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1.  INTRODUCTION

Temperature has a profound effect on the physio-
chemical and biological processes of ectotherms
including fish (Hochachka & Somero 2002, Schulte
2015). The ability of fish to match these temperature
constraints with their biological requirements is
widely considered to be a determinant of the geo-

graphic range each species adopts (Hochachka &
Somero 2002). While some species generally located
in both high (polar) and low latitude (tropical) envi-
ronments are exposed to relatively small variations in
annual temperature, species in mid-latitude (temper-
ate) environments are exposed to substantial annual
temperature variation. When seasonal extremes are
large and fish remain resident in a geographical
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seasonal responses of snapper is discussed.
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location (rather than migrating to different loca-
tions/thermal environments), they will be exposed to
these seasonal temperature fluctuations (Healy &
Schulte 2012). As opposed to species from stable
thermal environments (stenotherms), fish perma-
nently occupying these thermally variable thermal
environments possess notable eurythermal tolerance
and the capability to modulate biological and physio-
logical processes, ensuring biological fitness (Davi-
son 1984, Schulte 2007, Payne et al. 2016).

In response to variable and marked seasonal tem-
perature differences, many fish show an oscillating
growth pattern (Fulton 1904, Pauly 1990). This life-
history trait suggests that fish have adapted to
 predictable seasonal variations by matching environ-
mental temperatures to their biological require-
ments, maximising growth when seasonal conditions
are optimal before switching to an energy-storage
and low-growth phase in sub-optimal conditions
(Pitcher & Macdonald 1973, Conover 1992, Varpe
2017). In the field of eco-physiology, the inability to
grow in sub-optimal temperatures has been consid-
ered to relate to the temperature dependence of oxy-
gen uptake that is theorized to limit an animal’s
capacity to grow, digest and perform behavioural
activities—perhaps due to constraints on mitochon-
drial function (Fry 1947, Metcalfe et al. 2002,
Claireaux & Lefrancois 2007, Iftikar & Hickey 2013).
This physiological mechanism is widely incorporated
within the aerobic scope (AS) framework, and the
framework of oxygen- and capacity-limited thermal
tolerance (OCLTT; Claireaux & Lefrancois 2007,
Pörtner & Knust 2007, Pörtner & Farrell 2008). These
frameworks identify that temperature presents a
directive forcing on the metabolic oxygen consump-
tion rates of an organism (including maximum and
standard or routine metabolic rates) such that opti-
mum temperatures for a species associate with peak
values of AS (the difference between standard or
routine metabolic rate and maximum metabolic rate),
whereas higher and lower temperatures either side
of this peak feature reductions in AS, constraining
oxygen utilisation by metabolically active tissues and
therefore depressing the performance capabilities
and biological activity requirements of the fish.

The concepts of AS and OCLTT have been widely
adopted as a basis to investigate the thermal per-
formance of fish (in the context of invasion ecology
and climate variability) but the applicability of the
concept has received increasing recent attention and
scrutiny (Clark et al. 2013, Farrell 2016, Pörtner et al.
2017). Numerous researchers have shown that the
AS of several species do not conform to the typical

bell-shaped curve first described by Fry (1971),
instead responding with a steadily increasing, flat or
broadened AS response with increasing tempera-
tures (Farrell 2016, Lefevre 2016, Norin & Clark
2016, Poletto et al. 2017). This variety of AS response
does not neatly tie into OCLTT theory, as it fails to
identify single points of thermal optima and associ-
ated pejus temperatures, which brings into question
whether AS provides an overarching representation
of combined physiological performance in the face of
thermal variability (Clark et al. 2013, Norin & Clark
2016). More importantly, the range of elevated AS
does not always associate with peaks in organismal
performance, such as growth, thus challenging the
functional relevance of elevated AS (Gräns et al.
2014). On the basis of such discrepancies, alternative
hypotheses have recently been proposed. For exam-
ple, Clark et al. (2013) proposed the multiple per-
formance−multiple optima theory, whereby multiple
physiological processes are performed simultane-
ously by fish, each having an independent thermal
optimum range. The ‘plastic floors and concrete ceil-
ings’ theory of Sandblom et al. (2016) is another
slightly modified theory on this theme. As contempo-
rary research efforts have largely focused on the
applicability of the AS concept and OCLTT hypothe-
sis to predicted climate variability, we consider a re-
evaluation of how the AS framework applies to the
thermal variability associated with present-day sea-
sonal cycles. By focusing on temperate fish, we con-
sider that there is opportunity to investigate how the
AS concept is interpreted alongside functionally rel-
evant and seasonally dependent biological processes
associated with the fitness, performance and life-
 history strategy of these eurythermal species.

Amongst the many temperate fishes, the Aus-
tralasian snapper Chrysophrys auratus (Sparidae) is
a ubiquitous coastal teleost that possesses a distribu-
tion that extends across much of the coastline of New
Zealand and Australia (19 degrees of latitude from
23° to 42°S) (Parsons et al. 2014, Wakefield et al. 2015).
Like many of the other sparids, which occupy sub-
tropical and temperate habitats throughout the
Pacific, Indian and Atlantic Oceans, Australasian
snapper encounter a broad range of temperatures
across their natural habitat range (approximately
11−25°C), with marked differences in the seasonal
temperature extremes experienced in the different
locations (Parsons et al. 2014, Wakefield et al. 2015).
In association with this relatively broad thermal
range, snapper across their New Zealand distribution
show the aforementioned high summertime, low
wintertime growth pattern (Francis 1994, Sim-Smith
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et al. 2013, Wellenreuther et al. 2019, Flikac et al.
2020b). These marked, seasonally dependent growth
responses of snapper are considered to be associated
with the notably cool seasonal (winter) temperatures
experienced at the southern (austral) limits of the
species distribution. To understand whether the
growth and life-history strategies of temperate spe-
cies coincide with the ecophysiological AS frame-
work, we sought to investigate the respiratory physi-
ology and bioenergetics strategies of Australasian
snapper. This was achieved by a combination of sea-
sonal observations and experimental characterisa-
tions (including measuring the growth, physiological
condition and metabolic oxygen consumption rates)
of a laboratory-reared population of sexually mature
(adult) C. auratus. These individuals were subject to
the natural seasonal temperature regime within the
southern range of their geographic distribution,
which happened to be the location of the present
study (Nelson, New Zealand). Links between these
various biological processes were then investigated
and interpreted alongside the seasonal perform-
ance of the individuals, allowing us to investigate:
(1) growth and temperature responses in this species,
(2) how other biological processes (i.e. resource allo-
cation) interact with temperature and season, and
(3) how these biological activities can be interpreted
within the AS framework, and whether AS is a good
predictor of life-history performance strategies.

