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OPEN QOcean warming and Marine

Heatwaves unequally impact
juvenile introduced and native
oysters with implications for their
coexistence and future distribution

Nate Howarth?, Elliot Scanes?, Maria Byrne® & Pauline M. Ross®"

Climate change is causing ocean warming (OW) and increasing the frequency, intensity, and duration
of extreme weather events, including Marine Heat Waves (MHWs). Both OW and MHWs pose a
significant threat to marine ecosystems and marine organisms, including oysters, oyster reefs and
farmed oysters. We investigated the survival and growth of juveniles of two commercial species of
oyster, the Sydney rock oyster, Saccostrea glomerata, and the Pacific oyster, Crassostrea gigas, to
elevated seawater temperatures reflecting a moderate and an extreme MHW in context with recent
MHWs and beyond. The survival and size of Pacific oysters to moderate MHWs (22-32 °C; 14 days)
was greater than that for Sydney rock oysters (24-32 °C; 15 days). While survival and growth of both
species was significantly impacted by extreme MHWSs (29-38 °C; 5-6 days), Sydney rock oysters were
found to survive greater temperatures compared to the Pacific oyster. Overall, this study found that
Pacific oyster juveniles were more tolerant of a moderate MHW, while Sydney rock oyster juveniles
were more resilient to extreme MHWs. These differences in thermal tolerance may have consequences
for aquaculture and coexistence of both species in their intertidal and latitudinal distributions along
the south-eastern Australian coastline.

Anthropogenic driven climate change is causing ocean warming (OW). Worse case climate models (Shared
Socioeconomic Pathways, SSP 5-8.5) project that by the end of this century chronic OW will occur, and the mean
Sea Surface Temperatures (SST) will rise to nearly 3 °C (SSP5-8.5 range 2.01-4.07 °C)". Along with OW there
will be an increase in the frequency, intensity, and duration of extreme weather and climatic events in the oceans
such as Marine Heat Waves (MHWs). While the impacts of atmospheric heat waves in terrestrial ecosystems are
well studied?, there remains much to be uncovered about the impacts of OW and atmospheric and MHWs on
marine ecosystems and organisms*~°. MHWs are defined as a prolonged periods where SST are anomalously
high, equal to and above the 90th percentile, and persist for five days or longer>.

Since last century, there has been a greater than 50% increase in MHWs”®. Notable examples of MHWS events
include the MHW in 2003 in the Northwestern Mediterranean region where SST reached 1-3 °C above mean
and maximum values ever recorded and caused extensive mortality of 25 marine benthic organisms (mainly
gorgonians and sponges)°®. In 2010-2011 a MHW event along the coastline of Western Australia where SST
reached 3 °C above the monthly mean'? caused extensive mortality of approximately 36% of the seagrass meadow
in Shark Bay'"'? which is yet to fully recover®. In 2013-2015, a MHW nicknamed “The Blob’ off the coast of the
north-eastern Pacific caused mass strandings and deaths of marine mammals, fish, krill, and seabirds and geo-
graphical range shifts of marine organisms'!. This MHW event also caused reduced spawning and/or failure to
spawn in several taxa with implications for recruitment and reproduction'®. Australia’s Great Barrier Reef has had
five major MHW driven mass coral bleaching and mortality events since 2015 with the 2015-2016 MHW event
lasting 318 days'®!’. The increasing frequency of MHW s does not give corals the recovery time needed, placing
coral reefs in a perilous state!”!8, It is predicted that MHW:s will become even more frequent and extreme!**
with rapid and catastrophic consequences for marine ecosystems and organisms'®**-2%, The impacts of MHWs
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have also been severe for farmed animals raising economic and food security concerns*?° as seen in mortality

of abalone (Haliotis roei), scallops (Amusium balloti), prawns (Penaeus latisulcatus; P. esculentus) and oysters” .

Opysters play two vital roles in coastal ecosystems globally. They form the basis of aquaculture providing a
source of protein and income for communities world-wide®!, and oyster reefs. As ecosystem engineers, oysters
create biogenic habitat®, provide ecosystem services such as nutrient and nitrogen cycling®***, and shelter and
spawning substrate for a variety of species®. They are also a preyed on by many species®® including fish*”, whelks
and crabs®®. However, 85% of oyster reefs have been lost globally due to overfishing, introduced pests and poor
water quality®. In south-eastern Australia 90% of oyster reefs have been lost with the quality of remaining reefs
classified as poor and considered critically endangered®.

While OW and MHWs threaten the aquacultural and ecosystem services that oysters provide, impacts may
not be equal among species* and interactions among species are likely to be altered*?, which may lead to shifts in
distributions**-*. There remains, however, a lack of knowledge on oyster species responses to OW and MHWs.
For south-eastern Australian this is concerning because this region is a climate change “hot spot™ and is also
the location where the native Sydney rock (Saccostrea glomerata) and the introduced Pacific oyster (Crassostrea
gigas) co-occur and are commercially important. The capacity to better predict how introduced and native species
interact and whether this will be changed by OW and MHW is critical to create effective adaptive strategies*>*S.

It is reasonable to predict that with warmer seawater temperatures, Pacific oysters may outcompete the native
Sydney rock oyster. Pacific oysters are known for their survival across a wide range of temperatures from <3 to
35 °C*-*2 and in the northern hemisphere have outperformed competitors™->. Pacific oysters although native
to the Northwest Pacific, were introduced from Japan across the world to become a leading global shellfish aqua-
cultural species®>”’. These oysters have invaded many regions in Europe where they outcompete native species
such as native blue mussel, Mytilus edulis®>, cause shifts in benthic suspension-feeder populations®, and impact
food webs and predators such as birds®. The invasive distribution is significant, for example, in the Netherlands,
approximately 90% of dykes in the Oosterschelde estuary have been colonised by C. gigas™.

In Australia, the native Sydney rock oyster is an important aquacultural species and the dominant oyster spe-
cies in intertidal and subtidal ecosystems****% with a distributional range from the temperate border of Victoria
to the tropical climatic range of Queensland (Fig. 1). Historically, Sydney rock oysters were sustainably collected
and consumed by First Nations Australians®"¢%. Early European settlers, however, significantly reduced oyster
populations through large scale harvesting for food and building construction. Also, since the 1960s Sydney rock
oysters have also been under increasing pressures from pollution, poor water quality, sedimentation and novel
diseases which have resulted in further declining populations and aquaculture production®-*". Today, climate
change adds to these pressures on the Sydney rock oyster with the additional threat of OW and MHWSs which
may lead to potentially altered interactions with the introduced Pacific oyster. Studies have found that larvae of
Pacific oysters outperform Sydney rock oysters and can withstand elevated temperatures of 30 °C*"%%%, The extent
to which oysters can withstand OW and MHW3s and any variation between oyster species remains unknown.

Australia’s southeastern estuaries are rapidly warming at rates above those expected for oceanic waters®.
In these emerging conditions it is not known if the Sydney rock oyster can maintain its status as the dominant
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Fig. 1. Distribution of the Pacific oyster (Crassostrea gigas; purple) and Sydney rock oyster (Saccostrea
glomerata; blue) on the south-eastern coast of Australia®**. Mean sea surface temperature (SST) is shown by
shading.
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oyster species, or be displaced by the invasive challenger, the Pacific oyster. Understanding responses of these
two oyster species to OW and MHW has never been more pressing and is needed to inform conservation and
reef restoration efforts of Sydney rock oysters. For oyster reef restoration projects to be successful long term, will
require oysters which can tolerate OW and more frequent and intense MHWs*.

We investigated the survival and growth of juvenile oysters as they are a critical transitionary life stage and
are a mortality bottleneck for benthic marine invertebrates and oyster aquaculture®. The success of newly set-
tled recruits determines whether a population of oyster can or cannot persist’>’!. We predicted that given the
more northerly (warm affinity) distribution of the Sydney rock oyster, it will have greater growth and survival
in response to OW and MHW s compared to the Pacific oyster (Fig. 1).

