during the cooler seasons were thougthtive increases in animal protein. A

possible explanation for the seasonal changesaistiie combined effects of elevated
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seawater temperature and irradiance result in higkspiration rates of both host and
zooxanthellae during the warmer seasons. This esumltrin lower net photosynthesis
and translocation rates, which are less likely teemthe higher metabolic energy
demand at higher temperatures and so increasengelian the catabolism of host
protein. In contrast to Fitt al. (2000), in this study, algal density was highastirty

summer compared with winter. However, animal proteas lowest during summer
and highest during winter. As the algal density w@sdardised to animal protein, the
seasonal variations in algal density may in partdbe to this change in anemone
protein, in addition to the regulation of symbionits response to changes in

environmental conditions (Verde and McCloskey 2001)

2.4.2 Algal cell growth

Daily cell division rates ofn hospitealgae undergoing mitosis are known to vary
between 0.33 — 4.69% for temperate (Wilkersginal. 1983, Davyet al. 1996,
McCloskeyet al. 1996, Verde and McCloskey 1996b, Verde and Mc@p<2007) and
0.2 — 12.3% for tropical species (e.g. Wilkersdral. 1983, Muller-Parker 1985; 1987,
Wilkersonet al. 1988). The average daily Ml recorded in this st(tiy — 2.9%) from
zooxanthellae withinA. aureoradiatais well within this range for temperate and
tropical species.

Rates of cell division may be correlated with ifeate, temperature and
nutrient availability. Increased light intensitiesrease the photosynthetic rate leading
to greater amounts of photosynthate available fodycing new cells (Verde and
McCloskey 2002). Additionally, increased temperasuhave been shown to stimulate

cell division as a result of a higher metabolismh&sono and Brown 1992); colder
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temperatures may suppress algal metabolism andlyiMerde and McCloskey 2007).
Yet, nutrients are likely the most important limgi factor and may explain the
increased division rate in winter, when nutrienh@entrations in seawater are typically
highest. The addition of nutrients, such as nitroged phosphorus stimulates cell
division whilst a reduction in the abundance ofehetrophic food sources leads to a
decrease in the MI (Coo#t al. 1988, McAuley and Cook 1994, Smith and Muscatine
1999, Fitt and Cook 2001). Similarly, high nutriecdncentrations in deeper waters
may have also led to five out of eight corals sadgly Wilkersoret al. (1988) to have

a higher Ml value compared with those in shalloweaters, and the high Ml reported
for Mastigiassp. (10.8%) (Wilkersoet al. 1983).

Cell division over a diel cycle was determined te hsynchronous and
independent of season, cloud cover and habitatnéspnous division has been
reported in other associations (Steen and Muscali®®4, Muller-Parker 1985,
Wilkersonet al. 1988, Verde and McCloskey 2007) and was suggéstétililkersonet
al. (1988) to be host controlled, as asynchronoussidiniis a characteristic of growth-
restricted phytoplankton populations, and the needegulate the algal population.
However, the commonness of synchronised divisiomhiwi various associations
(Wilkersonet al. 1983; McAuley and Cook 1994; Fitt 2000) suggelis statement by
Wilkerson et al. (1983) may need review (Hoegh-Guldberg and SmBB94) as
synchronised cell division appears more common tagynchronous division (Fitt
2000). Synchronised cell divisiom hospitehas been related to pulses of nitrogen,
which are also thought to be responsible for phadeasion in phytoplankton
populations in the field (Doyle and Poore 1974)daidnally, sampling of the MI from
zooxanthellae within the tentacles, as occurredthis study, may lead to an

overestimation of the MI. This is because the Mltle tentacles of some algal-
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invertebrate associations may be higher comparatigaest of the organism (Verde
and McCloskey 1998). For instance, Muller-Parked8() reports that the algal Ml
from the tentacles oAiptasia pulchellais 1.5 times greater than the MI from the
anemone column. If this trend also occursAinaureoradiata then this may have
resulted in an underestimation of the translocatada and CZAR, as carbon available
to the host is assumed to not be used in the faomaft new algal cells.

The cell specific growth ratey) was derived from the mitotic index to
determine the amount of carbon used to synthesnealgae (Muscatinet al. 1983;
Davy et al. 1996). The values qgi of 0.029 — 0.063 4 are within the accepted range
for in hospitevalues published (0.0044 — 0.28)dMuller-Parker 1984; Muscatinet
al. 1986; Wilkersonet al. 1988; Day 1994). The estimation pf depends on the
assumption of the duration of cytokinesig (Wilkersonet al. 1983).ty used in this
study was originally derived as 11 h from the ttapscyphozoan jellyfistMastigias
sp. (Wilkersonet al. 1983). However, McCloskegt al. (1996) estimatedyto be 28 h
in the temperate anemorathopleura elegantissimaelating it to the cold waters of
the Pacific North West. This suggests that in stiglyty was underestimated and that
zooxanthella growth is an even smaller carbon #ivan what was originally thought
(Davy et al. 1996). It should be noted though, tiais difficult to measure directly, as
zooxanthellae cannot be readily obserueditu in the natural environment indeed, no
one has successfully measured algalin any symbiotic cnidarian (Verde and

McCloskey 1996a).
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2.4.3 Photoacclimation

2.4.3.1 How does season and cloud cover affect the photophysiology and
respiration of A. aureoradiata?

At temperate latitudes, seasonal differences iadiance and sea temperature may
fluctuate greatly (Browmt al. 1999). For example, at Pauatahanui Inlet on aysdag,
summertime irradiances were 2 times greater thawimer and daily averaged sea
temperatures differed by 7.2°C. Consequently, sedsdifferences in light and
temperature influenced the photophysiologyAofaureoradiata these in turn likely
influenced the algal density and hence photosyiathepacity. The effects of the
seasonal variation of these factors on the photsiplogy of A. aureoradiatawill be
discussed here.

Under low irradiance, the rate of photosynthetificefncy (o) is typically
higher than under high irradiance (Muller-Parke83;9Harland and Davies 1994;
Kusteret al. 2000). This is as low light-acclimated organisrhsab more light due to
higher levels of chlorophyk per cell (Kalituhoet al. 2007). In contrast to what might
be expected seasonally, the ratexadt Pauatahanui Inlet on a sunny day was greater
during summer than winter. This is most likely dioecold winter temperatures at
Pauatahanui Inlet suppressingby limiting the photosynthetic activity and masiin
any effect of light (Saxbet al. 2003). Similarly, respiration rates are also kndwioe
temperature dependent (Jacqeesl. 1983; Raven and Geider 1988). At Pauatahanui
Inlet on both sunny and cloudy days, respiratiors waeater during summer than
winter, most likely due to a temperature differebeéween seasons of 7.2°C on sunny
and 7.3°C on cloudy days. The interaction betweeand respiration determines the
compensation irradiance)I for example, a lova with a high respiration rate results in

a high L. In this study, there was no seasonal differemcé due to a highn and
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respiration rate during summer versus a kownd respiration rate during winter. A
higher cell specific Ra,gross at Kau Bay on a sunny day during summer itharnnter

is consistent with increases in temperature aratlimnce. The temperature between
seasons at Kau Bay on a sunny day differed by 5.@Féehaps leading to the increased
rate of cell specific Ra.gross. Acclimation to higher summertime irradiancay also
contribute to the higher cell specifig,Rgross during summer than in winter, however
the effect of habitat oA. aureoradiataat Kau Bay may limit the capacity for this and
is discussed in the next section. Seasonal dift@®im total maximum photosynthesis
(Pmagross) are likely correlated with algal density a@ll specific Ragross. For
example, at Kau Bay on a sunny day,8ross was greater during summer than winter
which was consistent with a difference in the @teell specific Ragross but not algal
density. In contrast, Pauatahanui Inlet on a suday, R,,,gross was also greater
during summer than winter but was consistent withfference in algal density and not
cell specific Ra,gross; why this difference occurred is unknown.g9gasonal change in
the 95% saturation )l occurred, perhaps because a drop 4gdPoss corresponded
with a drop ina.

The effect of cloud cover on the photophysiology Af aureoradiatawas
limited. However, there was an observed differemgecell specific Ragross at Kau
Bay during summer, where the rate was greatersamay day compared with a cloudy
day. The reasons for this remain unclear, howesénere were no other differences for
any other photosynthetic parameter due to clou@rcdivmay be that cloud cover is not
a major influence on the photophysiology/ffaureoradiata or that prolonged periods

of cover are required before an effect is induced.
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2.4.3.2 How does habitat affect the photophysiology and respiration of A.
aureoradiata?

Kau Bay, a rocky inter-tidal site, and Pauatahdnigt, an estuarine mud-flat, are two
contrasting habitats. Both habitats strongly inflced the photophysiology oA.
aureoradiata most likely through light availability and temp#ure.a was greater at
Kau Bay than Pauatahanui Inlet during winter, sstgg that anemones from Kau Bay
are more shade adapted than at Pauatahanui leiepetature did not differ much
between sites. From personal observatianaureoradiatafrom Kau Bay is found
within cracks and crevices within the rocky intefat zone and is obscured from direct
sunlight for large periods of the day; indeed, mme cases anemones may be
permanently obscured from direct sunlight. In casitir A. aureoradiata from
Pauatahanui Inlet is abundant at the surface oinhd flat at high tide and also in
pools of water during low tide, and may be expdeedonger periods of time to direct
sunlight. FurthermoreA. aureoradiatafrom Kau Bay is visibly darker than at
Pauatahanui Inlet, perhaps reflecting differenceslgal density, as anemones from
Kau Bay do have greater algal densities than tab&auatahanui Inlet; this is perhaps
further evidence of shade adaptation. Also, whilbiophyll a was not measured in
this study, it is possible that the darker coloiorabf anemones at Kau Bay is related to
a higher chlorophyla concentration per algal cell, which could conttéto the greater
photosynthetic efficiency at this site.

Higher respiration rates at Kau Bay than at Pawaawaihinlet during winter are
most likely linked to differences in algal densitgs temperatures did not differ
substantially and would therefore be limited initlegfect. The generally greater algal
density at Kau Bay compared with Pauatahanui imlay therefore be responsible for

the observed difference. The greateat Pauatahanui Inlet than at Kau Bay during
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summer on a cloudy day is related to a greaterireggn rate and lowemn at
Pauatahanui Inlet, which again suggests that anesnfsrom Kau Bay are more shade
adapted than anemones from Pauatahanui Inlet. pektific Ragross showed no
difference between habitats, however there wasffareince in Ragross between
habitats. Ragross was greater at Kau Bay during winter on suamy cloudy days
than at Pauatahanui Inlet under the same conditidrese differences appear to be due
to algal density as opposed to cell specifig.goss. In support of this, McCloskey

al. (1994) studying the marine scyphomedusisliastigias sp. reported greater
photosynthetic rates within lagoon medusae compavid lake medusae due to

increased algal densities found within lagoon medus

2.4.4 Metabolic rate

2.4.4.1 Zooxanthdlar biomass

Muscatine (1980) states that algae comprise 3 — @8%tal protein biomass in any
given association, indicating that zooxanthellaatigoute minimally to respiration
requirements (Muscatinet al 1984; Steen and Muscatine 1984; Hoegh-Guldbesd.
1986; McCloskeyet al 1994). However, in this study, zooxanthellae dbaoted
substantially to symbiosis biomass (32 — 69%) areftefore respiration, with peak
contributions in summer. No other study has foulghlabiomass to contribute more
than 50% of total biomass; the highest contributeported for any other association is
47% in the temperate octocof@apnella gaboensig-arrantet al. 1987b).

The assumption of the biomass ratio model, thahlalghost respiration is
proportional to algal — host biomass, is subject{duscatineet al. 1981), with

evidence suggesting that the biomass — ratio modeérestimates total zooxanthella
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respiration (Davyet al. 1996). For example, McCloskey and Muscatine (1984nhd
that the respiration rate of isolated zooxantheftaen the coralStylophora pistillata
was five — eight times that predicted by the biosnadio model. However, they note
that the procedure of zooxanthellar isolation mi&tly induces increased respiration.
Furthermore, Smith and Muscatine (1986) predictbadt tthe biomass-specific
respiration rate would be greater by the zooxalgbehan host in the corMontastrea
annularis Hence, algal respiration foA. aureoradiatain this study may be an
underestimation; if zooxanthellae do contributeraater amount to total respiration

then it may be assumed that CZAR values would t¥eddhan is shown.

245 CZAR

2.4.5.1 Carbon trandocation

Photosynthetically fixed carbon translocated frdgabsymbionts to invertebrate hosts
is a well established phenomenon (Muscagmeal. 1981), firmly supported by*C
tracer studies (Smith 1974). High rates of carsandlocation result from a number of
factors. First, high translocation reflects lowesabf carbon utilisation by the symbionts
for their own growth (Muscatinet al. 1983). Second, the symbiont translocates fixed
carbon at higher rates under high irradiance a®mbotosynthetic product is available
(Muscatineet al. 1983; Day 1994). This suggests that cnidarian ispem areas
exposed to high irradiance should receive largeowants of fixed carbon from their
symbionts than species in low light areas (Engsbretand Muller-Parker 1999)
assuming photoinhibition is not occurring. This veapported by greater translocation
rates forA. aureoradiataduring summer compared with winter and on a suay

compared with a cloudy day at both field sites.
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Translocation rates are typically > 95% (Muscaiel. 1984). In this study,
rates of translocation where only comparable t® thi Pauatahanui Inlet during
summer on a sunny day where translocation was meghsis 90.7%; this suggests that
more carbon is used for algal growthAnaureoradiatathan is suggested by Muscatine
et al. 1984. Currently, the greatest known translocatrate determined for any
association is that in the temperate zoanthid spdeiozoanthus sulcatuswvhere
zooxanthellae were estimated to translocate >99%ked carbon at 1.5 m depth under
sunny and cloudy conditions and at 9 m depth usdany conditions (Davt al.

1996).

