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ABSTRACT

Securing economically and ecologically significant molluscs, as our oceans warm and acidify
due to climate change, is a global priority. South eastern Australia receives warm water in a
strengthening East Australia Current and so resident species are vulnerable to elevated
temperature and marine heat waves. This study tested whether oysters pre exposed to
elevated temperature or heat stress enhances resilience to ocean warming later in life. Two
Australian species, the flat oyster, Ostrea angasi, and the Sydney rock oyster, Saccostrea
glomerata, were given a mild dose of warm water or “heat shock” stress in the laboratory
and then transferred to elevated temperature conditions where we used the thermal outfall
from power generation as a proxy to investigate the impacts of ocean warming. Shell
growth, condition index, lipid content and profile and survival of oysters was impacted by
elevated temperature in the field, with flat oysters being more impacted than Sydney rock
oysters. Flat oysters grew faster than Sydney rock oysters at ambient temperature, but were
more sensitive to elevated temperature. Early exposure to heat stress did little to
ameliorate the negative effects of increased temperature, although the survival of heat
shocked flat oysters was greater than non-heat shocked oysters. Further investigations are
required to determine if early exposure to heat stress can act to inoculate oysters to future

stress and overall enhance resilience of oysters to ocean warming.

1. Introduction
Climate change, the result of anthropogenic activities such as the burning of fossil fuels and
deforestation, has exponentially increased the concentration of carbon dioxide (CO,) and
other greenhouse gasses in the atmosphere [1]. Since the onset of the industrial revolution,

atmospheric partial pressure of CO, (pCO,) has increased from 280 ppm to 410 ppm causing
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global warming with direct impacts on the oceans [1,2]. As a result, the world’s oceans have
warmed by 0.68°C and for the East Australian coast are predicted to increase by up to 4°C by
2050 and 6°C before 2100 [3,4]. Ocean warming and the increased incidence of heatwaves
(abnormal high temperatures over multiple days [5]) negatively impacts diverse species [6].
Between 1925 and 2016 there has been a 54% annual increase in the duration of marine
heatwaves worldwide [7]. Climate change is also impacting ocean stratification, currents,

salinity, pH, sea level and increasing the frequency of extreme events [1,7,8].

Increasing frequency of thermal stress events will have consequences for fitness and
survival of marine species and there is concern for habitat engineers such as bivalves and
oysters [6,9]. If oysters and other molluscs are to persist during this century along the
southeast coast of Australia and in similar “hot spots” around the globe, they will need to be
resilient to marine heat waves and habitat warming. It has been suggested that organisms
can build resilience to environmental stress, through exposure to stress in early life. Studies
have found that exposure to a mild stress early in life can result in later life stress resistance
[10,11]. Rather like a vaccination or inoculation, resistance to stress after exposure to mild
stress in early life has been observed in a diverse array of organisms such as bacteria, plants,

insects, mammals and fish [10, 11, 12, 13 ,14].

An increase in resistance to stress has been shown in the tidepool fish Oligocottus
maculosus which after exposure to a +12°C heat stress had greater survival rates when
exposed to subsequent stressful levels of high salinity and low oxygen concentration
compared with fish that did not experience the heat shock [10]. The magnitude of the shock
and recovery time played an important role in the stress response later in life [10]. Baltic

Sea mussels Mytilus edulis, exposed to heat shock (+16°C) and then exposed to cadmium (20
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ug L) produced heat shock proteins at a faster rate than mussels not exposed to heat stress
[15]. Stress resistance may be enabled by production of protective heat shock proteins (e.g.

HSP 70), although this is energetically costly. The mechanisms behind stress inoculation, are
complex and likely not limited to production of heat shock proteins. Other processes such as

alterations in metabolism and epigenetics are also thought to be involved [16, 17].

While mobile species can migrate changing their distribution as the ocean warmes, sessile
species are vulnerable because they are unable to move and the dispersive larval stages are
often short-lived [18,19]. It is predicted that sessile organisms such as oysters, which form
the basis of aquaculture across the globe, will be impacted by elevated temperature,
because of the energetic cost to physiological performance from climate change stress [20,
21]. Already, significant mortality has been reported for the north American oyster
Crassostrea virginica exposed to elevated temperature, due to impacts on energetic
reserves [22]. Reduced gametogenesis in M. galloprovincialis has been directly connected to
warming [23]. Parental exposure to stress (in this case ocean acidification has, however,
been shown to increase resilience of larval oysters, and this trait was carried over to

adulthood [24,25].