Results

Sydney rock oyster

In the moderate MHW, survival of Sydney rock oyster juveniles was 100% at 24 °C and 90% at 32 °C at day 15
(Fig. 2, Table 1). Although there was a trend for greater mortality at 32 °C, this was not significant even for the
prolonged period of 15 days (p>0.05, Fig. 2). While survival was not affected by temperature, juveniles were
significantly smaller at the highest temperature of 32° from day five onwards, but similar in size at the three lower
temperatures of 24°, 26°, and 29° (Fig. 3, Tables 1, 2). In the extreme MHW there was no survival of Sydney rock
oyster juveniles at 38 °C by day three and similarly no survival of juveniles at 37 °C and 36 °C by day five (Fig. 4).
While S. glomerata juveniles did survive at 34 °C and 35 °C, survival at 35 °C was significantly less than at 34 °C
at day six (Fig. 5). The risk of Sydney rock oyster juvenile mortality, as analysed using Cox’s Proportional Hazard
model, was significantly heightened at 35-38 °C compared to 34 °C, with juveniles at the highest temperature
of 38 °C being over 7249 times more likely to suffer mortality compared to juveniles at 34 °C (Fig. 5, Table 3).
However, these hazard ratios are largely not indicative because we saw no mortality in Sydney rock oysters at
the temperature of 34 °C. The LT, value for Sydney rock oysters was 36.9 +5.5 at day 3, and 35.05+ 20 at day
5. In contrast to survival the mean size of Sydney rock oyster juveniles was not significantly different at any
temperature from 29 to 38 °C. This was because many juveniles did not survive long enough to be measured at
the highest temperatures.

Pacific oyster
In the moderate MWH survival of Pacific oyster juveniles was 100% for temperatures 22-28 °C for 14 days
with only one mortality at 32° on day seven (Fig. 6, Table 1). While survival did not significantly differ among
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Fig. 2. Percentage survival of Sydney rock oyster juvenile, Saccostrea glomerata, at four temperatures (24-32 °C)
for 15 days (9/8/2023-23/08/2023).

Moderate MHW
Sydney rock oyster, S. glomerata 24-32°C 1200 9/8/2023-23/08/2023 15 Days
yaney YSIEL, . & n=8 (total 160)
. . o 14 Days
Pacific oyster, C. gigas 22-32°C 1200 26/09/2023-09/10/2023 n=8 (total 200)
Extreme MHW
Sydney rock oyster, S. glomerata 29-38°C 2000 7/09/2023-12/09/2023 6 Days
yaney YySter o & n=4 (total 200)
Pacific oyster, C. gigas 29-38°C 1200 10/10/2023-14/10/2023 5 Days
yster, & 818 n=4 (total 200)

Table 1. Summary of experiments on juvenile Sydney and Pacific oysters from August-October 2023.
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Fig. 3. Shell size (mm) (mean+ SE) of juvenile Sydney rock oysters, Saccostrea glomerata, at four temperatures
from 24 to 32 °C across a 15 day experiment.

Temperature 3 0.53 |4.03 |0.008* |1.18 6.18 | 0.001*** | 3.47 13.12 | 1.21e-07***
Residual 154 |0.13 0.19 0.26
Post hoc 32>24=26=29 32>24=others 32>24=others

Table 2. Shell size of juvenile Sydney rock oysters, Saccostrea glomerata, in a 15 day moderate MHW. This
was a single factor analysis of variance with temperature (24-32 °C) as a fixed factor. Significance labelled as
P<0.001 ***, P<0.01 **, P<0.05*. Non significant differences are labelled as ‘ns’

temperature, Pacific oyster juveniles were significantly smaller at the control temperature of 22° from day 11
onwards (Fig. 7, Table 4). In the extreme MHW there was 100% mortality of juvenile of C. gigas at temperatures
of 37 °C and 38 °C by day three (Fig. 4). There was no mortality of juvenile of C. gigas at 34 °C and below (Fig. 4).
Using Cox’s Proportional Hazard model, the risk of Pacific oyster juvenile mortality was significantly increased at
35-38 °C compared to 34 °C (Fig. 5, Table 5). The risk of mortality was 87.6 times greater at 38 °C compared to
34 °C (Fig. 8). Pacific oyster juveniles were significantly smaller in shell size at the higher temperatures between
35 and 38 °C than between 31 and 30 °C, juveniles were largest at 29 °C (Table 6). The LTj, value for Pacific
oysters was 35.41+0.14 at day 3, and 34.54+0.14 at day 5.

Scientific Reports |

(2024) 14:20688 | https://doi.org/10.1038/s41598-024-71534-9 nature portfolio



www.nature.com/scientificreports/

a 34°C = 35 °C =k 36 °C =k 37°C 38°C
1.00 :
—_—
0.751
e ———
0.501 w
C. gigas
0.25
p < 0.0001
=
.-E
g 000,
5p O 1 2 3 4 5
T
2
£ 1.001 - =
(2] —_—
0.751
0.501 .
<>
0251 S- glomerata
p < 0.0001
0.0
0 1 2 3 4 5

Days

Fig. 4. Survival probability modelled using Cox proportional survival in the upper temperature treatments
of 34, 35, 36, 37, and 38 °C across 5-days for juvenile Pacific oysters (a) and Sydney rock oysters (b). Only
temperatures with mortality were included.

Thermal performance between species

Thermal performance curves displayed a steep decline in Sydney rock oyster survival once at temperatures
=35 °C (Fig. 9). Thermal performance curves showed a decline in survival of Pacific oysters around 35 °C. The
modelled decline in survival was found to have been significantly less steep for Pacific, compared to Sydney
rock oysters (Fig. 9).

Discussion
Overall, we found an unequal impact of OW and moderate to extreme MHWSs on the survival and growth of
native Sydney rock oyster, S. glomerata, juveniles compared to the invasive Pacific oyster, C. gigas. In the OW
and moderate MHW, temperatures of 32 °C significantly reduced the growth and size of juvenile Sydney rock
oysters, while the survival and size of juvenile Pacific oysters were not affected at 32 °C. In contrast, growth of
Pacific oysters was reduced at the lower temperature of 22 °C. While both oyster species experienced mortality
in the extreme MHW at warming up to 38 °C, the greater LT, values (day 3; 36.9 °C) of Sydney rock oysters
demonstrates their capacity to survive temperatures of up to 35 °C, whereas 35 °C was largely lethal for Pacific
oysters (LTs, day 3; 35.4 °C). Our findings suggest that juvenile Sydney rock oysters may be more resilient to
extreme MHWSs, however, Pacific oyster appear to maintain greater growth when faced with more OW and
moderate MHWS.

These findings inform predictions on the future coexistence of S. glomerata and Pacific oyster. It is already
suggested that Pacific oysters are competitively superior to Sydney rock oysters, this may continue to be the case
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Fig. 5. Forrest plot of hazard +95% Confidence intervals, measured as mortality of juvenile S. glomerata at
34-38 °C across the 6-day experiment (7/09/2023-12/09/2023). P values indicate significant differences from
the 34 °C treatment.

35°C 1.670e+01 | 1.793e+07 4.642e-01 3598 | <2e-16 |***
36°C 1.866e+01 | 1.276e+08 2.852e-01 6545 | <2e-16 |***
37°C 1.962e+01 | 3.333e+08 2.771e-01 70.82 | <2e-16 |***
38°C 2.156e+01 | 2.308e+09 3.806e-01 56.65 | <2e-16 |***

Table 3. Cox’s proportional hazard model measuring hazard as mortality of juvenile Sydney rock oysters, S.
glomerata, in an extreme MHW using 34 °C as the basis for comparisons with other temperatures. Significance
labelled as P<0.001 ***, P<0.01 **, P<0.05*. Non significant differences are labelled as ‘ns.
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Fig. 6. Percentage survival of juvenile Pacific oyster, Crassostrea gigas at five treatments for at temperatures for
14 days (26/09/2023-09/10/2023).
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Fig. 7. Shell size (mm) (mean+ SE) of juvenile Pacific oysters, Crassostrea gigas, at five temperatures from 22 to
32 °C across a 14 day period.