2.4.5.2 Daily CZAR

The contribution of the zooxanthellae to the anisndhily energy requirements was
estimated to be >100% f@. aureoradiataat Kau Bay during summer on both sunny
and cloudy days. This value, however, assumesati@tones were exposed to direct
sunlight as irradiance measurements did not acdourghading caused by inhabiting
cracks and crevices. Nevertheless, this suggesté tlaureoradiatahas the potential to
be fully autotrophic in summer at Kau Bay, eveadfine anemones never achieved this
potential. Alternatively, at Kau Bay during wintend at Pauatahanui Inlet during both
summer and winterA. aureoradiatais dependent to some degree on heterotrophic
feeding, as the CZAR was <100%. At Kau Bay and Bdnzenui Inlet during winter, the
CZAR was zero, due to the high algal respiratior® r@nd low photosynthetic rate,
which led to low rates of carbon translocation tee thost. This suggests that
zooxanthellae may be parasitic on the host attitme of year and is discussed further
in chapter 4.

CZAR estimates for the temperate North Americannsree Anthopleura

elegantissimare similarly variable. Fitet al. (1982) estimated the CZAR to be 13 —
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45% for fed and non-fed anemones, whilst Shick Bry#lens (1984) estimated the
CZAR as 34% for low intertidal species and 18%Himh intertidal species. However,
both these studies measured rates of translocatising “C and possibly
underestimated the amount translocated?@snay be released into the atmosphere as
4Cc0, and not counted (Muscatire al. 1984). Employing the current method, Verde
and McCloskey (1996b) estimated the CZARANelegantissimacollected from the
inter-tidal zone and kept at 12 - 14°C for 48 houosbe 48.4% and more recently
Verde and McCloskey (2007) estimated it to varyrfre60 - ~130% over the course of
a year. Additionally, Davyet al. (1996), investigating the CZAR of four temperate
cnidarians from Southern Eire, made comparisonsvdmt irradiance regimes
experienced at depths of 1.5 and 9 m on sunny laad days in summer. They found
that Anemonia viridis(CZAR, 140.6 — 142.9%) antsozoanthus sulcatuCZAR,
181.5%) on sunny days at 1.5 m had CZAR valuestlgreaer 100%, whileCereus
pedunculatu§CZAR, 72.1%) andAnthopleura ballii(CZAR, 72.6%) are dependent on
some form of heterotrophic uptake to maintain tlegiergy balance, even in well lit
conditions. However, on cloudy days or at less @mable irradiances, the CZAR
values were <100% foAnemonia viridis(CZAR, 3.3 — 71.2%) and very low for
Cereus pedunculatuCZAR, 0.7 — 26.6%), andnthopleura ballii (CZAR, 2.1 —
43.5%); the CZAR inlsozoanthus sulcatusanged from 59.5 — 161.3% under these
conditions.

In tropical cnidarian species, the CZAR has begulely estimated as >100%,
due to the high light environment. Exceptions ideutwo species of zoanthids,
Zoanthus sociatug48%) and Palythoa variabilis (13%), that are dependent on
heterotrophy (Steen and Muscatine 1984). Furtheembay (1994) determined a

CZAR of 92.4% for the anemorigunodeopsis globuliferayet determined a CZAR of
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108.5% forBunodeopsis antilliensid-urther estimates have been determined for the
giant clam Tridacna gigas(100%) (Fisheret al. 1985) and the coralStylophora
pistillata (143%) (Muscatinet al. 1984). Davies (1991), studying three species adlco
(Pocillopora damicornisMontipora verrucosandPoriteslobata), predicted that on a
“normal” day with intermittent cloud cover and on adeal” cloudless day the corals
could survive autotrophically. He suggested thatesg carbon stored on normal and
ideal days is used to support metabolic requirement overcast days when energy
budgets are in deficit. This could also applyAtoaureoradiata energy reserves may
help it feed autotrophically at times where therggebudget is in deficit or may be
used in reproduction. However, during periods whertotrophy is very low or not
possible A. aureoradiatamay need to feed heterotrophically to satisfymistabolism.
This is most obvious during the winter months andrd) the summer at Pauatahanui
Inlet. At Pauatahanui Inlet, high amounts of patte matter may result in less
dependence on autotrophy throughout the year. Rispee on heterotrophy has been
shown to not limit the temperate anemdkeelegantissimaFor instance, this species
may obtain >2.5 mg C ddyby prey capture (Shick, Zanier, pers. comms. cited
Verde and McCloskey 1996a). Furthermore, wiA@®monia viridisand Anthopleura
ballii were caged in the field and shaded but allowede¢d heterotrophically, changes
in body weight were insignificant, suggesting thahemones could survive
heterotrophically (Davet al. 1997). Therefore autotrophy is perhaps not as itapo

to A. aureoradiataas has been shown to be the case with tropicdhgans.
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2.4.6 Further studies

To gain a more complete understandingAof aureoradiataunder field conditions
measurements of salinity, nutrient fluxes and UMlddave been incorporated into this
study as well as chlorophydl analysis. Additionally, measurements of irradiafme
anemone# situ over a day i.e. in their crevices or taking acaafrburrowing on the
mud flat would also be useful. Furthermore, a ltergn study over a year to model the
extent of autotrophy vs. heterotrophy will alsoeg&w more complete understanding of
this symbiosis. Future research into the symbibsitveenA. aureoradiataand its
zooxanthellae could focus on the effects of hetepttic feeding, irradiance and,
temperature. Chapter 3 focuses on the effectsropeeature on the photophysiology,
algal density and growth rate and CZARAxfaureoradiatain order to understand the

capacity of this symbiotic anemone to survive gnhiighly variable temperate habitat.
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Chapter 3:

The effect of temperature on carbon flux in
the symbiotic Intertidal sea anemone
Anthopleura aureoradiata

3.1 Introduction

A majority of cnidarians contain endosymbiotic ag#‘zooxanthellae”).
Carbon fixed photosynthetically by the zooxanthelgtranslocated to the host for use
in host respiration, growth and reproduction (Museeet al. 1984). It is estimated that
>95% of total carbon fixed is translocated to thsti{Muscatinest al. 1983; Muscatine
et al. 1984) in the form of glycerol, amino acids andbcdnydrates (Muscatine 1967,
Sutton and Hoegh-Guldberg 1990; Bilal. 1992). In return, the symbiont gains access
to nitrogen and phosphorus, in the form of metabulaste products from the host
(Dubinsky and Jokiel 1994).

Latitudinal differences in temperature are an ingoar influence on global
symbiotic cnidarian distribution patterns (Kleypetsal. 1999). Seawater temperature
has been suggested to limit the latitudinal distidn of corals (Kleypagt al. 1999).
This is as coral growth decreases with increasatitutle, to a point beyond 25°N and
25°S where coral-reef development no longer ocq@@sgg 1982). Sea surface
temperatures reported from tropical regions hawnlyecorded as 28.1°C + 3°C from
Discovery Bay, Jamaica (Webber and Roff 1995), 313.8°C from the Red Sea and
33.6 — 34.4°C from the Persian Gulf (Kleypatsal. 1999). Most reef corals cannot

withstand temperatures below 18°C (Dana 1843; Vandi918 cited in Saxbgt al.
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2003) as both photosynthesis and respiration avallysimpaired at temperatures
below this (Crossland 1984).

Temperature ranges for temperate regions inhabifesimbiotic cnidarians are
substantially lower than for tropical regions. Hostance sea temperatures on sunny
days reported from the inter-tidal zone vary frorB 9 15.5°C between winter and
summer at Kau Bay (a rocky shore), Wellington, N&saland, home of the anemone
Anthopleura aureoradiatgsee Chapter 2). Additionally, McNaughtan (2008)er a
sampling period from Aug — Dec 2006 in WellingtoNew Zealand, reported a
minimum tide pool temperature of 9.3°C during Aug(sinter) compared with a
maximum temperature of 25.7°C during December (safimfurthermore daily
temperature over 24 hrs during one day in Septewdrged from 10 — 20.5°C. Such a
wide daily range is also experienced by the tentpeborth American sea anemone
Anthopleura elegantissimi&at has been shown to experience temperatureiéitions
from 14 - 31°C (Jensen and Muller-Parker 1994). l&/hithe low temperatures
experienced by these sea anemones are likely ib ri@spiration and photosynthesis
(Navarro et al. 1981; Howe and Marshall 2001; Nakamuea al. 2003), these
symbioses are otherwise regarded as highly robndt thermally tolerant of the
environmental conditions they experience.

The temperate symbiotic sea aneméneureoradiatais common throughout
New Zealand’s inter-tidal zone. It may be foundhwvtestuarine mud-flats or on rocky
inter-tidal shores. Within the mud-flah,. aureoradiatais commonly found attached to
the cockleAustrovenus stutchburyl — 2 cm or so below the surface of the mud,atnd
times may be observed with its oral disc and tdesadisplayed above the surface of
the mud-flat. On rocky shore8. aureoradiatamay be found aggregated in cracks or

crevices attached to rocks in tide pools throughloeiupper and mid littoral zone.
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Over the past 100 years increased atmospherig l&® caused a 0.74°C in
global average sea surface temperature (IPCC 2068d m Hoegh-Guldberget al.
2007). Ocean temperatures are predicted to warrartaef 2°C by 2050 — 2100
(Hoegh-Guldberget al. 2007). Consequently, current temperatures havhegumany
tropical cnidarians close to their thermal limisstamperature increases of 1 - 2°C over
a period of 5 — 10 weeks during summer will indideaching (Goreau and Hayes
1994; Brownet al. 1997). For temperate symbiotic cnidarians, studreshe effects of
temperature on their physiology are limited. A camgon of thermal metabolic
responses in the temperate sea anendoraeureoradiatamay shed some light on the
processes involved in the adaptation or acclimatibtemperate species to temperate
seas and future consequences of global warmings $hidy aims to address the
following questions:

1. How do gradual and rapid temperature changes affeetdensity and

growth of the symbiotic algae?

2. How do gradual and rapid temperature changes atfiecphotophysiology

of A. aureoradiat®

3. How do gradual and rapid temperature changes afifecicontribution of

zooxanthellae to the respiratory requirements (CYafA. aureoradiat®
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3.2 Materials and methods
3.2.1 Anemone collection and maintenance

Anthopleura aureoradiatapecimens were collected from Pauatahanui Inletegks
before experimentation. All anemones were colledtedh the inter-tidal zone at a
depth of 1 — 2 cm below the mud surface from thellstof the cockleAustrovenus
stutchburyi Anemones were maintained in a large glass bowt(8) under laboratory
conditions of 15.5°C + 1°C, 80 pmol photon& " and 35 ppt in 1-um filtered
seawater (FSW). Anemones were fed twice weeklyhen évening withArtemia sp.
nauplii and the FSW was changed the next mornirgphbtosynthetic measurements

were performed on the day the FSW was changed.

3.2.2 Photosynthesis and respiration measurements

Oxygen flux of A. aureoradiatawas examined by comparing gradual temperature
changes (GTC) and rapid temperature changes (RS&vgen temperature regimes were
compared: 5°C, 10°C, 15°C, 25°C, 30°C, 32.5°C &Pd & 1°C. Prior to the generation
of a photosynthesis-irradiance (P-I) curve, anermgime= 4) were placed in a clear
glass cylindrical chamber (~14 ml volume), contagniFSW (35 ppt) at 15.5°C +1°C
situated in a perspex water bath. The chamber Mmsinated at 80 umol photons™m
s' using a halogen dichroic PAR (photosyntheticaliyivae radiation) 12V 50W 13
lamp, and the anemones allowed to settle for apmrabely 60 min. Irradiance incident
on the anemones was measured using a cylindrieat plerspex chamber (as the light
meter probe was not able to fit into the smallesglchamber) situated in the water
bath and a LI-COR LI-1000 irradiance data loggdre Thamber was situated on top of

an underwater magnetic stirrer (Variomag Compaat)d inside the chamber a
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magnetic spin bar spun at the maximum rate at wthehanemones did not appear
stressed. The spin bar provided an even distribuifaoxygen within the chamber. The
spin bar was overlaid by a perforated plastic flaod a layer of nylon mesh, on which
the anemones were placed. Following this settlemaatiod, for a P-lI curve
experiencing a GTC, the temperature was eitheeas®md or decreased by 5°C and the
anemones left at this new temperature for 30 miorbethe temperature was once
again decreased or increased by 5°C. This proceslaserepeated until the desired
temperature was attained at which a P-I curve \was generated. For controls, the
temperature was maintained at 15°C £ 1°C and tbkenanes allowed to settle for the
same amount of time it took for the temperaturehim GTC experiment to reach its
desired level. Prior to sealing with a rubber buR@W inside the chamber was
switched with 100% @saturated=SW. The oxygen and temperature sensors were
inserted through this bung; these were connectadribox 3 temperature-compensated
oxygen meter, linked to a laptop which used theo¥iB computer software as a chart
recorder. Calibration of the oxygen and temperat@esors involved preparation of
oxygen free FSW (0%) using 1 g sodium sulfite £B{&;) per 100 ml FSW, and stirring
for 30 sec. Alternatively, air saturated FSW (10088 created using an air pump to
blow air into 100 ml of FSW for 20 min.

The rate of respiration (ml') of anemones was measured in darkness for 45
minutes. The PAR lamp was then switched on andrébe of net photosynthesis
measured up to 200 umol photon 8T, in increments of 20 pmol photons?rs™.
From 200 pmol photons fis* the irradiance was increased in 40 pmol photoRs
steps until 400 pmol photons™s* was reached, after which the irradiance was
increased in 100 pmol photons?ra’ steps until an irradiance of 900 pmol photoris m

s was reached. Photosynthesis at each irradiancengasured until constant, which
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took about 10 min. Preparation of a RTC treatnkehturve required anemones being
settled for 60 min at 15.5°C +1°C, 35 ppt and 8®photons rif s* after which the
FSW inside the chamber was replaced with 10098d&urated FSW at the treatment
temperature and Oneasurements begun within 1 min.