2.  MATERIALS AND METHODS

2.1.  Fish husbandry and handling

Adult snapper used in this study originated from a
tank-based brood population of 27 wild-caught snap-
per captured from the immediate Tasman Bay region
and held at the Plant & Food Research facility in Nel-
son, New Zealand, in 2006. Fertilised eggs were col-
lected following a natural spawning event (ambient
temperature and light conditions) on 10 December
2010, and incubated in a 5000 l tank held at ambient
seasonal temperatures. Once hatched, larvae were
provided with live feed comprised of enriched
rotifers and Artemia. This population of fish was then
weaned onto an inert feed and grown for the next
3−5 yr as a single tank population within standard-
ised 5000 l tanks (i.e. with regular tank rotations) at
densities typically not exceeding 10 kg m−3. Prior to
the onset of experimentation, excess, deformed or
poor condition individuals were hand graded and
then removed from the population on a regular basis

(e.g. biannually, ~7 occasions in total) to maintain
acceptable stocking densities and population wel-
fare. During rearing, fish were fed to satiation with a
diet that included wet fish (squid, mussels, pilchards
and jack mackerel), an in-house formulated gel diet
(of 21.3% protein, 2.7% lipid, 5.6% carbohydrate,
7.7% ash and 62.7% moisture) and commercial mar-
ine fish pellets (Skretting Nova). Fish were held at
natural seasonal temperatures and light conditions
throughout their life, including the period of growth
observation and housing prior to respirometry. Water
temperatures in tanks mimicked water temperatures
in the Nelson Haven — a semi enclosed tidal inlet in
Tasman Bay — from where seawater in the facility
was extracted (Fig. 1). Respirometry investigations
were performed in the 12 mo preceding the start of
growth observations. This ensured that repeated
handling of fish for growth assessments did not influ-
ence respirometry determinations. The same popula-
tion/cohort of fish was used for both investigations to
limit potentially confounding influences associated
with culture history and parental origin, at the
expense of maintaining comparable size and age
characteristics between both the respirometry and
growth assessments.

During respirometry investigations, a single popu-
lation initially consisting of 395 individuals was
retained in tanks of the same 5000 l design and sea-
water supply characteristics as described above. At
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Fig. 1. Seasonal water temperature in the Nelson Haven
facility over the 2 yr period overlapping with the present
study (September 2013 to September 2015). Raw tempera-
ture recordings are depicted with light grey circles,
smoothed (Loess transformed) with a black line. Experimen-
tal stages and events are presented above the horizontal
axis, with dark grey identifying the respirometry phase of
investigations, and light grey identifying the growth obser-

vation stage of the investigation
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target ambient seasonal water temperatures of 12,
15, 18 and 21°C, during both the seasonal warming
(winter−spring−summer) and cooling (summer−
autumn− winter) phases occurring between Septem-
ber 2013 and July 2014, 6 individual fish were
selected for respirometry experiments over a 2 to
3 wk period (required to complete all assessments).
Fish exposed to respirometry were selected at ran-
dom, with the provision that fish were between 300
and 500 g, to ensure a suitable fish size:respirometer
volume ratio (and strong respiration signal) and to
constrain any potential body size effects. In each
instance, respirometry was performed at the ambient
seasonal temperature experienced upon removal
from their culture tank; thus the temperature at
which respirometry was conducted varied by up to
0.5°C at any given reference temperature.

Upon the completion of respirometry investiga-
tions, 180 fish from the same population were placed
in a new 5000 l tank. Fifty fish were individually PIT
tagged (passive integrated transponders, inserted
into the intraperitoneal cavity) in September 2014 to
enable repeated growth determinations (including
specific growth rate, length growth rate and Fulton’s
condition factor). The remaining 130 fish remained
anonymous and were utilised for periodic sampling.
Growth observations commenced in October 2014
and continued for a 10 mo period.

For all stages of live animal handling (including
tagging, growth determinations and transfer to
respirometers), the source tank of fish was anaes-
thetised with 20 ppm AQUI-S™ (AQUI-S NZ).
Anaesthetic induction took between 20 and 30 min
before the fish were in stage II−III anaesthesia and
able to be gently handled with no observed escape
behaviours. This ensured that fish were in as near as
possible to a ‘resting’ state without any metabolic
perturbations or reductions in metabolic energy
stores that would occur during unsedated handling
(Small & Chatakondi 2005).

2.2.  Respirometry

All measures of oxygen consumption were ob -
tained using automated, intermittent flow respiro -
metry (Steffensen 1989). Respirometers consisted of
cylindrical, 7.5 l volume PVC chambers sealed with
detachable clear acrylic end pieces. Each respirome-
ter contained a 1.5 l blanking spacer to limit behav-
ioural activity in the chamber (working respirometer
volume = 6 l). A small submersible pump (Mi-mouse)
located in an external loop provided continual circu-

lation of water through the respirometers, and
passed water directly over a galvanic oxygen sensor
(Mini Probe, Oxyguard) and a mixing baffle. Two
independent respirometers could be run in parallel
while immersed and secured in a larger 200 l fresh-
water reservoir.

An aerated water supply to the respirometer con-
sisted of 600 l header tank and pressure pump
(Eheim 3400 Universal Pump) that supplied UV-ster-
ilised and 10-μm-filtered ambient seawater in a ‘sin-
gle pass’ fashion (i.e. not recirculated) to eliminate
the potential for metabolic waste build-up. This pres-
surised supply served to fill and flush seawater
through the respirometer units. Precise water tem-
perature control was achieved by passing incoming
water through 2 SMO 254 stainless steel plate heat
exchangers (WCR). The first heat exchanger was
supplied with water cooled by an LTD 6/20 water
bath (Grant Instruments), while the second heat
exchanger was circulated from the 200 l water reser-
voir. Further temperature control in the 200 l water
reservoir was achieved using a custom refrigeration
unit and a GR 150 bath heater (Grant Instruments).

For respirometer measurements, a programme of
flush, wait and measurement phases (300, 60 and
300−540 s, respectively) was initiated by a data
acquisition unit (DAQ, Powerlab 18/30 ADInstru-
ments) and a custom-built relay and solenoid control
system that controlled intermittent water flow
through the respirometer via the TTL output and
event control functions of the DAQ. Water entering
the respirometer passed through a manifold and a set
of diaphragm valves (model 514, Georg Fischer) and
flow meters (Flowstat ES, AW Lake Company) to
ensure that the 2 respirometers were equally and
appropriately purged of water (equal to 3 times the
respirometer volume) from the preceding measure-
ment phase (Steffensen 1989). Oxygen recording,
water supply rates, water temperatures and trigger
events were all recorded by the DAQ for later analy-
sis.