Temperature 0.67 | 1.72 |0.14 |271 5.02 | 0.000715%* | 3.55 6.70 | 4.49e-05***
Residual 0.39 0.54 0.54 0.53
Post hoc ns 30=32=30=28=26<22 30=32=30=28=26<22

Table 4. Shell size of juvenile Pacific oysters, Crassostrea glomerata, in a 14 day moderate MHW. This was a
single factor analysis of variance with temperature (29-38 °C) as a fixed factor. Significance labelled as P<0.001
“** P<0.01 **, P<0.05*. Non significant differences are labelled as ‘ns.

35°C 1.25 3.51 0.49 2.57 |0.0102 *

36°C 2.58 13.16 0.48 533 | 9.74e-08 | ***
37°C 391 49.75 0.52 7.49 | 6.7le-14 |***
38°C 4.47 87.62 0.52 8.52 | <2e-16 | ***

Table 5. Cox’s proportional hazard model measuring hazard as mortality of juvenile Pacific oysters, C. gigas,
in an extreme MHW using 34 °C as the basis for comparisons with other temperatures. Significance labelled as
P<0.001 ***, P<0.01 **, P<0.05*. Non significant differences are labelled as ‘ns’

in the temperate regions that Pacific oysters already occupy (Fig. 1). However, at the northern limits of distribu-
tion, Sydney rock oysters may retain an advantage due to their physiological capacity to survive and grow at
temperatures up to and above 34 °C while at the critical and vulnerable juvenile stage. As estuaries along the
south-eastern Australian coastline continue to warm® Pacific oysters may still increase their intertidal distribu-
tion or latitudinal range and out compete the Sydney rock oyster. Pacific oysters are an invasive species that have
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Fig. 8. Forrest plot of hazard +95% Confidence Intervals, measured as mortality of juvenile C. gigas at 34 °C to
38 °C across the 5 day experiment (10/10/2023-14/10/2023). P values indicate significant differences compared
to the 34 °C treatment. Only temperatures where mortality occurred were included.

Df SS Mean Sq F value Pr(>F)
Temperature 9 13.42 1.49 3.95 7.59e-05%**
Residuals 420 158.55 0.38
Post hoc 38=37=36=35=34=33=32<30=31<29

Table 6. Analysis of Variances of shell size of juvenile Pacific oysters, Crassostrea gigas, with post hoc test in
an extreme MHW. This was a single factor analysis using all time points with temperature (29-38 °C) as a fixed
factor. Significance labelled as P <0.001 ***} P<0.01 **, P<0.05*. Non significances are labelled as ‘ns’

already colonised habitats worldwide>*and are expected to continue to increase their range across most of the
Northwest European shelf, because of their capacity to tolerate warming seawater caused by climate change’>”>.

In addition to the ongoing threat of MHWs, the Sydney rock oyster faces challenges within their estuary
environments, including poor water quality’*”, increased disease and parasites*>®, and other impacts of climate
change’®. This study demonstrates that extreme MHW:s will further challenge this ecologically and aquaculturally
significant species. While it is known that adult oysters are better able to tolerate the more extreme experimental
temperatures than juveniles, juveniles are also hardier than larvae, which are likely to be the more vulnerable life
stage®®””. Outcomes for this species will likely depend on which life stage experiences the heatwave.

There are a number of explanations for the decreased growth of juvenile Sydney rock oysters at 32 °C com-
pared to other lower temperatures. Temperature in general is a “master factor””%, influencing the physiology and
behaviour of marine organisms. Thermal tolerance limits can be expressed as LT, or the temperature at which
50% mortality occurred”. This thermal tolerance is strongly correlated with the maximal temperatures of their
habitat with intertidal species being less able to increase their thermal tolerance”. We found the two species
to have similar LT, values, around 35 °C. Thermal performance curves, however, showed that Pacific oysters
had much less abrupt decline in survival compared to Sydney rock oysters, perhaps indicating the potential for
adaptation to elevated temperatures. While their decline at extreme temperatures was abrupt, Sydney rock oysters
appear to be able to survive up to 36 °C, where Pacific oysters could not.

Where both species are present, Sydney rock oysters occupy higher intertidal habitats than Pacific oysters®.
Inhabiting the higher intertidal zone comes with physiological costs which are associated with their need to
maintain a thermal tolerance limit higher than subtidal counterparts”®!. For example, one such physiological
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Fig. 9. Thermal Performance Curves generated using a Generalised Linear Model (GLM) with a binomial
distribution using survival data at 3 days (panel a and b), and 5 days (panel ¢ and d) in the extreme MHW.

process that limits thermal tolerance is the limited capacity of both ventilation and circulation processes when
faced with extreme temperatures is known at as the “oxygen-and-capacity-limited thermal tolerance” (OCLTT)
hypothesis®2. This hypothesis explains that elevated seawater temperatures will impact ventilation and circulation
processes in marine organisms which will combine with decreased oxygen in water at higher temperatures and
increased metabolic rates®’. While this hypothesis has received some attention, ultimately, the ability of oysters
and other marine ectotherms to survive MHW s will depend on their physiological plasticity and ability to adapt
to a more thermally variable habitat®.

The optimal temperature for Sydney rock oyster juveniles in culture was identified to be 30 °C® and so the
higher temperatures used here was likely to be above their critical thermal maximum thereby causing decreased
growth at 32 °C. Studies on Sydney rock oysters exposed to atmospheric heatwaves of 50 °C found variation in
survival between 25 and 60% depending on genetically distinct family lines®® Both the Sydney rock and Pacific
oyster have a considerable proportion of environmental stress genes in their genomes®>*® although how this
translates to stress tolerance is not known. Sydney rock oysters have demonstrated significant phenotypic plastic-
ity in coping with a variable environment. For example, Sydney rock oysters were able to adjust metabolic rates
when moved from the subtidal to intertidal zones®'. Similarly, Pacific oysters have also demonstrated a similar
capacity for phenotypic plasticity in the intertidal zone*’. This degree of plasticity is suspected to originate
because the offspring of broadcasting spawning sessile organisms can settle and metamorphose in a diversity of
environments, including those mis-matched to their parents®”#.

We found Pacific oysters to grow faster at MHW temperatures, however, whether this leads to Pacific oysters
outcompeting Sydney rock oysters is still open to debate. Resilience to temperature alone will not determine this
outcome. Other factors such as exposure to atmospheric heat may also determine responses. Sydney rock oysters
are believed to be “hardier” when exposed to increased air temperature compared to Pacific oysters, being able
to shut their valves for up to two weeks”” "%, Previous research on the tolerance of adult Sydney rock oysters to
aerial exposure has demonstrated they can tolerate atmospheric heat waves of up to 50 °C over two hours®®.
Such tolerances to air exposure are correlated with current differences in distribution between Sydney rock and
Pacific oysters with C. gigas being mainly a low intertidal to sub tidal species®®®'. Along the south-eastern main-
land Australian coastline, Sydney rock oysters are more commonly found in the intertidal and in areas where
both Sydney rock and Pacific oysters occur, Pacific oysters remain a low percentage of the total abundance*®.
Studies investigating the impact of aerial exposure on oysters have found that both increased temperature and
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duration of aerial exposure reduced survival and growth of Ostrea angasi and acted as limits to the distribution
in the intertidal and restoration®”. Similarly, Heo et al.”* found that aerial exposure of intertidal Pacific oysters
to 45 °C for 4 h a day affected their survival with total mortality of individuals after 6 days, and concluded that
high temperatures during emersion may cause mass mortality and disease in oysters.