Once each P-I curve was complete, the corresporahiegnones (n = 4) were
homogenised and zooxanthellar counts taken asidedan Chapter 2. Subsequently,

animal protein content was measured, again asidedan Chapter 2.

3.2.3 Determination of Mitotic Index (MI)

Diel mitotic activity was measured to determine the@wth rate of algae at the
temperature treatments of 5°C, 10°C, 15°C, 25°@C,382.5°C and 35°C for gradual
and rapid temperature changes. Anemones (n = 5 \wlced in a clear glass
cylindrical chamber containing FSW (35 ppt) at 26.5t1°C. The chamber was
illuminated at 80 umol photons™frs* and the anemones allowed to settle for 60 min.
In preparation of the MI, anemones were treatebedsre for GTC or RTC. Sampling
of the MI occurred every 3 h whereby a tentaclenfi. aureoradiatawas snipped off
and smeared across a slide, with a drop of FSWaatalverslip placed on top. A cell
was considered to be dividing (i.e. undergoing sigpif it appeared as a doublet with
a cell plate (magnification x 100). The dividinglls in five samples each of 300 cells,
were averaged and the resultant percentage takémeadd! (Wilkersonet al. 1983).
The MI was assumed to be asynchronous over the lsgmperiod of a day (see

Chapter 2).
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3.2.4 Contribution of zooxanthellae to animal respiration
(CZAR)

The CZAR was calculated from,@lux measurements as described in Appendix A.
Pgross was assumed for 12 hours at saturationidne& with respiration occurring
over 24 hours. Algal respiration was assumed tprbportional to algal biomass (see

Appendix A) over 24 h and was subtracted from Pgtosestimate fnet):

Equation 3.1: P, (net) = P(gross)(12 hours) - R4 hours)

Where B(net) = net zooxanthellar photosynthesis over 1Z$dP(gross) = P(net) +R
(whole symbiosis respiration) and R algal respiration over 24 h and is subtracteel du

to the 24 hourly nature of the translocation estéma

P,(net) was then used to calculate the CZAR over:24 h

Equation 3.2: CZAR =B(net) x T
Ra

Where R = net algal photosynthesis over 12 hours, T =gsage of photosynthate
translocated and represents carbon supply to tiearR, = animal respiration over 24

h and represents carbon demand by the animal.
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3.2.5 Statistical Analyses

All statistical analyses was carried out using S®S%.0 for Windows. One-way
ANOVA was used to determine differences between @Gh@ RTC. Analysis of these
differences was further inspected Ppst Hoc Tukey HSD tests to search for any
disparity between treatments. Comparisons betweaesponding temperatures when
the temperature was changed gradually or rapidise erformed by Two Sample T-

Tests.
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3.3 Results

3.3.1 Algal and symbiosis biomass characteristics

Algal and symbiosis biomass characteristics arevaHfor GTC and RTC in Tables 3.1
and 3.2 (Appendix D, Table 5.9 displays control penature algal and symbiosis
biomass characteristics). There were no significhiférences in algal density due to
GTC (ANOVA, Fs 25= 2, p = 0.095) or RTC (ANOVA, &2 = 1.5, P = 0.214), and
similarly no significant differences in density Ween GTC and RTC treatments for

corresponding temperatures (Two sample T-Test 5)0.0
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Table 3.1 Algal and symbiosis biomass characteristics (meathsSE) forAnthopleura aureoradiatérom gradual temperature changes. n= 100 for

zooxanthellae diameter, n=5 for all other measerdgs) except n= 4 for 15°C and n= 6 for 30°C

Characteristic

50C

10°C

15°C 25°C 30°C 32.5°C 350C
Algal C?L'l'rg)'ameter 10.58 + 0.11 10.58 + 0.1 10.2+0.1 9.88+0.11 9.99 +0.09 10.18 + 0.09 10.6+0.11
Algal cell volume
(um?) 618.9 618.9 555.37 503.95 521.37 551.29 623.3
Derived algal cell carbon
(pg C celh) 90.69 90.69 82.57 75.9 78.17 82.04 91.24
Derived algal cell protein
(pg protein cell) 92.92 92.92 84.6 77.77 80.09 84.06 93.49
N content per cell
(pg) 14.87 14.87 13.54 12.44 12.82 13.45 14.96
Total no. of algae per anemone
(x109) 511+ 0.6 4.35+0.17 6.72 + 0.69 6.68 % 0.74 34:6.38 1.8+0.08 3.03 £ 0.49
Total animal protein
(1Q) 325.61 + 26.72 317.81 + 20.63 373.61 * 64.49 368.28.16 291.23 + 18.89 143.81 +12.48 231.03 $33.
Algal density
(algae pg' protein x10°) 15.52 + 0.71 14.02 + 1.37 19.63  4.26 18.02+0.99 17.63%1.62 13.11+0.86 13.15 + 0.67
Total aégnﬂ)prOte'” 1.44 +0.07 1.3+0.13 1.66 + 0.36 1.4 +0.08 #4113 1.1+0.07 1.23 +0.06
Algal: Total protein ratio 0.59 + 0.01 0.56 + 0.02 0.61 + 0.04 0.58 + 0.01 0.58 + 0.02 0.52 +0.02 0.54 +0.01
Derived algal carbon standing stock
() 1.41 + 0.06 1.27 £0.12 1.62 +0.35 1.37 £ 0.08 1.38 £0.13 1.08 + 0.07 1.2 +0.06

(Mg C pg' protein)
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Table 3.z Algal and symbiosis biomass characteristics (meards SE) for Anthopleura aureoradiatdrom rapid temperature changes. n= 100 for
zooxanthellae diameter, otherwise n=5 for all ptheasurements.

Characteristic 5°C 10°C 15°C 25°C 30°C 32.5°C 35°C
Algal cell diameter 10.54+0.1 10.05+0.14 10.51 +0.09 10.35+0.1 9.99+0.1 10.68£0.1 10. 08 £ 0.09
(um)
Algal cell volume 612.34 531.22 607.99 580.23 521.37 637.74 535.2
(m’)
Derived algal cell carbon 89.85 79.45 89.3 85.76 78.17 93.07 79.96
(pg C cell®)
Derived algal cell protein 92.06 81.4 91.5 87.87 80.1 95.36 81.93
(pg protein cell®)
N content per cell 14.73 13.02 14.64 14.06 12.82 15.26 13.11
(P9)
Total no. of algae per anemone 459+0.31 4.68 £ 0.56 3.8+£05 4.28 £0.49 3.43+£0.64 1.91+0.13 1.65+0.34
(x10°)
Total animal protein 321.42 £+ 64.27 255.05+38.88 180.09+20.46 319.17+£69.01 190.99 +38.2 131.61 +£13.47 73.38+£7.44
(ng)
Algal density 16.14 £ 2.33 19.19+£1.99 21.26 £1.62 14.64 £ 2.25 18.2+1.58 15.11+1.7 23.97 £5.65
(algae mg" protein x10°)
Total algal protein
(mg) 1.49+0.21 1.56 £ 0.16 1.95+0.15 1.29+0.2 1.46 £ 0.13 1.44+£0.16 1.96 £ 0.46
Algal: Total protein ratio 0.59 +0.04 0.6 £0.03 0.66 £ 0.02 0.55+0.04 0.59 £ 0.02 0.58 +0.03 0.63 +0.06
Derived algal carbon standing
stock (C’) 1.44+0.21 1.52+0.16 1.9+0.15 1.26 £ 0.19 1.42+0.12 1.41+£0.16 1.92+0.45

(ug C mg* protein)
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3.3.3 Mitotic index

The averaged mitotic index (MI) over the coursdigiit hours for GTC and RTC is
shown in Fig 3.1 (Appendix C, Figs 5.1 and 5.2 digp the daily cycle for the MI
under GTC and RTC treatments). Appendix D, Tablé2 and 5.18 displagost-hoc
Tukey HSD comparisons for GTC and RTC treatmentserd was a significant
difference in MI within GTC treatment (ANOVA,¢F133= 5.8, P < 0.001) and RTC
treatment (ANOVA, k 133 = 3.65, P = 0.002). However, the averaged M| aber
course of a day displayed no consistent patternGoC and RTC treatments. In
response to GTC, the MI was greatest at 32.5°C¥p.@nd lowest at 25°C (0.7%)
(one-way ANOVA,post-hocTukey HSD, p < 0.001). In comparison the Ml ungaiC
also peaked at 32.5°C (2.3%) but was lowest at Q%) (one-way ANOVA post-
hoc Tukey HSD, p = 0.019). When MI was compared betweerresponding
temperatures under GTC and RTC treatments, there we significant differences

(Two sample T-Test > 0.05).

0.030

1 GTC

[ 1RTC
0.025 -[

[P

0.010

Mitotic Index (%)

0.005

0.000 T T T T T T T
5 10 15 25 30 32.5 35

Temperature®C)

Figure 3.1. Mitotic index for Anthopleura aureoradiataunder gradual and rapid
temperature change treatments; n = 20; Values aenm 1 SE.
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3.3.1 Photosynthesis vs. irradiance

Plots of gross photosynthesis versus irradiance- (P curves) for Anthopleura
aureoradiataexposed to gradual temperature change (GTC) (FRA)3and rapid
temperature change (RTC) (Fig. 3.2B) are showns.F&3 A — F summarise the
associated P — | parameters for GTC, RTC and dom&atments. Appendix D, Tables
5.11 — 5.16 and 5.19 — 5.24 displagst-hocTukey HSD tests for these photosynthetic
parameters.

Photosynthetic efficiency §)

There was a significant difference an(Fig. 3.3A) due to both GTC (one-way
ANOVA, Fe2s = 9.32, p < 0.001) and RTC (one-way ANOVAs ks = 16.59, P <
0.001). Under GTCq did not vary between 5°C - 15°C (one-way ANOM#gst-hoc
Tukey HSD, p > 0.05) but increased significantly,206 — 4.5 times, between 25°C —
32.5°C (one-way ANOVA post-hoc Tukey HSD, p < 0.043), before significantly
decreasing by 35°C (one-way ANOVAost-hoc Tukey HSD, p = 0.015). In
comparison,o. under RTC displayed no change between 5°C - 305@e-(vay
ANOVA, Post-hocTukey HSD, p > 0.05); indeed at 35°%Cwas significantly greater
than at 5°C — 32.5°C (one-way ANOVAopst-hocTukey HSD, p <0.001). The rate of
a was also significantly greater at 35°C under tAe&CRreatment than at 35°C under
GTC (Tg = 2.84, p = 0.022), while all other RTC vs. GTCrgarisons were not
significant (Two sample T-Test > 0.05).

Respiration rate

Significant differences were observed in the regmn rates (Fig. 3.3B) under
GTC (ANOVA, Fs 3= 33, P < 0.001) and RTC (ANOVAgRs = 36.39, P < 0.001)
treatments. Respiration rate did not change betvgéen- 15°C (one-way ANOVA,
post-hocTukey HSD, p >0.05) under GTC, but were signifibamgreater at 25°C —

35°C (one-way ANOVA post-hocTukey HSD, p < 0.041 for all comparisons). The
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rate at 32.5°C was also significantly greater taar25°C - 35°C (one-way ANOVA,
post-hocTukey HSD, p < 0.021 for all comparisons). Ratesegpiration under RTC
did not vary between 5°C - 15°C (one-way ANOMJ#Agst-hocTukey HSD, p > 0.05),
but were significantly greater at 25°C - 35°C tlarb°C (one-way ANOVApost-hoc
Tukey HSD, p < 0.014 for all comparisons) and alsve significantly greater at 30°C
- 35°C than at 10°C - 25°C (one-way ANOVpgst-hocTukey HSD, p < 0.043 for all
comparisons). Respiration rate was also signiflgagreater at 35°C than at 30°C and
32.5°C (one-way ANOVA post-hocTukey HSD, p < 0.008 for both comparisons).
Rates of respiration were significantly greateream@dTC than GTC at 10°C { F 3.91,
p = 0.004), 15°C (7= 3.69, p = 0.008), 30°C {F 3.05, p = 0.014) and 35°Cg(¥
4.44, p = 0.002).

Compensation irradiance (k)

There was a significant difference in(Fig. 3.3C) due to both GTC (ANOVA,
Fs 20 = 23.36, P < 0.001) and RTC (ANOVA, ks = 5.98, P = 0.004) (Fig. 3.2E), |
was not significantly different over 5°C - 15°C @ndSTC (one-way ANOVApost-
hoc Tukey HSD, p > 0.05), but was significantly greade 25°C - 30°C than at 5°C -
15°C (one-way ANOVA post-hocTukey HSD, p < 0.034). In comparison,under
RTC was not significantly different over 5°C - 15{Gne-way ANOVA, post-hoc
Tukey HSD, p > 0.05) but was significantly greaa¢r25°C - 30°C than at 5°C (one-
way ANOVA, post-hocTukey HSD, p < 0.018); There were no significaifedences
between other comparisons (one-way ANOWWAst-hocTukey HSD, p > 0.05). There
was no ¢ for temperatures at 32.5°C and 35°C as the reéigpiraate exceeded
photosynthesis ¢ lwas significantly greater at 10 °Cg(¥ 3.38, p = 0.01) and 15°C4T
= 3.75, p = 0.01) under RTC compared with GTC, whilo other significant
differences were observed between GTC and RTCnteds (Two sample T-Test >

0.05).
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95% saturation irradiance (lx)

I« (Fig. 3.3D) was significantly different within GT@ANOVA, Fg 5= 4.47, P
= 0.003) and RTC (ANOVA, &5 = 12.57, P < 0.001) treatmentg.did not change
between 5°C and 10°C under GTC (Post-hoc Tukey H3i2-way ANOVA, p > 0.05)
but was significantly greater at 15°C - 30°C tharb2C - 10°C (one-way ANOVA,
post-hocTukey HSD, p < 0.049 for all comparisons). A sfgaint difference was also
observed between 15°C and 35°C (one-way ANOWAst-hoc Tukey HSD, p =
0.042); there were no significant differences betwvether comparisons (one-way
ANOVA, Post-hocTukey HSD, p > 0.05). Under RTCy Increased significantly
between 5°C and 10°C - 30°C (one-way ANOMst-hocTukey HSD, p < 0.047),
while the values at 32.5°C and 35°C were signifigalower than the values at 10°C -
25°C (one-way ANOVApost-hocTukey HSD, p < 0.021) lwas significantly greater
when temperature was increased gradually to 3546 when it was changed rapidly to
this temperature @I'= 6.03, p < 0.001); no other significant differeacwvere evident
between values under GTC and RTC treatments.