The decline in pO2 during measurement phases
was used to calculate the mass-specific rate of oxy-
gen consumption (MO2) using standard methods
described elsewhere (Steffensen 1989, Cook et al.
2013). MO2 values were used to calculate maximum
metabolic rate (MMR), standard metabolic rate
(SMR), routine metabolic rate (RMR) and AS. Meas-
ures of MMR were calculated upon introduction of
the fish into the respirometer and their subsequent
recovery from anaesthesia, transfer and the repay-
ment of associated oxygen debt. The duration of
recordings were shortened over this period to
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between 180 and 170 s to capture the initially high
rates of respiration observed over this initial period
that fish were introduced to the respirometer. This
technique was selected as peak MO2 rates were
comparable to preliminary values from fish actively
chased prior to introduction to the respirometer (D.
Cook pers. obs.), and values for snapper observed
previously (Cook et al. 2011). After measuring MO2

for 60 h across at least 240 cycles of respirometry,
RMR was estimated according to the average of all
MO2 values across that period when chamber O2 was
>85% saturation. SMR was subsequently defined
according to the quantile method (Chabot &
Claireaux 2008, Cook et al. 2011). A 15% quantile
value was selected, as this value typically coincided
with the modal value of MO2 when all data points
were plotted in a frequency distribution. RMR was
determined as the mean value of respiration re -
corded throughout the entire duration of respirome-
try. AS was calculated from the difference between
the SMR and MMR of each individual fish, both as a
factorial (FAS, MMR:SMR) and in absolute (AAS,
MMR − SMR) units. Following each respirometric
determination, fish were removed from the chamber,
and euthanised using the iki jime technique. Meas-
urements of background respiration were then
recorded in the respirometers with the fish removed,
to determine bacterial loadings in the respirometer.
Bacterial/background respiration in the chamber
was negligible at most experimental temperatures,
but was up to 2.6% of routine metabolic oxygen con-
sumption rate of individual fish at 21°C. This was
accounted for in calculations. Morphometric meas-
urements (length, mass, gonad mass, liver mass, mat-
uration stage) and general condition of fish were
then recorded.

2.3.  Growth profiling and characterisation

Upon completion of respirometry investigations in
June 2014, growth observations commenced in Octo-
ber 2014 (also see Section 2.1). Periodic sampling of
fish length (to the nearest mm) and mass (to the near-
est gram) was performed with every 3°C change in
temperature since the previous sampling event
(beginning at 15°C). At each periodic measurement
period, 8 anonymous (i.e. untagged) fish were
selected at random, terminally sampled using the iki
jime brain ablation technique, and then processed
for physiological measures (metabolic reserve status,
ionoregulatory status and proximate body composi-
tion; see Section 2.4).

2.4.  Sample collection and biochemical analysis
techniques

Physiological and biochemical determinations
were performed on all individuals terminally sam-
pled during growth observations (beginning in Octo-
ber 2014). Following euthanisation, a 2 to 3 ml sam-
ple of mixed whole blood was collected from the
caudal vein of fish using 21 gauge hypodermic nee-
dles and EDTA-treated vacutainers (BD), then placed
on ice. Whole blood was centrifuged (3900 rcf, Het-
tich Universal 320R with a 1324 rotor) at 4°C, for
5 min and replicate samples of 200 μl blood plasma
was aliquoted into 1.5 ml cryovials (Nunc Cryotube,
Thermo Fisher Scientific) and then stored at −80°C
for later analysis of plasma metabolites. Six succes-
sive white muscle tissue samples were then immedi-
ately taken from the D-muscle block immediately
anterior to the dorsal fin, freeze clamped between
aluminium plates pre-cooled in liquid nitrogen, then
wrapped in aluminium foil and stored at −80°C until
analysis.

Plasma osmolarity was determined from freeze-
thawed plasma samples using a Wescor vapour pres-
sure osmometer (Vapro 5520, Wesco). Ketones were
measured on a portable blood analyser (Freestyle
Optimum Neo, Abbot Group) that has not yet been
validated for fish. Plasma glucose and ammonia were
measured using commercially available enzymatic
assays kits (Megazyme K-Amair and K-Gluc, Food
Tech Solutions), with the assays performed and ana-
lysed in a 96-well microplate format (Clariostar,
BMG Labtech).

Analysis of glucose, glycogen and lactate from
white muscle and liver involved homogenisation of
tissue samples in a bead mill (BBX24B, Next -
Advance). Approximately 0.1 g of homogenised tis-
sue was diluted in 0.5 ml ice-cold 0.6 M perchloric
acid (containing 30% methanol). Following centrifu-
gation, removal of the pellet and neutralisation with
potassium hydroxide, the supernatant was stored at
−80°C prior to analysis. Tissue glucose analysis was
performed using the assays and tissue preparation
steps described above for blood plasma. Plasma pro-
tein was measured using the BCA protein assay
(Peirce, Thermo Fisher Scientific) in 96-well plate
format. Tissue protein was quantified by first prepar-
ing 60 μg of finely diced white muscle tissue in
1500 μl of extraction solution (T-PER Thermo Fisher
Scientific) and mechanically disrupted in a bead mill
before centrifugation and collection of supernatant.
Tissue lactate was analysed using commercially
available enzymatic assays kits (Megazyme K-Late,

203



Mar Ecol Prog Ser 659: 199–217, 2021204

Food Tech Solutions). Glycogen (as glycosyl units)
was determined on thawed tissue samples as per the
methods of Keppler & Decker (1974), which involves
the enzymatic breakdown of glycogen using the
enzyme amino-glucosidase in a bicarbonate buffer.
White muscle moisture content was measured by
freeze-drying samples and calculating moisture con-
tent according to the relative mass of tissue remain-
ing ([dry tissue mass/wet tissue mass] × 100). Tissue
lipid concentrations were analysed in pooled sam-
ples of white muscle from 4 individuals at each sam-
pling point (n = 2 per sampling interval). Lipids were
extracted from white muscle using a modified Bligh
and Dyer extraction protocol (Bettjeman et al. 2018).

2.5.  Growth determinations, condition indices and
maturation characterisation

Measurements of fish growth were performed
between September 2014 and September 2015, and
performed as described in Section 2.1. Growth was
calculated as absolute growth rate (GR, g d−1),
 specific growth rate (SGR, % body mass d−1) and
length-growth rate (LGR, mm d−1) according to Eqs
(1−3):

(1)

(2)

(3)

Morphometric indices (including hepatosomatic
index, gonadosomatic index, viscerosomatic index,
spleen somatic index and visceral fat accumulation)
were determined from 8 terminally sampled individ-
uals collected at each sampling interval, as described
in Section 2.1. Condition indices including Fulton’s
condition factor (CF), and organosomatic indices
including gonadosomatic index (GSI), hepatosomatic
index (HSI), splenosomatic index (SSI), visceroso-
matic index (VSI) and cardiosomatic index (CSI)
were calculated according to Eqs (4 and 5):

(4)

Organosomatic index (% body mass) (5)

where M is mass (in g), L is length (in cm), t is time
(of measurement, either t0, t1 or Δt), and OM is organ
(liver, spleen, viscera, heart) mass.