In addition to aerial exposure, disease is likely to play a role in oyster survival following a MHW®. In a study
contradicting our findings, it was shown that juvenile Pacific oysters (6 mm shell length) experienced 77%
mortality at 26 °C®. In Green et al.?? the mortality was determined to be triggered by bacterial disease, likely
caused by bacteria from the Vibrio genus. Sydney rock oysters, however, can acclimate to heatwave conditions
and reduce mortality caused by Vibrio bacteria®. Further experiments are needed to determine species differ-
ences in responses when MHW are combined with other environmental stressors including aerial exposure and
disease. Thought needs to be taken in experimental design to mimic the real variable world of an oyster as much
of our current understanding on the thermal range of both species is based on experiments with oysters fully
submerged and optimally fed.

This study fills a current gap in knowledge about how OW and MHW s will affect the juvenile stages of
the main ecologically and economically significant oyster species in Australia. Our results suggest that Pacific
oysters have more resilience than Sydney rock oysters when faced with moderate MHWS, but Sydney rock oys-
ters can hang-on at extreme temperatures. However, these results are based solely on the effect of MHWSs and
temperatures of 24-38 °C rather than the real multiple stressor world of an estuary where oysters experience
fluctuations such as emersion in air, acidification (pH), salinity, nutrients and disease. As MHW events and
precipitation become more frequent due to a changing climate, it is important to understand how oysters and
other marine organisms will respond to these events. As their estuarine battlegrounds warm, and MHWs become
more frequent, the greater thermal tolerance of Sydney rock oysters or the greater growth of Pacific oysters may
determine how these versatile organisms are distributed. As changes in oyster distribution will alter the func-
tion, and the types of food that can be grown in Australian estuaries the potential survival and range change
of the two species is crucial to understand. Finally, climate change is going to change the way that invasive and
native species interact. It is therefore imperative that we understand how MHW s both moderate and extreme
will alter interactions which affect estuarine and marine foundation species and ecosystem engineers and those
vitally important to aquaculture.

Methods

Organism and maintenance

The Sydney rock oyster has its warm range edge in Harvey Bay, Queensland and its cold range edge around the
NSW/Victoria border® (Fig. 1). For Pacific oysters the northern range edge is approximately the Hastings River
and cool range is southern Tasmania (Fig. 1)

A moderate and extreme MHW were simulated to measure the survival and growth of juvenile (spat) of Syd-
ney rock and Pacific oysters. Approximately 400 S. glomerata juveniles (1200-2000 um shell length) were sourced
from Camden Haven Oyster Suppliers Pty Ltd (31.6502° S, 152.7967° E) and approximately 400 Pacific oyster,
C. gigas, juveniles (1200 pum shell length) were sourced from East Coast Oyster Nursery Pty Ltd (- 35.701133° S,
150.171915° E). The rearing temperature history of both species was 20-22 °C. The oysters were acclimated in
the lab for 1-2 days in 1 pum filtered seawater (FSW) in a 4L beaker at 22 °C. During all acclimation and experi-
mental exposures (see below), oysters were fed live algae cultured comprising of 50% Chaetoceros calcitrans and
50% Isochrysis galbana at a rate of 1 x 10° cells oyster™' day™'.

OW and MHW

To investigate the responses of Sydney rock and Pacific oysters to OW and MHW following Hobday et al.® and
Hobday et al.”> and Ewere et al.”® we exposed Sydney rock and Pacific oysters to a moderate MHW s defined
as 2-4 °C degrees above the thermal range that lasted longer than 5 days. This also followed Ewere et al.” who
exposed Sydney rock oysters to a MHW of 5 °C above ambient sea surface temperature where maximum SST of
21-22 °C which are typical temperatures of cultivation locations of Sydney rock®. For Pacific oysters the median
temperature of where they are found in Australia is between 20 and 25 °C?%%%.

Two scenarios were used (1) OW and a moderate MHW as described by Hobday et al.”® as category (1) and
(2) an extreme MHW, category IV®>. For the OW, moderate MHW the oysters were exposed to a temperature
range of 22-32 °C for two-weeks. For the extreme MHW the range of temperature was between 29 and 38 °C
for one week (Table 1). These simulated MHW's emulated recent OW and MHW in the region and beyond and
allowed us to determine the upper thermal tolerance range which has been estimated to be 30 °C for the Sydney
rock oyster® and 32 °C for Pacific oysters®.

The experimental temperature range of the OW and moderate MHW was between 24 and 32 °C for the Syd-
ney rock oyster and between 22 and 32 °C for the Pacific oysters, given their lower thermal distribution range
(Fig. 1). The lower temperatures were used as the control temperatures. The experimental temperature range of
the extreme MHW was between 29 and 38 °C at the upper end of both species thermal range (Table 1).

Temperature treatments for the heatwave experiment were created using two aluminium blocks set up in
parallel that allowed for a stable, static thermal gradient established by using warm and cold-water inputs at
either end. Each heat block had four columns of holes (20 mm diameter) to fit the vials (40 mL), with each row
representing a designated temperature treatment.

The set up for the simulated OW and moderate MHW was as follows. For Sydney rock oyster juveniles, there
were four temperatures at 2-3 °C intervals between 24 and 32 °C (i.e. 24 °C, 26 °C, 29 °C, 32 °C) in the tem-
perature block with eight replicate vials at each temperature, and five juvenile spat within each vial, for a total of
160 juveniles. For Pacific oyster juvenile spat, there were five temperatures at 2-3 °C intervals between 22 and
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32 °C (i.e. 22 °C, 24 °C, 26 °C, 29 °C, 32 °C), with eight replicate vials, five juvenile spat within each vial, for a
total of 200 juveniles (Table 1). Oyster juvenile spat were selected at random from the source container, checked
if they were alive and placed in the vials. To feed the oysters 1 ml of a 50/50 algal combination of Chaetoceros
calcitrans and Isochrysis galbana, (~1,200,000-1,500,000 algal cells) was placed in the vials daily and the water
was renewed with water at temperature every second day commencing at day 3. On these days the oysters were
removed from the vial and placed in a well plate to check survival, measured using a graticule eyepiece under a
dissecting microscope every second day and promptly (within 2-3 min) placed into a new vial containing FSW
at experimental temperature and returned to the temperature block. Water temperature and dissolved oxygen
(DO) levels were measured daily using a WT'W Multi3420 salinity and temperature probe, and a Eutech DO
6 + Portable Dissolved Oxygen Meter using a 1-point calibration mode (mg/L) (Supplementary Table 1).

The same method was followed for the extreme MHW but with a higher temperature range (29-38 °C). For
Sydney rock and Pacific oysters, there were 10 temperature intervals from 29 to 38 °C with intervals of 1 °C
(Table 1). Each temperature had four replicate vials with five oyster juveniles in each, giving a total of 200 oysters
(Table 1). While upper temperatures were high, they were within the tolerance limits of oysters previously tested
for short periods of aerial exposure®. Experiment duration was approximately a week, or six and five days for
the Sydney rock and Pacific oyster respectively.

Statistical analyses

Data on shell size for Sydney rock and Pacific oysters were analysed with a single factor Analysis of Variance
(ANOVA) with temperature as a fixed factor. Data were also checked and confirmed to meet heterogeneity of
variances and normal distributions, critical assumptions of ANOVA!?. Cox’s proportional hazard regression
model was also used to determine the risk of the hazard of mortality across temperature ranges and days, until
day 5 using the “Survminer” package. A Forrest plot was created to visually represent the hazard ratio. All LT,
values were determined for each oyster species by calculating a Generalised Linear Model (GLM) with a binomial
distribution using survival data from days 3 and 5 in the extreme MHW (MASS package'"') data analyses were
done using RStudio 4.2.3'2,

Data availability
The datasets used and or analysed in this study are available from the corresponding author on reasonable
request.

Received: 1 April 2024; Accepted: 28 August 2024
Published online: 05 September 2024

References

1. Fox-Kemper, B. et al. Ocean, Cryosphere and Sea Level Change. In Climate Change 2021: The Physical Science Basis. Contribution
of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change (eds Masson- Delmotte, V.
et al.) (Cambridge University Press, 2021).