Cell specific Rnaxgross

When R.,gross was normalised to algal density (Fig. 3.3EniScant
differences were observed for GTC (ANOVAs ks = 23.75, p < 0.001) and RTC
(ANOVA, Fg 23=8.9, p =< 0.001). Cell specifigiBgross did not change between 5°C
and 15°C (one-way ANOVA,post-hoc Tukey HSD, p > 0.05), but increased
significantly between 5 and 10°C, and 25°C and 3&@e-way ANOVA, post-hoc
Tukey HSD, p < 0.037). Cell specifighgross peaked at 32.5°C before decreasing
significantly by 2.3 times at 35°C (one-way ANOVp@gst-hocTukey HSD, p < 0.001).
Under RTC, cell specific f2,gross did not vary over 5°C - 25°C (one-way ANOVA,
post-hocTukey HSD, p > 0.05) but was significantly greaeB0°C - 35°C than at 5°C

(one-way ANOVA,post-hocTukey HSD, p < 0.022). Furthermore, the maximurh ce
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specific Ragross at 35°C was significantly greater than rated0°C - 25°C (one-way
ANOVA, post-hocTukey HSD, p < 0.039). Rates of cell specifiggross under RTC
treatments of 30°C @I= 2.32, p = 0.045) and 35°C {E 2.33, p = 0.048) were
significantly greater than at corresponding tempees under GTC; no other
significant differences were evident between GT@ RAC treatments Two sample T-
Test > 0.05).

Prmaxgdross

Significant differences were observed in rates gfdross (Fig. 3.3F) for GTC
(ANOVA, Fg, 25 = 24.86, p < 0.001) and RTC (ANOVAgRs = 24.51, P < 0.001)
treatments. Rates of,Rgross under GTC did not vary between 5°C and 1@t@-
way ANOVA, post-hocTukey HSD, p >0.05), but increased significanttyl&°C -
35°C (one-way ANOVApost-hocTukey HSD, p < 0.02 for all comparisons with 5°C).
The rate of Ry, gross was greatest at 32.5°C and decreased byrz8 at 35°C, when
it was significantly lower than at 25°C — 32.5°h¢eway ANOVA, Post-hocTukey
HSD, p < 0.02). Similarly, under RTC rates @f.®gross did not vary between 5°C and
(one-way ANOVA, post-hoc Tukey HSD, p > 0.05) and increased significantly
between 10°C and 15°C - 35°C (one-way ANO\Rgst-hocTukey HSD, p < 0.012).
Furthermore, Raxgross at 30°C and 32.5°C was significantly gretdtan at 10°C and
15°C (one-way ANOVA,Post-hoc Tukey HSD, p < 0.014), while \Rgross was
significantly greater at 35°C compared with 10°@5°C. Rates of g,gross under
RTC treatments were significantly greater than ¢haader GTC treatments at both
10°C (Tg = 3.46, p = 0.009) and 35°Cg4(F 4.22, p = 0.003), though not at the other

temperatures (Two sample T-test > 0.05).
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Control temperature P-I curves

Control P — | curves are displayed in Appendix @.F5.3. None of the
photosynthetic parameters changed over time uratgrat treatmentso] (ANOVA, F4
10 = 1.51, P = 0.271), Bgross (ANOVA, kR 10 = 2.51, P = 0.108), cell specific
Pmagross (ANOVA, i 10= 1.19, p = 0.371),(ANOVA, F4 10= 1.78, P = 0.209).|

(ANOVA, F4 10=1.76, P = 0.213), respiration (ANOVA; lp=1.14, P = 0.391)].
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3.3.4 Carbon and cell specific growth rates and carbon
trandlocation

Parameters used in the estimation of the CZARGIBC and RTC treatments are shown in
Tables 3.3 — 3.4. (Parameters used in the estimafi€ZAR and CZAR values for control
treatments are shown in Appendix C, Table 5.10).t Mmtes of zooxanthellar
photosynthesis (Fhet) were greatest at 15°C (361.7 pg C'moptein d) under GTC and
10°C (102 7 pg C myprotein d) under RTC. A greater,Fhet resulted in a greater
predicted carbon specific growth rate,)(at 15°C (0.223 Y (GTC) and 10°C (0.07Y
(RTC) than at other temperatures.

Rates of translocation under GTC increased from 388%°C to 88% at 25°C. In
contrast, translocation under RTC only occurredl@C (69%), as more carbon was
required for algal growth at the other temperattines was fixed in photosynthesis.

Rates of animal respiration {Rncreased with temperature across both treatments
For example Runder GTC increased between 5°C and 32.5°C befereeasing at 35°C.

In comparison Runder RTC increased from 5°C to a peak at 35°C.
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Table 3.3. Parameters used in the estimation of CZARAathopleura aureoradiatat
different temperature treatments under gradual ézatpre change. (1 = cell specific
growth rate; P = predicted net photosynthesis by zooxanthellaes (carbon specific
growth rate; T = percentage of net fixed carbondlacated to host; R= predicted animal
respiration per day).

Parameter 50C 10°C 15°C 25°C 30°C 32.5°C 35°C
u (dl) 0.026 0.022 0.033 0.015 0.033 0.047 0.047
P, net 54.7 156.7 361.7 164.3 32.3 0 0
(ng C mg" protein d)
1 0.039 0.123 0.223 0.121 0.023 0 0
He (d7)
T (%) 0.33 0.82 0.85 0.88 0 0 0
Ra 75.6 193.44 240.24 682.8 810.72 1697.28 1084.08
(ug C m@" protein d)

Table 3.4.Parameters used in the estimation of CZARAathopleura aureoradiatat

different temperature treatments under rapid teatpeg change. (1 = cell specific growth
rate; B = predicted net photosynthesis by zooxanthellae; parbon specific growth rate;
T = percentage of net fixed carbon translocatekotst; R, = predicted animal respiration

per day).

5°C 10°C 15°C 25°C 30°C 32.5°C 35°C
Parameter
W (dY 003 0022 003 0026 0.037 0.05 0.047
P, net 0 102 0 22.44 0 0 0
(ug C mg' protein d"
He (dh) 0 0.07 0 0.018 0 0 0
T (%) 0 0.69 0 0 0 0 0
Ra 162.24 280.56 364.08 717.36 1392.43 1736.88 2782.8
(ug C mg' protein d)
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3.3.5 Daily CZAR

The contribution of translocated carbon to theydedispiratory carbon requirements of
the anemone (CZAR), under GTC and RTC, is showkign3.4. The CZAR under GTC
increased from 23.9% at 5°C to 128% at 15°C, bef@@easing to 21.2% at 25°C and

then zero at 30°C. In comparison, the CZAR under RTC was zexept at 10°C when
it was 25.1%.
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Figure 3.4.Daily CZAR for Anthopleura aureoradiatéor gradual and rapid temperature
change; no bar represents a CZAR of zero. Valuaggadefrom average parameters (n =
5 under GTC and RTC, except n = 4 for 15°C andéfer 30°C), hence no error bars
are shown.
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3.4 Discussion

Both gradual (GTC) and rapid temperature chanBasC] had no effect on the algal
density of Anthopleura aureoradiataln contrast, the mitotic index (MIl) was greater
under GTC of 32.5°C and 35°C compared with 10°C 2BWC and also greater under
RTC at 32.5°C and 35°C compared with 10°C. Unde€@hd RTC, the photosynthetic
parameters ofy, I, cell specific Ragross Ragross, and respiration increased with
temperature, however under GTC these photosyntipatiameters peaked at 32.5°C
before decreasing at 35°G.under both GTC and RTC treatments increased frin-5
15°C before continually decreasing to 35°C. CZARasweements were determined to be
<100% for all temperatures other than the contfdl%C when the CZAR was 128%.
The highest CZAR measurement under RTC was 25% 04C,1with all other

temperatures including the 15°C control registean@ZAR of zero.

3.4.1 Algal density and cell growth

3.4.1.1 Algal density

Elevated temperatures result in the expulsion ofkaathellae in a wide range of hosts
(Hoegh-Guldberg and Smith 1989a; Brown and Suhard®90; Muscatinet al. 1991,
Glynn 1993). This may result in zooxanthellae beireleased by five possible
mechanisms: (1) exocytosis, whereby the releasisabdited algae occurs (Steen and
Muscatine 1987); (2) apoptosis (programmed celltigegDunn et al. 2004); (3) cell
necrosis, resulting in the release of zooxanthelksociated with host cell tissue (Searle

et al. 1982); (4) pinching of the distal portion of thesh cell, resulting in the release of
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zooxanthellae surrounded by the vacuolar and pahafé plasma membrane (Glider
1983 cited in Gatest al. 1983); and (5) detachment of endoderm cells frieenhiost and
release of these intact cells containing their dempnt of zooxanthellae (Gates al.
1992).

However, this study found that GTC and RTC had fiece on algal density.
Likewise, studies investigating the effects of temspure on the temperaté.
elegantissimaave found that temperature has no effect (Enggdoreand Muller-Parker
1999; Verde and McCloskey 2001). In contrast, Mtiseaet al. (1991) showed that
when the tropical sea anemomgptasia pulchellaeandA. pallidawere exposed briefly to
subnormal temperatures (i.e. cold shocked) and fv@varmed to ambient temperatures,
they expelled substantial numbers of zooxanthelalklitionally, Steen and Muscatine
(1987) also studyincA. pulchella showed that a brief exposure to low temperature
increased the rate of loss of zooxanthellae shighitl14°C but four-fold at 4°C. The fact
that no difference was observed in the algal deritA. aureoradiatadocuments the
robustness of this species to the temperatureslemgth of exposure experienced,
reflecting the relative resistance of the zooxdtdbeto thermal stress. However,
laboratory studies focusing on tropical corals hslvewn that the length of time needed
for cnidarians to expel algae is correlated toetkient to which the temperature is above
optimum (Coles and Jokiel 1978; Hoegh-Guldberg &mdth 1989a; Glynn and D’'Croz
1990; Dunnet al. 2004; Strycharet al. 2005). This suggests that, for significant
differences to be observed in algal density witAinaureoradiata a longer period of

exposure might be needed.
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3.4.1.2 Mitotic index

The trend of elevated MI at higher temperatures SBéA. aureoradiatais consistent
with the findings of Steen and Muscatine (1987)pvehowed that zooxanthellae from
Aiptasia pulchelladisplay a decreased MI when exposed to 4°C cordpaitd 25°C and
14°C. Furthermore, Verde and McCloskey (2007) ssiggkethat low winter temperatures
(8°C) reduce algal metabolism suppressing the Mil&ly, Miller et al. (1992) and
Suharsono and Brown (1992) reported that the Miaafxanthellae from heat shocked
Anemonia viridiswas higher than from unstressed anemones. Howehker,trend
observed in this study should be treated with caytias sampling of the MI was
conducted only once over the course of a day ah éamperature, and so natural
variation could account for the differences seererfethough the division cycle was
asynchronous). In particular, it is somewhat sgmpg that differences were seen in the
RTC treatments given the notoriously slow growthzobxanthellae and hence low
likelihood that the growth of these algae wouldénérad time to respond to the thermal
regime. Verde and McCloskey (2001) observed noifsignt differences in the Ml of
zooxanthellae i\. elegantissim&xposed to temperatures of 6°C, 12°C, 18°C an@ 24°
but suggested that if longer thermal treatmentstiesh applied to their anemones then

the MI might have differed.
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3.4.2 Photophysiology

3.4.2.1. How does the photophysiology and respiration of A. aureoradiata
respond to temperature variations?

Photosynthesis shows either a linear or exponeimiaéase in response to temperature
(Eckertet al. 1988). This is because many associated aspegisobdsynthesis (e.g. the
electron transport chain) are temperature depen@@mquist 1983; Raven and Geider
1988) causing photosynthesis to increase progedgsuntil an optimum temperature,
beyond which it declines rapidly (Davison 1991)isTWwas certainly the case under GTC
where the photosynthetic parametersioPnagross and cell specific all increased from
5°C — 32.5°C before decreasing at 35°C, suggegiossible photoinhibition at this
temperature, while the respiration rate also foddwhis trend. In comparison, under
RTC these same parameters all increased from 8% C. The damaging effects of high
temperature are time dependent (Cossins and BA®& in Fittet al. 2001; Saxbyet al.
2003), which likely explains the different respamige GTC and RTC at 35°Cy In
contrast, peaked at 15°C under both GTC and RT@ wadtturation irradiance being
reached at lower irradiances with increases in &ratpre beyond 15°C.

Many studies document the temperature at whichdabporals are susceptible to
the onset of bleaching; with initial impairmenttbe photosynthetic apparatus at 32°C -
36°C (e.g. Iglesias-Prietet al. 1992; Fitt and Warner 1995; Warnetral. 1996; 1999).
This is around the same temperature at which retysteotosynthetic capacity is
observed inA. aureoradiataunder GTC treatment (35°C). Similarly, cold tengperes
are a problem for tropical corals, as the formawbrmermatypic corals declines below
18°C (Hoegh-Guldberg 1999). Saxeyal. (2003) demonstrated thitontipora digitata

exposed to water temperatures of 12°C for 12 hoursore led to the complete loss of
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photosynthetic activity within Photosystem Il andnsequently death of the exposed
coral. Additionally, exposure dfl. digitatato 14°C under low light had little effect while
under full sunlight the photosynthetic efficiencgsweduced and the coral bleached in 24
h. In comparisonA. aureoradiatas able to tolerate much lower temperatures (3h@n

its tropical counterparts and can tolerate simiéanperatures as its Pacific Northwest
congeneAnthopleura elegantissim&°C) (Verde and McCloskey 2001).