The maturation stages of snapper were ascribed
macroscopically according to the criteria of Jackson
(2010). For females, a 6-stage classification system
(immature, resting, developing, developed, spawn-
ing and spent) was used, whereas for males a 5-stage
classification system (immature, resting, developed,
spawning and spent) was adopted.

2.6.  Data presentation and analytical methods

Seasonal temperature data were collected, then
presented in raw form, and also smoothed with a
Loess transformation for presentation purposes.
Respirometric data were analysed with a 2-way
ANOVA, with time point (date) and fish mass
treated as the first and second order treatment vari-
ables, respectively. Response variables passed
homo scedasticity and normality requirements on all
but 3 occasions, in which cases data were log trans-
formed.

Respirometric outcomes were log transformed to
account for the expected curvilinear relationship
with temperature, and then plotted. Seasonal tem-
peratures were presented both as the temperature at
the point of measurement and as the mean tempera-
ture experienced in the 28 d prior to analysis (Giomi
et al. 2016). Seasonal temperature (°C) is therefore
denoted as either measurement temperature or mean
proximate temperature (°C), accordingly. Determi-
nations of Q10 values were calculated using the stan-
dard equation Q10 = (K2/K1)10(t2−t1) where K1 and K2

are the mean of oxygen consumption rate data at the
temperatures t1 and t2, respectively.

Fish growth responses (length and mass) from the
repeated sampling of fish identifiable by PIT tag
were investigated with a linear mixed model (LMM).
The model treated time point and temperature as
treatment variables, and fish ID (i.e. PIT tag identi-
fier) as a random effect. Both treatment variables
were centred. Fish growth responses were also plot-
ted against seasonal temperature and analysed with
a linear regression for presentation purposes.

Fish growth responses were compared to respiro-
metric outcomes at comparable nominal measure-
ment temperatures, upon the assumption that the
respiratory character of snapper is representative of
adult (mature) snapper and therefore applicable to
snapper up to 1 yr older in age (during which growth
observations were collected). Data were then ana-
lysed with linear regressions.

Fish morphometric indices and biochemical/meta-
bolic properties were also analysed with 2-way

GR 100
( ) ( )1 0M t M t

t
=

−
Δ

SGR 100
ln ( ) ln ( )1 0M t M t
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Δ
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( ) ( )1 0L t L t

t
= ×

−
Δ
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3
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ANOVA, with time point and sampling order (i.e.
order of dissection and sampled collection) treated as
the first and second order treatment variables,
respectively. Sampling order, which was considered
relevant as time can have a known effect on post-
mortem changes in anaerobic metabolite concentra-
tions, was uniformly identified to have no statistically
significant effects on outcomes. Response variables
that did not meet homoscedasticity and normality
requirements were log transformed.

Most statistical analyses and figure generation
were performed in SigmaPlot (V12.5. Systat Soft-
ware). Analysis using LMMs was performed in Gen-
stat (V20.1, VSN International). Statistical signifi-
cance was accepted at p < 0.05.

3.  RESULTS

3.1.  Seasonal temperatures

Seasonal temperatures over the duration of the
experiments ranged between extreme values of 8.9
and 24.0°C. Mean water temperature in the period
September 2013 to September 2014 (where res -
pirometry investigations were performed) was
16.3°C, whereas mean temperature between Sep-
tember 2014 and September 2015 (when growth
characterisations and morphometric sampling was
performed) was 16.0°C. Annual variations in the sea-
sonal temperature range were slight yet apparent
between these 2 time frames. Daily temperature data
are portrayed in Fig. 1, and summary values are
reported for particular sampling events in relevant
tables.

3.2.  Oxygen consumption

Measurements of MO2 recorded over a
period of 3−4 d showed a typical response,
with elevated rates of MO2 recorded
upon introduction to the respirometer, fol-
lowed by more settled respiration pat-
terns in the >60 h period of observation
and measurement. Steadying values of
MO2 identified that more than 2 d was
required for determinations of SMR,
RMR, MMR and derived AS metrics. Time
point and the associated seasonal temper-
ature significantly influenced numerous
measures of oxygen consumption in snap-
per, including SMR, RMR and MMR. AS

showed a relatively broad and flat non-linear response
to season, with AAS showing a very slight peak in
the warmer summer (February to March) period. A
more pronounced inverted non-linear response was
seen for FAS, with a more obvious peak across the
cooler months of July to October (Fig. 2). Differences
in the FAS and AAS response identify a relative in -
crease in maintenance metabolic processes (or SMR)
relative to MMR.

Plots of seasonal temperature against log-trans-
formed values of SMR, RMR and MMR identified sig-
nificant temperature effects when expressed as both
measurement temperatures and proximate temper-
atures (Fig. 3, Table 1). Differences in metabolic
rates (SMR, RMR and MMR) between the warming
and cooling seasonal phases were considered to be
negligible.

Size metrics of fish utilised during respirometry
(including mass and length) were comparable
between sampling events (F = 1.85, p = 0.13; and F =
0.06, p = 0.676, respectively; Table 1). Variations in
organosomatic indices (including CF, HSI and GSI)
varied on a seasonal basis (F = 4.00, 7.07 and 2.87, all
p > 0.05; Table 2) and were considered acceptable
given the nature and intention of the study design.
Sex ratios varied between temperature-specific sam-
ple sets; however, this random outcome was not of
sufficient statistical power to allow further analysis.

3.3.  Q10 responses with seasonal temperature
changes

As described above, metabolic oxygen consump-
tion rates (including SMR, RMR, MMR and AS) all
varied with temperature. Rates of change (or Q10 val-
ues) ranged from 1.7 to 6.6, 0.7 to 17.7, 1.2 to 3.4, and
1.2 to 3.4 for SMR, RMR, MMR and AS, respectively,
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Reference Metabolic y0 a r2 F p
temperature rate

Measurement SMR −22.87 19.92 0.82 24.07 <0.01
Measurement RMR −35.68 24.49 0.93 69.81 <0.01
Measurement MMR −81.47 39.82 0.81 22.10 <0.01
Proximate SMR −23.86 20.13 0.86 3.50 <0.01
Proximate RMR −33.79 23.27 0.84 27.12 <0.01
Proximate MMR −79.31 38.65 0.77 17.56 <0.01

Table 1. Statistical parameters describing the relationship (of the form ƒ =
y0 + a ·x) between temperature and log10-transformed metabolic rate cal-
culations in snapper as determined throughout the annual seasonal cycle
(approximately 10−21°C) and depicted in Fig. 3. SMR: standard metabolic 

rate; RMR: routine metabolic rate; MMR: maximum metabolic rate
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at each incremental temperature change throughout
the season (Table 2). The largest Q10 values were
observed in summer and autumn.