2. IPCC. Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of
the Intergovernmental Panel on Climate Change (eds Masson-Delmotte, V., Zhai, P, Pirani,A., Connors, S.L., Péan, C., Berger,
S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M.L, Huang, M., Leitzell, K., Lonnoy, E., Matthews, ].B.R., Maycock, T.K., Waterfield,
T., Yelekgi, O., Yu, R. & Zhou, B.). Cambridge University Press, In press. https://doi.org/10.1017/9781009157896 (2021).

3. Prezslawski, R., Ahyong, S., Byrne, M., Worheide, G. & Hutchings, P. Beyond corals and fish: The effects of climate change on
noncoral benthic invertebrates of tropical reefs. Glob. Chang. Biol. 14(12), 2773-2795. https://doi.org/10.1111/j.1365-2486.2008.
01693.x (2008).

4. Doney, S. C. et al. Climate change impacts on marine ecosystems. Annu. Rev. Mar. Sci. 4(1), 11-37. https://doi.org/10.1146/
annurev-marine-041911-111611 (2012).

5. Hobday, A.J. et al. A hierarchical approach to defining marine heatwaves. Prog. Oceanogr. 141, 227-238. https://doi.org/10.
1016/j.pocean.2015.12.014 (2016).

6. van Oldenborgh, G.J.,, Otto, E. E. L., Haustein, K. & Cullen, H. Climate change increases the probability of heavy rains like those
of storm Desmond in the UK—an event attribution study in near-real time. Hydrol. Earth Syst. Sci. Discuss. 12, 13197-13216.
https://doi.org/10.5194/hessd-12-13197-2015 (2015).

7. Oliver, E. C.]. et al. Longer and more frequent marine heatwaves over the past century. Nat. Commun. 9, 1324. https://doi.org/
10.1038/s41467-018-03732-9 (2018).

8. Chen, H. & Sun, J. Anthropogenic warming has caused hot droughts more frequently in China. J. Hydrol. 544, 306-318. https://
doi.org/10.1016/j.jhydrol.2016.11.044 (2017).

9. Garrabou, J. et al. Mass mortality in Northwestern Mediterranean rocky benthic communities: Effects of the 2003 heat wave.
Glob. Chang. Biol. 15,1090-1103. https://doi.org/10.1111/j.1365-2486.2008.01823.x (2009).

10. Pearce, A. F. & Feng, M. The rise and fall of the “Marine Heat Wave” off Western Australia during the summer of 2010/2011. J.
Mar. Syst. 111-112, 139-156. https://doi.org/10.1016/j.jmarsys.2012.10.009 (2013).

11. Smale, D. A. & Wernberg, T. Ecological observations associated with an anomalous warming event at the Houtman Abrolhos
Islands, Western Australia. Coral Reefs 31, 441-441. https://doi.org/10.1007/s00338-012-0873-4 (2012).

12. Arias-Ortiz, A. et al. A marine heatwave drives massive losses from the world’s largest seagrass carbon stocks. Nat. Clim. Change.
8, 338-344. https://doi.org/10.1038/s41558-018-0096-y (2018).

13. Kendrick, G. A. et al. A systematic review of how multiple stressors from an extreme event drove ecosystem-wide loss of resilience
in an iconic seagrass community. Front. Mar. Sci. 6, 455 (2019).

14. Cavole, L. M. et al. Biological impacts of the 2013-2015 warm-water anomaly in the Northeast Pacific: Winners, losers, and the
future. Oceanography 29, 273-285 (2016).

15. Shanks, A. L. et al. Marine heat waves, climate change, and failed spawning by coastal invertebrates. Limnol. Oceanogr. 65,
627-636. https://doi.org/10.1002/In0.11331(2019) (2020).

16. Hughes, T. P. et al. Global warming and recurrent mass bleaching of corals. Nature 543, 373-377. https://doi.org/10.1038/natur
€21707 (2017).

17. Kajtar, J. B., Holbrook, N. J. & Hernaman, V. A catalogue of marine heatwave metrics and trends for the Australian region. J.
South. Hemisph. Earth Syst. Sci. 71, 284-302. https://doi.org/10.1071/ES21014 (2021).

Scientific Reports |

(2024) 14:20688 | https://doi.org/10.1038/s41598-024-71534-9 nature portfolio


https://doi.org/10.1017/9781009157896
https://doi.org/10.1111/j.1365-2486.2008.01693.x
https://doi.org/10.1111/j.1365-2486.2008.01693.x
https://doi.org/10.1146/annurev-marine-041911-111611
https://doi.org/10.1146/annurev-marine-041911-111611
https://doi.org/10.1016/j.pocean.2015.12.014
https://doi.org/10.1016/j.pocean.2015.12.014
https://doi.org/10.5194/hessd-12-13197-2015
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1016/j.jhydrol.2016.11.044
https://doi.org/10.1016/j.jhydrol.2016.11.044
https://doi.org/10.1111/j.1365-2486.2008.01823.x
https://doi.org/10.1016/j.jmarsys.2012.10.009
https://doi.org/10.1007/s00338-012-0873-4
https://doi.org/10.1038/s41558-018-0096-y
https://doi.org/10.1002/lno.11331(2019)
https://doi.org/10.1038/nature21707
https://doi.org/10.1038/nature21707
https://doi.org/10.1071/ES21014

www.nature.com/scientificreports/

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Hughes, T. P. et al. Global warming transforms coral reef assemblages. Nature 556(7702), 492-496. https://doi.org/10.1038/
541586-018-0041-2 (2018).

Li, X. & Donner, S. D. Lengthening of warm periods increased the intensity of warm-season marine heatwaves over the past 4
decades. Clim. Dyn. 59, 2643-2654. https://doi.org/10.1007/s00382-022-06227-y (2022).

Frolicher, T. L., Fischer, E. M. & Gruber, N. Marine heatwaves under global warming. Nature 560, 360-364. https://doi.org/10.
1038/s41586-018-0383-9 (2018).

Wernberg, T. et al. An extreme climatic event alters marine ecosystem structure in a global biodiversity hotspot. Nat. Clim.
Chang. 3(1), 78-82. https://doi.org/10.1038/nclimate1627 (2013).

Leggat, W. P. et al. Rapid coral decay is associated with Marine Heatwave mortality events on reefs. Curr. Biol. 29(16), 2723-2730.
e4. https://doi.org/10.1016/j.cub.2019.06.077 (2019).

Smith, K. E. et al. Biological impacts of Marine Heatwaves. Annu. Rev. Mar. Sci. 15(1), 119-145. https://doi.org/10.1146/annur
ev-marine-032122-121437 (2023).

Cheng, Y. et al. A quantitative analysis of Marine Heatwaves in response to rising sea surface temperature. Sci. Total Environ.
881, 163396-163396. https://doi.org/10.1016/j.scitotenv.2023.163396 (2023).

Grabowski, J. H. et al. Economic valuation of ecosystem services provided by oyster reefs. Bioscience 62(10), 900-909. https://
doi.org/10.1525/bi0.2012.62.10.10 (2012).

Colombo, S. M. Climate change is impacting nutritional security from seafood. Nat. Clim. Chang. 13(11), 1166-1167. https://
doi.org/10.1038/s41558-023-01823-0 (2023).

Caputi, N. et al. Management adaptation of invertebrate fisheries to an extreme marine heat wave event at a global warming hot
spot. Ecol. Evol. 6, 3583-3593. https://doi.org/10.1002/ece3.2137 (2016).

Ugalde, S. C,, Preston, J., Ogier, E. & Crawford, C. Analysis of farm management strategies following herpesvirus (OsHV-1)
disease outbreaks in Pacific oysters in Tasmania, Australia. Aquaculture 495, 179-186. https://doi.org/10.1016/j.aquaculture.
2018.05.019 (2018).