The flat oyster, Ostrea angasi and the Sydney rock oyster Saccostrea glomerata are native
to south eastern Australia [26, 27], where they historically formed extensive reefs and are
the basis of a USD $30 million aquaculture industry [28,29]. Saccostrea glomerata is an
intertidal species that occurs along the east and west coast of Australia with a current upper
sea surface temperature (SST) range of 24-26 °C [28]. Ostrea angasi is distributed in shallow
subtidal sheltered waterways along a similar range with a current upper SST temperature

range of 22-24°C [27], however, this northern (warm) range is likely curtailed by historic
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overharvesting and introduced parasites in New South Wales (Polydora spp.)[27]. O. angasi
are mostly found subtidally in comparatively stable thermal conditions [30]. These species
are both currently the focus of reef restoration efforts along the south eastern coastline of
Australia [31,32] and are known to be vulnerable to acidification [33,34,35] and warming
[33,36]. South-eastern Australia receives warmer waters from the Coral Sea via the East
Australian Current (EAC), which is strengthening [37,38]. This region is considered a “hot
spot”, as the rise in mean temperatures will be 3-4 times higher than the average for the

world’s oceans and is also prone to marine heat waves [7,38,39].

The purpose of this study was to test the hypothesis that early exposure to heat stress or
heat shock can be used as a mechanism to build resilience of O. angasi and S. glomerata to
subsequent long-term exposure to warmed seawater. We used the thermal outfall from a
power generating station as a proxy for ocean warming conditions as in previous studies
[40]. Due to their different thermal ranges, distributions and habitats we predicted that S.
glomerata will be more resilient than O. angasi to elevated temperature. As momentum
gains to restore oyster reefs [31], knowledge of oyster responses and how to build resilience

is needed to ensure sustainability of restoration efforts and the aquaculture industry.

Methods

Ostrea angasi and Saccostrea glomerata were obtained from an oyster farm at Merimbula
Lake (Merimbula Gourmet Oysters; 36°89’ 85”S, 149°88’ 46”E) and approximately 200
oysters per species were transported to Port Stephens Fisheries Institute (PSFI; 32°44’47"S,
152°03’30"E), following the protocol for oyster movement in New South Wales, Australia,
during the Austral autumn 2018. The initial mean shell height was 69.68 + S.E. 0.34 mm for

O. angasi and 69.86 + S.E. 0.33 mm for S. glomerata. After arrival at PSFI the oysters were
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98 placed in 40L tubs with seawater supplied from a 750L tank at 20°C. This temperature was
99 the same as in Merimbula Lake when oysters were collected. Oysters were fed a mixture of
100  microalgae cultured on-site containing 50 % Chaetoceros muelleri and 50 % Tisochrysis lutea

101  at a concentration equivalent to 2 x 10° cells oyster! d1[41] The initial mean (+ S.E.)
102  condition index for O. angasi and S. glomerata were 4.12 + 0.42 g and 4.30 £ 0.39 g (n=6),

103  respectively (see below for methods).

104 2.1 Heat shock

105 To determine if exposure to heat shock would confer subsequent resilience to long term

106  exposure to elevated temperature, the following heat shock protocol was used. The oysters
107  were divided into two sub-groups; one “control” and a “heat shocked” group per species
108 into 750L tanks. Heat shock was administered by exposure to an elevated temperature of 26
109  °C for 18 hours and then 28°C for 6 more hours by slowly ramping up the temperature using
110  aquarium heaters (Titan G2 1500 W). This was an initial +6°C (from 20° to 26°C) and a

111 further increase of +2°C (from 26°C to 28°C). There was no mortality following heat shock
112  treatment. Following the 24 hours at elevated temperature, the water was left to slowly

113 cool to ambient (20°C). Oysters were submerged in ambient water overnight in the

114  laboratory. On the following day, they were placed in baskets and left submerged at

115 ambient conditions, in the adjacent estuary of PSFI (Tilligerry creek, Port Stephens) which
116  remained at 20 °C for one week. After this period, they were removed and shell height was

117  measured with a digital calliper.

118 A total of 40 oysters were randomly placed in baskets (600 x 250 x100 mm) divided into four
119  compartments with 10 “control” O. angasi and 10 “control” S. glomerata which were

120  exposed to ~20°C at all times, 10 “heat shocked” O. angasi and 10 “heat shocked” S.
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121  glomerata, which were exposed to elevated temperature for 24 hours. The baskets were

122 transported and deployed into Lake Macquarie (33°.07°94"”, 151°.54’85”, Figure 1).

123 Figure 1. (A) Map of Australia with the study area in red (New South Wales, NSW). (B) Map
124  of Lake Macquarie, NSW showing the field locations where the baskets were deployed for
125  approximately seven months. Yellow squares represent the warm seawater outfall of two
126  power stations (Eraring and Vales power stations). Black triangles are the ambient (control)

127  locations and the red triangles are the elevated locations (total 5 baskets).

