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• Temperate and coral reef fishes were ex-
posed to ocean acidification and ocean
warming

• Coral reef fish decreased physiological per-
formance in future winters (20 °C + OA)

• Coral reef fish increased lipid energy stor-
age in future winter conditions

• Temperatefish increased oxidative damage
in future summers (26 °C + OA)

• Future climate can modify the physiology
of temperate and coral fishes seasonally
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Climate change can directly (physiology) and indirectly (novel species interactions) modify species responses to novel
environmental conditions during the initial stages of range shifts. Whilst the effects of climatewarming on tropical spe-
cies at their cold-water leading ranges are well-established, it remains unclear how future seasonal temperature
changes, ocean acidification, and novel species interactions will alter the physiology of range-shifting tropical and
competing temperate fish in recipient ecosystems. Here we used a laboratory experiment to examine how ocean
acidification, future summer vs winter temperatures, and novel species interactions could affect the physiology of
competing temperate and range-extending coral reef fish to determine potential range extension outcomes. In future
winters (20 °C+ elevated pCO2) coral reeffish at their cold-water leading edges showed reduced physiological perfor-
mance (lower body condition and cellular defence, and higher oxidative damage) compared to present-day summer
(23 °C+ control pCO2) and future summer conditions (26 °C+ elevated pCO2). However, they showed a compensa-
tory effect in future winters through increased long-term energy storage. Contrastingly, co-shoaling temperate fish
showed higher oxidative damage, and reduced short-term energy storage and cellular defence in future summer
than in future winter conditions at their warm-trailing edges. However, temperate fish benefitted from novel shoaling
interactions and showed higher body condition and short-term energy storage when shoaling with coral reef fish com-
pared to same-species shoaling. We conclude that whilst during future summers, ocean warming will likely benefit
coral reef fishes extending their ranges, future winter conditions may still reduce coral reef fish physiological
functioning, andmay therefore slow their establishment at higher latitudes. In contrast, temperate fish species benefit
from co-shoaling with smaller-sized tropical fishes, but this benefit may dissipate due to their reduced physiological
functioning under future summer temperatures and increasing body sizes of co-shoaling tropical species.
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1. Introduction
Biogeographic ranges of many species are shifting under climate change
(Parmesan and Yohe, 2003; Chen et al., 2011; Pecl et al., 2017). Latitudinal
and altitudinal species redistributions are altering ecosystem functionality
(Doney et al., 2012), community assemblages (Soler et al., 2022) and the
biodiversity of recipient communities (Lloyd et al., 2011; Soler et al.,
2022). Biogeographic shifts have forced invaders and local species to inter-
act for resources (Davis et al., 1998; Alexander et al., 2015). These novel in-
teractions can either limit the invasion success of naïve species through
competition (Coni et al., 2021a; Twiname et al., 2022) and predation
(Beck et al., 2016) or promote establishment through positive novel spe-
cies interactions (Smith et al., 2018; Paijmans et al., 2020). Therefore,
understanding how local and invading species respond to novel biotic
interactions, is important to make informed predictions upon range-
shift outcomes within invaded ecosystems.

Global warming can modify physiological processes that underpin
novel species interactions outcomes (Pörtner and Farrell, 2008; Alfonso
et al., 2020). A small temperature increase can enhance the performance
of range-extending species at their leading edge (Figueira and Booth,
2010), whilst the same increase can inhibit the physiological function
of local species at their trailing range edge (Enzor and Place, 2014).
Where range-shifting and resident species ranges overlap, small temper-
ature increases can modify each species' fitness (Killen et al., 2013) and
therefore alter biotic interactions that could determine range-shift out-
comes (Figueira et al., 2019; Coni et al., 2021a). Thus, the concurrent ef-
fects of temperature and novel biotic interactions must be considered, to
accurately predict the true pace of species range-extensions.

Marine species are often observed at the forefront of poleward range-
extensions (Burrows et al., 2011). Anthropogenic-derived warming,
strengthening poleward currents and species traits are the primary drivers
of the rapid poleward redistribution of marine organisms (García Molinos
et al., 2022). Marine taxa often move into higher latitudes or deeper waters
to escape thermally unsuitable conditions at their trailing edges of distribu-
tion, or to expand into previously unsuitable ecosystems (Pecl et al., 2017).
Physiologically sensitive ectotherms are commonly seen at the forefront of
marine range shifts (Gervais et al., 2021). In Australia, over 150 coral reef
fish species have been observed moving their distribution poleward into
higher-latitude ecosystems (Booth et al., 2007; Feary et al., 2014; Fowler
et al., 2018). Range-extending herbivores can reshuffle trophic pathways
in recipient communities (Vergés et al., 2014; Pessarrodona et al., 2022),
whilst gregarious coral reef fish species form shoals with local temperate
reef species (Smith et al., 2018). These range-shifting species are commonly
called ‘vagrants’ (Booth et al., 2011). Shoaling interactions with resident
temperate species can provide fitness benefits to tropical vagrants (e.g. in-
creased growth and reduced winter mortality; Smith et al., 2018; increased
shoal size, prey access and reduced predation risk; Paijmans et al., 2020).
However, little is known about how these novel interactions affect the fit-
ness of resident species or how climate change (e.g. ocean warming and
ocean acidification) might alter the outcomes of these novel shoaling inter-
actions in the near future (Coni et al., 2021a; Mitchell et al., 2022).

Ocean acidification is a concurrent environmental driver resulting from
anthropogenic carbon dioxide emissions (Doney et al., 2009). Ocean acidi-
fication can alter the physiology of marine fishes (Heuer and Grosell, 2014;
Heuer et al., 2019) and hence has the potential to also change the pace of
species range shifts (Coni et al., 2021b). Past efforts assessing range shift
outcomes often focus on ocean warming effects (Figueira and Booth,
2010; but see Coni et al., 2021b). Indeed, species responses to ocean
warming could accelerate the pace of marine range-extensions (Figueira
and Booth, 2010; Figueira et al., 2019). However, ocean acidification can
modify species responses to ocean warming (Nagelkerken and Munday,
2016), and therefore, alter range-extension outcomes in marine ecosystems
(Coni et al., 2021b). Ocean acidification can also modify a wide range of
physiological parameters (Heuer and Grosell, 2014), and therefore also
the fitness of both tropical vagrant and resident temperate fishes
(Mitchell et al., 2022). In addition, the interactive effects of ocean
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acidification and ocean warming could indirectly slow the pace of ma-
rine range extensions into high-latitude ecosystems through habitat re-
gime shifts (Coni et al., 2021b). Therefore, the interaction between
ocean acidification and ocean warming must be considered when
assessing range shifts outcomes in marine environments.

Species range edges can shift in response to seasonal changes in local
conditions (Figueira et al., 2009; Ljungström et al., 2021). Range-
shifting species entering novel ecosystems during summer recruitment
often fail to survive through winter (Booth et al., 2007), as seasonal
shifts in temperature (Figueira et al., 2009), light (Langbehn et al.,
2021), energetics (Ljungström et al., 2021) and resources (Figueira
and Booth, 2010) can reduce species' fitness and preventing permanent
establishment at cold‑leading range edges. Species can also attempt
to overwinter in novel ecosystems through behavioral modification,
such as the expression of risk-averse behaviour (Coni et al., 2022)
and physiological responses, such as lipid build-up (Fernandes and
McMeans, 2019). Under increasing ocean warming, winter limitations
on range-extension success are predicted to dissipate in the near future
(Figueira et al., 2009; Figueira and Booth, 2010), which may allow trop-
ical fish to establish in temperate ecosystems permanently. However, it
remains unknown how future winter temperatures could modify tropi-
cal fish physiology and therefore, their influence their capacity to estab-
lish in temperate ecosystems. In contrast, future summer temperatures
could be thermally stressful for resident temperate species at their
trailing edges, compromising proper physiological function (Birnie-
Gauvin et al., 2017), anti-predator behaviour (Figueira et al., 2019)
and reducing their ability to compete against invading tropical species
(Birnie-Gauvin et al., 2017). Hence, seasonal temperature-driven shifts
in the fitness of interacting vagrants and local temperate species may
alter competitive interaction outcomes on a seasonal basis.