3.4.  Growth profiling

Throughout the 12 mo period of observation, 4-yr-
old snapper grew from an average of 286 to 339 mm
fork length, and 507 to 860 g (Table 3). Both sampling
time point and temperature were found to have sig-
nificant effects on length- and mass-based growth,
with significant interactions between the 2 terms
detected (Table 4). Peak mean mass over the investi-
gated period was observed to be 886 g, indicating
that fish lost mass in the later stages of observation.
This mass loss was identified during sampling in
June and July, so negligible growth (expressed in g
d−1, % body mass d−1 and mm d−1) occurred between
May and September. Growth in mature snapper
therefore occured predominantly over a 7 mo period
when temperatures were greater than 12−15°C.

When growth rate was compared with seasonal
temperature (warming and cooling phases sepa-
rated) in terms of both temperature at measurement
(Fig. 4A,C) and mean proximate temperature (Fig.
4B,D), a set of linear relationships was identified.
When partitioned according to seasonal phase,
notable hysteresis between growth rates in the sea-
sonal warming and cooling phase was identifiable
when interpreted alongside the measurement tem-
peratures of the sampling event, but was not present
when interpreted alongside the proximate tempera-
ture (Fig. 4A−D).

Organosomatic indices (including liver, gonad, vis-
ceral mass, spleen and visceral fat) all varied in sta-
tistically significant fashion throughout the season
(Table 5). GSI, VSI and SSI were all elevated in the
warmer summer period compared with the winter,
while HSI and visceral fat contents were higher in
the winter. CSI was observed to vary by a small (but
statistically significant) amount, peaking in the
autumn. CF measurements were variable and not
significant.
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Fig. 2. Metabolic oxygen consumption rates of snapper at
different seasonal time periods (where December−February
represents the austral summer). SMR: standard metabolic
rate; RMR: routine metabolic rate; MMR: maximum meta-
bolic rate. Mathematical relationships between seasonal
time point and temperature are presented for visualisation
purposes and are described with non-linear regressions
according to the formula: ƒ = a ·exp(−0.5((x−x0)/b)2), where:
SMR (broken line), a = 146.8, b = 94.4, x0 = 41679, r2 =0.62;
RMR (dotted line), a = 197.4, b = 104.4, x0 = 41674.4, r2 =
0.59; MMR (solid line), a = 358.0, b = 137.9, x0 = 41679.1, r2 =
0.43; AAS, a = 209.9, b = 245.1, x0 = 41662.0, r2 = 0.06. 
FAS was described in the form ƒ = y0+ax+bx2+cx3, where 

y0 = 99371.8, a = −3.89, b = 1.5E−1, c = 5.03E−10
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3.5.  Interaction between aerobic scope and growth

To examine whether the aerobic metabolic poten-
tial of snapper was linked to (and therefore a poten-
tial driver of) growth rate differences in snapper, the
SGR of snapper at each of the nominal measurement
temperatures was compared against AAS (Fig. 5A)
and MMR (Fig. 5B) at comparable temperatures.

SGR increased linearly with AAS, but the correla-
tions were far from statistically significant during
both the seasonal warming (r2 = 0.40, F = 0.666, p =
0.56), and cooling phases (r2 = 0.66, F = 1.94, p = 0.40)
(Fig. 5A). SGR also appeared to increase in a linear
fashion with MMR during the seasonal warming, but
not significantly (r2 = 0.85, F = 12.67, p = 0.17). In con-
trast, SGR appeared to decrease in a linear fashion

207

Fig. 3. Relationships between metabolic
oxygen consumption (SMR, RMR and
MMR) and temperature (expressed as
both measurement and proximate tem-
peratures). Squares, circles and triangles
represent SMR, RMR and MMR, respec-
tively. Error bars represent 95% confi-
dence intervals. Blue data points and re -
gressions indicate measures determined
during the seasonal cooling phases (e.g.
summer−autumn−winter), while red data
points and regressions indicate measures
recorded during the seasonal warming
phase (winter−spring−summer). Linear
regressions are presented for visualisation
purposes only with SMR depicted with a
broken line, RMR depicted with a dotted
line and MMR depicted with a solid line

Fig. 4. Temperature−growth relationship of adult snapper expressed as both (A,B) specific growth rate (SGR) and (C,D) length-
growth rate (LGR). Temperature was expressed as both the temperature at the time of measurement (measurement tempera-
ture) and mean temperature experienced since the preceding sampling event (proximate temperature). Blue data points indi-
cate measures recorded during the seasonal cooling phases (e.g. summer−autumn−winter), while red data points indicate
measures recorded during the seasonal warming phase (winter−spring−summer). Linear regressions are presented for both 

the seasonal warming and cooling phases to assist with visualisation. Some data points overlap
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with MMR during the cooling phase but,
again, the relationship was far from sig-
nificant (r2 = 0.87, F = 6.79, p = 0.23; Fig.
5B). No link between SGR and aerobic
metabolic capacity was therefore evi-
dent.

3.6.  Maturation indices

During the growth trial, snapper were
observed to be approaching spawning
condition in September, whereupon evi-
dence of female gonad development
was observed (Table 5). Females were
in either a developing or a developed
state between October and February,
after which they entered a resting
gonad maturation phase. No females
were observed in a spawning state,
while 2 females in a spent spawning
state were observed in April. Males
were observed to be in a developed
state from October and were in either
developed or in-spawn states of matura-
tion between December and April, after
which they returned to a resting state.

3.7.  Haematological characteristics
and metabolic energy stores

Biochemical changes were pro-
nounced throughout the seasons.
Plasma osmolarity, plasma ketones and
plasma glucose protein were all statisti-
cally elevated in the warmer summer
months, whereas plasma protein was
statistically and subtly higher in the
winter period. Plasma ammonia was
highest in the spring. Similar statisti-
cally significant changes in tissue
metabolite concentrations were also
observed, whereby white muscle pro-
tein, glycogen and lipid, as well as liver
glycogen, were all highest over the win-
ter period. Only plasma glucose and
white muscle lactate were statistically
unchanged across sampling periods
(Table 6). Tissue moisture content var-
ied over a narrow (but statistically sig-
nificant) band, with no particular sea-
sonal trends.
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Sampling Nominal Mean proxi- Temperature Sampling Mass Length GR SGR LGR N
period temperature mate temp- at measure- day (g) (mm)

range (°C) erature (°C) ment (°C)

September 12.81 12.81 0 507.1 285.7 50
(58.3) (6.2)

October 12−15 14.46 14.97 24 542.0 289.7 1.16 0.13 0.18 41
(63.6) (10.6) (1.27) (0.07) (0.28)