128 2.2 Field location

129 To determine the response of oysters in the real world of elevated temperature, we used
130 warmed water released into a saline coastal lake by two power stations at Lake Macquarie,
131  NSW. Lake Macquarie is a large coastal body of water in the centre of East Australian

132  warming “hot spot”. Lake Macquarie is connected to the ocean and has daily tidal exchange.
133  There is little freshwater input from the surrounding catchment [42]. Two coal fired power
134  stations are located 23 kilometres apart on the shore of Lake Macquarie. Eraring power

135  station is located in Myuna Bay (33° 4'2.92"S, 151°33'19.13"E) and Vales Point power station
136 s located in Wyee Bay (33° 9'30.65"S, 151°31'48.37"E). Both stations use seawater from

137  Lake Macquarie for cooling. The seawater is circulated for cooling and then released back
138  into the estuary with no other treatment at a maximum of 37.5 °C as per licence

139  requirements (NSW Environment Protection Licences 761; 1429). One location was selected
140  near each power station outfall of the Eraring and Vales Point power stations in Lake

141  Macquarie during May 2018 (autumn). A control location was also selected that represented
142  the ambient mean temperature within Lake Macquarie which was not warmed by a power

143  station. At each location, two baskets were deployed within 20m of each other. Each
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144  individual basket was attached to a 10 Kg concrete brick and contained a total of 40 oysters
145  from both species and treatments (control/non heat shock and heat shock) and were

146  deployed at a depth of 1.10 m by boat.

147  Temperature data were collected every 30 minutes by waterproof Hobo loggers (HOBO MX
148  Pendant Temperature, Onset) attached to the baskets. Study locations were visited five

149  times over seven months (late autumn to early summer) to download temperature data and
150 renew the loggers. Oysters were deployed in Lake Macquarie for approximately seven

151  months. At the end of the deployment (7 months) five baskets were retrieved; two from the
152  ambient (control) location and three from elevated locations; two from Wyee Bay near

153  Vales power station and one from Rocky Point near Earing power station (120 oysters from
154  elevated temperature and 80 oysters from ambient temperature). Once retrieved, shell

155  growth, condition index, standard metabolic rate and survival of oysters was measured.

156  Total lipid and profile were measured in the laboratory.

157 2.3 Shell growth and condition index

158 To determine if exposure to heat shock confers subsequent resilience to long term exposure
159  to elevated temperature on growth and condition index. measurements of oysters were

160 done at the end of seven months of exposure in the field experiment.

161  There was no difference between shell height of oysters randomly allocated into heat shock
162  and control (non- heat shock) treatments (One-way ANOVA comparing heat shock vs non-
163  heat shock for each species, n=60; O. angasi = p > 0.05; S. glomerata = p > 0.05) at day zero.

164  Final shell growth was then calculated as the difference between the final size of each
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165 individual oyster at seven months from an overall initial mean size of oysters per basket

166  (n=10). The difference in shell growth was calculated by the formula:

SH1- MSHO
167 SG = —

168  Where shell growth (SG) is the difference between final individual shell height (SH;) in

169  millimetres and the mean initial shell height (MSH,) divided by time (t) in days.
170

171  The condition index of oysters was measured at the end of the experiment. Oysters were
172 shucked, and body tissue and shell of individuals were dried in oven at 60°C for two days, to
173  determine the dry weight (grams). The condition index (Ci) of oysters was then calculated by

174  the formula [43,44]:

Dry body weight (g)
175 Ci =

Dry shell weight (g) *100

176 2.4 Standard Metabolic Rate (SMR)

177  To determine if exposure to heat shock would confer subsequent resilience to long term

178  exposure to elevated temperature on standard metabolic rate (SMR), the SMR of 9-11

179  oysters of each species, treatment and basket (total 51 oysters; heat shock and control/non-
180  heat shock) were measured at the end of the experiment using the methods of Parker et al.

181  [33]. Measurements were done adjacent to the locations of collection to minimise stress of

182  transport and to use seawater from Lake Macquarie.

183  To calculate SMR, oxygen consumption was measured by a closed respirometry system

184  (OXY-10 PreSens, AS1 Ltd, Regensburg, Germany). Seawater was collected from Lake
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185  Macquarie and filtered through 0.47 um glass filter paper before being used to fill

186  respirometry chambers. Respirometers were built to accommodate the maximum oyster
187  size (745ml and 830 ml). Each respirometer was connected to a fibre optic probe for

188  measurement of dissolved oxygen in seawater. The probe was previously calibrated using
189  two O, concentration points (0% and 100% oxygen saturation of seawater) following the

190 methods of Parker et al. [33]. Oysters were gently cleaned of any fouling organisms before
191  placed infiltered seawater (adjusted to the corresponding treatment levels). The time that
192  individuals took to lower the oxygen concentration in 20 % (~1.2 O, mg L!) was recorded.
193  Following the procedure of Parker et al. [33], only the time that the oyster is open and

