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Abstract Climatic warming is most pronounced in the
polar regions. For marine ectotherms such as fish, temperature is a key abiotic factor, influencing metabolic
processes. Species distribution and abundance are driven
by reproduction and growth, which depend on available
energy exceeding baseline maintenance costs. These routine metabolic costs make up a large part of the energy
expenditure. Thermal stress can increase routine metabolism, affecting an organism’s fitness. Data of routine
metabolic rates of Antarctic fish are scarce, and comparability of existing data sets is often problematic due to
ecological differences between species and in experimental
protocols. Our objective was to compare routine metabolism and thermal sensitivity of species with similar ecotypes but different thermal environments to assess possible
ecological implications of warming waters on energy
expenditure in Antarctic fish, a fauna characterised by
geographic isolation, endemism and putative thermal
adaptation. We measured routine metabolic rates of three
benthic Antarctic fish species from low- and high-Antarctic
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regions at habitat temperature and during acute temperature
increase. Our analysis revealed differences in metabolic
rates at the same temperature suggesting local adaptation to
habitat temperature. Acute thermal stress induced a comparable response of metabolic rates to increasing temperature. We conclude that higher metabolic rates and thus
higher energetic costs could be associated with narrower
thermal windows, a potential disadvantage to the endemic
high-Antarctic fish fauna facing the challenge of climate
change.
Keywords Routine metabolic rate  Polar fish 
Notothenioids  Metabolic cold adaptation  Respiration

Introduction
The polar regions comprise some of the ‘‘hot spots’’ of
climatic warming. Around the Western Antarctic Peninsula, surface waters have risen in temperature about 1 °C in
the second half of the twentieth century and around South
Georgia a temperature increase of 2.3 °C has been recorded
within the last 81 years (Meredith and King 2005; Whitehouse et al. 2008). Although temperature changes have not
yet been recorded for high-Antarctic regions such as the
Weddell Sea, water temperature increases of up to 2 °C
have been projected by the year 2100 also for these areas
(Hellmer et al. 2012; Turner et al. 2014).
Temperature is an abiotic key factor. In some ectotherms, such as many fish species, body temperature is
determined by ambient temperature, affecting metabolic
processes.
The thermal tolerance window of a species yields insight
into physiological plasticity regarding changes in ambient
temperature. According to the concept of oxygen and
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capacity limited thermal tolerance (OCLTT) (Pörtner
2012), the temperature window of an organism is defined
by the upper and lower critical and pejus temperatures. At a
species’ optimal temperature, low maintenance costs and
maximised aerobic scope were found to come along with
high growth rates (Koehn and Shumway 1982; Wieser
1994; Brodte et al. 2006). Even though supporting evidence for the OCLTT concept was found in various species
(Mark et al. 2002; Lannig et al. 2004; Pörtner et al. 2004),
its general applicability and how to measure it has been
still discussed in the recent literature (Clark et al. 2013;
Norin et al. 2014).
Fish play an important role in Antarctic food webs.
Being predator and prey alike, they serve as an important
link between lower and higher trophic levels (Hureau
1994). The Southern Ocean has been an oceanographically
isolated and thermally very stable environment over geological time scales, leading to the evolution of an endemic
Antarctic fish fauna with highly stenothermal species.
Antarctic fish exhibit different adaptations to their constantly cold environment, such as a lack of heat shock
response, expression of anti-freeze glycoproteins, a lack of
haemoglobin and myoglobin, higher mitochondrial densities as well as other compensatory adaptations of the heart
and circulatory system (e.g. DeVries and Eastman 1981;
Coppes Petricorena and Somero 2007). Compared to temperate species that experience broader environmental
temperature fluctuations, Antarctic fish have very narrow
temperature windows (Somero and DeVries 1967; Van
Dijk et al. 1999; Brodte et al. 2006). However, habitat
temperature does not only vary on global scales, but also
within the Southern Ocean. In the lower, i.e. northern
Antarctic region, shelf water temperatures are generally
warmer (Barnes et al. 2006; Clarke et al. 2009), compared
to the very stable high-Antarctic shelf region in the south
with temperatures between -0.5 and -1.9 °C (Hunt et al.
2003). Evolution in these thermally different regions is
likely to have affected thermal tolerance within Antarctic
notothenioids. Studies on critical thermal maxima (CTmax)
showed thermal tolerance differences between high- and
low-Antarctic species of up to 4 °C (Bilyk and DeVries
2011). Moreover, organismal freeze avoidance in Antarctic
icefishes was shown to increase with distribution in
increasing latitudes (Bilyk and DeVries 2010), indicating
specific adaptation to the respective regional climate.
For a benthic marine fish species, Pörtner and Knust
(2007) showed thermal limits determined in laboratory
experiments to agree with ambient temperatures beyond
which growth performance and abundance in the field
declined. Growth and reproduction are the main driving
forces for population dynamics and structure, thereby
shaping a species’ abundance and distribution (Pörtner and
Knust 2007; Pörtner and Farrell 2008; Rijnsdorp et al. 2009).