Here we used a controlled laboratory experiment to assess the multi-
stressor effects of future projected summer versus winter ocean temper-
atures, ocean acidification, and novel species interactions on the physi-
ology of a range-extending coral reef fish and a co-shoaling temperate
fish species across a ~40-day exposure period. Our proxies for short-
term (hepatosomatic index) and long-term (total lipid content) ener-
getic storage, energetic intake (stomach fullness), oxidative damage
(Malondialdehyde concentration), cellular defence (total antioxidant
capacity), and body condition (Fulton's condition index) were measured
at the end of the experimental exposure. This enabled us to test how cli-
mate change stressors and novel interactions might alter the physiolog-
ical performance of co-shoaling coral reef and temperate fish species to
infer how future conditions might modify the pace of range-extension
by coral reef fish and contractions by temperate fish.

2. Materials& methods

2.1. Experimental setup

Flow-through 20-litre transparent tanks (IKEA product number:
898.914.70; dimensions: 39 × 28 × 28 cm, height×length×width;
n = 120) were installed across two adjacent flowthrough tempera-
ture/pH control rooms at the Sydney Institute of Marine Science in
New SouthWales, Australia. Two 0.5-cm (diameter) holes were inserted
4-cm from the top of each tank (lengthways; Fig. S1.) to allow water to
flow bilaterally out of each tank. Each tank was allocated a tank identi-
fier and an experimental treatment (Fig. S1). We provided PVC piping
(10 × 10 cm, length × external diameter) to each tank to act as shelter
(Fig. S2). Tanks were randomly assigned one of the two CO2 × three
temperature treatments (N = 6 treatments; Table S1). The ocean
warming and ocean acidification treatments reflected projected future
summer (26 °C and pH 7.7), and winter conditions (20 °C and pH 7.7)
for the respective leading range edge of coral reef fish and the trailing
edge of co-shoaling temperate fish (latitude: 34° S, IPCC, 2021) by
2100 (Table 1). Current summer temperatures (23 °C and pH 8.1)
were selected as the experimental control and are also reflective of



Table 1
Selected experimental temperatures relative to range location average seasonal
temperatures within their Great Barrier Reef core range and the leading-edge ex-
tents of coral reef fish and the respective trailing edge of temperate fish (coral reef
fish: Abudefduf vaigiensis, temperate fish: Atypichthys strigatus; Froese and Pauly,
2016; Kaschner et al., 2016).

Water Temperatures

Range locations 20 °C 23 °C 26 °C

Coral reef fish core range (20° S) N/A Current
winter

Future
winter

Coral reef fish leading edge/ Temperate fish
trailing edge (34° S)

Future
winter

Current
summer

Future
summer

Table 2
List of physiological proxies analysed following the experimental exposure period.

Physiological Proxy Description

Total antioxidant capacity
(TAC)

Indicator of cellular defence (Birnie-Gauvin et al., 2017)

Malondialdehyde (MDA) Indicator of oxidative damage (Rodriguez-Dominguez
et al., 2019)

Fulton's condition index Indicator of body condition (Izzo et al., 2015)
Hepatosomatic index (HSI) Indicator of short-term energy storage (Chellappa et al.,

1995)
Stomach fullness Indicator of relative energy acquisition (Booth, 1990)
Total lipid content Indicator of long-term energy storage (Post and

Parkinson, 2001)
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current winter temperatures experienced in coral reef fish core breeding
population range (Table 1).

The experimental temperature and pH levels of fish tanks were moni-
tored daily (Table S1) using an Ohaus Starter 300 Portable pH Meter with
probe (IC-ST320) - IC-ST300-G. Fish tanks were provided with flow-
through seawater supplied by a thermocouple solenoid feedback system
with constant monitoring and controlled by computer software. Ocean
acidification treatments were reached by bubbling pure CO2 into 100-litre
header tanks (one header tank for every four fish tanks) to reflect future
values. Header tank water flowed into fish tanks at ~150 ml.min−1.

2.2. Fish acclimation and husbandry

A. vaigiensis is omnivorous, exhibits a dispersive larval stage, has high
sitefidelity in the adult stage, and reaches up to 20 cm in length. The res-
ident temperate species A. strigatus grows up to 25 cm in length, is also
omnivorous and is observed shoaling with A. vagiensis in southeastern
Australia (Smith et al., 2018).

SixtyA. vaigiensis and 180A. strigatuswere collected during 7–24March
2020, using barrier and handnets at Little Manly Cove (−33.8067710 S,
151.2856440 E) and Freshwater Beach (−33.7816880 S, 151.2940880

E) at depths of 0.1–2 m. Following collection, fish were transported
in aerated 50-litre buckets filled with fresh seawater (~23 °C and
pH 8.1) to 23 °C and pH 8.1 holding tanks (volume: 100 l) at the Sydney
Institute of Marine Science.

Range-extending coral reef fish obtain fitness benefits by shoaling with
temperate residents, growing faster and surviving longer into winter than
conspecific tropical shoals in temperate ecosystems (Smith et al., 2018;
Paijmans et al., 2020). Hence, we selected temperate + temperate and
tropical + temperate fish pairs, respectively, to understand how novel co-
shoaling species in temperate ecosystems (i.e. range-extending tropical)
might alter temperate fish physiology in mixed-species shoals (i.e. future
conditions) compared to conspecific temperate fish pairs (i.e. present-day
conditions), and how the project future temperature and ocean acidifica-
tion effects modify physiology. Comparison of mixed-species and single-
species interactions can inform us about potential impacts on temperate
fish communities. As a result, and because of space limitations, we did
not include pairs of tropical species.

In addition, shoal size and composition canmodify novel shoaling inter-
actions and physiological responses of shoal members (Nadler et al., 2016;
Paijmans et al., 2020). However, because of space limitations, we did not
include shoal size as a treatment in our study.

Fish were randomly assigned to pairing tanks (coral reef fish, N = 60,
mixed with temperate fish, N = 60; temperate-only paired fish, N =
120) across environmental-controlled rooms. Temperate-only selected
fishes were paired with individuals of similar body sizes to minimise the
competitive advantages that larger fish could develop in obtaining food
and shelter. However, mixed-species shoaling fish displayed different
body sizes, which reflected the current field situation of coral reef fish
being smaller than their co-shoaling temperate species (Smith et al.,
2018; Table S2). Initial wet weight (mean ± SE) was: coral reef fish
0.31 ± 0.04 g; mixed-species temperate fish 1.24 ± 0.15 g; temperate-
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only fish 4.04 ± 0.20 g. The initial standard length was: coral reef fish
18.6 ± 0.7 mm; mixed-species temperate fish 29.3 ± 1.5 mm;
temperate-only fish 53.2 ± 0.8 mm. Fish in the environmental treatments
were acclimated from 23 °C and pH 8.1 by decreasing pH at a rate of
0.06 units/day (through gradually increasing the pCO2 concentration in
header tanks) and by raising or decreasing temperatures by 0.5 °C per day
to minimise rapid thermal and pH stress responses. Fish introduction and
acclimation to experimental tanks were staggered to prevent fish in control
treatments (23 °C, pH 8.1) from gaining an acclimation advantage over fish
in treatments that required more acclimation steps (e.g. 20 °C and pH 7.7).
The maximum acclimation period for fish was 6 days.