Exposure to low, non-freezing temperatures indsetic, morphological and
physiological changes in plants which results ia development of cold hardiness and
the acquisition of freezing tolerance (Hunet al. 1993). Algae from different
temperature regimes exhibit differences in the tikinproperties of their photosynthetic
enzymes (Davison 1991). For example, Descolas-@nosde Billy (1987) found that
maximum substrate affinity (minimum ) for Rubisco occurred at 4.5°C in the
Antarctic diatomsCorethron criophilum Nitzchia kerguelensisand N. turgiduloides
compared with 20°C in the same enzyme from the ésatp diatomsSkeletonema
costatumand Phaeodactylum tricornutunSimilar differences in enzyme optima may
explain the differences between temperate and dabpzooxanthellae. A further
possibility is that temperate zooxanthellae havéeint membrane properties than do
tropical ones, hence making them less susceptibleniperature variations. Tchernel
al. (2004) determined that the critical threshold terapure separating thermally tolerant
from sensitive species of zooxanthellae is detezthiby the saturation of the lipids
within thylakoid membranes. For example, a high@roentration of lipid is suggested to
enhance the thermal stability of thylakoid membsaghat roles these mechanisms play

in the thermal tolerance @&f. aureoradiatas worthy of investigation.
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3422 What are the possible causes of photoinhibition in A.
aureoradiata?

Numerous studies show that zooxanthellate cnidargaa highly sensitive to short term
increases in temperature which may result in bliegcfWarneret al. 1996; Jonegt al.
1998; Fitt et al. 2001; Bhagooli and Hidaka 2004). As shown in tktady, A.
aureoradiatahas a broad photophysiological temperature toteramder GTC and RTC
treatments and displays no change in algal densither these treatments. However, as
observed under GTC at 35°C, a loss of the photoplogscal capacity is due to damage
of the photosynthetic apparatus, which is a clitetep in the thermal bleaching of
zooxanthellate cnidarians (Veenal. 2008).

Several sites are proposed as the initial onsdtofage to the photosystem (Fig
3.5). First, Warneet al. (1996) showed a loss of photosynthetic efficiemayrin PSII in
zooxanthellae from the coralMontastrea annularis Agaricia lamarkj Agaricia
agaricitesandSiderastrea radianst temperatures from 30°C - 36°C. These anthozoans
related this to deterioration of the reaction cerixl protein, which is essential to the
PSII reaction centre as it binds components forgghaeparation and electron transport.
Second, Tchernoet al. (2004) determined that temperatures of 32°Gymbiodinium
sp. damaged thylakoid membranes by causing anaigeri@a the rate of electron transport
on the acceptor side of PSIlI and a simultaneousedse in the maximum quantum yield
within the PSII reaction centre. Consequently, tt@sults in uncoupling of electron
transport and the loss of adenosine triphosphaié@)Avroduction, so restricting carbon
assimilation. Lastly, Jones et al. (1998), studyingxanthellae from the cor&tylophora
pistillata, suggested that damage to PSII due to elevategetature (33°C - 34°C) is a

secondary effect due to the impairment of the @alycle. They documented a decrease
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in carboxylation of ribulose 1,5 bisphosphate (RuB®&ading to reduced rates of
utilisation of ATP and NADPH from the electron tsmort chain; this restricted the rate
of flow in the electron chain resulting in a builgp of excess excitation energy. This
results in the formation of highly reactive triptgates of chlorophyll which react with, O
to form singlet oxygen (-£) (Smithet al. 2005). Singlet oxygen is potentially damaging
to proteins such as the D1 protein (Asada 1996)camdalso react with components in
the light harvesting antennae leading to bleaclihgigments (Halliwell 1991 cited in
Vennet al. 2008). This model proposed by Jort¢sl. (1998) is also suggested to result
in the photoinhibition of corals in response to reéasing temperature. Decreased
temperature reduces the rates at which enzymesatakysed in the Calvin Cycle, and the
subsequent reduction in photosynthetic electromsprart combined with continual high
light absorption leads to over-reduction of thdtigeactions.

These models were developed for tropical corals $yrdbiodiniunmspecies that
are highly sensitive to high/low temperatures. dntcast, there have been no attempts to
explain the relative thermal stability in temperatgdarians. It is likely that one or more
of these models of photoinhibition interact andulesn photoinhibition at high
temperatures irA. aureoradiata but the mechanisms that enable the wide thermal
tolerance ofA. aureoradiata and especially the tolerance to low temperatunegd

investigation.
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Figure 3.5.Three proposed primary impacts of elevated tentpes@n the photosystems
of symbiotic algae in hosts, shown as |, II, arldrlthe figure.(I) Dysfunction of PSII
and degradation of the D1 prote{l) Energetic uncoupling in the thylakoid membranes.
(1) Impairment of the Calvin cycle. During bleachin@® are generated from, ®ia
the Mehler reaction and are detoxified by supemxismutase (SOD) and ascorbate
peroxidise (APX). If the rate of ROS generationeeds detoxification, then oxidative
damage can occur, triggering signalling pathways egllular responses that underpin
bleaching. Singlet oxygen can be generated at dednB&Il reaction centres and in the
photosynthetic antennae causing photobleachindnlofaphyll and accessory pigments.
(Vennet al.2008)
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3.4.3 CZAR

3.4.3.1 Carbon trandocation

It is commonly thought that up to 95% of carborethy zooxanthellae is translocated to
the animal host for use in basal metabolism (Museatt al. 1984). Temperature
strongly influences the carbon fixation rate andhsamuently the metabolic balance
between the host and zooxanthellae (Clark and det8%2). Under GTC, estimated rates
of carbon translocation increased with increasiegqigerature from 5°C - 25°C.
Engebretson and Muller-Parker (1999) also foundemeed rates of carbon translocation
in A. elegantissimat 20°C compared with 13°C. A high carbon transfion rate results
from a lower portion of photosynthetic product lgeadlocated to zooxanthellar growth,
so leaving more to be translocated. However, thewth rate method” of estimating
translocation does not account for the surplusqgsyotthate, if any, that is stored by the
zooxanthellae; zooxanthellae have been shown te &alvstantial carbon stores (Muller-
Parker 1996). To determine translocation rates racoeirately it is necessary to know
what fraction of the photosynthate is stored and lins value may be influenced by
temperature (Muller-Parker and Davy 2001).

In comparison to GTC treatments, when anemones \egposed to RTC
treatments carbon translocation could only be nredsat 10°C, when it was 69%.
Carbon translocation rates of zero under GTC an@ R&atments reflect the relatively
high algal respiration rates at those temperatumesning that zooxanthellae cannot fix
enough carbon to counter the metabolic carbon dérfmrboth themselves and the host
(Verde and McCloskey 2001). Under these conditiaa®xanthellae may therefore be

potential carbon parasites on the host (Verde ao@lbtskey 1996b), exploiting the host
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for protection and nutrient availability (Verde akidCloskey 2001). This topic is further

expanded upon in Chapter 4.

3.4.3.2 Daily CZAR

Under GTC, the contribution of zooxanthellae to naadi respiration requirements
(CZAR) increased by 5.4 times from 5°C (23.9%) §Q (128%), before declining to
21.2% at 25°C and ultimately zerozaB0°C. The pattern under RTC was far less clear,
with all values being zero except at 10°C (25.1%he CZAR should be interpreted with
caution as it is not a direct measurement but aragalation based on several indirectly
obtained values such as carbon translocation apiration (Musatinet al. 1981).

As with the trend seen under GTC, Verde and Md&pg2001) documented an
increase in CZAR with temperature from 34.9% (62GB.7% (24°C) in the temperate
elegantissimaFurthermore, Verde and McCloskey (1996b) repoat&V AR of 49% for
A. elegantissimanaintained at a temperature 13°C + 1°C, while Bkamand Dubinsky
(1987), calculated a CZAR of 116% for Mediterran@a@monia sulcaté= viridis) at a
temperature of 22°C.

In comparison to temperate species, the CZAR medsudrom tropical
zooxanthellate cnidarians is typically >100%. McsKey et al. (1994) determined a
mean CZAR of 176% foMastigiassp. kept at 29°C, while Day (1994) determined a
CZAR of 109% forBunodeopsis antilliensiand 92% forBunodeopsis globuliferat
28°C. Further CZAR'’s are reported for the tropicatal Stylophora pistillata(143%)
(Muscatineet al. 1984) and giant clainfridana gigas(100%) (Fisheret al 1985) at
ambient temperature. This suggests that transkbazdon is an important nutritional

source for tropical species and perhaps less stefoperate species (Muller-Parker and
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Davy 2001) and highlights the ability of these toap species to function optimally at

temperatures beyond the optimum Aoraureoradiata

3.4.3.3 Ecological implications

This study has shown that under laboratory conuitid. aureoradiatahas a broad
physiological thermal tolerance to temperatureslyilexperienced in the field, however
the capacity to meet the host’'s carbon demandsngpomised at thermal extremes. For
instance, under GTC the CZAR only exceed zero-&2%C, the most likely temperature
range experienced b4. aureoradiataover the course of the year; temperatures of 30 -
35°C ocur occasionally in summer. The highest CZddeurred at 15°C under GTC
(128%), a similar temperature to that experiencgd baureoradiataduring summer on
sunny days at Kau Bay (15.5°C), and on both sundyctioudy days at Pauatahanui Inlet
(16.5°C/15.7°C) (see Chapter 2). This suggests-th&tC is the optimum temperature
for complete autotrophy @f. aureoradiataand therefore that in the fiefAl aureoradiata

is fully autotrophicin situ in summer, at least when it's not shaded. The &zatpre of
10°C is similar to the temperatures experienceéhduwvinter on both sunny and cloudy
days at Kau Bay (9.8°C/9.2°C) and Pauatahanui 8e3°C/8.4°C) (see Chapter 2),
however autotrophy could only be partially methas temperature (66%). Furthermore,
extreme low temperatures of about 5°C were recoateBauatahanui Inlet in winter.
Interestingly, A. aureoradiatacould still support nearly 24% of its metaboliceds
through photosynthesis at this temperature, meaheighe anemone may still benefit in
some way from the presence of its algal symbidhtsential benefits of receiving even a

small contribution of photosynthate are considenedktail in the next chapter.
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Chapter 4:

General discussion

The aim of this thesis was to determine the coutidin of algal photosynthetic carbon to
animal host respiration (CZAR) in the temperate lsiptic sea anemonAnthopleura
aureoradiata Chapter 2 investigated the effects of cloud cofgmny vs. cloudy),
season (summer vs. winter) and habitat (mud-flat resky shore), and how these
environmental factors influence the photophysiolegyl consequently the CZAR At
aureoradiata The CZAR was > 100% for Kau Bay (rocky shore)iggisummer on both
cloudy and sunny days but < 100% for all other abmuk. Chapter 3 examined the
effects of gradual (GTC) and rapid temperature ghafiRTC) on the photophysiology
and subsequently the CZAR Af aureoradiata Under GTC, the CZAR increased with
temperature and peaked at 128% at 15°C before agogeand registering a CZAR of
zero from 30 - 35°C. Under RTC the CZAR was regbgtea high of 25.1% at 10°C with
all other temperatures reporting a CZAR of zerongaguently, these results raise two
broad questions. First, what are the potential fitsnef symbiosis toA. aureoradiat®
Second, with the threat of human induced ratedimiate change, what is the future for

A. aureoradiat®

4.1 What are the potential benefits of symbiosis to A.
aureoradiata?

Algal-invertebrate symbioses are thought to be miigtic, as both partners receive
benefit from the association via nutritional exafpan This is well documented for
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tropical zooxanthellate cnidarians as, due to d liggree of environmental stability,
zooxanthella productivity is much greater in thegtcs than in temperate regions leading
to more photosynthetic carbon potentially availaboléropical hosts (Muller-Parker and
Davy 2001). As reported in this study, the dailyABZ determined forA. aureoradiata
was only > 100% on the rocky shore in summer. Taises the possibility that for much
of the year, and even in summer, the zooxanthatlag be parasitic oA. aureoradiata
especially on the mudflat.

Zooxanthellae are known to result in costs to thest because they take up space
and nutrition. Further costs are associated witizbotal transmission of symbionts. For
example, Sachs and Wilcox (2006) investigating jeib/fish Cassiopea xamachana
showed a shift from mutualism to parasitism undesrizontal transmission.
Consequently, symbionts grew faster, attained higlemsities and were expelled at a
higher rate at a cost to host growth and reprodnctompared with vertical transmission;
A. aureoradiatabroods its young, and consequently passes on ewtsbvertically, so
the likelihood of parasitism evolving in this syrabis may be less. Having said that,
aureoradiata contains SymbiodiniumClade A, which Staket al. (2008) propose as
parasitic. Clade A zooxanthellae have been destidisefast growing and opportunistic,
as they are found in tropical corals recoveringnfioleaching events (Tollet al. 2001;
LaJeunesse 2005). Stat al. (2008) found that Clade A symbionts do not provése
much carbon to their host as do Clade C symbioBisilarly here, Clade A
zooxanthellae irA. aureoradiatafrequently did not meet the energy requirementthef
host. It is important to note though, that Statal. (2008) claim that there is no direct
evidence that the interaction between Clade A sgntbiand corals is parasitic; rather,

Clade A algae may simply be less beneficial to lsothan zooxanthellae from other

98



lineages. However, despite the suggestion of pgamasi there may still be potential
benefits to having a CZAR < 100% but greater theno z

One of the benefits of symbiosis fa aureoradiatais that it may provide a
competitive advantage over other species. For el@amfinemonia viridis and
Anthopleura ballilare shown to occur at higher densities than atrearo invertebrates.
In Lough Hyne (Eire)A. viridis occurs at a maximum density of 185 pet mhilst A.
ballii occurs at a maximum density of 40 pér At these densitie&. viridis andA. ballii
exclude common azooxanthellate anthozoans sudfieasdium senileand Corynactis
viridis (Turner 1988 cited in Davgt al. 1997). On personal observatidn aureoradiata
is found in high abundance within the mudflat andttee rocky shore and may be at just
as high or higher densities than other macro-iebedates. ThougA. aureoradiatawas
reported to be predominantly heterotrophic at Rdnsatui Inlet, the ability to feed
autotrophically at certain times of the year andddarge part of the year at Kau Bay
may give it a competitive advantage over other iggedhat is, if carbon requirements
are meet by heterotrophy then even a small zoogHatlcontribution may enhance the
reproductive output and growth of these anemoneasyBt al. 1997).