December 15−18 17.17 18.91 76 654.3 306.9 1.70 0.27 0.26 37
(93.9) (13.0) (0.50) (0.06) (0.06)

February 18−21 21.39 21.11 149 784.2 326.0 2.16 0.31 0.30 37
(101.8) (12.2) (0.34) (0.04) (0.04)

April 21−18 20.37 17.69 190 874.8 336.6 2.32 0.29 0.27 33
(108.4) (11.9) (0.63) (0.07) (0.08)

May 18−15 16.04 12.84 232 885.8 338.4 0.05 0.02 0.08 33
(103.5) (12.2) (0.78) (0.31) (0.03)

June 15−12 13.28 11.82 247 880.4 338.9 −1.64 −0.06 0.01 33
(104.3) (13.1) (2.72) (0.13) (0.02)

July 12−9 10.36 10.25 302 864.4 3 40.2 −0.48 −0.06 0.01 32
(109.3) (10.9) (0.21) (0.03) (0.01)

September 9−12 11.86 12.18 351 860.7 338.9 0.09 0.02 0.01 29
(77.3) (13.1) (0.12) (0.11) (0.01)

Table 3. Seasonal growth responses of adult snapper. Mean values are reported with 95% confidence values contained in
brackets. Values of growth rate (GR) are expressed as g d−1, specific growth rate (SGR) is expressed as % body mass gain d−1, 

while length-growth rate (LGR) is expressed as mm d−1. N: no. of individuals sampled

Response N Variable Random effects               ———————————  Fixed effects  ———————————
variable Sigma2 SE Variable Num. df Den. df F p

Mass 331 Fish ID 9826.0 833.0 Time point 1 293.0 707.8 <0.001
Temperature 1 284.8 15.6 <0.001
Time point × Temperature 1 281.6 50.7 <0.001

Length 331 Fish ID 84.0 7.1 Time point 1 285.0 1821.9 <0.001
Temperature 1 280.8 39.5 <0.001
Time point × Temperature 1 279.1 77.6 <0.001

Table 4. Results from the linear mixed model used to investigate the effects of time and temperature on the seasonal growth
responses of adult snapper. N: number of variables; Sigma2: residual variance model; SE: standard error; Num. df: numerator 

degrees of freedom; Den. df: denominator degrees of freedom; F: F-statistic (or Wald statistic)

Fig. 5. Correlation between specific
growth rate (SGR) and (A) absolute aero-
bic scope and (B) maximum metabolic rate
of snapper at nominal seasonal measure-
ment temperatures investigated. Blue
symbols indicate measures recorded dur-
ing the seasonal cooling phases (e.g. sum-
mer− autumn−winter), while red symbols
indicate measures recorded during the
seasonal warming phase (winter− spring−
summer). Error bars represent 95% confi-
dence intervals. Linear regressions are
presented for both the seasonal warming
and cooling phases in the same colour 

scheme described
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4.  DISCUSSION

4.1.  The biological activities of
snapper associate with distinct
phases of temperature change

The current research clearly showed
that snapper undergo a marked and
rapid reorganisation of their whole
biology/physiology across the 4 sea-
sons of the year that occurs with sig-
nificant progressive shifts in water
temperature at the temperate latitude
of the South Island, New Zealand.
Whole-animal growth processes var-
ied (as ex pected) on a seasonally
dependent basis, with maximal
growth observed in the summer
period and low growth in the winter,
matching the same seasonally de -
pendent patterns observed during
ecological observations of wild juve-
nile (0+ age class snapper) and sub-
adult snapper (<3+ year classes)
(Francis 1994, Sim-Smith et al. 2013),
as well as many other temperate spe-
cies (Metcalfe et al. 2002, Olsen et al.
2006, Gillanders et al. 2012). The sea-
sonal variations ob served in the pres-
ent study dictate that snapper are
exposed to 2 periods of relatively
 stable temperatures at the extremes of
their seasonal temperature window
(summer: 20−23°C; winter: 9−12°C)
and 2 intermediate periods of un -
stable temperature in autumn and
spring, which are characterised by
changes of 9−10°C over a 10 wk
period (of both the warming and cool-
ing seasonal phases). This natural
regime thus does not compare with
classical experimental thermal expo-
sure protocols, which include either
acute (e.g. 1°C h−1 for up to several
hours) or chronic stable conditions
(e.g. 6 wk at a fixed temperature; see
also Morash et al. 2018). Exposing
snapper to this natural seasonal cycle
under laboratory conditions was thus
deemed ecologically relevant and
highly insightful, despite presenting a
reduced degree of control over exper-
imental variables.
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4.2.  Relationships between growth
and temperature interact with season-

ality and resource allocation

During warmer seasonal tempera-
tures, snapper showed a marked eleva-
tion in growth rate that was most
noticeable as temperatures increased
above 15°C. Towards the end of this
high growth phase, a simultaneous
increase in bodily energy reserves
(including glycogen and lipid stores)
was observed during the autumn
period once temperatures were falling
from their summer maximum. There-
fore, growth appears limited to a dis-
crete part of the year that is approxi-
mately 6 to 7 mo long, after which
snapper transition to a period of energy
storage and biological maintenance/
mass loss during the winter period.
This energy partitioning strategy of
adult snapper has also been observed
in young-of-the-year (0+) snapper,
which also transition from a period of
fast growth over the summer period to
a period of energy storage in prepara-
tion for winter (Sim-Smith et al. 2013).
This observed season of maintenance/
mass loss is also associated with
marked reductions in feed consump-
tion—as observed in juvenile snapper
—despite the continual provision of
food items (Flikac et al. 2020b). Further
investigations into both the digestive
process of snapper in winter, and the
regulatory processes of growth and
food consumption, are warranted.

An interesting observation from this
study is that although the relationship
between growth and temperature was
positive, there appeared to be sea-
sonal differences, whereby mass-
based growth at equivalent tempera-
tures in autumn (the cooling seasonal
phase) was greater than in spring (the
warming phase). This was apparent
when mass-based growth was inter-
preted alongside measurement tem-
perature and proximate temperature.
The relationship between temperature
and length-based growth was less
clear, suggesting that skeletal growth
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showed a more linear response to temperature (par-
ticularly with respect to proximate temperature). The
hysteresis apparent in the somatic growth of snapper
at the 2 comparable but seasonally distinct tempera-
tures suggests that somatic growth is modulated by
season.