API™ Stress Coat solution was added to each tank daily during acclima-
tion and experimental periods. No fish mortality was recorded during the
acclimation period. All fish were fed in pairing tanks under a restricted
feeding regime of 2.86 g of Ocean Nutrition™ frozen Artemia mixed into
60 ml fresh seawater twice daily. Fish were exposed to experimental condi-
tions for a maximum length of 40 days.

After 35–40 days of treatment exposure, fish were euthanised using the
iki jime technique (Diggles, 2016). We added 2.86 g of Ocean Nutrition™
frozen Artemia to each tank ~8 h before euthanasia protocol commenced
to standardise stomach fullness measures. Whole bodies were flash-frozen
in liquid nitrogen and stored at −80 °C. Fish samples were transported
on dry ice to The University of Adelaide and stored at−80 °C until further
processing.

2.3. Water chemistry

Total alkalinity values were estimated by Gran titration (Metrohm 888
TitrandoTM) from 60 ml water samples from every tank on exposure days
24 and 25. Mean pCO2 values were calculated using CO2SYS (Pierrot
et al., 2006) for Excel with constants from Mehrbach et al. (1973), refitted
by Dickson and Millero (1987) (Table S1).

2.4. Physiological proxies

Each fish's cellular, energetic and condition responses were evaluated
by assessing different indicators (Table 2).

2.5. TAC and MDA

Muscle tissue (~50 mg) was used to prepare a 10 % tissue homogenate
in an ice bath, which was used to assess total protein content (TP), total an-
tioxidant capacity (TAC) and malondialdehyde concentration (MDA, indic-
ative of oxidative damage). The Colorimetric method (per manufacturer's
instructions, Elabscience®, catalogue number: E-BC-K168-S) used to mea-
sure the protein concentration in the homogenate, and the absorbance (op-
tical density, OD) was measured with a Jenway 6405 spectrophotometer
(Cole-Parmer, Staffordshire). Elabscience® assay kits were used to calcu-
late total protein concentration (catalogue number: E-BC-K168-S,measured
at 595 nm), TAC (catalogue number: E-BC-K136-S, measured at 520 nm)
andMDA (catalogue number: E-BC-K025-S, measured at 532 nm) following
the manufacturer's manuals. TAC kits measured the total concentration of
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antioxidant macromolecules, antioxidant molecules and enzymes in the
white muscle tissue of studied fishes. TP, TAC and MDA were calculated
as follows:

TP
g=Lð Þ ¼ ODsample � ODblank

ODstandard � ODblank
� standard conc: 0:563 g=Lð Þ

TAC
u=mg proteinð Þ ¼ ODsample � ODcontrast

0:01
� 30�

volume of

homogenate
� protein conc:

mg protein=mlð Þ

MDA
nmol=mg proteinð Þ ¼ ODsample � ODcontrast

ODstandard � ODblank
�

standard conc:

10 nmol=mlð Þ
�

protein conc:

mg protein=mlð Þ

2.6. Fulton's condition index

Before experimental commencement, all individual fish had their initial
wetweight (WW±0.01 g) and standard length (SL±0.01mm)measured.
Final WW and SL were measured after the fish were euthanised. Fulton's
condition index was calculated to assess the body condition of each fish.
The initial and final Fulton's condition index was calculated as follows:

Fulton′s condition index ¼ WW gð Þ
SL mmð Þ3 � 100

The final Fulton's condition index was subtracted by the initial Fulton's
condition index to calculate a treatment's effect (e.g., increase or decrease
in body condition under ocean warming) on body condition.

2.7. Hepatosomatic index

Livers were dissected from the frozen fishes, fixed in 100 % ethanol (~
24 h), and then weighed to the nearest 0.0001 g. The hepatosomatic index
for each fish was calculated as liver weight relative to total fish wet weight
and expressed as a percentage (Chellappa et al., 1995).

Hepatosomatic index ¼ weight of liver gð Þ
wet weight of fish gð Þ � 100

2.8. Stomach fullness

We added 2.86 g of Ocean NutritionTM frozen Artemia to each tank
~8 h before euthanasia protocol commenced to standardise stomach full-
ness measures. Fish were then euthanised using the iki jime technique
(Diggles, 2016) and stomachs were dissected from each fish. Stomach con-
tents were dried in a drying oven at 60 °C for 24 h. Dried stomach contents
were weighed to the nearest 0.0001 g. Stomach fullness was calculated as
follows:

Fullness index ¼ dry weight of stomach contents gð Þ
wet weight of fish gð Þ � 100

2.9. Total lipid content

Muscle tissue (0.05 g forA. vaigiensis and 0.40 g forA. strigatus)was used
to determine lipid content using Bligh and Dyer lipid extraction (Bligh and
Dyer, 1959). Extracted lipids were dried, weighed and expressed as a per-
centage of muscle tissue weight.

Total lipid percent ¼ weight of dried lipid gð Þ
weight ofmuscle tissue gð Þ � 100
4

2.10. Statistical analysis

We first investigated individual temperate fish physiological proxies
using linear regression models. We used R (R Core Team, 2021) and the
‘lme4’ package (Bates et al., 2015) for linear regression model analysis
(LM). To disentangle potential body-size difference effects between
mixed-species and single-species shoaling temperatefish, initial wet weight
(WW) was included as a variable for temperate fish analyses. Dependent
variables were square root transformed to achieve normality.

Linear regression analyses, including covariate initial ‘wet weight’, did
not show significant relationships (p< 0.05) between factors (independent)
and physiological proxies (dependent); hence, we chose not to include
starting WW as an explanatory variable in our statistical analysis.

The effect of pair type (temperate-only vs. mixed-species) and
temperature (23 °C vs. 26 °C), ocean acidification (control vs ocean acid-
ification), and their interactions on cellular defence (TAC), oxidative
damage (MDA), Fulton's body condition (k), short-term (HSI) and
long-term energy storage (total lipid content) were analysed using a per-
mutational ANOVA with 9999 permutation in statistical software pack-
age Primer v.7 (Clarke and Gorley, 2015). ANOVAs were performed on
Euclidian resemblance matrices. Where significance (p < 0.05) of the
main effect (explanatory variables) were found pairwise tests were
used to compare the respective means (Anderson, 2008).

3. Results

Physiological responses of coral reef fish to temperature and ocean
acidification.

Oxidative damage (MDA) and cellular defence (TAC) significantly
increased, whilst body condition (Fulton's condition index) significantly
decreased at future winter (20 °C) compared to current summer temper-
atures (26 °C) (Figs. 1A, D, 2D; p < 0.039; Tables 3, S3–5). Cellular
defence (TAC) and body condition significantly increased, whilst long-
term energy storage (total lipid content) significantly decreased at fu-
ture summer (26 °C) compared to future winter temperatures (20 °C)
(Figs. 1A, 2A, D; p < 0.041; Tables S4–S6).