Increased carbon translocation may result in irsgédipid storage in anemones
(Fitt and Pardy 1981; Harlanet al. 1992). Harlandet al. (1992) showed lipid levels
within A. viridis to increase under 10, 100 and 30fiol photons n§ s* over 60 days.
The percentage lipid in whole-anemone dry weigletaased from 8.87% at Lmol
photons rif s* to 16% at 30@umol photons nf s*. This storage of surplus lipid may be
vital for A. aureoradiatato divert into reproduction and/or growth. Altetinaly, during
the winter when the CZAR is zero at certain tintbg stored carbon may support basal

metabolism. Values of 10 — 20% lipid on a dry weighsis have been reported for the
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temperateAnthopleura elegantissim@lennison 1979; Fitt and Pardy 1981) with this
value dropping to 5 — 8% immediately after spawr{ir&nnison 1979).

The benefit of zooxanthellae té. aureoradiatamay not be a nutritional
advantage. For instance, zooxanthellae could bestidul to predators such as the
carnivorous whelk€Epitonium tenellumand Epitonium jukesianunthat prey uponrA.
aureoradiata(Morton 2004). It has been shown that the mosslseatpin Clinocottus
globicepsselectively feeds on the tentaclesfofelegantissim@ontaining zooxanthellae
while ignoring those containing zoochlorellae atghbfree anemones (Augustine and
Muller-Parker 1998). This is suggested to be dugomxanthellate anemones having a
greater nutritional value, due to the translocatbryreater quantities of photosynthetic
products to the host, or because zooxanthellaedegeaded while zoochlorellae pass
through the gut unscathed. Additional factors thiitenceC. globicepspreference may
include visual recognition, chemical cues reledsethe anemones, and taste preference.
Whilst this example does not specifically prove tpeint that zooxanthellae are
distasteful to the predator Af aureoradiatait may suggest that just as zoochlorellae are
least preferred b¢. globiceps zooxanthellae withirA. aureoradiatamay covey some
particular deterrent t&. tenellumandE. jukesianum

There may be no potential benefit or disadvantagé f aureoradiatacontaining
zooxanthellae as they may be a residual from andithe with no selective pressure for
their loss given the abundance of exogenous fodlkeim environment. This may explain
why A. aureoradiatais found to inhabit light-limited environments suas cracks and
crevices within the rocky shore and lives buried 2 cm under the sediment for long
periods of time. Consequently, forming a symbiagith photosynthetic algae within a

light-limited environment may have no real conseupeefor the host.
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The reduced benefit of zooxanthellae to tempergteb®ses in comparison to
tropical associations may be one reason for théddnnumber of temperate algal-
invertebrate associations. Other reasons may rétatthe temperature tolerance of
symbiotic algae (O’'Brien and Wyttenbach 1980) ogreater resistance of temperate
Cnidaria to infection by algae (Dawt al. 1997). A reduced selective pressure for
symbiosis may also explain why temperate hostsivece smaller proportion of their
metabolic carbon requirements from their zooxatdkethan do tropical hosts (Verde
and McCloskey 1996a; Dawt al. 1997). Presumably this indicates a lower leveiaxt-
symbiont integration in temperate symbioses thatrapical ones. Consequently, this
competitive advantage provided by zooxanthellae maye the evolution of algal-
invertebrate associations in temperate watersapsrhat a slower rate than occurs in the
tropics (Davyet al. 1997). This may steadily increase both the diwersf algal-
invertebrate symbioses at temperate latitudes lamdégree of host symbiont integration

in existing associations.

4.2 Climate change: what isthe future for A. aureoradiata?

During the past 100 years, increasing.d@s driven an increase in the global ocean
average temperature by 0.74°C. Global temperaamegpredicted to rise 2°C by 2050 —
2100, values that exceed those of at least thed@@s000 years during which most extant
marine organisms evolved (Hoegh-Guldbet@l. 2007). Increases in the temperature of
tropical and subtropical waters over the past Hrg/dave already pushed reef-building
corals close to their limits. Prior to this, seasvaemperature has always been a degree

or two below critical summer levels, suggestingt tbarals have not been able to
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acclimatize or adapt to these increases (Hoeghkeud1999). Around New Zealand,
the ocean temperature over the past 70 years (atrQthas been shown to change by
only -0.4 to 0.4°C (IPCC 2007). The survival A&f aureoradiatamay therefore be more
assured than that of its tropical conterparts, Ieast because of its wide thermal
tolerance. Tropical corals do not appear to hawdimatized to increases in seawater
temperature over the past 20 years (Hoegh-Guldbg8g), long term (>100 years) it
may be thatA. aureoradiatawill also struggle to acclimatize to temperatunereases.
One potential mechanism for corals to survive lterg is to change their symbionts for
a more thermally-tolerant type. This hypothesissmexl the “adaptive bleaching
hypothesis” (ABH), proposes that heat stressedixs@gel the current symbionts and
take up another variety that are better suited e prevailing thermal regime
(Buddemeier and Fautin 1993). The ABH is limitesl jtas not well supported by critical
evidence as the observation that corals, when k&asssed, expel one type of
zooxanthella and take up another more heat-toléyaet has never been made (Hoegh-
Guldberg 1999). However, Berkelmans and Van Opgé6g) showed a capacity for the
coral Acropora milleporato “shuffle” its co-existing symbionts, with a clge in the
dominant symbiont type from C to D. The level ofetance gained by the corals
changing their dominant symbiont to type D was 1.5°C. However, there appears
limited capacity for switching or shuffling of symamts in A.aureoradiata as currently
the only known symbionts to form an associatiorhwitis anemone are zooxanthellae
belonging toSymbiodiniumClade A and this anemone is currently the onlyvkmo
zooxanthellate host in New Zealand. While the sysisi betweerA. aureoradiataand

its zooxanthellae may be threatened in the long,tér is important to note that the

anemone’s survival might be facilitated by the atance of food in the water column.
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While bleached corals can no longer obtain allftoel they need, temperate anemones
(as suggested by the CZAR values here) may sutwéterotrophically but at lower
population densities.

The threat of thermal warming #. aureoradiatamay not be as great as that of
ocean acidification. The increase in anthropogeaticospheric C®leads directly to a
reduction in the pH of the ocean and will have puoid consequences for ocean
ecosystems (Guinotte and Fabry 2008). The threat@dén acidification appears more of
a threat to scleractinian corals than Ao aureoradiatadue to the effect on the
calcification rate, which is predicted to be redliby 20 — 60% at double pre-industrial
CO, concentrations(560 ppm). The possible effects on the algal symbiont remain
unknown, however Hinga (2002) suggests that redwszan pH could impact on
phytoplankton through growth rates and abundanSesilar effects on zooxanthellae
may well occur and\. aureoradiatacould be especially susceptible as colder wateis h

more CQ and are more acidic than warmer waters (GuinotteFabry 2008).

4.3 In Summary

The symbiosis betweeh. aureoradiataand its zooxanthellae appears to be highly robust
to field conditions and the extreme temperaturggesa&nced under laboratory conditions.
However, though zooxanthellae residing witiin aureoradiatahave a broad thermal
tolerance, they may only have a low nutritionaluealto the host and may even be
considered parastitic in the long term. Short tenedictions of 0.74°C in the next 50 —

100 years of ocean warming should not pose a thoeat aureoradiatabut additional
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factors such as ocean acidification may pose agrdaeat. The potential impact of such

stresses and their cumulative effects with warnmiegds to be determined.
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Chapter 5:
Appendices

5.1 Appendix A

Contribution of zooxanthellae to animal respiration (CZAR)

Photosynthetic Parameters

Muscatineet al. (1981, 1983) were referred to for calculationggoiss photosynthesis,
conversions of oxygen units to carbon units and RA&4uations.

Gross photosynthesis (P(gross); mg10 h') at each irradiance was calculated
by adding net photosynthesis (P(net)) to dark rasiph (R; mg & 1* h?) as in
Equation 5.1 P(gross) was converted from oxygen units (mdt®h™) to carbon units
(mg C I' h') as inEquation 5.2 and dark respiration gRwas converted to carbon units

(mg C 1* h'!) as inEquation 5.3

Equation 5.1: P(gross) = P(net) Rs

Equation 5.2: mg C fixed in photosynthesis = (mg @roduced x PQ) ¥/,
(PQ = the molecular photosynthetic quotient,+#00,, assumed to be 1.1)
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Equation 5.3: mg C respired = (mg £consumed x RQ) ¥/s,
(RQ = the molecular respiratory quotient,AC0,, is assumed to be 0.9)

Photosynthetic physiological parameters were ddriyeom the photosynthesis —
irradiance curve. The initial slope of the P — hau(a) provides an estimate of the
photosynthetic efficiency of the zooxanthellae arad calculated by measuring the rate
of photosynthesis (mg C rigprotein i) per umol photons ts. The maximum
photosynthetic rate(Pmaxgross) is a measure of the photosynthetic capacity of
zooxanthellae at photosynthetically saturating diaaces. Cell specific R.gross
measures maximum photosynthesis per zooxanthella acel was calculated by
Pmaxgross/ algal cell density The 95% saturation irradian@e) is the lowest irradiance
at which light saturated rates of photosyntheses atained and is derived from the
intersection of tangents te and R.,gross. The compensation irradian@e) is the
irradiance at which there is no net oxygen flux endetermined where photosynthesis =

respiration.

Zooxanthella Biomass Parameters

Algal cell diameters (n = 100) of zooxanthellae evdetermined by light microscopy (x
400), whereby 1 graticule division (gd) = 215. The algal cell volume, assuming the
cell is a sphere was calculated a€fguation 5.4 wherer = 3.14 and ¥is the radius of
the cell. Algal cell carbon content (ug) was dediieom the cell diameter (um) and
volume (um) using Strathmann’s (1967) equation for dinoflégek and was calculated
as inEquation 5.5 where log volume = algal cell. This was then usethe calculation

of the derived algal carbon standing stock (Eyyation 5.9). Algal cell protein was
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derived from carbon content by assuming a C:N rati6.1:1 (D’Eliaet al. 1983) and
that algal cell protein is nitrogen6.25 (Muscatinet al. 1983); this was ultimately used

in the calculation of total algal proteiBquation 5.6).

Equation 5.4: Cell volume= 4/3x n(r’)

Equation 5.5: Algal cell carbon content = ((log volume) x 0.866.46)

The total number of algae per anemone was estinfiedsdhaemacytometer counts and
was used in the calculations of total algal prot@tguation 5.6) and algal density
(Equation 5.8). Total symbiosis protein was calculated agquation 5.7. The derived

algal carbon standing stock (C") was calculateid &guation 5.9

Equation 5.6: Total algal protein Algal cell protein x Total no. of algae per anemone

Equation 5.7: Total symbiosis protein = Total algal proteifTotal animal protein

Equation 5.8: Algal density = Total no. of algdelotal animal protein content

Equation 5.9: Algal carbon standing stock = Algal density x Algall carbon
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Specific Growth Rates of Zooxanthellae and Carb@mdlocation

The carbon specific growth rateg]jis an estimate of the amount of carbon assindilate
by the algal population each day. The carbon sigegibwth rate was calculated from
Equation 5.1Q0 where C’ is the standing stock of algal carb@n {(C per algal cellx
(total no. of algae per mg animal protein). Théinerement of carbon added per day
was equal to the net algal photosynthetic prodoctiwhich was calculated as in
Equation 5.14 The cell specific growth rate (1) is an estimatehe amount of carbon
used for growth and development of new algal cedish day and was calculated as in
Equation 5.11, where § = duration of cytokinesis over 24 hrs (expressed H§24h =
0.4583) and is derived from Wilkerson et al (198Bfditionally f; = the average mitotic
index over 24 hrs (i.e. 1.3% = 0.013).

If the net carbon added daily is used in symbioatwh or otherwise translocated

then the percentage of translocated carbon (Tgl@itated as iEquation 5.12

Equation 5.10: Carbon specific growth rate = Net carbon fixed per day
c

Equation 5.11: Cell specific growth rate () =1 x In(1 Hf
§

Equation 5.12: Translocation rate (T) g¢ - 4 X 100
kY
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Respiration

Respiration of whole symbiosis Rwas measured as dark respiration, while respirat
of zooxanthellae (B, was estimated from the assumption that the wftialgal to total
symbiosis respiration is proportional to the pnotdiomass Equation 5.8); it was
assumed that respiration occurs over 24 h. Regpiraf the animal component {Ris

calculated fronEquation 5.13

Equation 5.13: Animal respiration (B = Rs- R,

For calculation of net zooxanthellar photosynthéBiget)) and full equation of the daily
contribution of zooxanthellae to animal respirat{@ZAR), see materials and methods of

Chapter 2 and 3.
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5.2 Appendix B

Two sample T-tests for environmental treatments relating to
photosynthetic parameters

Table 5.1. Two sample T-tests performed on variables of siedilsinterest for algal
density; values of significance shown in bold.