194  actively respiring (determined by observed decreasing oxygen) is used to calculate SMR. This
195 is done to guard against the oyster remaining closed from handling stress. After each trial,
196  each container was rinsed clean with filtered seawater (0.47 um) and wiped clean with

197  paper towel. After measurement the oysters were removed from the container and shucked
198  to separate body tissues and shell. The tissue was then dried in an oven at 60°C for three
199  days to measure their constant dry body tissue and shell weight in grams (+0.0001g,

200  Analytical Balance Sartorius Research). Standard metabolic rates (SMR) were calculated by
201  the formula:

Vr(L) x ACwO, (mg0,L~ 1)

202 SMR = AT () X bw(e)

203

204  where SMR is the oxygen consumption normalized to 1 g of dry tissue mass (mg O, g1 dry

205  tissue mass h-1, V, is the volume of the respirometry chamber minus the volume of the

10
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206  oyster (L), AC,0; is the change in water oxygen concentration measured (mg O,L?), At is

207  measuring time (h) and b, is the dry tissue mass (g) of the oyster.

208 2.5 Total lipid and lipid profile

209  To determine if exposure to heat shock and elevated temperature influences energy

210 allocation, total lipid and lipid profiles were analysed. Body tissues of the oysters were

211 placed in centrifuge tubes and frozen for analysis of total lipid content and lipid classes. The
212 tissues were kept at -22°C for transport and then stored at -80°C until analysis. The tissues
213  were then freeze dried (Alpha 1-4 LSCbasic, Martin Christ, Germany) and weighed in a

214  microbalance (+0.0001g; Sartorius CPA225D). Lipids were extracted overnight using a

215  modified Bligh & Dyer [45] one-phase methanol-chloroform-water extraction (2:1:0.8

216  v/v/v). The phases were separated by the addition of chloroform-water (final solvent ratio,
217  1:1:0.9 v/v/v methanol-chloroform-water). The total solvent extract (TSE) was concentrated

218  using rotary evaporation at 40°C.

219  An aliquot of the TSE was analysed using an latroscan MK VI TH10 thin- layer

220  chromatography-flame ionization detector (TLC-FID) analyser (Tokyo, Japan) to quantify

221 individual lipid classes [46,47]. Samples were applied in duplicate to silica gel SllI

222 chromarods (5um particle size) using 1 ul micropipettes. Chromorods were developed in a
223 glass tank lined with pre-extracted filter paper. The primary solvent system used for the lipid
224  separation was hexane-diethyl ether-formic acid (60:15:1.5), a mobile phase resolving non-
225  polar compounds such as steryl ester (SE), triacylglycerol (TAG), free fatty acids (FFA),

226  monoacylglycerol (MAG), Diacylglycerol (DAG). After development, the chromorods were
227  ovendried and analysed immediately to minimize absorption of atmospheric contaminants.

228  The FID was calibrated for each compound class (phosphatidylcholine (PL), cholesterol

11
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229  (Chol), cholesteryl palmitate (SE), palmitic acid (FFA), monopalmitin (MAG), dipalmitin
230 (DAG), tripalmitin (TAG)). Peaks were quantified on an IBM compatible computer using
231  DAPA Scientific software (Kalamunda, Western Australia, Australia). TLC-FID results are
232 generally reproducible with a coefficient of variance of up to 3.46% of individual class

233  abundances [48].

234 2.6 Survival

235  Oyster survival was determined after seven months deployment by emptying baskets one

236  section at a time (to avoid mixing) and counting the total number of live oysters.

237 2.7 Data analysis

238  Statistical analyses were done using PRIMER v6+ software using either a three or two factor
239  nested PERMANOVA (PRIMER v6+). This analysis was selected because it is robust to

240  unbalanced designs [49].

241 For shell growth, condition index, SMR, and total lipids, data were analysed using a three
242  factor PERMANOVA with “heat shock” as fixed factor with two levels (heat shock or control),
243 “temperature” as fixed factor with two levels (ambient and elevated), and “basket” as

244  random factor with two levels (basket 1 and basket 2) nested in temperature and heat

245  shock. The analysis used 9999 permutations and only results with significance lower than
246 0.05 were considered as statistically different. The percentage survival at seven months was
247  analysed using a two factor PERMANOVA with heat shock as fixed factor with two levels

248  (heat shock or control) and temperature as fixed factor with two levels (ambient and

249  elevated).

12
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250 The composition of lipid profiles were fourth root transformed to limit the influence of large
251  numbers [49] and analysed using a four factor multivariate PERMANOVA using the same
252  model as above; with heat shock as fixed factor with two levels (Heat shock or control),

253  temperature as fixed factor with two levels (control and elevated), and basket as random
254  factor with two levels (basket 1 and basket 2) nested in temperature and heat shock. The
255  analysis used 9999 permutations and only results with significance lower than 0.05 were

256  considered as statistically different.