Under ocean acidification, oxidative damage (MDA) significantly in-
creased, whilst cellular defence (TAC) significantly decreased for future
winter temperatures (20 °C) compared to current (23 °C) and future sum-
mer temperatures (26 °C) (Fig. 1A, B; p < 0.048; Tables S3–4). At future
winter temperatures (20 °C), oxidative damage (MDA) significantly in-
creased, whilst cellular defence (TAC) significantly decreased under
ocean acidification compared to control pCO2 (Fig. 1A, B; p < 0.001;
Tables 3, S3–4). Long-term energy storage and body condition remain unaf-
fected by ocean acidification (Fig. 2A, D; p> 0.05; Tables 3, S5–6). Stomach
fullness and short-term energy storage (HSI) remained unaffected by exper-
imental treatments (Figs. 1G; S3A; p > 0.05; Tables 3, S7–8).

3.1. Physiological responses of temperate fish to temperature, ocean
acidification, and novel shoaling

Oxidative damage (MDA) and long-term energy storage (total lipid con-
tent) significantly increase, whilst cellular defence (TAC) and short-term
energy storage (HSI) significantly decreased at future summer (26 °C) com-
pared to future winter temperatures (20 °C) (Figs. 1B, C, E, F, H, I, 2A;
p < 0.042; Tables 4, S9–10, S12, S14). Body condition (Fulton's condition
index) significantly increased at future winter (20 °C) than current summer
temperature (23 °C) (Fig. 2E, F; p = 0.011; Tables 4, S13).

Oxidative damage (MDA) significantly increased for ocean acidification
than control pCO2, but only at future winter temperatures (20 °C) (Fig. 1E,
F; p < 0.001; Tables 4, S10).

Short-term energy storage (HSI) and body condition significantly in-
creased in mixed-species pairs than in single-species pairs (Fig. 1H, I;
p< 0.001; Table S12; Fig. 2E, F; p< 0.001; Tables 4, S13). Long-term energy
storage significantly increased in mixed-species pairs compared to single-
species pairs, but only under control pCO2 levels (Fig. 2B, C; p < 0.001;



Fig. 1.Mean differences (±SE) ofmuscle tissue Total Antioxidant Capacity (Cellular defence; A, B, C),Malondialdehyde concentration (MDA, oxidative damage; D, E, F), and
hepatosomatic index (HIS, short-term energy storage; G, H, I) for coral reef fish (yellow), temperate fish paired with a tropical fish (grey), and temperate fish in temperate-
only pairs (blue). Different letters above bars indicate significant differences between experimental treatments (p < 0.05; Table S). NS = not significant (p > 0.05).
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Tables 4, S14). Stomach fullness significantly increased in mixed-species
pairs than in single-species pairs, but only at current summer temperatures
(23 °C) (Fig. S3B, C; p = 0.014; Tables 4, S11).

4. Discussion

Here we show that ocean acidification and future winter temperatures
projected for temperate ecosystems could negatively modify the physiolog-
ical function of range-extending coral reef fishes. Reduced cellular defence
and body condition, and increased oxidative damage during future winters
compared to current summer temperatures (at which coral reef fish cur-
rently establish in higher latitude ecosystems, Figueira and Booth, 2010)
may seasonally limit coral reef fish persistence in temperate ecosystems.
This effect appears to be exacerbated by ocean acidification. Increased oxi-
dative damage during future winters could degrade cellular integrity and
negatively modify cellular processes and physiological traits (e.g., growth
and digestion: Costantini, 2019) which underpin successful range-
5

extensions into temperate ecosystems. Indeed, the overall effect of ocean
warming will likely benefit range-extending coral reef fishes (compared
to current-day seasonal temperatures; Figueira et al., 2009; Figueira and
Booth, 2010). However, whilst previous models suggest future summer
temperatures will accelerate coral reef fish establishment at temperate lat-
itudes (Figueira and Booth, 2010), our findings emphasise that future win-
ter conditions (ocean acidification and cold waters at 20 °C) are likely to
reduce coral reef fish physiological function (Fig. 3) and will continue to
seasonally modify their performance at temperate latitudes. We conclude
that whilst ongoing ocean warming will increasingly relax temperature
stress during summers, future winter conditions will still limit the phys-
iological performance of coral reef fishes, and therefore slow down their
permanent establishment or performance in temperate ecosystems.

Future winter conditions may negatively impact coral reef fish physio-
logical functions, but their overwintering capacity in temperate ecosystems
appears to be increased through physiological trade-offs. Increased long-
term energy storage, maintenance of stomach fullness and short-term



Fig. 2.Mean differences (± SE) of muscle tissue total lipid content (long term energy storage; A, B, C), Fulton's condition index (body condition; D, E, F) for coral reef fish
(yellow), temperate fish paired with a tropical fish (grey), and temperate fish in temperate-only pairs (blue). Different letters above bars indicate significant differences
between experimental treatments (p < 0.05; Table S). NS = not significant (p > 0.05).
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energy reserves, but reductions in body condition, suggests that coral reef
fish prioritise long-term energy storage over body condition, under future
winter conditions. Seasonal energy partitioning through the accumulation
of long-term energy reserves in future winters may also aid future summer
growth (Booth and Keast, 1986), resulting in increased summer body con-
dition and overwinter survival (Fernandes and McMeans, 2019) of coral
reef fishes in temperate ecosystems. Maintenance of stomach fullness by
tropical fishes across temperature treatments, could occur through reduced
metabolic rate that coral reef fish experience at cooler temperatures
(Djurichkovic et al., 2019), and may therefore slow digestion, causing the
stomach to stay full for longer (Booth, 1990). We suggest that under future
winter conditions, coral reef fish show physiological plasticity by trading-
off body condition in favour of long-term energy storage, which could in-
crease their capacity to overwinter in temperate ecosystems.

Temperate fish physiology was degraded by future summer tempera-
tures (compared to future winter temperatures), irrespective of ocean acid-
ification. Decreases in cellular defence, body condition and short-term
energy storage, and increased cellular stress under future summer condi-
tions may reduce temperate fish physiological function and reduce their
abundances and performance at their warm-range trailing edge (Fig. 3). De-
clines in temperate fish physiological function coincides with increased
coral reef fish physiological function (this study), fitness (Djurichkovic
et al., 2019; Mitchell et al., 2022) and reduced performance (Figueira
et al., 2019) under future summer temperatures, which could seasonally
improve coral reef fish performance in temperate ecosystems. However, fu-
ture winter conditions will be advantageous to temperate and detrimental
to coral reef species at higher latitudes, leading to a reversal in the physio-
logical performance of competing range-extending and local species as a
function future seasonal conditions. We suggest that the opposing physio-
logical performance of the temperate and coral reef species during future
6

summers vs future winters are likely to seasonally modify the abundance
of both species at their overlapping leading (tropical) and trailing (tem-
perate) range edges in temperate ecosystems.

Novel species interactions may temper negative ocean warming ef-
fects on temperate fish physiological performance under current ocean
warming. Increases in body condition and short-term energy storage
of the temperate fish paired with a tropical fish (compared to single-
species temperate pairs) could enhance their current performance at
their warm-range trailing edges. In mixed-species pairs, body size differ-
ences between temperate and coral reef fish (i.e., current temperate
summers, with temperate fish generally being larger than coral reef
vagrants; Coni et al., 2021a) may explain physiological differences be-
tween mixed- and single-species paired temperate fish (Ward et al.,
2006). Larger temperate fish often outcompete smaller-bodied coral
reef fish in present-day temperate ecosystems (Coni et al., 2021a).
Therefore, superior foraging competency by larger-bodied temperate
fish may explain why temperate fish in mixed-species pairs show higher
body conditions, short-term energy storage and stomach fullness (but
only in present-day summer conditions) compared to single-species
paired temperate fish. We suggest that mixed-species shoaling could en-
hance temperate fish physiology by reducing intra-shoal competition
and lessen ocean warming impacts on temperate species residing at
their warm-range edges.