Variables compared DF T-Value P-Value
Kau Bay, summer, sunny 9 1.378 0.202
VS.
Kau Bay, summer, cloudy
Kau Bay, summer, sunny 10 1.689 0.122
Vs.
Pauatahanui Inlet, summer, sunny
Kau Bay, summer, sunny 10 2.166 0.056
Vs.
Kau Bay, winter, sunny
Kau Bay, summer, cloudy 9 0.471 0.649
Vs.
Pauatahanui Inlet, summer, cloudy
Kau Bay, summer, cloudy 11 1.001 0.338
Vs.
Kau Bay, winter, cloudy
Pauatahanui Inlet, summer, sunny 10 0.858 0.411
Vs.
Pauatahanui Inlet, summer, cloudy
Pauatahanui Inlet, summer, sunny 10 8.924 <0.001
Vs.
Pauatahanui Inlet, winter, sunny
Pauatahanui Inlet, summer, cloudy | 9 4.367 0.002
Vs.
Pauatahanui Inlet, winter, cloudy
Kau Bay, winter, sunny 12 1.983 0.071
Vs.
Kau Bay, winter, cloudy
Kau Bay, winter, sunny 10 3.793 0.004
Vs.
Pauatahanui Inlet, winter, sunny
Kau Bay, winter, cloudy 11 3.276 0.007
Vs.
Pauatahanui Inlet, winter, cloudy
Pauatahanui Inlet, winter, cloudy 9 3411 0.008
Vs.
Pauatahanui Inlet, winter, sunny

110



Table 5.2. Two sample T-tests performed on variables of diedilsinterest for the
mitotic index; values of significance shown in hold

Variables compared DF T-Value P-Value
Kau Bay, summer, sunny 158 3.545 <0.001
VS.
Kau Bay, summer, cloudy
Kau Bay, summer, sunny 158 0.824 0.411
Vs.
Pauatahanui Inlet, summer, sunny
Kau Bay, summer, sunny 138 5.137 <0.001
Vs.
Kau Bay, winter, sunny
Kau Bay, summer, cloudy 158 | 0.86 0.391
Vs.
Pauatahanui Inlet, summer, cloudy
Kau Bay, summer, cloudy 138 2.017 0.046
Vs.
Kau Bay, winter, cloudy
Pauatahanui Inlet, summer, sunny 158 2.551 0.012
Vs.
Pauatahanui Inlet, summer, cloudy
Pauatahanui Inlet, summer, sunny 138 3.42 <0.001
Vs.
Pauatahanui Inlet, winter, sunny
Pauatahanui Inlet, summer, cloudy 138 1.699 0.091
Vs.
Pauatahanui Inlet, winter, cloudy
Kau Bay, winter, sunny 118 0.869 0.386
Vs.
Kau Bay, winter, cloudy
Kau Bay, winter, sunny 118 1.884 0.062
Vs.
Pauatahanui Inlet, winter, sunny
Kau Bay, winter, cloudy 118 1.305 0.195
Vs.
Pauatahanui Inlet, winter, cloudy
Pauatahanui Inlet, winter, cloudy 118 1.303 0.195
Vs.
Pauatahanui Inlet, winter, sunny
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Table 5.3.Two sample T-tests performed on variables of siedisinterest for; Values
of significance shown in bold.

Variables compared DF | T-Value| P-Value
Kau Bay, summer, sunny 9 2.625 0.028
VS.
Kau Bay, summer, cloudy
Kau Bay, summer, sunny 10 1.797 0.103
Vs.
Pauatahanui Inlet, summer, sunny
Kau Bay, summer, sunny 10 3.619 0.005
Vs.
Kau Bay, winter, sunny
Kau Bay, summer, cloudy 9 0.236 0.26
Vs.
Pauatahanui Inlet, summer, cloudy
Kau Bay, summer, cloudy 11 0.071 0.945
Vs.
Kau Bay, winter, cloudy
Pauatahanui Inlet, summer, sunny 10 2.439 0.035
Vs.
Pauatahanui Inlet, summer, cloudy
Pauatahanui Inlet, summer, sunny 10 5.327 <0.001
Vs.
Pauatahanui Inlet, winter, sunny
Pauatahanui Inlet, summer, cloudy 9 2.647 0.027
Vs.
Pauatahanui Inlet, winter, cloudy
Kau Bay, winter, sunny 12 2.455 0.03
Vs.
Kau Bay, winter, cloudy
Kau Bay, winter, sunny 10 4.725 <0.001
Vs.
Pauatahanui Inlet, winter, sunny
Kau Bay, winter, cloudy 11 4.158 0.002
Vs.
Pauatahanui Inlet, winter, cloudy
Pauatahanui Inlet, winter, cloudy 9 1.654 0.132
Vs.
Pauatahanui Inlet, winter, sunny
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Table 5.4. Two sample T-tests performed on variables of giedis interest for
respiration rates (R values of significance shown in bold.

Variables compared DF | T-Value| P-Value
Kau Bay, summer, sunny 9 2.183 0.057
VS.
Kau Bay, summer, cloudy
Kau Bay, summer, sunny 10 0.745 0.474
Vs.
Pauatahanui Inlet, summer, sunny
Kau Bay, summer, sunny 10 3.269 0.008
Vs.
Kau Bay, winter, sunny
Kau Bay, summer, cloudy 9 3.241 0.01
Vs.
Pauatahanui Inlet, summer, cloudy
Kau Bay, summer, cloudy 11 1.922 0.081
Vs.
Kau Bay, winter, cloudy
Pauatahanui Inlet, summer, sunny 10 2.484 0.032
Vs.
Pauatahanui Inlet, summer, cloudy
Pauatahanui Inlet, summer, sunny 10 15.402 <0.001
Vs.
Pauatahanui Inlet, winter, sunny
Pauatahanui Inlet, summer, cloudy | 9 10.006 <0.001
Vs.
Pauatahanui Inlet, winter, cloudy
Kau Bay, winter, sunny 12 2.018 0.067
Vs.
Kau Bay, winter, cloudy
Kau Bay, winter, sunny 10 5.222 <0.001
Vs.
Pauatahanui Inlet, winter, sunny
Kau Bay, winter, cloudy 11 4.859 <0.001
Vs.
Pauatahanui Inlet, winter, cloudy
Pauatahanui Inlet, winter, cloudy 9 3.289 0.009
Vs.
Pauatahanui Inlet, winter, sunny

113



Table 5.5.Two sample T-tests performed on variables of stedisinterest for J; values
of significance shown in bold.

Variables compared DF | T-Value| P-Value
Kau Bay, summer, sunny 9 0.943 0.37
VS.
Kau Bay, summer, cloudy
Kau Bay, summer, sunny 10 3.037 0.013
Vs.
Pauatahanui Inlet, summer, sunny
Kau Bay, summer, sunny 10 0.771 0.458
Vs.
Kau Bay, winter, sunny
Kau Bay, summer, cloudy 9 4,583 <0.001
Vs.
Pauatahanui Inlet, summer, cloudy
Kau Bay, summer, cloudy 11 3.212 0.008
Vs.
Kau Bay, winter, cloudy
Pauatahanui Inlet, summer, sunny 10 1.927 0.083
Vs.
Pauatahanui Inlet, summer, cloudy
Pauatahanui Inlet, summer, sunny 10 2.572 0.028
Vs.
Pauatahanui Inlet, winter, sunny
Pauatahanui Inlet, summer, cloudy 9 2.883 0.018
Vs.
Pauatahanui Inlet, winter, cloudy
Kau Bay, winter, sunny 12 0.334 0.744
Vs.
Kau Bay, winter, cloudy
Kau Bay, winter, sunny 10 1.29 0.226
Vs.
Pauatahanui Inlet, winter, sunny
Kau Bay, winter, cloudy 11 1.155 0.273
Vs.
Pauatahanui Inlet, winter, cloudy
Pauatahanui Inlet, winter, cloudy 9 0.076 0.941
Vs.
Pauatahanui Inlet, winter, sunny
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Table 5.6.Two sample T-tests performed on variables of sieaisinterest for|; values
of significance shown in bold.

Variables compared DF | T-Value| P-Value
Kau Bay, summer, sunny 9 0.419 0.685
VS.
Kau Bay, summer, cloudy
Kau Bay, summer, sunny 10 0.082 0.936
Vs.
Pauatahanui Inlet, summer, sunny
Kau Bay, summer, sunny 10 0.159 0.877
Vs.
Kau Bay, winter, sunny
Kau Bay, summer, cloudy 9 2.254 0.051
Vs.
Pauatahanui Inlet, summer, cloudy
Kau Bay, summer, cloudy 11 0.344 0.738
Vs.
Kau Bay, winter, cloudy
Pauatahanui Inlet, summer, sunny 10 1.557 0.15
Vs.
Pauatahanui Inlet, summer, cloudy
Pauatahanui Inlet, summer, sunny 10 1.583 0.144
Vs.
Pauatahanui Inlet, winter, sunny
Pauatahanui Inlet, summer, cloudy | 9 0.555 0.593
Vs.
Pauatahanui Inlet, winter, cloudy
Kau Bay, winter, sunny 12 0.0661 0.521
Vs.
Kau Bay, winter, cloudy
Kau Bay, winter, sunny 10 2.101 0.062
Vs.
Pauatahanui Inlet, winter, sunny
Kau Bay, winter, cloudy 11 0.957 0.359
Vs.
Pauatahanui Inlet, winter, cloudy
Pauatahanui Inlet, winter, cloudy 9 0.579 0.577
Vs.
Pauatahanui Inlet, winter, sunny
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Table 5.7. Two sample T-tests performed on variables of siedisinterest for cell
specific Ra,gross; values of significance shown in bold.

Variables compared DF | T-Value | P-Value
Kau Bay, summer, sunny 9 4.379 0.002
VS.
Kau Bay, summer, cloudy
Kau Bay, summer, sunny 10 1.122 0.288
Vs.
Pauatahanui Inlet, summer, sunny
Kau Bay, summer, sunny 10 4.614 <0.001
Vs.
Kau Bay, winter, sunny
Kau Bay, summer, cloudy 9 0.679 0.514
Vs.
Pauatahanui Inlet, summer, cloudy
Kau Bay, summer, cloudy 11 0.764 0.461
Vs.
Kau Bay, winter, cloudy
Pauatahanui Inlet, summer, sunny 10 1.992 0.074
Vs.
Pauatahanui Inlet, summer, cloudy
Pauatahanui Inlet, summer, sunny 10 3.233 0.009
Vs.
Pauatahanui Inlet, winter, sunny
Pauatahanui Inlet, summer, cloudy 9 2.191 0.056
Vs.
Pauatahanui Inlet, winter, cloudy
Kau Bay, winter, sunny 12 0.426 0.678
Vs.
Kau Bay, winter, cloudy
Kau Bay, winter, sunny 10 0.085 0.934
Vs.
Pauatahanui Inlet, winter, sunny
Kau Bay, winter, cloudy 11 0.8 0.441
Vs.
Pauatahanui Inlet, winter, cloudy
Pauatahanui Inlet, winter, cloudy 9 1.524 0.162
Vs.
Pauatahanui Inlet, winter, sunny
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Table 5.8.Two sample T-tests performed on variables of stedisinterest for R.gross;
values of significance shown in bold.

Variables compared DF | T-Value| P-Value
Kau Bay, summer, sunny 9 3.606 0.006
VS.
Kau Bay, summer, cloudy
Kau Bay, summer, sunny 10 2.451 0.034
Vs.
Pauatahanui Inlet, summer, sunny
Kau Bay, summer, sunny 10 4.994 <0.001
Vs.
Kau Bay, winter, sunny
Kau Bay, summer, cloudy 9 1.564 0.152
Vs.
Pauatahanui Inlet, summer, cloudy
Kau Bay, summer, cloudy 11 0.16 0.876
Vs.
Kau Bay, winter, cloudy
Pauatahanui Inlet, summer, sunny 10 1.657 0.128
Vs.
Pauatahanui Inlet, summer, cloudy
Pauatahanui Inlet, summer, sunny 10 8.111 <0.001
Vs.
Pauatahanui Inlet, winter, sunny
Pauatahanui Inlet, summer, cloudy 9 10.897 <0.001
Vs.
Pauatahanui Inlet, winter, cloudy
Kau Bay, winter, sunny 12 2.761 0.017
Vs.
Kau Bay, winter, cloudy
Kau Bay, winter, sunny 10 8.042 <0.001
Vs.
Pauatahanui Inlet, winter, sunny
Kau Bay, winter, cloudy 11 6.001 <0.001
Vs.
Pauatahanui Inlet, winter, cloudy
Pauatahanui Inlet, winter, cloudy 9 1.613 0.141
Vs.
Pauatahanui Inlet, winter, sunny

117



5.3 Appendix C

Control temperature, algal and symbiosis biomass characteristic, P-I curve, CZAR
measurements and daily mitotic index for gradual and rapid temperature change treatments

Table 5.9. Algal and symbiosis biomass characteristics (meankSE) for Anthoplerua aureoradiatdor control temperature

treatments. Algal cell diameter, volume, derivegahlicell carbon, protein and nitrogen content @k are all measured from 15°C
GTC. (n = 3 for all measurements).