257 3. Results

258 3.1 Temperature

259  The average temperature over seven months at the ambient location was 20.06°C + 3.85
260 (mean £S.D.) and the average temperature at the elevated locations was 24.56°C + 4.59
261  (Figure 2). The highest daily temperature experienced by oysters deployed at elevated

262  temperature locations was 32.81 + 0.39°C (mean + S.D) in summer (December) and lowest
263  daily average for the ambient location during the experiment was 14.92 °C £ 0.65 (mean +

264  S.D) in winter (August).

265  Figure 2. Mean monthly temperatures + S.D. at control (ambient) and elevated temperature
266  locations in Lake Macquarie, NSW from May to December 2018 (approximately seven
267 months). Temperature data was measured every 30 minutes at 1.10m depth by water proof

268  loggers.

269 3.2 Shell growth and condition index

270  Shell growth of O. angasi was almost ten-fold greater at ambient temperature compared to

271  elevated temperature treatment (Figure 3a). Mean shell growth (mm day?) was 0.10 + 0.01

13
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272 mmday?(mean % S.E) at ambient temperature compared to 0.02 + 0.01 mm day'and 0.01
273  +0.008 mm day*at elevated temperatures (Figure 3a). At ambient temperature, O. angasi
274  which were heat shocked had lower growth than non-heat shocked oysters (Table 1a) and
275  there was a trend for heat shocked O. angasi to have greater growth than non-heat shocked
276 oysters at elevated temperature, but this was not significant. Shell growth of S. glomerata
277  was not affected by temperature or heat shock (Figure 3b, Table 1b). O. angasi grew an

278  order of magnitude greater than S. glomerata under ambient conditions, however, under

279  elevated temperature there was little growth of either species (Figure 3 a, b).

280  Figure 3. Mean difference in shell growth (+ S.E.) for a. flat oysters, Ostrea angasi (FO
281  control and FO heat shocked) and b. Sydney rock oysters, Saccostrea glomerata (SRO
282  control and SRO heat shocked), exposed for seven months at ambient and elevated

283  temperature locations at Lake Macquarie.

284
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285  Table 1a. Shell growth, condition index and SMR of Ostrea angasi exposed for seven months in Lake Macquarie. P values were created using Monte Carlo
286 tests.

Shell Growth Condition index SMR
Pseudo- Pseudo- Pseudo-

df MS F P(MC) df MS F P(MC) df MS F P(MC)
Heat Shock 1 9.97 1.55 0.27 1 166.93 0.42 0.65 1 241.95 0.19 0.78
Temperature 1 3960 616.92 <0.001 1 3201.8 7.87 0.04 1 1748.70 1.36 0.3
Heat Shock x Temperature 1 165.88 25.84 <0.001 1 626.55 1.55 0.29 1 701.91 0.54 0.54
Basket (Heat Shock x Temperature) 4 5.91 0.2 0.94 3 402.87 1.56 0.20 4.00 1337.00 2.46 0.06
Residuals 69 29.23 28.00 258.09 20.00 543.10
Total 76 34.00 27.00

287

288  Table 1b. Shell growth, condition index and SMR of Saccostrea glomerata exposed for seven months in Lake Macquarie. P values were created using Monte
289 Carlo tests.

Shell Growth Condition index SMR
Pseudo- Pseudo- Pseudo-
df MS F P(MC) df MS F P(MC) df MS F P(MC)
Heat Shock 1 2.60 0.04 0.85 1 132.82 0.42 0.65 1 102.31 0.12 0.90
Temperature 1 186.07 2.84 0.17 1 2651.80 8.29 0.02 1 1181.50 1.39 0.29
Heat Shock x Temperature 1 0.00 0.00 0.99 1 777.29 2.43 0.16 1 1571.90 1.85 0.21
Basket (Heat Shock x
Temperature) 4 66.49 1.49 0.22 4 319.59 0.96 0.46 4 880.30 1.38 0.24
Residuals 79 44,58 19 331.50 18 635.75
Total 86 26 25
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291  The condition index of both O. angasi and S. glomerata was significantly lower at elevated
292  temperature (Figure 4a,b, Table 1a,b) with no effect of heat shock treatment, although
293  there was a slight trend for heat shocked O. angasi oysters at elevated temperature to have

294 better condition.

295  Figure 4. Mean condition index (+ S.E.) of a. flat oysters, Ostrea angasi (FO control and FO
296  heat shocked) and b. Sydney rock oysters, Saccostrea glomerata (SRO control and SRO heat

297  shocked) exposed for seven months at ambient and elevated locations at Lake Macquarie.