5. Conclusion

We conclude that whilst ocean warming will likely benefit coral reef
fishes extending their ranges into temperate ecosystems, future winter
conditions may still reduce coral reef fish physiological function,
and may therefore, slow their establishment at higher latitudes. In



Table 3
Summary of analysis using ANOVA testing the effects of seasonal water tempera-
tures (“temperature”), ocean acidification and their interaction (“Te × OA”) on
physiological responses of coral reef fish (A. vaigiensis). Note: bold denotes signifi-
cant differences (p < 0.05).

Coral reef fish

Physiological response df SS F-value p-value

Cellular defence
Temperature (Te) 2 6.295 17.764 <0.001
Ocean acidification (OA) 1 1.667 9.410 0.003
Te × OA 2 1.979 5.585 0.005
Residuals 48 5.179

Oxidative damage
Temperature (Te) 2 8.467 11.684 <0.001
Ocean acidification (OA) 1 6.348 17.521 <0.001
Te × OA 2 2.797 3.860 0.024
Residuals 48 17.392

Short-term Energy Storage
Temperature (Te) 2 0.102 0.452 0.639
Ocean acidification (OA) 1 0.300 2.666 0.114
Te × OA 2 0.141 0.626 0.531
Residuals 46 5.179

Long-term energy storage
Temperature (Te) 2 72.009 3.154 0.046
Ocean acidification (OA) 1 2.892 0.253 0.624
Te × OA 2 8.464 0.371 0.695
Residuals 48 547.88

Body condition
Temperature (Te) 2 <0.001 4.517 0.015
Ocean acidification (OA) 1 <0.001 1.892 0.177
Te × OA 2 <0.001 1.743 0.185
Residuals 48 <0.001

Stomach fullness
Temperature (Te) 2 0.102 4.517 0.015
Ocean acidification (OA) 1 0.300 1.892 0.177
Te × OA 2 0.141 1.743 0.185
Residuals 46 5.179

Table 4
Summary of analysis using ANOVA testing the effects of seasonal water tempera-
tures (“temperature”), ocean acidification, pair type, and their interactions on phys-
iological responses of coral reef fish (A. strigatus). Note: bold denotes significant
differences (p < 0.05).

Temperate fish

Physiological response df SS F-value p-value

Cellular defence
Temperature (Te) 2 0.215 3.475 0.036
Ocean acidification (OA) 1 0.030 0.968 0.322
Pair type (Pa) 1 0.035 1.125 0.293
Te × OA 2 0.015 0.243 0.778
Te × Pa 2 0.018 0.284 0.748
OA × Pa 1 0.049 0.157 0.687
Te × OA × Pa 2 0.071 1.141 0.324
Residual 91 2.816

Oxidative damage
Temperature (Te) 2 50.638 78.341 <0.001
Ocean acidification (OA) 1 0.934 2.890 0.095
Pair type (Pa) 1 0.312 0.966 0.326
Te × OA 2 8.576 13.267 <0.001
Te × Pa 2 0.228 0.353 0.704
OA × Pa 1 0.003 0.010 0.917
Te × OA × Pa 2 0.442 0.684 0.502
Residual 91 29.411

Short-term energy storage
Temperature (Te) 2 0.764 3.358 0.042
Ocean acidification (OA) 1 0.015 0.134 0.710
Pair type (Pa) 1 1.260 11.075 <0.001
Te × OA 2 0.279 1.226 0.296
Te × Pa 2 0.131 0.577 0.562
OA × Pa 1 0.058 0.510 0.477
Te × OA × Pa 2 0.392 1.725 0.187
Residuals 84 9.558

Long-term energy storage
Temperature (Te) 2 10.588 6.947 0.002
Ocean acidification (OA) 1 2.015 2.645 0.112
Pair type (Pa) 1 9.36 12.282 0.002
Te × OA 2 0.663 0.435 0.637
Te × Pa 2 3.353 2.2 0.128
OA × Pa 1 5.584 7.327 0.011
Te × OA × Pa 2 4.852 3.183 0.051
Residuals 91 69.351

Body condition
Temperature (Te) 2 <0.001 3.458 0.034
Ocean acidification (OA) 1 <0.001 0.270 0.601
Pair type (Pa) 1 <0.001 18.167 <0.001
Te × OA 2 <0.001 0.537 0.588
Te × Pa 2 <0.001 0.3677 0.698
OA × Pa 1 <0.001 0.736 0.39
Te × OA × Pa 2 <0.001 1.088 0.346
Residuals 91 <0.001 3.458 0.034

Stomach fullness
Temperature (Te) 2 0.038 0.389 0.683
Ocean acidification (OA) 1 0.149 1.531 0.221
Pair type (Pa) 1 0.009 0.092 0.767
Te × OA 2 0.473 2.434 0.091
Te × Pa 2 0.742 3.820 0.023
OA × Pa 1 0.035 0.355 0.552
Te × OA × Pa 2 0.041 0.212 0.805
Residuals 91 8.841
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comparison, competing temperate fish species gain benefits from co-
shoaling with smaller-sized coral reef fish, but this benefit may dissipate
due to increased coral reef fish body size and decreased physiological
function under future summer temperatures.
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Fig. 3. Schematic diagram showing how projected future winter and summer water temperatures and ocean acidification modify the physiological function of interacting
coral reef fish (top panel) and competing temperate fish (bottom panel) compared to current summer conditions (23 °C and pH 8.1) at 34° S, where the distributions of
co-shoaling coral reef and temperate fishes overlap. Arrows indicate significant change (comparisons between future summer and future winter vs current summer
conditions; p < 0.05) in a proxy. ‘-’ indicates proxy remained unaffected (p > 0.05). * indicates significantly higher response in mixed-spp. paired temperate fish
compared to single-spp. pairs (p < 0.05). # denotes significant increase in stomach fullness in temperate fish, but only in single-species pairs (p < 0.05).
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Supplementary data to this article can be found online at https://doi.
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References

Alexander, J., Diez, J., Levine, J., 2015. Novel competitors shape species’ responses to climate
change. Nature 525 (7570), 515–518. https://doi.org/10.1038/nature14952.

Alfonso, S., Gesto, M., Sadoul, B., 2020. Temperature increase and its effects on fish stress
physiology in the context of global warming. J. Fish Biol. 98 (6), 1496–1508. https://
doi.org/10.1111/jfb.14599.

Anderson, M.J., 2008. A new method for non-parametric multivariate analysis of variance.
Austral Ecol. 26, 32–46. https://doi.org/10.1111/j.1442-9993.2001.01070. pp. x.

Bates, D., Mächler, M., Bolker, B., Walker, S., 2015. Fitting linear mixed-effects models using
lme4. J. Stat. Softw. 67 (1), 1–48. https://doi.org/10.18637/jss.v067.i01.

Beck, H., Feary, D., Fowler, A., Madin, E., Booth, D., 2016. Temperate predators and seasonal
water temperatures impact feeding of a range expanding tropical fish. Mar. Biol. 163 (4).
https://doi.org/10.1007/s00227-016-2844-8.