123

However, growth and reproduction of an organism depend
upon aerobic energy available after baseline costs of
maintenance have been met (Koehn and Shumway 1982;
Wieser 1994). Thus, knowledge on the impact of temperature on energy budget factors from experimental trials,
such as routine metabolic costs, helps to estimate possible
impacts of ocean warming on Antarctic fish. Routine
metabolism measured in terms of oxygen consumption is
an indirect measure of the energetic expenses necessary to
keep an organism alive including processes such as protein
synthesis or muscular activity, but can also include, e.g.
energy allocated to spontaneous activity (Jobling 1994).
Various studies are available focusing on differences in
routine metabolism and thermal tolerance between temperate, tropical and polar species (Johnston et al. 1991;
Clarke and Johnston 1999; Vanella and Calvo 2005; White
et al. 2012). However, data for Antarctic species are limited (Robinson 2008; Strobel et al. 2012; Enzor et al. 2013)
and additionally comparability of single studies is complicated by differences in experimental set-ups, protocols
and species’ ecotypes, all of which have major effects on
results (Chown et al. 2009; Bilyk and DeVries 2011). The
aim of this study is to compare routine metabolism and
thermal sensitivity of different Antarctic fish species from
different thermal environments, i.e. low northern and high
southern Antarctic regions, to gain insight in the impact of
environmental temperature variability within Antarctic
waters on a species’ thermal tolerance. While a population’s thermal tolerance is an important factor to assess, as
it has direct fitness consequences in a warming Southern
Ocean, ambiguities of species and regional effects cannot
be resolved with this approach. In this study, we compare
three notothenioid species from different latitudes, namely
Lepidonotothen squamifrons, L. nudifrons and Trematomus
hansoni, which are all benthic, shelf inhabiting species.
While L. squamifrons displays a more northerly distribution around the sub-Antarctic islands, Bouvet Island and
South Georgia, L. nudifrons inhabits the low-Antarctic
waters of the Scotia Arc and the Antarctic Peninsula (Gon
and Heemstra 1990). However, distributions of both species overlap around South Georgia. In contrast, T. hansoni
has a circum-Antarctic distribution and also occurs in highAntarctic areas (Gon and Heemstra 1990).
We present a data set of routine metabolic rates at
habitat temperature as well as in response to acute temperature increase of different Antarctic demersal fish species of similar ecotype measured with the same
experimental set-up and protocol. Thereby, we want to
approach the question how the geographically isolated and
highly endemic Antarctic fish fauna will fare with progressing climate change and whether there will be differences in this putatively temperature sensitive species
depending on habitat conditions.
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Materials and methods
Animals
In this study, the three Antarctic fish species, L. squamifrons, T. hansoni and L. nudifrons, were investigated.
Locations of catch as well as habitat temperature variations
for all species are shown in Table 1.
Lepidonotothen squamifrons were caught near South
Georgia at a depth of *310 m, water temperature of
2.1 °C and salinity of 34.4 % by bottom trawl in March/
April 2011 (RV Polarstern, ANT-XXVII/3). Body weight
of the fish ranged from 233.5–394.0 g (287.21 ± 19.57 g,
mean ± standard error of the mean, n = 8).
Trematomus hansoni were collected in the Eastern
Weddell Sea at a depth of *225 m, water temperature
between -1.5 and -1.9 °C, and salinity of 34.4 % by
bottom trawl in April 2011 (RV Polarstern, ANT-XXVII/
3). Body weight of the animals was between 213.2 and
300.8 g (252.46 ± 16.06 g, n = 5). Experiments with L.
squamifrons and T. hansoni were carried out after a
recovery period of a minimum of 14 days on board RV
Polarstern. During this time, L. squamifrons were kept at a
temperature of 2 °C (habitat temperature measured before
trawling), while T. hansoni were kept at the lowest technically possible temperature onboard the vessel of -0.5 to
0 °C.
Lepidonotothen nudifrons were caught near Elephant
Island at a depth of 70–322 m, water temperature of
0.0–0.8 °C and salinity of 34.2–34.5 % by bottom trawl in
March/April 2012 (RV Polarstern, ANT-XXVIII/4). Fish
weight was 32.2–41.0 g (35.08 ± 1.71 g, n = 6). Animals
were transported to the Alfred Wegener Institute in Bremerhaven (Germany) and kept in aquaria at 0–1 °C. To
minimise effects of captivity, fish were fed with krill
(Euphausia pacifica) 1–2 times a week, as krill is an
important prey for adult L. nudifrons in nature. Experiments were carried out in August 2012.