In the present study, adult snapper were observed
to retain lipid and glycolytic energy stores at stable
concentrations throughout the winter period, despite
a concurrent loss of somatic mass and white muscle
dry mass. At the onset of spring visceral lipid and
liver glycogen stores decreased abruptly, coinciding
with an equally abrupt increase in GSI. This mobili-
sation of endogenous lipid and carbohydrate pre-
sumably occurred in preparation for the spawning
season and in response to reproductive hormones
triggering gonadal maturation, as has been sug-
gested in other fish species and in line with the capi-
tal breeding strategies of fish (for reviews, see John-
son 2009, McBride et al. 2015). As spawning of
snapper occurs between 16 and 21°C in Northern
New Zealand (Scott & Pankhurst 1992), 18 and 24°C
in Southern Australia (Saunders et al. 2012) and 16
and 22°C in the captive population studied herein
(D. Cook pers. obs.), snapper exposed to the temper-
ature regimes of the upper South Island of New
Zealand can potentially possess a 5- to 6-mo-long
spawning season. We argue that the preparatory
demands of spawning are key to the relatively lower
mass-based growth increments of snapper in spring.
The abrupt reallocation of fuel reserves to gonadal
tissues, the apparent prioritisation of energy store
maintenance above the maintenance of somatic mass,
and quantitatively lower rates of somatic growth in
spring than in autumn (at comparable temperatures)
provide collective evidence that spawning is a pro-
found bio energetic burden on fish, and that this
activity must be carefully balanced against compet-
ing fitness demands.

4.3.  Seasonally dependent changes in aerobic
respiration

In the present study, the various determinations of
snapper respiration rate (including SMR, RMR and
MMR) increased with temperature. In the context of
the local thermal regime, the lowest rates were
detected at temperatures representative of the ther-
mal minima (12°C) and the highest at the tempera-
tures representative of the seasonal maxima (21°C).
AS was elevated during the summer period when
expressed in absolute terms (e.g. AAS), coinciding

with the seasonal increase in citrate synthase activity
observed in snapper elsewhere (Majed et al. 2002).
However, when FAS was calculated, the opposite
response was observed, with winter showing the
greatest scope. When these changes in the respira-
tion of snapper were analysed with reference to the
measured and proximate temperatures, slightly
higher correlation values were observed when most
metabolic rate metrics were interpreted alongside
measurement temperature, rather than the proxi-
mate temperature. Perhaps more importantly, no
obvious differences were observed between the aer-
obic metabolic rates of snapper at seasonally distinct
but thermally comparable time points, suggesting
that seasonality does not influence the respiration
rates of fish (as discussed in Norin & Clark 2016).

While both AAS and MMR correlated positively
with temperature, the absolute difference between
these metrics at their seasonal extremes was rela-
tively small, varying by <25% over the course of the
year (and an approximately 10°C temperature span).
These small relative changes identify that snapper
possess a broad AS curve, which, interestingly, does
not associate with particularly high values of FAS (or
AAS) compared with those of other species. Snapper
possess an FAS of 3 to 4, but, by comparison, other
species possess factorial values up to 25 or as low as
2 depending on their ecotype (i.e. pelagic to seden-
tary lifestyles; Killen et al. 2016, Halsey et al. 2018,
Flikac et al. 2020a). The broad and flat AS curve pos-
sessed by snapper has also been seen in other highly
eurythermic species including mumichogs, Atlantic
cod and pink salmon (Clark et al. 2011, Healy &
Schulte 2012, Tirsgaard et al. 2015). This broad and
flat AS has been suggested to enable these species to
perform various biological activities over a larger
range of temperatures than species with more pro-
nounced bell-shaped AS curves, at the expense of
athleticism (Farrell 2016).

While a positive trend between AAS and MMR
with temperature was identified, the opposite trend
between FAS and temperature was apparent. This
observation that factorial differences in AS are
greater in the colder temperatures indicates that
standard metabolic costs are much higher in the
warmer summer conditions, as also identified by the
elevated Q10 values observed for SMR (i.e. Q10 > 5.0).
The costs of routine metabolism are equally, if not
more so, pronounced in summer (with Q10 [RMR] =
2.5−17.7). Changes in the order of Q10 = 2−3 are con-
sidered normal for biological systems, and indicate
that an ectotherm is partially compensating for
changes in temperatures, whereas values greater
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than 3 indicate additive biological effects influencing
the temperature-dependent biological rate (Precht
1958). It is clear that the changes in the biological
character of snapper during summer temperatures
are more profound than the thermal effects on
metabolism alone, and these changes in character
reflect that additional temperature- and season-
related phenomena are occurring.

Two of the additive processes observed to occur in
the warmer seasonal period were reproduction and
energy deposition. It is important to note that the
respirometer-based measures of oxygen uptake in
individuals in a reproductive state do not meet com-
monly held conditions necessary to quantify SMR,
which is often required to be determined in ecto-
therms in a resting (inactive) post-absorptive state
and in non-reproductive animals (Chabot et al.
2016). The metabolic costs of reproduction occurring
over the summertime period in the present study
would have therefore produced elevated measures
of SMR (and the associated Q10 values). As we did
not attempt to disentangle the metabolic costs of
gonad maturation and the other metabolic changes
associated with reproduction from seasonal tempera-
tures (indeed, in the current observational context it
would not be biologically meaningful to do so), the
relevance of our summertime SMR measures in
mature snapper should ordinarily be treated with
caution. Moreover, with values of RMR showing
even higher values of Q10 than SMR, the metabolic
costs of reproduction in snapper are likely to be con-
siderable. When summertime values of respiration
(including SMR, RMR and MMR) are excluded
because of the likely influence of reproduction, it is
apparent that seasonal changes in temperature pro-
duced Q10 values ranging between 0.7 and 3.4, indi-
cating that the respiratory character of snapper
showed complete to partial compensation for temper-
ature throughout seasonal changes. Overall, this
highlights that snapper show a considerable ability
to respond to and compensate for rapid changes in
seasonal temperature experienced in natural condi-
tions, and emphasises their eurythermal tolerance.

An alternative interpretation for the marked
changes in summertime Q10 values for SMR, RMR
and some measures of metabolic state (e.g. tissue
glycogen stores) is that the metabolic responses of
snapper to temperature are neither linear nor curvi-
linear (as is assumed when calculating Q10 values). In
the study of Jerrett et al. (2002), excised white muscle
tissue stored at a range of temperatures showed
striking changes in various measures of glycolytic
metabolism between 16 and 18°C that resembled

step functions rather than (curvi-)linear transitions.
These step functions suggest that abrupt changes in
the anaerobic metabolic processes of snapper occur
during transitions between winter (low temperature)
and summer (high temperature) thermal conditions,
and vice versa. Interestingly, these abrupt shifts in
glycolytic activity coincide with noticeable changes
in food intake and feeding behaviour (as reported in
juveniles of the species) and biological condition
(e.g. reproductive development), and occur at tem-
peratures slightly above the onset of maintenance
and/or negative growth (present study, Flikac et al.
2020a). Hypothetically, factors such as metabolic
suppression that are more often associated with low-
oxygen conditions, aestivation and diapause in fish
may associate with these transitions (Richards 2010).
Although it must be noted here that a study of the
marine species Tautogolabrus adspersus (cunner),
which exhibits winter dormancy and marked reduc-
tions in activity during cold exposure, has failed to
identify aerobic signatures of such processes
(Speers-Roesch et al. 2018). Whether such abrupt
metabolic responses to temperature are typical of
snapper at the coolest extent of their distribution or
their entire distribution, or are common in other tem-
perate marine species, presents an interesting basis
for further investigation.