Birnie-Gauvin, K., Costantini, D., Cooke, S., Willmore, W., 2017. A comparative and evolu-
tionary approach to oxidative stress in fish: a review. Fish Fish. 18 (5), 928–942.
https://doi.org/10.1111/faf.12215.

Bligh, E.G., Dyer, W.J., 1959. A rapid method of total lipid extraction and purification. Can.
J. Biochem. Physiol. 37 (8), 911–917. https://doi.org/10.1139/o59-099.

Booth, D.J., 1990. Effect of water temperature on stomach evacuation rates and estimates of
daily food intake of bluegill sunfish (Lepomis macrochirus Rafinesque) can. J. Zool. 68,
591–595. https://doi.org/10.1139/z90-084.
8

Booth, D.J., Keast, J.A., 1986. Growth energy partitioning by juvenile bluegill sunfish.
Lepomis macrochirus rafinesque. J. Fish Biol. 28 (1), 37–45. https://doi.org/10.1111/j.
1095-8649.1986.tb05139.x.

Booth, D.J., Figueira, W.F., Gregson, M.A., Beretta, G., 2007. Occurrence of tropical fishes in
temperate southeastern Australia: role of the east Australian current. Estuar. Coast. Shelf
Sci. 72 (1–2), 102–114. https://doi.org/10.1016/j.ecss.2006.10.003.

Booth, D.J., Bond, N., Macreadie, P.I., 2011. Detecting range shifts among australian fishes in
response to climate change. Mar. Freshw. Res. 62 (9), 1027–1042.

Burrows, M., Schoeman, D., Buckley, L., Moore, P., Poloczanska, E., Brander, K., Brown, C.,
Bruno, J., Duarte, C., Halpern, B., Holding, J., Kappel, C., Kiessling, W., O’Connor, M.,
Pandolfi, J., Parmesan, C., Schwing, F., Sydeman, W., Richardson, A., 2011. The pace
of shifting climate in marine and terrestrial ecosystems. Science 334 (6056), 652–655.
https://doi.org/10.1126/science.1210288.

Chellappa, S., Huntingford, F., Strang, R., Thomson, R., 1995. Condition factor and
hepatosomatic index as estimates of energy status in male three-spined stickle-
back. J. Fish Biol. 47 (5), 775–787. https://doi.org/10.1111/j.1095-8649.1995.
tb06002.x.

Chen, I.C., Hill, J.K., Ohlemüller, R., Roy, D.B., Thomas, C.D., 2011. Rapid range shifts of spe-
cies associated with high levels of climate warming. Science 333 (6045), 1024–1026.
https://doi.org/10.1126/science.1206432.

Clarke, K.R., Gorley, R.N., 2015. Getting Started With PRIMER v7. PRIMER-E. Plymouth Ma-
rine Laboratory, Plymouth.

Coni, E.O.C., Booth, D.J., Nagelkerken, I., 2021a. Novel species interactions and envi-
ronmental conditions reduce foraging competency at the temperate range edge of
a range-extending coral reef fish. Coral Reefs 40 (5), 1525–1536. https://doi.org/
10.1007/s00338-021-02150-6.

Coni, E.O.C., Nagelkerken, I., Ferreira, C., Connell, S.D., Booth, D.J., 2021b. Ocean acidifica-
tion may slow the pace of tropicalisation of temperate fish communities. Nat. Clim.
Chang. 11 (3), 249–256. https://doi.org/10.1038/s41558-020-00980-w.

https://doi.org/10.1016/j.scitotenv.2023.163684
https://doi.org/10.1016/j.scitotenv.2023.163684
https://doi.org/10.1038/nature14952
https://doi.org/10.1111/jfb.14599
https://doi.org/10.1111/jfb.14599
https://doi.org/10.1111/j.1442-9993.2001.01070. pp. x
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1007/s00227-016-2844-8
https://doi.org/10.1111/faf.12215
https://doi.org/10.1139/o59-099
https://doi.org/10.1139/z90-084
https://doi.org/10.1111/j.1095-8649.1986.tb05139.x
https://doi.org/10.1111/j.1095-8649.1986.tb05139.x
https://doi.org/10.1016/j.ecss.2006.10.003
http://refhub.elsevier.com/S0048-9697(23)02305-7/rf202304240836415738
http://refhub.elsevier.com/S0048-9697(23)02305-7/rf202304240836415738
https://doi.org/10.1126/science.1210288
https://doi.org/10.1111/j.1095-8649.1995.tb06002.x
https://doi.org/10.1111/j.1095-8649.1995.tb06002.x
https://doi.org/10.1126/science.1206432
http://refhub.elsevier.com/S0048-9697(23)02305-7/rf202304240837247240
http://refhub.elsevier.com/S0048-9697(23)02305-7/rf202304240837247240
https://doi.org/10.1007/s00338-021-02150-6
https://doi.org/10.1007/s00338-021-02150-6
https://doi.org/10.1038/s41558-020-00980-w


A. Mitchell et al. Science of the Total Environment 883 (2023) 163684
Coni, E.O.C., Booth, D.J., Nagelkerken, I., 2022. Coral-reef fishes can becomemore risk-averse
at their poleward range limits. Proc. R. Soc. B Biol. Sci. 289, 20212676. https://doi.org/
10.1098/rspb.2021.2676.

Costantini, D., 2019. Understanding diversity in oxidative status and oxidative stress: the op-
portunities and challenges ahead. J. Exp. Biol. 222 (13), jeb194688. https://doi.org/10.
1242/jeb.194688.

Davis, A., Jenkinson, L., Lawton, J., Shorrocks, B., Wood, S., 1998. Making mistakes when
predicting shifts in species range in response to global warming. Nature 391 (6669),
783786. https://doi.org/10.1038/35842.

Dickson, A., Millero, F., 1987. A comparison of the equilibrium constants for the dissociation
of carbonic acid in seawater media. Deep Sea Res. Part A 34 (10). https://doi.org/10.
1016/0198-0149(87)90021-5.

Diggles, B.K., 2016. Development of resources to promote best practice in the humane dis-
patch of finfish caught by recreational fishers. Fish. Manag. Ecol. 23 (3–4), 200–207.
https://doi.org/10.1111/fme.12127.

Djurichkovic, L., Donelson, J., Fowler, A., Feary, D., Booth, D.J., 2019. The effects of water
temperature on the juvenile performance of two tropical damselfishes expatriating to
temperate reefs. Sci. Rep. 9 (1). https://doi.org/10.1038/s41598-019-50303-z.

Doney, S.C., Fabry, V.J., Feely, R.A., Kleypas, J.A., 2009. Ocean acidification: the other CO2
problem. Climate change impacts on marine ecosystems. Annu. Rev. Mar. Sci. 1,
169–192. https://doi.org/10.1146/annurev.marine.010908.163834.

Doney, S., Ruckelshaus, M., Emmett Duffy, J., Barry, J., Chan, F., English, C., Galindo, H.,
Grebmeier, J., Hollowed, A., Knowlton, N., Polovina, J., Rabalais, N., Sydeman, W.,
Talley, L., 2012. Climate change impacts on marine ecosystems. Annu. Rev. Mar. Sci. 4
(1), 11–37. https://doi.org/10.1146/annurev-marine-041911-111611.

Enzor, L.A., Place, S.P., 2014. Is warmer better? Decreased oxidative damage in notothenioid
fish after long-term acclimation to multiple stressors. J. Exp. Biol. 217 (18), 3301–3310.
https://doi.org/10.1242/jeb.108431.

