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Context  Oysters have ecological and economic importance worldwide because they provide 
ecosystem services and sustain profitable aquaculture industries. Calcifying bivalves including oysters 
have been found to be sensitive to ocean warming and acidification caused by anthropogenic climate 
change. Aims. This study tested whether adult wild Sydney rock oysters, Saccostrea glomerata, have
resilience and can maintain sufficient scope for growth or are pushed into a suboptimal state. 
Methods. Oysters were exposed to elevated pCO2 (335 and 857 μatm) and temperature (24 and 28°C) 
in an orthogonal design for 5 weeks. At the end of the exposure, growth, condition index, clearance, ingestion 
and absorption efficiency and rates were measured and scope for growth calculated. Key results. Sydney 
rock oysters responded to elevated pCO2 and temperature with no change in overall growth 
or condition index, but with significantly increased metabolic, clearance, ingestion, and absorption 
rates and positive scope for growth. Conclusions. Our results indicated that adult S. glomerata can 
cope with the moderate level of climate-change stress predicted for 2100, through increased standard 
metabolic rate and increased energetic processes. Implications. If food availability becomes limiting, 
and other environmental stressors interact with climate change stressors, then resilience thresholds 
maybe breached for this economically, ecologically and indigenous significant and iconic oyster species. 
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Anthropogenic disturbance to the earth’s climate system is causing alterations to the 
physical and chemical properties of the world’s oceans, habitats and biodiversity (Arias et al. 
2021; Fox-Kemper et al. 2021; Lee et al. 2021; Pörtner et al. 2023). Climate change has 
altered seawater chemistry and surface-ocean pH has decreased by ~0.1 units compared 
with that in pre-industrial times in a process known as ocean acidification (OA) (Doney 
et al. 2009; Hoegh-Guldberg and Bruno 2010). Alterations of the partial pressure of CO2

(pCO2), have directly influenced the concentration of carbonate ions, and calcite and 
aragonite saturation states and pH (Doney et al. 2009). 

Impacts of OA on marine life have been widely reported (Kroeker et al. 2010; Riebesell 
and Gattuso 2015; Ross et al. 2023, 2024), including on feeding (Fernández-Reiriz et al. 
2011; Ross et al. 2011; Vargas et al. 2013), homeostasis and acid–base status (Melzner et al. 
2009), energy budgets and basal metabolism (Parker et al. 2015, 2024; Pereira et al. 2019) 
and growth and calcification (Ries et al. 2009; Chan et al. 2013; Gazeau et al. 2013; Wright 
et al. 2014; Byrne and Fitzer 2019; Ross et al. 2023, 2024). In addition to OA, emissions of 
CO2 are causing ocean warming (OW), a pervasive stressor that will also affect marine 
organisms in many ways (Schulte 2015; Hobday et al. 2016, 2023). Studies evaluating 
the effect of OW predicted for the end of this century have reported impacts on feeding 
behaviour, growth, metabolism, biomineralisation and survivorship of a range of species 
(Ivanina et al. 2013; Ramajo et al. 2016a, 2016b; Wernberg et al. 2016, 2024; Pereira 
et al. 2020, 2024) or no impact (Lemasson et al. 2017; Ewere et al. 2021), implying 
resilience to OW in short term exposures. 
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When combined, OA and OW are predicted to interact in 
synergistic, antagonistic or additive ways (Folt et al. 1999; 
Parker et al. 2009; Byrne 2011; Byrne and Przeslawski 
2013; Przeslawski et al. 2015; Riebesell and Gattuso 2015) 
or have little impact (Lemasson et al. 2017; Ewere et al. 
2021). Synergistic impacts are when the combined effect of 
stressors is greater than the sum of individual impacts, 
whereas antagonistic impacts are when the combined impact 
is less than the sum of individual impacts. By contrast, 
additive impacts are when the combined impact is equal to 
the sum of individual impacts. In an early meta-analysis, 
Byrne and Przeslawski (2013) found that additive or antagonistic  
effects of OA and OW were the most common in 16 of 20 
species studied. However, a later, more robust meta-analysis 
suggested that synergistic impacts (65% of individual tests) 
were more common than additive (17%) or antagonistic 
(17%) interactions in vulnerable early life-history stages 
(Przeslawski et al. 2015). Understanding how OA and OW will 
interact together and whether they will be synergistic and 
increase, be additive or be antagonistic and decrease to ameliorate 
the severity of impacts on marine species requires further 
investigation (Somero 2010; Byrne and Przeslawski 2013; 
Ewere et al. 2021; Ross et al. 2023). 

It is known that bivalves, such as mussels and oysters, are at 
‘very high risk’ to the impacts of climate change (Kroeker et al. 
2010, 2013; Ross et al. 2011, 2024; Gattuso et al. 2015; Neokye 
et al. 2024a, 2024b). Several meta-analyses have reported 
studies with negative effects of OA and OW on calcifying 
bivalves, with oysters being identified as particularly vulnerable 
(Kroeker et al. 2013; Leung et al. 2022; Ross et al. 2023, 2024). 
Climate change has been found to decrease the growth and 
calcification and increase the metabolic rate of adult oysters 
(Beniash et al. 2010; Wright et al. 2014; Lemasson et al. 2017; 
Parker et al. 2024), and increase the abnormality, mortality 
and metabolic rates of larval oysters (Parker et al. 2012, 
2015, 2017). Such changes are a concern because many 
bivalves have key ecological and foundational roles in coastal 
areas, being habitat and reef-forming species and providing 
important ecosystem services (Coen et al. 2007; Grabowski 
and Peterson 2007; Beck et al. 2009, 2011; Lemasson et al. 
2017; Wernberg et al. 2024). In many countries, bivalves 
are also important aquaculture species with indigenous 
significance (Trevino˜ et al. 2020; Peng et al. 2021; Valenti 
et al. 2021; Gibbs et al. 2023, 2024). 