Green, T. J. et al. Simulated Marine Heat Wave alters abundance and structure of Vibrio populations associated with the Pacific
oyster resulting in a mass mortality event. Microb. Ecol. 77, 736-747. https://doi.org/10.1007/s00248-018-1242-9 (2019).
Siboni, N. et al. Increased abundance of potentially pathogenic Vibrio and a marine heatwave co-occur with a Pacific oyster
summer mortality event. Aquaculture 583, 740618. https://doi.org/10.1016/j.aquaculture.2024.740618 (2024).

FAO. The State of World Fisheries and Aquaculture 2022. Towards Blue Transformation. Rome, FAO. https://doi.org/10.4060/
cc0461en (2022).

Jones, C. G., Lawton, J. H. & Shachak, M. Organisms as ecosystem engineers. Oikos 69, 373-386. https://doi.org/10.2307/35458
50 (1994).

Esquivel-Muelbert, J. R. ef al. Juvenial variation in the biotic and abiotic filters of oyster recruitment: Implications for restoration.
J. Appl. Ecol. 59(4), 953-964. https://doi.org/10.1111/1365-2664.14107 (2022).

Humphries, A. T. et al. Directly measured denitrification reveals oyster aquaculture and restored oyster reefs remove nitrogen
at comparable high rates. Front. Mar. Sci. 3, 74. https://doi.org/10.3389/fmars.2016.00074 (2016).

McAfee, D., McLeod, I. M., Bostrom-Einarsson, L. & Gillies, C. L. The value and opportunity of restoring Australia’s lost rock
oyster reefs. Restor. Ecol. 28, 304-314. https://doi.org/10.1111/rec.13125 (2020).

Johnson, K. D. & Smee, D. L. Predators influence the tidal distribution of oysters (Crassostrea virginica). Mar. Biol. 161, 1557—
1564. https://doi.org/10.1007/s00227-014-2440-8 (2014).

Tolley, S. G. & Volety, A. The role of oysters in habitat use of oyster reefs by resident fishes and decapod crustaceans. J. Shellfish
Res. 24, 1007-1012. https://doi.org/10.2983/0730-8000(2005)24[1007:TROOIH]2.0.CO;2 (2005).

Wright, J. M., O’Connor, W. A, Parker, L. M. & Ross, P. M. Predation by the endemic whelk Tenguella marginalba (Blainville,
1832) on the invasive Pacific oyster Crassostrea gigas (Thunberg, 1793). Molluscan Res. 38, 130-136. https://doi.org/10.1080/
13235818.2017.1420397 (2018).

Beck, M. W. et al. Oyster reefs at risk and recommendations for conservation, restoration, and management. BioScience 61,
107-116. https://doi.org/10.1525/bi0.2011.61.2.5 (2011).

Gillies, C. L. et al. Conservation status of the oyster reef ecosystem of southern and Eastern Australia. Glob. Ecol. Con. 22, €00988.
https://doi.org/10.1016/j.gecco.2020.00988 (2020).

Ross, P. M., Parker, L., O’Connor, W. A. & Bailey, E. A. The impact of ocean acidification on reproduction, early development
and settlement of marine organisms. Water 3(4), 1005-1030. https://doi.org/10.3390/w3041005 (2011).

Cole, V. J. et al. Climate change alters shellfish reef communities: A temperate mesocosm experiment. Mar. Pollut. Bull. 173,
113113 (2021).

Sunday, J. M. et al. Species traits and climate velocity explain geographic range shifts in an ocean-warming hotspot. Ecol. Lett.
18(9), 944-953. https://doi.org/10.1111/ele.12474 (2015).

Butt, N. et al. A trait-based framework for assessing the vulnerability of marine species to human impacts. Ecosphere 13(2),
€3919 (2022).

Scanes, E. et al. Emerging diseases in Australian oysters and the challenges of climate change and uncertain futures. Aus. Zool.
https://doi.org/10.7882/AZ.2023.015 (2023).

Scanes, E. et al. Quantifying abundance and distribution of native and invasive oysters in an urbanised estuary. Aquat. Invasions
11, 425-436. https://doi.org/10.3391/ai.2016.11.4.07 (2016).

Hobday, A. J. & Pecl, G. T. Identification of global marine hotspots: Sentinels for change and vanguards for adaptation action.
Rev. Fish Biol. Fish. 24(2), 415-425. https://doi.org/10.1007/s11160-013-9326-6 (2014).

Finch, D. M., et al. Effects of Climate Change on Invasive Species. in Invasive Species in Forests and Rangelands of the United
States. (Springer, 2021). https://doi.org/10.1007/978-3-030-45367-1_4.

Hamdoun, A. M., Cheney, D. P. & Cherr, G. N. Phenotypic plasticity of HSP70 and HSP70 gene expression in the Pacific oyster
(Crassostrea gigas): Implications for thermal limits and induction of thermal tolerance. Biol. Bull. 205(2), 160-169. https://doi.
org/10.2307/1543236 (2003).

Rajagopal, S., Van der Gaag, M., Van der Velde, G. & Jenner, H. A. Upper temperature tolerances of exotic brackish-water mussel,
Mytilopsis leucophaeata (Conrad): An experimental study. Mar. Environ. Res. 60(4), 512-530. https://doi.org/10.1016/j.maren
vres.2005.02.002 (2005).

Miossec, L., Deuff, R. M. L. & Goulletquer, P. Alien species alert: Crassostrea gigas (Pacific oyster) (report). ICES Coop. Res. Rep.
https://doi.org/10.17895/ices.pub.5417 (2009).

De Marco, A. et al. Prolonged heat waves reduce the condition index and alter the molecular parameters in the Pacific oyster
Crassostrea gigas. Fish Shellfish Immunol. 133, 108518-108518. https://doi.org/10.1016/j.£51.2023.108518 (2023).

Diederich, S. Invasion of Pacific oysters (Crassostrea gigas) in the Wadden Sea: Competitive advantage over native mussels. PhD
thesis, Universitat kiel (2005).

Smaal, A. C., Kater, B. ]. & Wijsman, J. Introduction, establishment and expansion of the Pacific oyster Crassostrea gigas in the
Oosterschelde (SW Netherlands). Helgol. Mar. Res. 63, 75-83. https://doi.org/10.1007/s10152-008-0138-3 (2009).

Herbert, R.]. H. et al. Ecological impacts of non-native Pacific oysters (Crassostrea gigas) and management measures for protected
areas in Europe. Biodivers. Conserv. 25, 2835-2865. https://doi.org/10.1007/s10531-016-1209-4 (2016).