298 3.3 Standard Metabolic Rate (SMR)

299  Standard Metabolic Rate of control, non-heat shocked O. angasi was lower at elevated
300 temperature, but this was not significant (Figure 5a; Table 1a). SMR of control, non-heat
301 shocked S. glomerata was greater at elevated temperature, but this was not significant

302  (Figure 5b, Table 1b).

303  Figure 5. Mean standard metabolic rate (SMR) (+ S.E.) of a flat oysters, Ostrea angasi (FO
304 control and FO heat shocked) and b. Sydney rock oysters, Saccostrea glomerata (SRO
305 control and SRO heat shocked) exposed for seven months at ambient and elevated

306 temperature locations at Lake Macquarie.

307 3.4 Total lipids and lipid profiles

308

309 Mean total lipid content of O. angasi was greater at in those from the elevated temperature
310 treatment compared to those held ambient (Figure 6a, Table 2a). There were no effects of
311  heat shock or temperature on total lipid content in S. glomerata (Figure 6b, Table 2b). Lipid

312  profile of O. angasi, was mostly driven by a greater amount of phospholipids in the oysters
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313  in the elevated temperature treatment (Figure 7a, Table 2a) and significantly lower amounts
314  of TAGs (Figure 7a). Lipid profile of S. glomerata was similar across ambient and elevated
315 temperatures, but there were significantly greater phospholipids at elevated temperature

316  (Figure 7b, Table 2b).

317  Figure 6. Mean total lipids (+ S.E.) for a. flat oysters, Ostrea angasi (FO control and FO heat
318 shocked) and b. Sydney rock oysters, Saccostrea glomerata (SRO control and SRO heat
319  shocked) exposed for seven months at ambient and elevated temperature locations (n=5;

320 except for HS oysters from Rocky Point — FO HS [n=3], SRO HS [n=2]) at Lake Macquarie.

321  Figure 7. Lipid profile of a. flat oysters, Ostrea angasi (FO control FO heat shocked) after
322  seven months exposure at ambient and elevated temperature locations and b. Lipid profile
323  of Sydney rock oysters Saccostrea glomerata (SRO control and SRO heat shocked) exposed
324  for seven months at ambient and elevated temperature. Lipid classes abbreviations are: SE —
325  steryl ester; TAG -Triacyglyceride; FFA — Free Fatty Acids; Chol — Cholesterol; DAG —

326  Diacylglyceride; MAG — Monoglyceride and PL — Polar Lipids.
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Table 2a. Total lipids, amount of total lipids (mg/g), amount of Triacylglycerides (TAGs; mg/g) and Phospholipids (PLs; mg/g) of Ostrea angasi exposed for

327
328 seven months in Lake Macquarie. P values were created using Monte Carlo tests.
Total lipids TAGs PLs
Pseudo- Pseudo- Pseudo-
df MS F P(MC) df MS F P(MC) df MS F P(MC)
Heat Shock 1 204.36 0.58 0.55 1 3.58 0.02 0.96 1 780.33 1.20 0.36
Temperature 1  2652.8 7.55 0.03 1 798.48 3.65 0.13 1 8619.40 13.21 <0.001
Heat Shock x Temperature 1 270.63 0.77 0.48 1 72.98 0.33 0.62 1 347.69 0.53 0.64
Basket (Heat Shock x
Temperature) 4 351.92 1.47 0.24 4 219.52 1.81 0.17 4 653.35 1.2 0.32
Residuals 14 239.88 15 121.39 15 545.05
Total 21 2 22
329
330 Table 2b. Total lipids (mg/g), amount of Triacylglycerides (TAGs; mg/g) and Phospholipids (PLs; mg/g), of Saccostrea glomerata exposed for seven months in
331 Lake Macquarie. P values were created using Monte Carlo tests.
Total lipids TAGs PLs
Pseudo- Pseudo- Pseudo-
df MS F P(MC) df MS F P(MC) df MS F P(MC)
Heat Shock 1 630.71 0.62 0.51 1 355.76 0.63 0.48 1 380.53 2.15 0.20
Temperature 1 585.15 0.57 0.54 1 40.98 0.07 0.86 1 1291.40 7.31 0.04
Heat Shock x Temperature 1 824.63 0.81 0.44 1 951.68 1.70 0.26 1 957.97 5.42 0.06
Basket (Heat Shock x
Temperature) 4  1023.70 1.50 0.22 4 564.66 1.68 0.20 4 172.28 0.37 0.84
Residuals 17 682.38 17 337.06 17 461.41
Total 24 24 24
332
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333 3.5 Survival

334  Survival of heat-shocked O. angasi was significantly greater than non-heat shocked oysters
335 at ambient and elevated temperature (Figure 8a; Table 3a). At the ambient and elevated
336  temperature locations, survival of O. angasi was greatest for the heat shocked oysters

337 (Ambient, control oysters = 90% and heat shocked oysters= 100%; Elevated, control = 53%
338 and heat shocked = 80%). Survival of S. glomerata was significantly lower for control oysters

339  at ambient temperature compared to heat-shocked oysters (Figure 8b, Table 3b).