Studies have also found that OA as a sole stressor can alter a 
range of physiological processes to reduce the feeding rates 
of bivalves (Clements and Darrow 2018), increase standard 
metabolic rate (SMR) (Beniash et al. 2010, Crassostrea virginica; 
Parker et al. 2015  and Scanes et al. 2017, S. glomerata) 
and alter immune response (Wu et al. 2016, Mytilus coruscus). 
For example, OA reduced the feeding rates and nutrient intake of 
the grooved carpet clam (Ruditapes decussatus) a  species also  
under pressure from harvesting, loss of habitat, pollution 
and hypoxia (Fernández-Reiriz et al. 2011). Similarly, when 
the oyster (Crassostrea gigas) was exposed to OA in Sanggou 

Bay, China, a decrease in their scope for growth was observed 
(Jiang et al. 2021). Sokolova et al. (2011) proposed the concept 
of energy-limited tolerance to stress to explain and predict the 
long-term persistence of species exposed to multiple climate-
change stressors. Sokolova et al. (2011)  described that the 
aerobic scope of species can decrease from an optimal state 
where the aerobic scope is at its maximum, covering basal 
energetic costs, growth and reproduction, to a suboptimal (pejus 
range), close to null (pessimum range) and then, ultimately, to a 
state where aerobic scope becomes negative at increasing levels 
of environmental stress. Using this energetic framework, the 
aerobic scope of populations during exposure to moderate 
stress can be conceived to exist at suboptimal or pejus level, 
when the aerobic scope is positive, but lower than optimal 
conditions (Sokolova 2013). Sokolova (2013) stated a reduction 
in aerobic scope from four areas, including (1) an increased cost 
of basal metabolism, (2) activation of mechanisms for protection 
and repair, (3) reduced food assimilation, and (4) impacts on 
ATP production (Sokolova 2013, p. 597). When environmental 
stress remains long enough, the aerobic scope of the organism 
can disappear as they enter the pessimum range, which prevents 
consistent growth and reproduction. 

To maintain basal metabolism, marine organisms depend 
on food, which is captured, absorbed and converted to stored 
energy (Kooijman 2009). When OA and OW affect feeding, 
including ingestion and digestion, this can negatively affect 
marine organisms and potentially provide less capacity to 
withstand stress (Clements and Darrow 2018). How much 
an organism can metabolise will also directly influence how 
much individuals grow, invest in gametes, compete and 
endure adverse conditions. Whereas reduced absorption of 
food can push bivalves into the pejus range (Sokolova 2013), 
faster and more efficient feeding may balance energetic 
demands (Pörtner and Farrell 2008; Melzner et al. 2009, 
2011; Hettinger et al. 2013; Thomsen et al. 2013). 

An iconic, indigenous, culturally significant bivalve along 
the south-eastern Australian coast is the native Sydney rock 
oyster (Saccostrea glomerata), where it forms extensive 
biogenic reefs (Gillies et al. 2018) and supports an aquaculture 
industry and secondary sector worth A$430,000,000 year –1 

and 1758 full-time jobs (Barclay et al. 2016). There are 
reasonable concerns about whether S. glomerata will survive 
as an aquacultural species until the end of the century. 
Studies have found that early life stages of this species are 
highly vulnerable to climate-change stressors, including OA 
and OW (Parker et al. 2009, 2010; Ross et al. 2024), but that 
parental exposure to OA can improve their response (Parker 
et al. 2012; Ross et al. 2024). Recent studies on the impact 
of both OA and OW on the resilience of selectively bred 
family lines of S. glomerata found that some family lines had 
resilience and a capacity to maintain their aerobic scope 
(Parker et al. 2024). However, it is not known whether wild 
oysters, which have not been selectively bred, have a capacity 
to maintain aerobic scope and energetic demands in response 
to OA and OW. 

2 

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
c
o
n
n
e
c
t
s
c
i
.
a
u
/
m
f
/
a
r
t
i
c
l
e
-
p
d
f
/
d
o
i
/
1
0
.
1
0
7
1
/
M
F
2
5
2
2
0
/
1
8
6
6
6
1
0
/
m
f
2
5
2
2
0
.
p
d
f
 
b
y
 
U
n
i
v
e
r
s
i
t
y
 
O
f
 
S
y
d
n
e
y
 
u
s
e
r
 
o
n
 
1
4
 
M
a
y
 
2
0
2
6



www.publish.csiro.au/mf Marine and Freshwater Research 77 (2026) MF25220 

The aim of this study was to determine the combined 
impact of OA and OW on the scope for growth (SFG) as a 
measure of the energy available for growth and other fitness-
sustaining processes, for example, reproduction (Parker et al. 
2024) of non-selectively bred, i.e. naturally occurring or wild 
adult S. glomerata oysters, including whether OA and OW 
affect in synergistic, additive or antagonistic ways. Previous 
studies have mainly focused on the impact of OA and OW 
on larvae or adult S. glomerata, which have been selectively 
bred to have resilience to environmental stress. This study 
tested whether levels of OA and OW predicted for 2100 
will push wild adult oysters beyond optimal physiological 
performance into a suboptimal pejus state. We have no 
knowledge of climate-change resilience, scope for growth 
(SFG), and overall physiological impact on wild, naturally 
occurring adult Sydney rock oysters. This is alarming, given 
the ecosystem-services role of oysters and oyster reefs and that 
any physiological impairment will have cascading impacts on 
estuarine water quality, fisheries productivity, and coastal 
climate resilience. 

Materials and methods 

It was hypothesised that elevated pCO2 (867 μatm) and 
temperature (+4°C) will have a synergistic and negative 
impact on growth, condition index and SFG of wild adult 
Sydney rock oysters. Concentrations of elevated pCO2 and 
temperature in this study were selected for sea-surface 
temperatures (SSTs) that are predicted to rise by 2.01–4.07°C 
(shared socio-economic pathway SSP5–8.5) and for water pH 
to be 0.45 pH units lower than the present-day levels by the 
Year 2100 (Fox-Kemper et al. 2021; Lee et al. 2021). 

Animals and laboratory set-up 
Naturally caught, wild adult Saccostrea glomerata (mean shell 
height 84.99 ± s.e. 7.27 mm, n = 180) were sourced from 
Holbert’s (32.7221°S, 152.0676°E) and Diemer’s (32.724°S, 
152.065°E) oyster farms in Port Stephens, New South Wales 
(NSW), Australia during Austral winter 2017. Both suppliers 
grow oysters in Cromarty Bay, Port Stephens, NSW, Australia. 
Oysters were transported to the Department of Primary 
Industries and Regional Development (DPIRD) Port Stephens 
Fisheries Institute (PSFI), Taylors Beach, NSW (32.7460°S, 
152.0595°E). 