4.4.  Interpreting metabolic measures and growth
in light of AS theory and the OCLTT hypothesis

Within the OCLTT theory, a core assumption is
that shifts in temperature to more optimum temper-
atures enable fish to overcome physiological limita-
tions in oxygen uptake and increase their biological
activity, while shifts away from optimal tempera-
tures impose physiological limitations in oxygen
uptake, limiting aerobic performance and biologi-
cally important activities (Pörtner & Knust 2007,
Pörtner & Farrell 2008). It would therefore be
assumed that the seasonal life-history strategy of
snapper, which incorporates high rates of biological
activity at seasonally elevated temperatures, would
agree with the OCLTT theory. While the biological
activities of snapper at their seasonal extremes are
clearly different — and can be summarised by ob -
servations of marked growth, reproduction and
energy deposition in the warm seasons, whereas
winter is limited merely to maintenance—differ-
ences in AS are much less apparent, with only the
aforementioned modest (<25%) increase in either
AAS or MMR.
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Changes in growth are considered one of the fore-
most biological activities that respond positively to
increases in AS, and represent one of the core
assumptions of the OCLTT hypothesis. Within this
study, changes in growth rate did not match changes
in AS, whereby notable increases in growth (from
−0.1 to 0.3% d−1) occurred without any meaningful
increase in AS (or MMR). This observation resembles
that observed in Atlantic halibut, which also show a
mismatch between changes in AS and growth (Gräns
et al. 2014). While this mismatch may indicate that
snapper need to balance competing energetic
demands and seasonally dependent activities (e.g.
reproduction and energy deposition), which then
affect the growth potential and/or AS utilisation of
fish, this also highlights that biological consequences
of an increase in AS should be interpreted carefully
and may not conceptually influence fish in a singular
and direct manner. This is in agreement with Fry’s
notions that performance and associated activities
should be viewed broadly, to include numerous
forms of physiological work, and that specific biolog-
ical activities are not optimised to specific tempera-
tures (Fry 1971, Farrell 2016).

A further assumption of the OCLTT hypothesis is
that shifts away from optimal temperatures that pro-
mote improved aerobic performance and biological
activity will be associated with an increased reliance
on anaerobic metabolism. While marked decreases
in aerobic performance (interpreted according to AS)
were not observed during the transition to the low
rates of biological activity of snapper observed 
in winter, there were also no observed seasonal
changes in tissue lactate concentrations or a winter-
time depletion of carbohydrate energy stores in
snapper. Although these findings only provide a pre-
liminary indication of the anaerobic functioning of
snapper between seasons, they further demonstrate
the relevance of the OCLTT theory to the seasonal
thermal regimes and responses of snapper.

Their broad AS curve affords snapper with a rela-
tively high aerobic capacity at cold seasonal temper-
atures, presenting an obvious energetic advantage
by enabling fish to undertake high rates of aero -
bically fuelled activity (i.e. digestion, locomotion)
throughout all seasons. However, this raises the
question as to why snapper do not execute energeti-
cally demanding activities (e.g. growth) when tem-
peratures are low and AS remains high. Reduced
food availability in natural settings could arguably be
one driver of reduced growth in snapper at cooler
seasonal temperatures; however (as previously men-
tioned), when provided with unlimited food rations in

this and other experimental settings, snapper
retained the same low temperature−low growth (and
even negative growth) response (Flikac et al. 2020b).

4.5.  Ecological implications for snapper

This study showed that the responses of snapper to
seasonal thermal cycles are not well described by the
OCLTT framework. The interactions between sea-
sonal activity cycles, respiratory physiology and the
requirement to perform energetically demanding
physiological and fitness processes (e.g. growth and
reproduction) are interwoven and not easily disen-
tangled at an organismal level. Laboratory-based
investigations (including the present study) often fail
to accommodate the numerous responses of fish that
can be observed at the ecosystem level. For instance,
this experimental investigation fails to account for
many behaviours and responses that snapper may be
able to perform under natural conditions. This
includes, but is not limited to, migratory behaviours
that could plausibly enable snapper to locate deeper
and subsequently warmer locations that are unaf-
fected by the diurnal cooling/warming cycles and
seasonal severity of the shallow coastal environ-
ments experienced in this study. While the migratory
behaviours of snapper can be described as varied
(and therefore question the validity of this assump-
tion), the inability to investigate such phenomena
and real-world responses are an obvious limitation of
this investigation (Mace & Drummond 1992, Francis
1995, Parsons et al. 2011, Parsons et al. 2014, Fowler
et al. 2017).

As an alternative to the OCLTT hypothesis, traits-
based ecophysiological models of fish responses to
climatic warming (and hypothetically even seasonal
thermal cycles) may provide an additive or alterna-
tive approach to understanding how physiological
process and inter-related concepts including bioen-
ergetics, ecology, thermal biology and/or oxygen
limitations can be mechanistically described (Neu -
bauer & Andersen 2019). In this light, some of the
observations from the present study can be investi-
gated, including the observation of wintertime nega-
tive growth at temperatures representative of those
observed in the natural habitat of snapper, the
observed mismatch between growth rate and AS,
and the marked reductions in biological activity
despite the presence of satisfactory AS values. This,
in combination with further studies that investigate
the seasonal responses of eurytherms (with an in -
creased focus on the low temperature physiology),
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may demonstrate how temperate species can occupy
and thrive with thermally fluctuating environments
that span both sub-optimal and optimal conditions on
a predictable annual cycle.

4.6.  Summary

Snapper adopt a strategy that balances a variety of
biological processes, activities and fitness require-
ments within a broad and factorially small AS curve
that supports reproduction, growth and energy stor-
age in the spring−summer−autumn period, which is
then followed by a period of winter maintenance and
negative growth. Growth was not the same at equiv-
alent temperatures across the different seasons, and
temperature-dependent growth rates were not
accompanied by an increase in AS. We argue that
these seasonal differences in growth and a mismatch
between growth rates and AS relate to different
requirements for biological activity that must be bal-
anced at the different times of the year. These obser-
vations strongly suggest that the life-history strategy
and AS-based OCLTT concept are not mutually
applicable to the seasonal responses of temperate
species such as the snapper, and alternative con-
ceptual frameworks need to be considered in this
context.
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