Feary, D.A., Pratchett, M.S., Emslie, M.J., Fowler, A., Figueira, W.F., Luiz, O.J., Nakamura, Y.,
Booth, D.J., 2014. Latitudinal shifts in coral reef fishes: why some species do and others
do not shift. Fish Fish. 15 (4). https://doi.org/10.1111/faf.12036.

Fernandes, T., McMeans, B., 2019. Coping with the cold: energy storage strategies for surviv-
ing winter in freshwater fish. Ecography 42 (12), 2037–2052. https://doi.org/10.1111/
ecog.04386.

Figueira, W.F., Booth, D.J., 2010. Increasing ocean temperatures allow tropical fishes to sur-
vive overwinter in temperate waters. Glob. Chang. Biol. 16 (2). https://doi.org/10.1111/
j.1365-2486.2009.01934.x.

Figueira, W.F., Biro, P., Booth, D.J., Valenzuela Davie, V.C., 2009. Performance of tropical fish
recruiting to temperate habitats: role of ambient temperature and implications of climate
change. Mar. Ecol. Prog. Ser. 384. https://doi.org/10.3354/meps08057.

Figueira, W.F., Curley, B., Booth, D.J., 2019. Can temperature-dependent predation rates reg-
ulate range expansion potential of tropical vagrant fishes? Mar. Biol. 166 (73). https://
doi.org/10.1007/s00227-019-3521-5.

Fowler, A., Parkinson, K., Booth, D.J., 2018. New poleward observations of 30 tropical reef
fishes in temperate southeastern Australia. Mar. Biodivers. 48 (4), 2249–2254. https://
doi.org/10.1007/s12526-017-0748-6.

Froese, R., Pauly, D., 2016. FishBase. http://www.fishbase.org.
García Molinos, J., Hunt, H.L., Green, M.E., Champion, C., Hartog, J.R., Pecl, G.T., 2022. Cli-

mate, currents and species traits contribute to early stages of marine species redistribu-
tion. Commun. Biol. 5 (1), 1329. https://doi.org/10.1038/2Fs42003-022-04273-0.

Gervais, C., Champion, C., Pecl, G., 2021. Species on the move around the Australian coast-
line: a continental-scale review of climate-driven species redistribution in marine sys-
tems. Glob. Chang. Biol. 27 (14), 3200–3217. https://doi.org/10.1111/gcb.15634.

Heuer, R., Grosell, M., 2014. Physiological impacts of elevated carbon dioxide and ocean acid-
ification on fish. Am. J. Phys. Regul. Integr. Comp. Phys. 307 (9), R1061–R1084. https://
doi.org/10.1152/ajpregu.00064.2014.

Heuer, R., Hamilton, T., Nilsson, G., 2019. The physiology of behavioral impacts of high CO2.
Fish Physiol., 161–194 https://doi.org/10.1016/bs.fp.2019.08.002.

IPCC, 2021. Climate change 2021: the physical science basis. In: Masson-Delmotte, V., Zhai,
P., Pirani, A., Connors, S.L., Péan, C., Berger, S., Caud, N., Chen, Y., Goldfarb, L.,
Gomis, M.I., Huang, M., Leitzell, K., Lonnoy, E., Matthews, J.B.R., Maycock, T.K.,
Waterfield, T., Yelekçi, O., Yu, R., Zhou, B. (Eds.), Contribution of Working Group I to
the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. Cam-
bridge University Press https://doi.org/10.1017/9781009157896 In Press.

Izzo, C., Doubleday, Z., Schultz, A., Woodcock, S., Gillanders, B., 2015. Contribution of water
chemistry and fish condition to otolith chemistry: comparisons across salinity environ-
ments. J. Fish Biol. 86 (6), 1680–1698. https://doi.org/10.1111/jfb.12672.

Kaschner, K., Kesner-Reyes, K., Garilao, C., Rius-Barile, J., Rees, T., Froese, R., 2016.
AquaMaps: predicted range maps for aquatic species. World Wide Web electronic publi-
cation Version 08/2016 www.aquamaps.org.

Killen, S., Marras, S., Metcalfe, N., McKenzie, D., Domenici, P., 2013. Environmental stressors
alter relationships between physiology and behaviour. Trends Ecol. Evol. 28 (11),
651–658. https://doi.org/10.1016/j.tree.2013.05.005.
9

Langbehn, T., Aksnes, D., Kaartvedt, S., Fiksen, Ø., Ljungström, G., Jørgensen, C., Bates, A.,
2021. Poleward distribution of mesopelagic fishes is constrained by seasonality in light.
Glob. Ecol. Biogeogr. 31 (3), 546–561. https://doi.org/10.1111/geb.13446.

Ljungström, G., Langbehn, T., Jørgensen, C., 2021. Light and energetics at seasonal extremes
limit poleward range shifts. Nat. Clim. Chang. 11 (6), 530–536. https://doi.org/10.1038/
s41558-021-01045-2.

Lloyd, P., Plaganyi, É., Weeks, S., Magno-Canto, M., Plaganyi, G., 2011. Ocean warming alters
species abundance patterns and increases species diversity in an African sub-tropical
reef–fish community. Fish. Oceanogr. 21 (1). https://doi.org/10.1111/j.1365-2419.
2011.00610.x.

Mehrbach, C., Culberson, C., Hawley, J., Pytkowicx, R., 1973. Measurement of the apparent
dissociation constants of carbonic acid in seawater at atmospheric pressure. Limnol.
Oceanogr. 18 (6). https://doi.org/10.4319/lo.1973.18.6.0897.

Mitchell, A., Booth, D.J., Nagelkerken, I., 2022. Ocean warming and acidification degrade
shoaling performance and lateralisation of novel tropical–temperate fish shoals. Glob.
Chang. Biol. 28 (4), 1388–1401. https://doi.org/10.1111/gcb.16022.

Nadler, L.E., Killen, S.S., McClure, E.C., Munday, P.L., McCormick, M.I., 2016. Shoaling re-
duces metabolic rate in a gregarious coral reef fish species. J. Exp. Biol. 219 (18),
2802–2805. https://doi.org/10.1242/jeb.139493.

Nagelkerken, I., Munday, P.L., 2016. Animal behaviour shapes the ecological effects of ocean
acidification and warming: moving from individual to community-level responses. Glob.
Chang. Biol. 22 (3), 974–984. https://doi.org/10.1111/gcb.13167.

Paijmans, K., Booth, D., Wong, M., 2020. Predation avoidance and foraging efficiency contrib-
ute to mixed-species shoaling by tropical and temperate fishes. J. Fish Biol. 96 (3),
806–814. https://doi.org/10.1111/jfb.14277.

Parmesan, C., Yohe, G., 2003. A globally coherent fingerprint of climate change impacts
across natural systems. Nature 421 (6918). https://doi.org/10.1038/nature01286.

Pecl, G., Araújo, M., Bell, J., Blanchard, J., Bonebrake, T., Chen, I., Clark, T., Colwell, R.,
Danielsen, F., Evengård, B., Falconi, L., Ferrier, S., Frusher, S., Garcia, R., Griffis, R.,
Hobday, A., Janion-Scheepers, C., Jarzyna, M., Jennings, S., Lenoir, J., Linnetved, H.,
Martin, V., McCormack, P., McDonald, J., Mitchell, N., Mustonen, T., Pandolfi, J.,
Pettorelli, N., Popova, E., Robinson, S., Scheffers, B., Shaw, J., Sorte, C., Strugnell, J.,
Sunday, J., Tuanmu, M., Vergés, A., Villanueva, C., Wernberg, T., Wapstra, E., Williams,
S., 2017. Biodiversity redistribution under climate change: impacts on ecosystems and
human well-being. Science 355 (6332). https://doi.org/10.1126/science.aai9214.