On arrival, oysters were cleaned of epifauna, divided, and 
placed in 12 40-L tubs with 1-μm-filtered seawater (pHNBS, 
8.3; ambient temperature, 18°C) supplied by an aquarium 
pump from a 750-L header tank for 2 weeks. Oysters were fed 
ad libitum two times per day, with a mixture of four species of 
microalgae, namely, Tisochrysis lutea (25%), Tetraselmis chui 
(25%), Diacronema lutheri (25%) and Chaetoceros muelleri 
(25%), at a concentration of 2 × 109 cells oyster−1 day–1 

(Leica 400×). Algae were cultivated at the facilities of PSFI 
and feeding commenced from Day 1 until the end of the 

experiment. To determine the combined impact of OA and 
OW on S. glomerata, there were two temperatures and two 
pCO2 treatments. The temperature treatments were control 
at 24°C and elevated at 28°C and pCO2 concentrations were 
control 335 μatm and elevated pCO2 of 857 μatm, in an 
orthogonal design with a total of 12 tanks (three replicates 
per treatment). These treatments (24°C; 335 μatm) were based 
on the condition currently experienced by S. glomerata in Port 
Stephens (15–26°C) in Australia (natural) (Wolf and Collins 
1979) and elevated temperatures predicted for oceanic change in 
temperature and pH (Hobday et al. 2006; Lee and Romero 2023). 

Oysters were placed into 12 independent tanks, with 
seawater supplied by header tanks with a volume of 750 L 
by using an aquarium pump to smaller 40-L tanks at a flow 
rate of 3 L min−1 in a recirculating system. Fifteen oysters 
were randomly allocated to each of 12 tanks (total of 180 
oysters, Table 1). The seawater was changed every 2 days. 
To reach the desired elevated pCO2 treatment (857 μatm), a 
negative feedback system consisting of a pH controller 
(Aqua Medic, Aqacenta Pty Ltd, Kingsgrove, Sydney, NSW, 
Australia; accuracy ±0.01 pH units), connected to a pH 
probe dipped into the header tank and to a solenoid valve 
(Aqua Medic Electronic shut-off valve for CO2-standard), was 
used. The solenoid valve was connected to a food-grade CO2 

cylinder (BOC Australia) and CO2 gas was introduced through 
an air stone into the tank accordingly with the pre-set pH 
value on the pH controller. This CO2 system has been used 
previously by Parker et al. (2012, 2015) for OA experiments. 

Oysters were acclimated to temperature and pH treatments 
to reach the desired levels across two weeks. The pH of 
seawater was reduced by 0.05 units per day for 8 days 
(final pH 7.94, ~857 μatm) to reach the desired elevated 
pCO2 conditions. Once the pH reached the desired value, 
the temperature of the tanks was gradually changed to reach 
the control temperature of 24°C and elevated temperature of 
28°C, by placing waterproof heaters with thermostats (Titan 
heavy duty aquarium heater 1500 W) in the header tank. For 
both control and elevated temperature treatments, temperature 

Table 1. Number of oysters used in each experiment. 

Variable Oysters per 
replicate tank 

Oysters per Oysters total 
treatment 

Growth 3 9 (Day 1) + 9 
(Day 35) 

36 (Day 1) + 36 
(Day 35) 

Condition index 6 18 72 

SMR 3 9 36 

Clearance and 
ingestion rates 

3  9  36  

Absorption rates 2 6 24 

Subtotal 168 

SFG 2 6 24 

Total oysters in 
experiment 

180 
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was increased from 18 to 20°C by increasing 1°C day–1. 
Following this, for control temperature replicates, an increase 
of 0.5°C day–1 was used to reach 24°C. For elevated 
temperature replicates, temperature was increased 1°C per 
day to reach 28°C, resulting in tanks reaching treatment 
conditions at the same time. This took 11 days in total for 
each treatment. From this date, oysters were exposed to 
treatments for 5 weeks. Temperature and pH were monitored 
daily. All oysters were photographed at the beginning of the 
experiment for individual identification. 

Seawater chemistry 
Samples of seawater were collected once a week for total 
alkalinity (TA) and pH total measurements (n = 5). Total 
alkalinity was measured in triplicate by Gran titration (for 
more details, see Parker et al. 2012). The values for TA, pH 
and salinity were entered in the program CO2SYS (ver. 
1.04, see https://www.ncei.noaa.gov/access/ocean-carbon-
acidification-data-system/oceans/CO2SYS/co2rprt.html# 
aboutco2sys; Lewis and Wallace 1998) for calculation of other 
parameters of carbonate system (pCO2, Ωcalcite, Ωaragonite, 
DIC). The pH (pHNBS) of the tanks was measured daily by 
using a hand-held pH probe (pH electrode Sentix 940-3 pH2 
12/0-80C WTW) and pH was also measured in the total scale 
by using Tris buffer, following recommendations from 
Dickinson et al. (2012)  for data reporting (Table 2). 

Shell growth and condition index 
At the start (Day 1) and end of the experiment (Day 35), three 
oysters per tank were collected randomly from each tank 
and treatment, and shell height was measured with digital 
callipers (±0.01 mm). To determine shell growth, the initial 
mean shell height per tank was subtracted from the final 
mean height (three oysters per tank; total of 9 oysters per 
treatment and 36 oysters overall at Days 1 and 35 of the 
experiment (Table 1). The condition index (CI) of oysters 
was determined at the end of the experiment after 5 weeks. 
Six oysters per tank were used (18 oysters per treatment, 

total of 72) to calculate means. The body mass and shell of 
oysters were dried separately (60°C for 3 days) and weighed 
using a digital scale (±0.0001 g; Analytical Balance Sartorius 
Research). CI was calculated by the following formula (Lucas 
and Beninger 1985; Rainer and Mann 1992): 