340 Figure 8. Mean survival (¥S.D.) of a flat oysters, Ostrea angasi (FO control and FO heat
341  shocked) and b. Sydney rock oysters, Saccostrea glomerata, (SRO control and SRO heat
342  shocked), exposed for seven months at ambient and elevated temperature locations at Lake

343  Macquarie.

344  Table 3a. Percentage survival of Ostrea angasi exposed for seven months in Lake Macquarie. P
345 values were created using Monte Carlo tests.

Pseudo-
df MS F P(MC)
Heat Shock 1 359.59 16.16 0.007
Temperature 1 802.23 36.05 0.001
Heat Shock x Temperature 1 142.45 6.40 0.04
Residuals 6 22.25
Total 9

346

347  Table 3b. Percentage survival of Saccostrea glomerate exposed for seven months in Lake Macquarie.
348 P values were created using Monte Carlo tests.

349
Pseudo-
df MS F P(MC)

Heat Shock 1 39.189 2.019 0.2037
Temperature 1 57.668 2971 0.1309
Heat Shock x Temperature 1 143.35 7.3852 0.0353
Residuals 6 19.41
Total 9

350
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351 4. Discussion

352  Exposure to long term warming in the field had negative impacts on shell growth, condition
353 index, and survival of O. angasi and S. glomerata. Shell growth, condition index, lipid

354  content and profile and survival, but not SMR of oysters was impacted by elevated

355 temperature, with flat oysters more impacted than Sydney rock oysters. Flat oysters grew
356  faster than Sydney rock oysters at ambient temperature, but were more sensitive to

357 elevated temperature. Exposure early in life to heat shock did little to ameliorate the

358  negative effects of elevated temperature, although there was a trend for shell growth and
359  condition index and a significant effect of survival of heat shocked flat oysters to be greater
360 than control oysters at elevated temperature. SMR was not significantly impacted by

361 elevated temperature, although once again there was a trend for SMR of flat oysters to

362  decrease with increased temperature and for SMR of Sydney rock oysters to increase with
363 increased temperature. The lipid profile of O. angasi was also reduced by elevated

364 temperature, while the lipid profile for S. glomerata was not affected.

365  As oysters are ectothermic organisms, changes in external temperature away from their
366  optimum causes physiological processes to become less efficient and homeostasis begins to
367 require more energy [50]. The effects of elevated temperature on O. angasi and S.

368 glomerata are similar to those observed for other bivalve species. For example, Hiebenthal
369 etal. [51] found lower growth and condition for Arctica islandica at elevated temperature
370 (16°C) compared to the control (7.5°C) and an intermediate treatment (10°C). Condition
371 index and survivorship of M. edulis was reduced under elevated temperature (25°C)

372  compared with control [51]. Effects on these physiological processes, were attributed to

373  thermal sensitivity of A. islandica to temperatures outside its distribution and to
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374  accumulation of lipofuscin, a disease related pigment [51]. For Mercenaria mercenaria and

375  Argopecten irradians, elevated temperature (28°C) impacted shell growth of juveniles [52].

376  Elevations in temperature increase the SMR of marine ectotherms until a point known as
377  the “Arrhenius Breakpoint Temperature” (ABT). When ABT is reached, SMR rapidly declines
378 indicating that the organism can no longer meet their energetic requirements at that

379  temperature [33]. The reduced growth of O. angasi at elevated compared to ambient

380 temperature was correlated with a trend for lower SMR, indicating that O. angasi may have
381  experienced temperatures beyond their ABT. Temperature had no effect on the SMR of S.
382 glomerata. Parker et al., [33] found that increases in seawater temperature can increase the
383  SMR of S. glomerata. SMR of S. glomerata increased with increased temperature up to 33 °C
384  (the upper temperature treatment in that study) indicating an ABT for S. glomerata of above
385 33 °C.Increased SMR can impact energy budget and may indicate a thermal response with
386  extra costs needed to cover basal metabolism [33,53]. For oysters, thermal stress can also

387  alter cardiac function, protein synthesis [53] and gametogenesis [23].