Pessarrodona, A., Vergés, A., Bosch, N., Bell, S., Smith, S., Sgarlatta, M., Wernberg, T., 2022.
Tropicalisation unlocks novel trophic pathways and enhances secondary productivity in
temperate reefs. Funct. Ecol. https://doi.org/10.1111/1365-2435.13990.

Pierrot, D., Lewis, E., Wallace, D.W.R., 2006. MS Excel Program Developed for CO2 System
Calculations. ORNL/CDIAC-105a. Carbon Dioxide Information Analysis Center. Oak
Ridge National Laboratory; US Department of Energy. Oak Ridge, Tennessee.

Pörtner, H., Farrell, A., 2008. Physiology and climate change. Science 322 (5902), 690–692.
https://doi.org/10.1126/science.1163156.

Post, J., Parkinson, E., 2001. Energy allocation strategy in young fish: allometry and survival.
Ecology 82, 1040–1051. https://doi.org/10.2307/2679901.

R Core Team, 2021. R: a language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria. https://www.R-project.org/.

Rodriguez-Dominguez, A., Connell, S., Leung, J., Nagelkerken, I., 2019. Adaptive responses of
fishes to climate change: feedback between physiology and behaviour. Sci. Total Environ.
692, 1242–1249. https://doi.org/10.1016/j.scitotenv.2019.07.226.

Smith, S., Fox, R., Booth, D.J., Donelson, J., 2018. Stick with your own kind, or hang with the
locals?’ Implications of shoaling strategy for tropical reef fish on a range-expansion front-
line. Glob. Chang. Biol. 24 (4). https://doi.org/10.1111/gcb.14016.

Soler, G.A., Edgar, G.J., Barrett, N.S., Stuart-Smith, R.D., Oh, E., Cooper, A., Ridgway, K.R.,
Ling, S.D., 2022. Warming signals in temperate reef communities following more than
a decade of ecological stability. Proc. R. Soc. B 289 (1989), 20221649. https://doi.org/
10.1098/rspb.2022.1649.

Twiname, S., Fitzgibbon, Q., Hobday, A., Carter, C., Oellermann, M., Pecl, G., 2022. Resident
lobsters dominate food competition with range-shifting lobsters in an ocean warming
hotspot. Mar. Ecol. Prog. Ser. 685, 171–181. https://doi.org/10.3354/meps13984.

Vergés, A., Steinberg, P.D., Hay, M.E., Poore, A.G.B., Campbell, A.H., Ballesteros, E., Heck, K.L.,
Booth, D.J., Coleman, M.A., Feary, D.A., Figueira, W., Langlois, T., Marzinelli, E.M., Mizerek,
T., Mumby, P.J., Nakamura, Y., Roughan, M., van Sebille, E., Sen Gupta, A., Smale, D.A.,
Tomas, F., Wernberg, T., Wilson, S.K., 2014. The tropicalisation of temperate marine ecosys-
tems: climate-mediated changes in herbivory and community phase shifts. Proc. R. Soc. B
Biol. Sci. 281 (1789). https://doi.org/10.1098/rspb.2014.0846.

Ward, A., Webster, M., Hart, P., 2006. Intraspecific food competition in fishes. Fish Fish. 7 (4),
231–261. https://doi.org/10.1111/j.1467-2979.2006.00224.x.

https://doi.org/10.1098/rspb.2021.2676
https://doi.org/10.1098/rspb.2021.2676
https://doi.org/10.1242/jeb.194688
https://doi.org/10.1242/jeb.194688
https://doi.org/10.1038/35842
https://doi.org/10.1016/0198-0149(87)90021-5
https://doi.org/10.1016/0198-0149(87)90021-5
https://doi.org/10.1111/fme.12127
https://doi.org/10.1038/s41598-019-50303-z
https://doi.org/10.1146/annurev.marine.010908.163834
https://doi.org/10.1146/annurev-marine-041911-111611
https://doi.org/10.1242/jeb.108431
https://doi.org/10.1111/faf.12036
https://doi.org/10.1111/ecog.04386
https://doi.org/10.1111/ecog.04386
https://doi.org/10.1111/j.1365-2486.2009.01934.x
https://doi.org/10.1111/j.1365-2486.2009.01934.x
https://doi.org/10.3354/meps08057
https://doi.org/10.1007/s00227-019-3521-5
https://doi.org/10.1007/s00227-019-3521-5
https://doi.org/10.1007/s12526-017-0748-6
https://doi.org/10.1007/s12526-017-0748-6
http://www.fishbase.org
https://doi.org/10.1038/2Fs42003-022-04273-0
https://doi.org/10.1111/gcb.15634
https://doi.org/10.1152/ajpregu.00064.2014
https://doi.org/10.1152/ajpregu.00064.2014
https://doi.org/10.1016/bs.fp.2019.08.002
https://doi.org/10.1017/9781009157896
https://doi.org/10.1111/jfb.12672
http://www.aquamaps.org
https://doi.org/10.1016/j.tree.2013.05.005
https://doi.org/10.1111/geb.13446
https://doi.org/10.1038/s41558-021-01045-2
https://doi.org/10.1038/s41558-021-01045-2
https://doi.org/10.1111/j.1365-2419.2011.00610.x
https://doi.org/10.1111/j.1365-2419.2011.00610.x
https://doi.org/10.4319/lo.1973.18.6.0897
https://doi.org/10.1111/gcb.16022
https://doi.org/10.1242/jeb.139493
https://doi.org/10.1111/gcb.13167
https://doi.org/10.1111/jfb.14277
https://doi.org/10.1038/nature01286
https://doi.org/10.1126/science.aai9214
https://doi.org/10.1111/1365-2435.13990
http://refhub.elsevier.com/S0048-9697(23)02305-7/rf202304240840040039
http://refhub.elsevier.com/S0048-9697(23)02305-7/rf202304240840040039
http://refhub.elsevier.com/S0048-9697(23)02305-7/rf202304240840040039
https://doi.org/10.1126/science.1163156
https://doi.org/10.2307/2679901
https://www.R-project.org/
https://doi.org/10.1016/j.scitotenv.2019.07.226
https://doi.org/10.1111/gcb.14016
https://doi.org/10.1098/rspb.2022.1649
https://doi.org/10.1098/rspb.2022.1649
https://doi.org/10.3354/meps13984
https://doi.org/10.1098/rspb.2014.0846
https://doi.org/10.1111/j.1467-2979.2006.00224.x

	Future shock: Ocean acidification and seasonal water temperatures alter the physiology of competing temperate and coral ree...
	1. Introduction
	2. Materials & methods
	2.1. Experimental setup
	2.2. Fish acclimation and husbandry
	2.3. Water chemistry
	2.4. Physiological proxies
	2.5. TAC and MDA
	2.6. Fulton's condition index
	2.7. Hepatosomatic index
	2.8. Stomach fullness
	2.9. Total lipid content
	2.10. Statistical analysis

	3. Results
	3.1. Physiological responses of temperate fish to temperature, ocean acidification, and novel shoaling

	4. Discussion
	5. Conclusion
	CRediT authorship contribution statement
	Ethics statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References