Standard metabolic rate (SMR) 
The standard metabolic rate (SMR) of three oysters in each 
tank (9 oysters per treatment and 36 overall, Table 1) was 
measured after 5 weeks of experimental exposure following 
the methods used in Parker et al. (2012). To calculate SMR, 
oxygen consumption was measured by a closed respirometry 
system (OXY-10 PreSens, AS1 Ltd, Regensburg, Germany). 
One individual was placed in a sealed container (830-mL 
volume) of filtered seawater (1 μm) adjusted to the treatment 
conditions that oyster was kept in. Each container had a fibre 
optic O2 probe attached on top (PreSens dipping probe DP-
PSt3, AS1 Ltd). The probe was previously calibrated using 
two O2 concentration points (0 and 100% oxygen saturation 
of seawater). Twenty-four hours before individual respiration 
trials, oysters were gently cleaned and placed in filtered 
seawater without food (1 μm; adjusted to the corresponding 
treatment levels) to avoid noise from digestion processes. The 
time that individuals took to lower the oxygen concentration 
by 20% (1.29–1.38 mg O2 L–1) was recorded. A ‘blank’ 
container with only FSW was set up for each treatment to 
test for bacterial respiration; however, because the change in 
this chamber was negligible, it was not included in the VO2 
calculation. Containers were kept inside a water bath over the 
measurement period to maintain experimental temperatures 
(24 and 28°C). Following the procedure of Parker et al. (2012, 
2024), only the time that oysters are open and actively respiring 
was used to calculate SMR. At the end of trials, each oyster was 
then removed from the container and shucked to separate body 
tissues  and shell. The  tissuewas  then  dried  in an oven at 60°C for  
3 days to measure their constant dry body tissue and shell weight 

Table 2. Seawater chemistry results of laboratory exposure to elevated pCO2 (335 and 857 μatm) and temperature (24 and 28°C), separately and 
combined, over 5 weeks. 

Item Control Temperature pCO2 Combined temperature and pCO2 

pCO2 (μatm) 340.28 ± 1.65 331.51 ± 10.14 866.78 ± 3.70 848.82 ± 9.70 

Temperature (°C) 24 ± 0.5 28 ± 0.5 24 ± 0.5 28 ± 0.5 

Total alkalinity (μmol kg−1) 2449.10 ± 63.97 2471.74 ± 59.99 2482.31 ± 58.42 2467.48 ± 50.55 

pH total 8.12 ± 0.01 8.13 ± 0.01 7.78 ± 0.0097 7.79 ± 0.0097 

Salinity (ppm) 34.08 ± 0.15 34.08 ± 0.15 34.08 ± 0.15 34.08 ± 0.15 

DIC (μmol kg−1) 2096.57 ± 50.53 2069.97 ± 49.85 2313.66 ± 51.84 2269.02 ± 43.90 

ΩCa 6.09 ± 0.27 6.98 ± ± 0.26 3.28 ± 0.14 3.78 ± 0.14 

ΩAr 4.00 ± 0.18 4.64 ± 0.17 2.15 ± 0.09 2.51 ± 0.09 

Values are means and standard errors (s.e.) for the four tested treatments. Seawater was collected weekly for analysis. 
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CR = − Blank
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Vr × ΔCwO2SMR = 
Δt × bw 

ðF − EÞ
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� �
W standV stand = β × VmeasWmeas 
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in grams (±0.0001 g, Analytical Balance Sartorius Research). 
The following calculation for SMR was used: 

where SMR is the oxygen consumption normalised to 1 g 
of dry tissue mass (mg O2 g−1 dry tissue mass h−1), Vr is 
the volume of the respirometry chamber minus the 
volume of the oyster (L), ΔCwO2  is the change in water 
oxygen concentration measured (mg O2 L−1), Δt is measuring 
time (h) and bw is the dry tissue mass (g) of the oyster. 

Clearance and ingestion rates 
The clearance rates of three oysters per tank were measured 
(n = 9 oysters per treatment, Table 1). Oysters were selected at 
random from tanks, placed individually in a container with 3 L 
of filtered seawater (1 μm) and left undisturbed for 30 min 
before microalgae (T. lutea) were added. A small air stone 
bubbling air was added to the container to ensure mixing of 
algae. Microalgae were added to the container by using a 
pipette to reach an initial concentration of 10 × 104 cells mL−1. 
Samples of seawater (5 mL) from the experimental container 
were collected in duplicate at times of 0, 30 and 60 min after 
the addition of microalgae. Samples (5 mL) were collected 
with a micropipette and placed in a 120-mL vial with 4% 
formalin for quantification of microalgae concentration. 
Utmost care was taken to ensure the mixing of samples and 
microalgae cells were counted under a microscope by using 
a Neubauer chamber (Leica, 400×). The counting for total 
cell concentration was performed in duplicates and averaged. 
No pseudofaeces were observed during this experiment. A 
control container with no oyster was sampled to measure 
differences between initial concentration and final concentra-
tions of microalgae over trials. Only measurements from 
oysters that were visibly open during this experiment were 
used. Clearance rate (CR), being the volume of water cleared 
of algal cells per hour (L h–1), was calculated using an 
adaptation of the method of Coughlan (1969), as follows: 

where Cfinal is the final concentration of microalgae quantified 
after 60 min (L) and Cinitial is the initial concentration at 
quantified time zero (L); V is the volume of the container (L), 
t is the duration of the trial (h) and Blank is the difference in 
concentration of microalgae between time zero and time 
60 min. Only linear measurements (plot of food concentration 
over time) were used for statistical analysis. Ingestion rates 
(mg h–1) were calculated by multiplying clearance rate by 
food concentration in the experimental containers, following 
the methods of Bayne et al. (1999a) (n = 9). To remove any 
weight-dependent effects on physiological traits, clearance 
and respiration rate measurements were converted to a 

standard body size by applying the following formula and 
allometric exponents from Bayne et al. (1999b): 

where Vstand is the converted rate (g; for CR, L g−1 h−1; for rate 
of oxygen consumption, mg O2 g−1 h−1), Wstand is the standard 
weight (1.38 g), Wmeas is the weight measured (g), β is the 
appropriate allometric exponent (CR = 0.641; rate of oxygen 
consumption = 0.536) and Vmeas is the rate measured 
experimentally. 