The temperature at which the animals were kept after
being caught is here after referred to as habitat temperature
and was used as the starting temperature for the respiration
experiments. Experiments were stopped, when fish showed
first signs of stress, indicated by a loss of balance and
irregular movements of opercula.
Oxygen consumption measurement
Routine metabolic rates (RMR) in this study were measured
by flow-through systems. Prior to each measurement oxygen probes were calibrated at the starting temperature for
100 % oxygen saturation with air equilibrated seawater and
for 0 % saturation with nitrogen bubbled seawater. Before
and after each measurement period, a blank, i.e. without an
animal inside the respiration chamber, was measured to
estimate bacterial respiration and fluctuation of the flow.
Blank data showed negligible oxygen consumptions and
therefore were not considered in calculations of oxygen
consumption. Postprandial metabolism was reported to last
between 3 and 13 days in Antarctic fish (Boyce and Clarke
1997; W. Davison personal communication). Thus, L.
nudifrons was starved for a minimum of 10 days and L.
squamifrons and T. hansoni for a minimum of 14 days prior
to experiments, to exclude effects of specific dynamic
action on metabolic rates. The fish were placed in the respiration chamber at habitat temperature. After a recovery
period of at least 24 h, oxygen consumption was measured
for another 24 h at habitat temperature for RMR determination. Subsequently, temperature was increased by 1 °C
per 24 h. Temperature was continuously raised in the
morning. In this way, settings could be supervised while
temperature was increased and data for analysis were
recorded at stable temperature overnight, as disturbance
levels by surroundings were lowest during this time. A
dimmed light was turned on all day long in the experimental
room to display summer light conditions. In the beginning
of each measurement, the flow rate was set in a way that the

Table 1 Location of catch (habitats), minimum and maximum habitat temperatures as well as time of experiment and time of spawning of
species used in this study
Species

Habitat

Latitude

Longitude

Habitat
temp.
min. [°C]

Habitat
temp.
max. [°C]

Time of
experiment

Time of
spawning

Trematomus hansoni

Southern Ocean/
Weddell Sea

70°500 S

10°360 W

-1.9

-1.5

April (autumn)

February/
March

Lepidonotothen squamifrons

Southern Ocean/
South Georgia

53°240 S

42°400 W

1.5

2.5

March/April
(spring)

February

Lepidonotothen nudifrons

Southern Ocean/
Elephant Island

61°010 S–62°290 S

54°400 W–
61°240 W

-1.5

1.0

August (winter)

April/May

Temperatures are derived from Ocean Data View data sets SOA and WOA09 (Olbers et al. 1992; Locarnini et al. 2010; Schlitzer 2011).
Spawning times are derived from Sil’yanova (1982) and Andriashev (1986)
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Discussion

2
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In this study, Antarctic fish species showed differences in
oxygen consumption at the same temperature, but no differences in metabolic response to warming. Generally, an