Parameter 15°C 15°C 15°C 15°C 15°C
(5°C) (10°C) (25°C) (30°C) (32.5/35°C)
Total no. of algae per anemone 484 +£0.13 5.63+0.33 3.64 +0.48 4.25+0.55 5.13+0.42
(x10P)
Total animal protein 342.43 +21.19 308.64 +41.08 231.84 +4.58 266.13 +43.09 261.6 +13.14
(ng)
Algal density 14.26 £ 1.06 13.42+1.9 15.64 £+ 1.86 16.12 £ 0.59 19.6+1.28
(algae pg protein x16)
Total algal protein 1.21 £0.09 1.13+0.16 1.32+0.16 1.36 £ 0.09 1.66+£0.11
(mg)
Algal: Total protein ratio 0.55 £ 0.02 0.53+£0.03 0.57 £0.03 0.58 £+ 0.01 0.62 £ 0.02

Derived algal carbon standing stog¢k

() 1.17 £ 0.09 1.11£0.16 1.29£0.15 1.33+£0.05 1.62 £0.11
(ug C g protein)
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Figure 5.1 Mitotic index for zooxanthellae iAnthopleura aureoradiatander gradual temperature chan@e. 5°C(B) 10°C
(C) 15°C(D) 25°C(E) 30°C(F) 32.5°C(G) 32.5°C; values are means + 1SE. 19

0.04

0.034

0.02

Mitotic Index (%)

0.014

0.00

10:00

T
12:00

14:00 16:00
Time (24hrs)

18:00

T
20:00

0.04 -

0.03+

0.02 -

Mitotic Index (%)

0.01-

0.00

10:00

0.05

12:00

14:00 16:00
Time (24hrs)

18:00

20:00

0.044

0.034

0.024

Mitotic Index (%)

0.014

0.00

10:00

T
12:00

14:00 16:00
Time (24hrs)

18:00

T
20:00

Mitotic Index (%)

Mitotic Index (%)

0.040

0.035-

0.030

0.025+

0.020

0.015-

0.0104

0.005-

0.000

10:00

T
12:00

14:00 16:00
Time (24hrs)

T
18:00

T
20:00

0.04

0.03+

0.024

0.014

0.00

10:00

12:00

14:00 16:00 18:00

Time (24hrs)

20:00




Mitotic index (%)

Mitotic index (%)

0.05
0.04 1 0.04 4 0044
0.03 % 003 < o031
()
=l %
£ 2
2 °
0.02- é 0.02 5 ooz
=
0.01 0.01 1 0.014
0.00 : : : : . 0.00 . : : ; ; 000
: : : : : ; 10:00 12:00 14:00 16:00 18:00 20:00 : " i " y y
1000 1200 1400 16:00 18:00 2000 10:00 12:00 14:00 16:00 18:00 20:00
Time (24 hrs Time (24 hrs) .
¢ ) Time (24 hrs)
0.05 0.05 0.05
0.04 0.04 0.04 1
0.034 > 0037 S 003
o)
o ()
2 B
= £
£ e
2
0.02 2 o002 5 o0z
= s
0.01 0.01 0.014
0.00 : : : : : 0.00 : : : : : 0.00
10:00 12:00 14:00 16:00 18:00 20:00 10:00 12:00 14:00 16:00 18:00 20:00 10:00 12:00 1400 1600 1800 2000
Time (24 hrs Time (24 hrs X
¢ ) ( ) Time (24 hrs)
0.05
0.04
g
% 0.031
)
S
£
)
S o002+
s
0.01
0.00 : : : : :
10:00 12:00 14:00 16:00 18:00 20:00

Time (24 hrs)

Figure 5.2 Mitotic index for zooxanthellae iAnthopleura aureoradiatainder rapid temperature chan@®) 5°C(B) 10°C
(C) 15°C(D) 25°C(E) 30°C(F) 32.5°C(G) 32.5°C; values are means * 1SE. 120



0.08

T 1 4 ® 15°C(5°C)
= - T . I o 15°C (10°C)
= - T T ad v 15°C (25°C)
% 0.06 1 ¥ v 15°C (30°C)
= ” 4 T - 1 = 15°C (32.5°C/35°C)
FIE 4 i e = - $ I
(@) 11 L T b
£ 0044 1 y < i 11
(£ -

2 ] -
<

[

@

o 0.02-

°

<

o

0.00 . . . .
0 200 400 600 800 1000

Irradiance gmol photons i s%)

Figure 5.3.Photosynthesis vs. irradiance curvesAathopleura aureoradiataubjected to control
temperature (n = 3); values are mean + 1SE.

121



Table 5.10.Parameters used in the estimation of CZAR Aoraureoradiatafor temperature control treatments. (u = cell
specific growth rate; P= predicted net photosynthesis by zooxanthellae; garbon specific growth rate; T = percentageedf n
fixed carbon translocated to host; Rpredicted animal respiration per day).

15°C 15°C 15°C 15°C 15°C
Parameter (5°C) (10°C) (25°C) (30°C) (32.5°C/35°C)
U (dh 0.033 0.033 0.033 0.033 0.033
P, net
(ng C mg protein d 78.72 236.88 123.96 168.36 198
He (dh) 0.067 0.214 0.096 0.127 0.122
T (%) 0.51 0.85 0.66 0.74 0.73
Ra 312 328.8 301.44 407.28 342.72
(ng C mg" protein d)
CZAR 12.9 61.2 27.6 30.6 42.8
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Appendix D

Post-hocTukey HSD tests for gradual and rapid temperature
change parameters

Table 5.11Post-hocTukey HSD for the algal density under gradual terapure

change.

5°C 10°C 15°C 25°C 30°C 32.5°C 35°C
5°C
10°C 0.982
15°C 0.699 0.262
25°C 0.894 0.44 1
30°C 0.81 0.335 1 1
32.5°C |0.844 1 0.098 0.183 0.125
35°C 0.88 1 0.129 0.233 0.165 1
Table 5.12Post-hocTukey HSD for the mitotic index under gradual tergiure
change.

5°C 10°C 15°C 25°C 30°C 32.5°C 35°C

5°C
10°C 0.982
15°C 0.974 0.611
25°C 0.535 0.953 0.104
30°C 0.834 0.325 0.999 0.031
32.5°C |0.101 0.01 0.528 <0.001 0.809
35°C 0.128 0.013 0.595 <0.001 0.858 1
Table 5.11Post-hocTukey HSD foro under gradual temperature change.

5°C 10°C 15°C 25°C 30°C 32.5°C 35°C
5°C
10°C 1
15°C 0.979 0.992
25°C 0.029 0.042 0.247
30°C 0.023 0.034 0.231 1
32.5°C |<0.001 <0.001 <0.001 0.153 0.109
35°C 0.257 0.33 0.808 0.936 0.939 0.015

Table 5.12Post-hocTukey HSD for respiration under gradual tempegatiirange.

5°C 10°C 15°C 25°C 30°C 32.5°C  35°C
5°C
10°C 0.975
15°C 0.824 0.998
25°C <0.001 0.006 0.04
30°C <0.001 <0.001 0.002 0.929
325°C |<0.001 <0.001 <0.001 <0.001 <o0.001
35°C <0.001 <0.001 <0.001 0.204 0.735 0.007
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Table 5.13Post-hocTukey HSD for { under gradual temperature change.

5°C 10°C 15°C 25°C 30°C
5°C
10°C 0.454
15°C 0.645 1
25°C <0.001 0.033 0.03
30°C <0.001 <0.001 <0.001 0.021

Table 5.14Post-hocTukey HSD for | under gradual temperature change.

5°C 10°C 15°C 25°C 30°C 32.5°C  35°C
5°C
10°C 0.144
15°C 0.002 0.425
25°C 0.048 0.998 0.725
30°C 0.027 0.995 0.745 1
32.5°C |0.514 0.983 0.117 0.838 0.755
35°C 0.814 0.845 0.042 0.545 0.434 0.999
Table 5.15Post-hocTukey HSD for cell specific Pmaxgross under gradua
temperature.
5°C 10°C 15°C 25°C 30°C 32.5°C  35°C
5°C
10°C 0.433
15°C 0.061 0.891
25°C <0.001 0.023 0.37
30°C <0.001 0.004 0.127 0.997
32.5°C |<0.001 <0.001 <0.001 <0.001 <0.001
35°C 0.005 0.0365 0.805 0.805 0.429 < 0.001

Table 5.16Post-hocTukey HSD for Pmaxgross under gradual temperature.

5°C 10°C 15°C 25°C 30°C 32.5°C  35°C
5°C
10°C 0.549
15°C 0.005 0.226
25°C <0.001 <0.001 0.158
30°C <0.001 <0.001 0.064 1
32.5°C |<0.001 <0.001 <0.001 O0.107 0.168
35°C 0.019 0.583 0.987 0.019 0.005 < 0.001
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Table 5.17Post-hocTukey HSD for algal density under rapid tempemtthange.

5°C 10°C 15°C 25°C 30°C 32.5°C 35°C
5°C
10°C 0.986
15°C 0.846 0.998
25°C 1 0.905 0.633
30°C 0.998 1 0.985 0.969
32.5°C |1 0.941 0.707 1 0.985
35°C 0.443 0.883 0.992 0.249 0.762 0.303
Table 5.18Post-hocTukey HSD for the mitotic index under rapid tengiare
change.
5°C 10°C 15°C 25°C 30°C 32.5°C 35°C
5°C
10°C 0.98
15°C 1 0.907
25°C 1 0.994 0.999
30°C 0.888 0.387 0.974 0.81
32.5°C |0.171 0.019 0.32 0.117 0.861
35°C 0.119 0.011 0.237 0.078 0.778 1
Table 5.19Post-hocTukey HSD foro under rapid temperature change.
5°C 10°C 15°C 25°C 30°C 32.5°C 35°C
5°C
10°C 1
15°C 1 1
25°C 1 0.998 1
30°C 0.708 0.656 0.75 0.927
32.5°C | 0.046 0.038 0.054 0.125 0.651
35°C <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Table 5.20Post-hocTukey HSD for respiration under rapid temperatthrange.

5°C 10°C 15°C 25°C 30°C 32.5°C 35°C
5°C
10°C 0.804
15°C 0.196 0.918
25°C 0.013 0.249 0.868
30°C <0.001 <0.001 0.002 0.042
32.5°C | <0.001 <0.001 <0.0010 0.003 0.93
35°C <0.001 <0.001 <0.001 <0.001 <0.001 0.007
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Table 5.21Post-hocTukey HSD for | under rapid temperature change.

5°C 10°C 15°C 25°C 30°C
5°C
10°C 0.777
15°C 0.56 0.99
25°C 0.01 0.068 0.2
30°C 0.017 0.076 0.167 0.964

Table 5.22Post-hocTukey HSD for { under rapid temperature change.

5°C 10°C 15°C 25°C 30°C 32.5°C 35°C
5°C
10°C 0.007
15°C <0.001 0.975
25°C <0.001 0.993 1
30°C 0.046 0.987 0.67 0.779
32.5°C |1 0.02 0.002 0.004 0.110
35°C 0.823 <0.001 <0.002 <0.001 0.002 0.587

Table 5.23Post-hocTukey HSD for cell specific f,gross under rapid temperature.

5°C 10°C 15°C 25°C 30°C 32.5°C 35°C
5°C
10°C 0.096
15°C 0.011 0.964
25°C <0.001 0.507 0.961
30°C <0.001 <0.001 0.013 0.115
325°C |<0.001 <0.0010 0.01 0.093 1
35°C <0.001 <0.001 <0.001 <0.001 0.86 0.108

Table 5.24Post-hocTukey HSD for Ra,gross under rapid temperature change.

5°C 10°C 15°C 25°C 30°C 32.5°C 35°C
5°C
10°C 0.096
15°C 0.011 0.964
25°C <0.001 0.507 0.961
30°C <0.001 <0.001 0.013 0.115
32.5°C |<0.001 <0.001 0.01 0.093 1
35°C <0.001 <0.001 <0.001 <0.001 0.86 0.108
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Table 5.25Post-hocTukey HSD for algal density under control temperat

treatments.
15°C 15°C 15°C 15°C 15°C
(5°C)  (10°C)  (25°C)  (30°C) (32.5°C/35°C)

15°C (5°C)

15°C (10°C) 0.993

15°C (25°C) 0.955  0.801

15°C (30°C) 0.881  0.674 1

15°C (32.5°C/35°C)| 0.133  0.071 0.348 0.462

Table 5.26Post-hocTukey HSD foro under control temperature treatments.

15°C 15°C 15°C 15°C 15°C
(5°C)  (10°C)  (25°C)  (30°C) (32.5°C/35°C)
15°C (5°C)
15°C (10°C) 0.937
15°C (25°C) 0.982  0.999
15°C (30°C) 0.784  0.377 0.492
15°C (32.5°C/35°C)| 0.846  0.44 0.562 1

Table 5.27Post-hocTukey HSD for respiration under control temperatieatments.

15°C 15°C 15°C 15°C 15°C
(5°C)  (10°C)  (25°C)  (30°C) (32.5°C/35°C)

15°C (5°C)

15°C (10°C) 1

15°C (25°C) 1 1

15°C (30°C) 0.575  0.592 0.61

15°C (32.5°C/35°C)| 0.705  0.721 0.738 1

Table 5.28Post-hocTukey HSD for { under control temperature treatments.

15°C 15°C 15°C 15°C 15°C
(5°C)  (10°C)  (25°C)  (30°C) (32.5°C/35°C)

15°C (5°C)

15°C (10°C) 0.738

15°C (25°C) 0.526  0.995

15°C (30°C) 0.998  0.575 0.378

15°C (32.5°C/35°C)| 0.989  0.478 0.302 1
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Table 5.30Post-hocTukey HSD for | under control temperature treatments.

15°C 15°C 15°C 15°C 15°C
(5°C)  (10°C)  (25°C)  (30°C) (32.5°C/35°C)

15°C (5°C)

15°C (10°C) 0.707

15°C (25°C) 0.979  0.945

15°C (30°C) 0.203  0.813 0.421

15°C (32.5°C/35°C)| 0.145  0.692 0.316 0.999

Table 5.31Post-hocTukey HSD for cell specific f,gross under control temperature

treatments.
15°C 15°C 15°C 15°C 15°C
(5°C)  (10°C)  (25°C)  (30°C) (32.5°C/35°C)

15°C (5°C)

15°C (10°C) 0.707

15°C (25°C) 0.979  0.945

15°C (30°C) 0.203  0.813 0.421

15°C (32.5°C/35°C)| 0.145  0.692 0.316 0.999

Table 5.32Post-hocTukey HSD for R, gross under control temperature treatments.

15°C 15°C 15°C 15°C 15°C
(5°C)  (10°C)  (25°C)  (30°C) (32.5°C/35°C)

15°C (5°C)

15°C (10°C) 0.707

15°C (25°C) 0.979  0.945

15°C (30°C) 0.203  0.813 0.421

15°C (32.5°C/35°C)| 0.145  0.692 0.316 0.999
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