Absorption efficiency (AE) and absorption rate (AR) 
To quantify the absorption efficiency of oysters, the efficiency 
with which organic matters from the food is injested and 
absorbed faeces produced during the clearance rate trials 
were carefully collected with a pipette from two oysters per 
replicate tank and six oysters per treatment, and filtered in 
pre-washed, dried and weighted GF/C filter papers. Filters 
containing samples were washed with 0.5 M of ammonium 
formate to remove sea salts. The filters containing the faeces 
were dried in an oven for 3 days at 60°C for measurement of 
the dry weight of faeces. The weight of pre-weighed filter 
papers was then subtracted from the total dry weight so as 
to have individual faeces dry weight. For the calculation of 
the ash-free dry weight (AFDW) of faeces, filters were dried 
in a muffle furnace at 450°C for 2 h and re-weighted (n = 6, 
N = 24). The food (microalga T. lutea) added for this experi-
ment was also filtered in pre-weighed GF/C filter papers at 
different concentrations (n = 50), dried for 3 days at 60°C 
and processed using the same method to calculate the ash-
free dry weight of faeces samples. Specific values of organic 
content of different amounts of food were calculated through 
regression equations (dry weight, r2 = 0.9283; and for AFDW, 
r2 = 0.83). Absorption efficiency was calculated following the 
method of Conover (1966): 

where F is the ratio of AFDW and dry weight of food and E is 
the ratio of AFDW and dry weight of faeces. Corrections with 
blanks were used over calculations as recommended by 
Widdows and Staff (2006). Absorption rates (AR, mg h−1) were  
calculated by multiplying values of absorption efficiency and 
the mean of ingestion rates per treatment. 

Scope for growth (SFG) 
The aerobic scope or Scope for Growth (SFG) was calculated 
using the following formula: 

SFG = ðIR × AEÞ − RR 

where IR is ingestion rate (mg g –1 h–1), AE is assimilation 
efficiency (%) and RR (mg O2 g –1 h–1) is respiration rate 

5 

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
c
o
n
n
e
c
t
s
c
i
.
a
u
/
m
f
/
a
r
t
i
c
l
e
-
p
d
f
/
d
o
i
/
1
0
.
1
0
7
1
/
M
F
2
5
2
2
0
/
1
8
6
6
6
1
0
/
m
f
2
5
2
2
0
.
p
d
f
 
b
y
 
U
n
i
v
e
r
s
i
t
y
 
O
f
 
S
y
d
n
e
y
 
u
s
e
r
 
o
n
 
1
4
 
M
a
y
 
2
0
2
6

www.publish.csiro.au/mf


R. R. C. Pereira et al. Marine and Freshwater Research 77 (2026) MF25220 

(on the basis of the methods used by Widdows 1985, Widdows 
and Johnson 1988, Widdows and Staff 2006 and Le Moullac 
et al. 2016). Physiological rates were converted to energy 
equivalents (J g–1 h–1) to allow the calculation of SFG. The 
conversions used were as follows: 14.1 J for 1 mg O2 and 
20.3 J for 1 mg of particulate organic matter (Bayne and Newell 
1983; Gnaiger 1983; Bayne et al. 1987). SFG (J g–1 h–1) was
calculated for two oysters per tank, for a total of six individual 
oysters per treatment (n = 2, N = 24). 

Data analysis 
Data analyses were performed using R software (ver. 4.6.0, R 
Foundation for Statistical Computing, Vienna, Austria, see 
https://www.r-project.org/) using the aov() function from 
the base R package. Response variables were analysed using 
either a two-way (for growth) or three-way (for all other 
variables) mixed-model ANOVA, following Underwood (1997), 
with pCO2 and temperature as fixed factors and tank as 
a random factor nested within these treatments. Model 
assumptions were assessed using residual diagnostics, and 
all tests were evaluated at α = 0.05. Data were analysed by a 
three-way ANOVA for condition index, SMR, clearance rates, 
ingestion rates, absorption rate and SFG. In all analyses, tank 
was not significant, and post hoc procedure of pooling was 
performed to increase the capacity of the analysis to detect 
differences among the main sources of variation or treatments 
(Underwood 1997, p. 268). When an interaction between the 
main factors was detected, a Tukey test was performed to 
determine significant differences among the means. 

Results 

Shell growth and condition index 
Oyster shell growth was not significantly different among 
treatments after 5 weeks of exposure (Table 3, Fig. 1). 
The greatest mean growth of oysters was in controls 
(2.77 ± 0.58 mm) and the least at elevated temperature 

(2.11 ± 0.40 mm, mean ± s.e.). Oyster condition index also 
was not significantly different among treatments (Table 3, 
Fig. 2). The greatest condition index was in controls 
(3.47 ± 0.16) and smallest at elevated pCO2, and the combined 
elevated pCO2 and temperature treatments 3.63 ± 0.20 and 
3.63 ± 0.18 (mean ± s.e.) respectively (Fig. 2). 

Standard metabolic rates (SMR) 
The SMR of oysters was significantly different among 
treatments, with a significant interaction between elevated 
pCO2 and temperature treatments after 5 weeks of exposure 
(Table 3, Fig. 3). Post hoc analysis indicated that SMR of oysters 
was greatest at elevated temperature (3.20 ± 0.55 mg O2 g−1

dry tissue h−1), and significantly lower in the other three 
treatments, which were similar to each other whether at 
elevated pCO2 (2.89±0.53 mg O2 g−1 dry tissue−1 h−1), 
elevated temperature and pCO2 (2.44 ± 0.49 mg O2 g–1 dry  
tissue h−1), or in controls (1.66 ± 0.25 mg O2 g−1 dry tissue
tissue h−1) (Table 3, Fig. 3). 

Clearance and ingestion rates 
Oyster clearance and ingestion rates were significantly 
greater at elevated pCO2 and temperature treatments than in 
the controls (Table 4, Fig. 4, 5). Clearance rates were nearly 
double at the combined elevated pCO2 and temperature 
treatments compared with the controls, being 3.31 ± 0.46 
and 1.79 ± 0.32 L g−1 h−1 respectively (mean ± s.e.) for the 
combined and control treatments. Ingestion rates of oysters 
were from 5.80 ± 1.03 mg g−1 h−1 in the controls to 
10.72 ± 1.49 mg g−1 h−1 in the combined elevated pCO2

and temperature treatment (Fig. 5). 

Absorption efficiency (AE) and absorption rates (AR) 
Oyster absorption efficiency data were heterogenous and 
could not be transformed (Barlett test, P = 0.0195). The greatest 
oyster absorption efficiency was at elevated temperature 
(77% ± 6.0, mean ± s.e.), and least in the controls 
(55% ± 12.89) (Fig. 6). Oyster absorption rates followed a 

Table 3. Two- and three-way ANOVA results for shell growth, condition index and SMR of Saccostrea glomerata exposed to control and elevated 
pCO2 (335 and 857 μatm) and control and elevated temperature (24 and 28°C) for 5 weeks. 