388  Oysters have the capacity to store surplus energy ingested from food in the form of lipids
389  which can assist in the persistence during stressful conditions. While the lipid profile of S.
390 glomerata was not impacted by elevated temperature, there were significant impacts of
391 elevated temperature on total lipids and lipid profile, especially Triacylglycerides (TAGs) of
392 0. angasi. TAGs are the primary source of stored lipid energy for bivalves [54], indicating
393  that O. angasi had begun to use stored lipid reserves. Studies have found that under

394  stressful conditions bivalves have lower lipid reserves. For example, exposure to elevated
395 pCO, decreased the lipid index of larvae of A. irradians, M. mercenaria and C. virginica

396  which further declined when combined with warming [52, 55]. Lipid levels in the eggs of S.
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397 glomerata also decreased when exposed to the dual stress of elevated pCO, and copper
398  [56]. Further research on how lipids are used by oysters in response to stress could provide

399  insights into the ramifications of living in warmer oceans.

400  Stress inoculation, and resilience

401  This study tested the hypothesis that pre exposure of oysters to heat shock stress will build
402 resilience to later exposure to elevated temperature. Stress inoculation leading to stress
403 resilience has been observed in diverse phyla from bacteria to mammals e.g. [10,11]. Heat
404  shock may help to build resilience, but at the same time have costs. For example, heat

405 shocked O. angasi had significantly greater rates of survival at elevated temperatures, but
406  heat shocked oysters had less growth at ambient temperature. Perhaps energy was used to
407  produce heat shock proteins or other protective measures, thereby reducing energetic

408 reserves for growth and other important physiological processes.

409 Heat shocked O. angasi had greater rates of survival at elevated temperature, and a similar
410 trend was observed for S. glomerata which had greater than 90% survival at elevated

411  temperature. When organisms experience stressful temperatures, they undergo a thermal
412  response, which is energy dependent [57]. This thermal response includes producing

413  chaperones, such as energetically expensive heat shock proteins (HSPs) [57,58]. Species with
414  lower thermal tolerance might be induced to produce HSPs in response to elevated

415  temperatures before more tolerant species, which can endure longer periods under

416  warming stress (e.g. M. trossulus and M. galloprovincialis; [58]). Production of these

417  molecular chaperones (HSPs) is a common response to elevated temperature [57]. Heat

418  shock proteins have important functions when an organism is exposed to elevated

419 temperature, including degradation of denatured proteins and prevention of misfolding,
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420 having a key function on cellular protection [59]. These responses (e.g. expression of heat
421  shock proteins, antioxidants, increased respiration rates) all incur an energetic cost which

422  can cause an imbalance in the energetic partitioning of individuals [33,57,60,61].

423 Overall, S. glomerata was found to be generally more tolerant of habitat warming than O.
424  angasi. S. glomerata had no change in shell growth although they were in poorer condition
425  at elevated temperature of 28-30 °C. As an intertidal species that experiences a highly

426  dynamic thermal environment, S. glomerata could be expected to be more thermally

427  tolerant as has been shown for other intertidal organisms [62,63]. These findings are

428  supported by previous work by Parker et al., [33] that showed 33 °C was not beyond their
429  ABT, and the distribution of S. glomerata which extends further north along the east coast
430  of Australia than O. angasi. Additionally, S. glomerata can experience air temperatures in
431  excess of 40 °C during emersion at low tide [64]. The lack of effect of elevated temperature
432  on S. glomerata indicates that they were not placed beyond their thermal limits in the

433  deployment used here, in contrast to O. angasi, which did not cope as well.

434 0. angasi had the greatest growth rate at ambient conditions. The shell growth of O. angasi
435  was over ten-fold greater than Sydney rock oysters after seven months, as expected from
436  growth in aquaculture [65]. While O. angasi grew well at ambient conditions, growth and
437  survival were impacted by warming. As this species lives in a relatively stable, sub-tidal

438  habitat we expected this species to be more sensitive to warming compared to S.

439  glomerata.

440  Globally and across Australia efforts are being made to restore oyster reefs [31,66,67].
441  Climate change will impact on oyster reef restoration [36]. Projected ocean warming for the
442  region (4°C) as well as contemporary marine heat waves, as seen in the region recently [39]
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443  are an important consideration for reef restoration efforts along the south-eastern coastline
444  of Australia. Our study has shown that using thermal outfall as a proxy for ocean warming
445  can be useful for predicting future warming. This approach is similar to natural laboratories
446  using underwater CO, vents which have successfully tested the responses of marine

447  organisms to ocean acidification [68,69]. Our results indicate that habitat warming will be a
448  greater threat to O. angasi compared to S. glomerata. As ocean warming will not act alone,
449  oyster reef restoration is at risk from multiple stressors including ocean acidification,

450  salinity, and other environmental pollutants which will act simultaneously [36]. These co-
451  occurring stressors further threaten native species of oysters, other molluscs and marine
452  organisms and so mitigation strategies to build oyster resilience will be critical. Our results
453 indicate that early exposure to stress inoculation does not enhance resilience and may not

454  be useful strategy, especially for restoration ventures involving O. angasi.
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