Scientific Reports |

(2024) 14:20688 |

https://doi.org/10.1038/s41598-024-71534-9 nature portfolio


https://doi.org/10.1038/s41586-018-0041-2
https://doi.org/10.1038/s41586-018-0041-2
https://doi.org/10.1007/s00382-022-06227-y
https://doi.org/10.1038/s41586-018-0383-9
https://doi.org/10.1038/s41586-018-0383-9
https://doi.org/10.1038/nclimate1627
https://doi.org/10.1016/j.cub.2019.06.077
https://doi.org/10.1146/annurev-marine-032122-121437
https://doi.org/10.1146/annurev-marine-032122-121437
https://doi.org/10.1016/j.scitotenv.2023.163396
https://doi.org/10.1525/bio.2012.62.10.10
https://doi.org/10.1525/bio.2012.62.10.10
https://doi.org/10.1038/s41558-023-01823-0
https://doi.org/10.1038/s41558-023-01823-0
https://doi.org/10.1002/ece3.2137
https://doi.org/10.1016/j.aquaculture.2018.05.019
https://doi.org/10.1016/j.aquaculture.2018.05.019
https://doi.org/10.1007/s00248-018-1242-9
https://doi.org/10.1016/j.aquaculture.2024.740618
https://doi.org/10.4060/cc0461en
https://doi.org/10.4060/cc0461en
https://doi.org/10.2307/3545850
https://doi.org/10.2307/3545850
https://doi.org/10.1111/1365-2664.14107
https://doi.org/10.3389/fmars.2016.00074
https://doi.org/10.1111/rec.13125
https://doi.org/10.1007/s00227-014-2440-8
https://doi.org/10.2983/0730-8000(2005)24[1007:TROOIH]2.0.CO;2
https://doi.org/10.1080/13235818.2017.1420397
https://doi.org/10.1080/13235818.2017.1420397
https://doi.org/10.1525/bio.2011.61.2.5
https://doi.org/10.1016/j.gecco.2020.e00988
https://doi.org/10.3390/w3041005
https://doi.org/10.1111/ele.12474
https://doi.org/10.7882/AZ.2023.015
https://doi.org/10.3391/ai.2016.11.4.07
https://doi.org/10.1007/s11160-013-9326-6
https://doi.org/10.1007/978-3-030-45367-1_4
https://doi.org/10.2307/1543236
https://doi.org/10.2307/1543236
https://doi.org/10.1016/j.marenvres.2005.02.002
https://doi.org/10.1016/j.marenvres.2005.02.002
https://doi.org/10.17895/ices.pub.5417
https://doi.org/10.1016/j.fsi.2023.108518
https://doi.org/10.1007/s10152-008-0138-3
https://doi.org/10.1007/s10531-016-1209-4

www.nature.com/scientificreports/

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

Molnar, J. L., Gamboa, R. L., Revenga, C. & Spalding, M. D. Assessing the global threat of invasive species to marine biodiversity.
Front. Ecol Environ. 6, 485-492. https://doi.org/10.1890/070064 (2008).

Faust, E. et al. Origin and route of establishment of the invasive Pacific oyster Crassostrea gigas in Scandinavia. Mar. Ecol. Prog.
Ser. 575, 95-105. https://doi.org/10.3354/meps12219 (2017).

Smaal, A., van Stralen, M. & Craeymeersch, J. Does the Introduction of the Pacific oyster Crassostrea gigas Lead to Species
Shifts in the Wadden Sea? In The Comparative Roles of Suspension-Feeders in Ecosystems, NATO Science Series IV: Earth and
Environmental Series (eds Dame, R. F. & Olenin, S.) 277-289 (Springer, 2005). https://doi.org/10.1007/1-4020-3030-4_16.
O’Hare, J. A., Momigliano, P, Raftos, D. A. & Stow, A. ]. Genetic structure and effective population size of Sydney rock oysters
in eastern Australia. Conserv. Genet. 22, 427-442. https://doi.org/10.1007/s10592-021-01343-4 (2021).

Nell, J. A. Farming the Sydney rock oyster (Saccostrea commercialis) in Australia. Rev. Fish. Sci. 1, 97-120. https://doi.org/10.
1080/10641269309388537 (1993).

Gibbs, M. et al. Extending conservation of coastal and oyster reef restoration for First Nations cultural revitalization. Conserv.
Biol. 37(6), e14158. https://doi.org/10.1111/cobi.14158 (2023).

Gibbs, M. C., Parker, L. M., Scanes, E. & Ross, P. M. Recognising the importance of shellfish to First Nations peoples, Indigenous
and Traditional Ecological Knowledge in aquaculture and coastal management in Australia. Mar. Freshwater Res. 75, MF23193
(2024).

Kirby, M. X. Fishing down the coast: Historical expansion and collapse of oyster fisheries along continental margins. Proc. Natl.
Acad. Sci. 101, 13096-13099. https://doi.org/10.1073/pnas.0405150101 (2004).

Lotze, H. K. et al. Depletion, degradation, and recovery potential of estuaries and coastal seas. Science 312, 1806-1809. https://
doi.org/10.1126/science.1128035 (2006).

Ogburn, D. M., White, I. & Mcphee, D. P. The disappearance of oyster reefs from eastern Australian estuaries—Impact of colonial
settlement or Mudworm invasion?. Coast Manag. 35, 271-287. https://doi.org/10.1080/08920750601169618 (2007).
O’Connor, W. A, Dove, M., & Finn, B. Sydney rock oysters: Overcoming constraints to commercial scale hatchery and nursery
production. Fish. Final Rep. Ser. (2008).

Schrobback, P, Pascoe, S. & Coglan, L. History, status and future of Australia’s native Sydney rock oyster industry. Aquat. Living
Resour. 27, 153-165. https://doi.org/10.1051/alr/2014011 (2014).

Parker, L. M., Ross, P. M. & O’Connor, W. A. Comparing the effect of elevated pCO, and temperature on the fertilization and
early development of two species of oysters. Mar. Biol. 157, 2435-2452. https://doi.org/10.1007/s00227-010-1508-3 (2010).
Scanes, E., Parker, L. M., O’Connor, W. A., Dove, M. C. & Ross, P. M. Heatwaves alter survival of the Sydney rock oyster, Sac-
costrea glomerata. Mar. Pollut. Bull. 158, 111389. https://doi.org/10.1016/j.marpolbul.2020.111389 (2020).

Gosselin, L. A. & Qian, P. Y. Juvenile mortality in benthic marine invertebrates. Mar. Ecol. Prog. Ser. 146(13), 265-282. https://
doi.org/10.3354/meps146265 (1997).

McAfee, D. & Connell, S. D. Cuing oyster recruitment with shell and rock: Implications for timing reef restoration. Restor. Ecol.
28(3), 506-511 (2020).

Thomas, Y. et al. Global change and climate-driven invasion of the Pacific oyster (Crassostrea gigas) along European coasts: A
bioenergetics modelling approach. J. Biogeogr. 43, 568-579. https://doi.org/10.1111/jbi.12665 (2016).

King, N. G. et al. Climate change accelerates range expansion of the invasive non-native species, the Pacific oyster, Crassostrea
gigas. ICES J. Mar. Sci. 78, 70-81. https://doi.org/10.1093/icesjms/fsaal89 (2021).

Girén-Pérez, M. 1. Relationships between innate immunity in bivalve molluscs and environmental pollution. Invert. Surviv. J.
7,149-156 (2010).

Diggles, B. Historical epidemiology indicates water quality decline drives loss of oyster (Saccostrea glomerata) reefs in Moreton
Bay, Australia. N. Z. J. Mar. Freshw. Res. 47, 561-581. https://doi.org/10.1080/00288330.2013.781511 (2013).

Ross, P. M., et al. Surviving the Anthropocene: The Resilience of Marine Animals to Climate Change. (eds. Hawkins. S. J., Russell,
B.D. & Todd, P. A.) Oceanogr. Mar. Biol. 61, 46 (2023).

Nell, J. A. & Holliday, J. E. Effects of salinity on the growth and survival of Sydney rock oyster (Saccostrea commercialis) and
Pacific oyster (Crassostrea gigas) larvae and juvenile. Aquaculture 68, 39-44. https://doi.org/10.1016/0044-8486(88)90289-X
(1988).

Brett, J. R. Energetic Responses of Salmon to Temperature. A Study of Some Thermal Relations in the Physiology and Freshwater
Ecology of Sockeye Salmon (Oncorhynchus nerka). Am. Zool. 11, 99-113. https://doi.org/10.1093/icb/11.1.99 (1971).
Stillman, J. H. Causes and consequences of thermal tolerance limits in rocky intertidal porcelain crabs, genus petrolisthes].
Integr. Comp. Biol. 42, 790-796. https://doi.org/10.1093/icb/42.4.790 (2002).

Krassoi, F. R., Brown, K. R., Bishop, M. J., Kelaher, B. P. & Summerhayes, S. Condition-specific competition allows coexistence
of competitively superior exotic oysters with native oysters. J. Anim. Ecol. 77, 5-15 (2008).

Scanes, E., Parker, L. M., O’Connor, W. A, Stapp, L. S. & Ross, P. M. Intertidal oysters reach their physiological limit in a future
high-CO, world. J. Exp. Biol. 220, 765-774. https://doi.org/10.1242/jeb.151365 (2017).