Source Growth Condition index SMR 

d.f. MS F P d.f. MS F P d.f. MS F P 

pCO2 1 0.009 0.02 0.896 1 0.05 0.11 0.786 1 0.51 0.44 0.524 

Temperature 1 0.75 1.48 0.260 1 0.25 0.59 0.535 1 2.67 2.28 0.169 

pCO2 × Temperature 1 0.08 0.16 0.696 1 0.23 0.56 0.545 1 8.78 7.51 0.025* 

Tank (pCO2 × Temperature) n/a n/a n/a 8 0.41 0.65 0.73 8 1.17 0.64 0.737 

Residuals 8 0.51 60 0.63 24 2.27 

Total 11 71 35 

Growth, n = 12; condition index, n = 72; and SMR, n = 36. The random factor ‘Tank’ was included in the analyses. Probabilities are significant at ***, P < 0.001; **, P < 0.01; 
and *, P < 0.05. 
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Table 4. Three-way ANOVA results for the clearance rates and inges-
tion rates standardised by dry bodyweight of Saccostrea glomerata 
exposed in the laboratory to control and elevated pCO2 (335 and 
857 μatm) treatments and control and elevated temperature (24 and 
28°C) treatments or 5 weeks. 
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Item Clearance rate 
(L g −1 dry tissue h−1) 

Ingestion rate 
(mg g−1 dry tissue h−1) 

d.f. MS F P d.f. MS F P 

pCO2 1 5.87 21.27 0.0017** 1 61.57 21.31 0.0017** 

Temperature 1 4.58 16.59 0.0035** 1 47.93 16.59 0.0036** 

pCO2 × Temperature 1 0.36 1.30 0.286 1 3.72 1.29 0.2891 

Tank (pCO2 × 
Temperature) 

8 0.27 0.21 0.986 8 2.89 0.21 0.986 

Residuals 24 1.26 24 13.21 

Total 35 35 

Fig. 1. Mean shell growth ± s.e. of S. glomerata to control and 
elevated pCO2 (335 and 857 μatm) and control and elevated tempera-
ture (24 and 28°C) after 5 weeks of exposure (n = 3, N = 36). 

Clearance and ingestion rates, n = 3; and absorption rates, n = 2. The random 
factor ‘Tank’ was included in the analyses. Probabilities are significant at 
***, P < 0.001; **, P < 0.01; and *, P < 0.05. 
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Fig. 2. Mean condition index ± s.e. of S. glomerata to control and 
elevated pCO2 (335 and 857 μatm) and control and elevated tempera-
ture (24 and 28°C) after 5 weeks of exposure (n = 6; N = 72). 

Fig. 4. Mean clearance rates standardised by dry bodyweight (L g−1 dry 
tissue h−1, mean ± s.e.) of S. glomerata in the four experimental 
treatments: control (340 μatm, 24°C), elevated pCO2 (857 μatm, 24°C), 
elevated temperature (331 μatm, 28°C) and combined elevated 
temperature and pCO2 (849 μatm, 28°C) after 5 weeks of exposure 
(n = 9). Different letters above bars represent significant differences 
as determined by post hoc tests among treatments (P < 0.05) (n = 3; 
N = 36). 

0 

1 

2 

3 

4 

5 

SM
R

 (m
g 

O
2 

g −
1  

dr
y 

tis
su

e 
h−

1 )
 

a 

b 
b 

b 

Control temperature Control temperature Elevated Elevated 
and pCO2 and elevated pCO2 temperature and temperature and 

control pCO2 pCO2 

similar pattern, but were significantly greater at both elevated 
pCO2 and temperature, although there was no interaction 
between these factors (Table 5, Fig. 7). The greatest absorp-
tion rate of oysters was at elevated pCO2 and temperature 
(7.94 ± 0.27 mg h−1) almost double compared to controls 
(3.19 ± 0.75 mg h−1). Fig. 3. Mean standard metabolic rates (±s.e.) of S. glomerata in the 

four experimental treatments: control (340 μatm, 24°C), elevated pCO2 
(867 μatm, 24°C), elevated temperature (331 μatm, 28°C) and combined 
elevated pCO2 and temperature (849 μatm, 28°C) after 5 weeks of 
exposure. The letters above bars represent significant differences as 
determined by post hoc tests among treatments (P < 0.05) (n = 3; N = 36). 

Scope for growth (SFG) 
Overall oyster SFG was significantly greater at both elevated 
pCO2 and temperature than in the controls (Table 5, Fig. 8). 
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Fig. 5. Mean ingestion rates standardised to dry bodyweight 
(mg g −1 h−1) ± s.e of S. glomerata in the four experimental treatments: 
control (340 μatm, 24°C), elevated pCO2 (857 μatm, 24°C), elevated 
temperature (331 μatm, 28°C) and combined elevated pCO2 and 
temperature (849 μatm, 28°C) after 5 weeks of exposure (P < 0.05) 
(n = 3; N = 36). 
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Fig. 7. Mean absorption rates of Saccostrea glomerata from control 
and elevated pCO2 (335 and 857 μatm) and control and elevated 
temperature (24 and 28°C) treatments after 5 weeks of exposure. 

SFG was positive and almost more than three times higher in 
the combined treatment (145.19 ± 24.83 J g−1 h–1) than in 
the control (46.41 ± 10.81 J g−1 h–1) (Fig. 8). 

Discussion 

At the levels of elevated pCO2 and temperature used this 
study, we did not find a significant negative synergistic 
effect of pCO2 and temperature on the growth or condition 
index of S. glomerata over an exposure period of 5 weeks. 
There were some additive impacts of elevated pCO2 and 
temperature on S. glomerata, with a significant increase in 
SMR and a significant increase in clearance and ingestion 
rate, absorption rate and an overall positive SFG compared 
with the controls. These results suggest that adult S. glomerata 
individuals were able to compensate for the impacts of 
elevated pCO2 and temperature at the levels used in this study, 
to have a net positive energy budget. 

Fig. 6. Mean absorption efficiency (AE %) ±s.e. of S. glomerata in the 
four treatments: control (340 μatm, 24°C), elevated pCO2 (857 μatm, 
24°C), elevated temperature (331 μatm, 28°C) and combined elevated 
pCO2 and temperature (849 μatm, 28°C) after 5 weeks of exposure 
(n = 2; N = 24). 

Despite a net positive energy budget, S. glomerata 
individuals that were exposed to stress of elevated pCO2

and temperature, either singly or in combination, also had 

Table 5. Two-way ANOVA results for the absorption rate and scope for growth of Saccostrea glomerata exposed to elevated pCO2 (335 and 
857 μatm) and temperature (24 and 28°C) for 5 weeks. 

Source Absorption rate (mg g−1 dry tissue h−1) Scope for growth (J g−1 h–1) 

d.f. MS F P d.f. MS F P 

pCO2 1 24.97 11.27 0.00289** 1 12,560 8.99 0.0171* 

Temperature 1 44.23 19.95 0.000497*** 1 16,875 12.07 0.0084** 

pCO2 × Temperature 1 4.30 3.074 0.11764 8 113 0.81 0.7837 

Tank (pCO2 × Temperature) 8 1.40 0.61 0.754 1398 0.41 0.894 

Residuals 12 2.27 12 3386 

Total 23 23 

The random factor ‘Tank’ was included in the analyses. Probabilities are significant at: ***, P < 0.001; **, P < 0.01; and *, P < 0.05. 
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−1Fig. 8. Mean (± s.e.) scope for growth (J g h–1) of  Saccostrea 
glomerata from control and elevated pCO2 (335 and 857 μatm) and 
control and elevated temperature (24 and 28°C) treatments after 
5 weeks of exposure (n = 2; N = 24). 

significantly greater SMR than did oysters in controls. A 
greater SMR suggests that it is more energetically costly for 
S. glomerata to live in a more acidic and warmer environment, 
but they compensate by an increase in clearance, ingestion 
and absorption rates. Previous studies have found increased 
SMR of oysters exposed to elevated pCO2 or temperature 
(Lannig et al. 2010; Parker et al. 2012, 2015, 2024; Scanes 
et al. 2017). In a series of studies, Parker et al. (2012, 2015, 
2024) found increased SMR of S. glomerata in response to 
pCO2 and warming in wild and selectively bred lines. 
Similarly, Lannig et al. (2010) found an increased SMR of 
C. gigas exposed to chronic elevated pCO2 and acute warming. 
An increase in SMR indicates higher costs of basal mainte-
nance, which means that oysters will require more energy 
through food to sustain basic physiological functions under 
even moderate stressful conditions. 

The higher basal maintenance costs of oysters exposed to 
elevated pCO2 and temperature appear to be offset by 
increased rates of feeding, ingestion and absorption. For 
example, clearance and ingestion rates of algae were nearly 
doubled in oysters exposed to the combined effects of elevated 
pCO2 and temperature compared with the controls. Greater 
clearance and ingestion rates in marine organisms and 
bivalves in response to climate-change stress have been 
found in a range of studies (Hutchinson and Hawkins 1992; 
Pernet et al. 2008; Burnell et al. 2013; Navarro et al. 2016; 
Ramajo et al. 2016a; Parker et al. 2024). For example, in 
juvenile scallops, Argopecten purpuratus, exposure to low pH 
(7.6) led to an increase in ingestion rates compared with 
scallops in the control treatment (Ramajo et al. 2016a). In 
the sea urchin, Amblypneustes pallidus, exposure to elevated 
pCO2 (~650 μatm) has been shown to lead to an increase 
in grazing on seagrass (Amphibolis antarctica) (Burnell et al. 
2013). Similarly, an increase in clearance rates in response 

to elevated temperature was observed in Ostrea edulis 
(Hutchinson and Hawkins 1992) and C. virginica (Pernet et al. 
2008). In Parker et al. (2024), clearance rates of S. glomerata 
were between 2.35 ± 0.91 and 19.57 ± 5.94 L g−1 h−1 and, 
as in this study, greater at elevated 28°C than at control 
temperature of 24°C. In the real world of an estuary, a 
framework similar to that discussed by Neokye et al. (2024a) 
is useful to determine any loss or gain in estuarine services from 
Sydney rock oysters and set the future research directions 
(Lemasson et al. 2017; Neokye et al. 2024a, 2024b). 

Other studies have found that an abundant food supply can 
compensate for the negative effects of decreased pH (Li and 
Gao 2012; Sanders et al. 2013; Ramajo et al. 2016b). Ramajo 
et al. (2016b), in their meta-analysis, highlighted that there 
was a need for more studies on the mediating influence of 
food abundance, conferring resilience on calcifying species to 
the adverse effects of OA. In our study, the food concentration 
and quality were high, and oysters were fed to satiation. Our 
study also found increased feeding rates of S. glomerata in 
response to the exposure to elevated pCO2 and temperature, 
which appear to indicate the capacity of S glomerata  to 
compensate for increased energetic demands. In the real 
world, where OA affects the coastline (Cai et al. 2011), there 
may not be sufficient food for oysters of sufficient nutritional 
quality to compensate for higher basal maintenance costs. 
Limited food may lead to less energy being available for 
other fitness-sustaining processes, such as investment in 
gamete production (Boulais et al. 2017). Already, it is known 
that food availability for bivalves naturally varies spatially 
and temporally (Fernandes et al. 2012; Winder and Sommer 
2012). Furthermore, bivalves feed on a range of suspended 
particles, including phytoplankton, zooplankton, detritus and 
bacteria (Langdon and Newell 1990; Lehane and Davenport 
2002; Arapov et al. 2010), which may be altered by climate-
change stressors (Winder and Sommer 2012; Henson et al. 
2021). Even with optimal food concentration, not all molluscs 
will have the capacity to increase clearance, ingestion and 
absorption rates in response to elevated pCO2 and temperature. 
For many mollusc species tested, studies have found that 
exposure to elevated pCO2 and temperature resulted in no 
change, and even led to a depression of feeding (Navarro 
et al. 2016; Clements and Darrow 2018). For example, in the 
mussel M. chilensis, exposure to elevated pCO2 at 700 μatm 
had no effect on clearance rates. By contrast, in the mussel 
M. coruscus, exposure to elevated temperature of 30°C 
depressed clearance rates (Wang et al. 2015). Further, in the 
mussel, M. edulis collected from the CO2-enriched Kiel Fjord, 
there was no change in clearance rates observed when exposed 
to an intermediate level of pCO2 of 1120 μatm and a reduction 
in clearance rates at the extreme level of pCO2 of 2240 μatm 
(Stapp et al. 2018). Causes of reduced feeding of oysters in 
response to exposure to elevated pCO2 and temperature have 
been explained by decreased ciliary movement essential for 
food capture, altered sensitivity of the neuroreceptor GABA 
to elevated pCO2 (Clements and Darrow 2018), and prolonged 
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periods of valve closure as a coping mechanism to suboptimal 
conditions (Wang et al. 2015). Reduced clearance and inges-
tion rates can also indicate that bivalves have passed their 
threshold tolerance limits (Sokolova et al. 2011). 