Portner, H. O. & Farrell, A. P. Physiology and climate change. Science 322, 690-692. https://doi.org/10.1126/science.1163156
(2008).

Portner, H. O., Peck, L. S. & Hirse, T. Hyperoxia alleviates thermal stress in the Antarctic bivalve, Laternula elliptica: Evidence
for oxygen limited thermal tolerance. Polar Biol. 29, 688-693. https://doi.org/10.1007/s00300-005-0106-1 (2006).

Seebacher, E, White, C. R. & Franklin, C. E. Physiological plasticity increases resilience of ectothermic animals to climate change.
Nat. Clim. Chang. 5, 61-66. https://doi.org/10.1038/nclimate2457 (2015).

Zhang, G. et al. The oyster genome reveals stress adaptation and complexity of shell formation. Nature 490, 49-54. https://doi.
org/10.1038/nature11413 (2012).

Powell, D. et al. The genome of the oyster Saccostrea offers insight into the environmental resilience of bivalves. DNA Res. 25,
655-665. https://doi.org/10.1093/dnares/dsy032 (2018).

Eierman, L. E. & Hare, M. P. Survival of oyster larvae in different salinities depends on source population within an estuary. J.
Exp. Mar. Biol. Ecol. 449, 61-68 (2013).

Gibbs, M. C. et al. Adult exposure to ocean acidification and warming leads to limited beneficial responses for oyster larvae.
ICES J. Mar. Sci. 78, 2017-2030. https://doi.org/10.1093/icesjms/fsab071 (2021).

Nell, J. A. The history of oyster farming in Australia. Mar. Fish. Rev. 63, 14-25 (2001).

Scanes, E., Siboni, N., Rees, B. & Seymour, J. R. Acclimation in intertidal animals reduces potential pathogen load and increases
survival following a heatwave. iScience 26, 106813. https://doi.org/10.1016/j.isci.2023.106813 (2023).

Diederich, et al. Introduced Pacific oysters (Crassostrea gigas) in the northern Wadden Sea: Invasion accelerated by warm sum-
mers?. Helgol. Mar. Res. 59, 97-106. https://doi.org/10.1007/s10152-004-0195-1 (2005).

Overton, K., Dempster, T., Swearer, S. E., Morris, R. L. & Barrett, L. T. Aerial exposure tolerance of juvenile flat oysters (Ostrea
angasi) depends on shell length and air temperature. Restor. Ecol. 32(1), e14047. https://doi.org/10.1111/rec.14047 (2024).
Heo, J. M. et al. Impact of exposure temperature rise on mass mortality of tidal flat Pacific oysters. Front. Mar. Sci. 10, 1275521.
https://doi.org/10.3389/fmars.2023.1275521 (2023).

Department of Primary Industries, New South Wales Pacific oyster Survey 2010. Department of Primary Industries, Port Ste-
phens (2012).

Scientific Reports |

(2024) 14:20688 |

https://doi.org/10.1038/s41598-024-71534-9 nature portfolio


https://doi.org/10.1890/070064
https://doi.org/10.3354/meps12219
https://doi.org/10.1007/1-4020-3030-4_16
https://doi.org/10.1007/s10592-021-01343-4
https://doi.org/10.1080/10641269309388537
https://doi.org/10.1080/10641269309388537
https://doi.org/10.1111/cobi.14158
https://doi.org/10.1073/pnas.0405150101
https://doi.org/10.1126/science.1128035
https://doi.org/10.1126/science.1128035
https://doi.org/10.1080/08920750601169618
https://doi.org/10.1051/alr/2014011
https://doi.org/10.1007/s00227-010-1508-3
https://doi.org/10.1016/j.marpolbul.2020.111389
https://doi.org/10.3354/meps146265
https://doi.org/10.3354/meps146265
https://doi.org/10.1111/jbi.12665
https://doi.org/10.1093/icesjms/fsaa189
https://doi.org/10.1080/00288330.2013.781511
https://doi.org/10.1016/0044-8486(88)90289-X
https://doi.org/10.1093/icb/11.1.99
https://doi.org/10.1093/icb/42.4.790
https://doi.org/10.1242/jeb.151365
https://doi.org/10.1126/science.1163156
https://doi.org/10.1007/s00300-005-0106-1
https://doi.org/10.1038/nclimate2457
https://doi.org/10.1038/nature11413
https://doi.org/10.1038/nature11413
https://doi.org/10.1093/dnares/dsy032
https://doi.org/10.1093/icesjms/fsab071
https://doi.org/10.1016/j.isci.2023.106813
https://doi.org/10.1007/s10152-004-0195-1
https://doi.org/10.1111/rec.14047
https://doi.org/10.3389/fmars.2023.1275521

www.nature.com/scientificreports/

95. Hobday, A. J. et al. Categorizing and naming marine heatwaves. Oceanography 31(2), 162-173. https://doi.org/10.5670/ocean
0g.2018.20 (2018).

96. Ewere, E. E. et al. Marine heatwaves have minimal influence on the quality of adult Sydney rock oyster flesh. Sci. Total Environ.
795, 148846-148846. https://doi.org/10.1016/j.scitotenv.2021.148846 (2021).

97. O’Connor, W. A. & Dove, M. C. The changing face of oyster culture in New South Wales, Australia. J. Shellfish Res. 28(4), 803-811.
https://doi.org/10.2983/035.028.0409 (2009).

98. Wiltshire, K. Ecophysiological tolerances of the Pacific oyster Crassotrea gigas, with regard to the potential spread of populations
in South Australian waters. SARDI Aquatic Sciences Publication Number F2007/000499-1. SARDI Report Series Number 222
(2007).

99. Bougrier, S. et al. Allometric relationships and effects of temperature on clearance and oxygen consumption rates of Crassostrea
gigas (Thunberg). Aquaculture 134, 143-154. https://doi.org/10.1016/0044-8486(95)00036-2 (1995).

100. Underwood, A. J. Experiments in Ecology?: Their Logical Design and Interpretation Using Analysis of Variance, p 504 (Cam-
bridge University, 1997).

101. Ripley, B. et al. Package ‘mass. Cran r 538, 113-120 (2013).

102. R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria.
URL https://www.R-project.org/ (2022).

Acknowledgements

We want to thank Tony Troupe and Rob Redmayne for generously supplying the oysters used in this study. We
also wish to thank the Department of Primary Industries, Laura Parker and Greg Kent for the algae cultures
and Port Stephens bus transport to Central station at urgent times! We thank Paulina Selvakumaraswamy for
her continuous help in the laboratory and Matthew Clements for his many journeys to the Sydney Institute of
Marine Science for the seawater.

Author contributions

All authors designed the experiment. M.B. provided the equipment and resources required for the experiment.
N.H. and PM.R. performed the experiment. N.H. and E.S. conducted the analysis and created the figures. N.H.
and PM.R. led the writing and the revision of the manuscript. All authors read, revised and approved the final
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-71534-9.

Correspondence and requests for materials should be addressed to PM.R.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© Crown 2024

Scientific Reports |

(2024) 14:20688 | https://doi.org/10.1038/s41598-024-71534-9 nature portfolio


https://doi.org/10.5670/oceanog.2018.20
https://doi.org/10.5670/oceanog.2018.20
https://doi.org/10.1016/j.scitotenv.2021.148846
https://doi.org/10.2983/035.028.0409
https://doi.org/10.1016/0044-8486(95)00036-2
https://www.R-project.org/
https://doi.org/10.1038/s41598-024-71534-9
https://doi.org/10.1038/s41598-024-71534-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Ocean warming and Marine Heatwaves unequally impact juvenile introduced and native oysters with implications for their coexistence and future distribution
	Results
	Sydney rock oyster
	Pacific oyster
	Thermal performance between species

	Discussion
	Methods
	Organism and maintenance
	OW and MHW
	Statistical analyses

	References
	Acknowledgements