It is important to emphasise that oysters in this study had 
plentiful food and were fed ad libitum to satiation, so as to 
avoid any impact of food limitation. However, this might 
not reflect natural conditions in the real world and coastal 
areas, where S. glomerata occurs and where this species is 
farmed for aquaculture and given climate change is predicted 
to alter the regime of abiotic factors that affect plankton 
dynamics (Winder and Sommer 2012; Meunier et al. 2025). In 
general, the influence of food availability and the combined 
stress of elevated pCO2 and temperature on SFG of adult 
oysters is less well known and requires further investigation 
(Parker et al. 2015). Aligned with our results, a recent 
study found food to be a key aspect for oysters to cope with 
climate-change stress (Caillon et al. 2025). Understanding 
oyster responses is critical to prepare the aquaculture sector 
for the warming, acidifying and freshening predicted for 
the south-eastern coastline of Australia, the location also of 
the distribution of S. glomerata (Scanes et al. 2020). 

The results of this study suggest that an elevated 
temperature of 28°C is within the thermal tolerance range 
of S. glomerata when food is optimal. This is similar to the 
pattern found for M. chilensis exposed to warming, with the 
highest scope for growth observed at the elevated temperature 
treatment of 16°C, because this temperature level was within 
naturally experienced levels in their habitat (Navarro et al. 
2016). Like this study, other studies using similar pCO2 and 
temperature have also found a positive SFG in 8 of 13 
selectively bred S. glomerata family lines exposed to tempera-
tures of 28°C and pH of 1000 μatm, suggesting that energy was 
available for other processes such as growth and condition 
(Parker et al. 2024). The novelty of this study is that positive 
SFG was found in naturally recruiting wild adult oysters. 
Whereas the elevated temperature used in this study represents 
a +4°C warming of the mean summer temperature of 
S. glomerata from the collection location of Port Stephens, 
NSW, on the south-eastern coast of Australia, the upper geographic 
range of S. glomerata in Australia extends as far north as Hervey 
Bay in Queensland, where mean summer water temperatures 
reach as high as the elevated temperature treatment used in 
this study. 

The growth and condition index of S. glomerata in this 
study was not significantly affected by the elevated pCO2 
and temperature treatments compared with the controls. 
The observed result for shell growth might be related to the 
adult-sized oysters used in the study, which have slower 
growth than do juveniles. This result contrasts with many 
other studies on bivalves, which have found a significant 
reduction in growth or condition index at elevated pCO2 and 
temperature. However, the results of this study are within the 
range of previous studies on selectively bred lines of 
S. glomerata (Parker et al. 2024). Parker et al. (2024) found 

that selectively bred lines of S. glomerata ranged in scope 
for growth from negative −9.18 ± 3.67 to positive 608.80 ± 
192.09 J g−1 h−1. Whereas several selectively bred families 
had negative or no scope for growth in response to climate-
change stress, others had positive and high scope for growth. 
In this study, clearance and absorption rates of wild oysters 
were all positive in response to climate-change stress, resulting 
in a positive scope for growth. The results of this study suggest 
that the energy budget of adult wild S. glomerata had resilience 
to the climate-change stressors of OA and OW at levels tested. 

As indicated earlier, our results also suggest that under 
optimal food concentrations, the elevated concentration of 
pCO2 and temperature used in this study (857 μatm and 
28°C) might be within the optimal range for S. glomerata 
because a suboptimal pejus state was not observed (Sokolova 
et al. 2011). The SFG of S. glomerata remained positive even 
under the combined stress of elevated pCO2 and temperature, 
indicating that they had sufficient energy for other fitness-
sustaining processes after meeting basal energy demands 
(Bayne et al. 1999b; Widdows and Staff 2006). Optimistically, 
the capacity of S. glomerata to alter metabolic, clearance and 
absorption rates in response to stress may indicate significant 
phenotypic plasticity (Ross et al. 2016; Parker et al. 2024), 
although this capacity will also come at a higher cost of 
basal metabolism (Solan and Whiteley 2016). In the natural 
environment, other stressors such as pollution and lower 
salinity, can make it difficult for oysters to maintain elevated 
SMR and may push them across a threshold into the pessimum 
or lethal range (Lannig et al. 2006; Sokolova et al. 2011; 
Dickinson et al. 2012; Sokolova 2013; Glencross et al. 2025). 
The strategy of increased metabolic rates in response to 
climate-change stress may provide a mechanism to survive, 
but as stated, this will be highly dependent on food supply 
(Ramajo et al. 2016a). Maintenance of greater metabolic rates 
may be possible only in marine habitats that also have a high 
abundance of phytoplankton (e.g. Parker et al. 2012). If we 
are to predict species responses to global change, more 
experiments are needed that modify the availability of food 
and the interactions with the impact of multiple stressors. 

Conclusions 

In this study, adult wild Sydney rock oyster (S. glomerata) 
displayed resilience in its response to the combined stress 
of elevated pCO2 and temperature at the levels tested and 
the food provided, and was able to maintain positive SFG. 
Oysters were able to adjust clearance, ingestion and absorption 
rates to meet increased energetic demand. Although there was 
no indication of synergistic effects of elevated pCO2 and 
temperature, when S. glomerata and other oysters are exposed 
in the wild to multiple stressors, including variable levels of 
food supply, impacts are probably more severe for this economi-
cally, ecologically iconic and indigenous culturally iconic oyster 
species. 
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