T. hansoni
L. squamifrons
L. nudifrons

0

Statistical analysis was performed using R statistical language (R Core Team 2015; version 3.2.2). Only, data with
more than 3 replicates per species were included in the
statistical analysis. The significance level was set to
a = 0.05 throughout the study. Data were checked for
normal distribution (Shapiro–Wilk test, p [ 0.05 for all
groups, removing one data point of L. squamifrons (5 °C)
and L. nudifrons (2 °C), respectively, as outliers, one group
was evaluated as false positive (L. squamifrons 3 °C,
p = 0.0373) (see Online Resource 1–3, 5) and homogeneity of variances (Bartlett test, p [ 0.05 for each species). Logarithmic oxygen consumption data of single
species in response to different temperatures were modelled linearly. Species-specific intercepts were tested for
significant differences (ANOVA, common trend from linear model removed). Pairwise differences in intercepts
were tested for significance by Tukey HSD (post hoc,
p \ 0.05 for all species pairs).

1

Statistical analysis

nudifrons p = 0.627, L. squamifrons/T. hansoni
p = 0.111, L. nudifrons/T. hansoni p = 0.268), analysis
supported model selection with a common slope for all
species (y = 0.15705 9 x ? b). Thus, temperature had a
comparable effect on MO2 of all analysed species. Both, the
full model with individual, species-specific slopes and the
model with a uniform, common slope for all species
showed significant differences in oxygen consumption
between species (common slope: p \ 0.0001 for all species
pairs, species-specific slopes: p \ 0.0001 for all species
pairs except L. squamifrons/T. hansoni p = 0.0056). These
can be interpreted as differences in intercept between the
regression lines of the different species and thus significant
differences in MO2 at the same temperature between all
species. Intercepts (b), y (x = habitat temperature) and
RMR at habitat temperature are summarised in Table 2.
Including the possible outliers in the data set of L.
squamifrons (5 °C) and L. nudifrons (2 °C) yielded in
comparable results (not shown). Raw data and details of
analysis are given in Online Resource 1 to 6.

ln (MO2) [mg O2 kg−1 h−1]

out-flowing water displayed oxygen saturation between 95
and 90 %.
The term routine metabolic rates will be used in this
study to describe oxygen consumption rates including all
metabolic processes that contribute to keeping an organism
alive (also often termed as basal or standard metabolism)
plus spontaneous activity. Measured specimens were
observed to adapt a tripod stance and showed very rare, but
comparable spontaneous activity.
For calculation of metabolic rates, mean oxygen consumption of 8–12 h periods was used. For assessment of
routine metabolic rates, at habitat temperature means were
calculated over data of 24 h for L. nudifrons and T. hansoni, while 12 h intervals were used for L. squamifrons.
Oxygen consumption rates were standardised by dividing
them by body mass raised to the appropriate power for fish
using a mass exponent of b = 0.818 (Killen et al. 2007;
postmetamorphic Myoxocephalus scorpius).

P. brachycephalum
H. bispinis
A. depressiceps

Results
0

Oxygen consumption of L. squamifrons was highest at 2 °C
with a value of 96.04 ± 9.5 mg O2 kg-1 h-1. This is followed by MO2 of 83.17 ± 8.0 mg O2 kg-1 h-1 of T. hansoni at 0 °C. Lowest oxygen consumption of 38.67 ±
3.0 mg O2 kg-1 h-1 was measured for L. nudifrons at 0 °C.
A linear fit revealed a significant effect of temperature
on MO2 (p \ 0.0001, two-way ANOVA, no significant
interaction), i.e. a significant increase of oxygen consumption with increasing temperature (see Fig. 1). With no
significant differences in slopes (L. squamifrons/L.
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Temperature [°C]

Fig. 1 Natural logarithm of routine metabolic rates in dependence of
temperature for the notothenioid species Trematomus hansoni (open
circles n = 5 for all temperatures), Lepidonotothen squamifrons
(triangles n = 8 for 2, 3, 4 °C, n = 7 for 5 °C, n = 6 for 6 °C) and
Lepidonotothen nudifrons (filled circles n = 6 for 0, 1, 3, 4 °C, n = 5
for 2 °C). Black error bars indicate standard errors of logarithmic
metabolic rates, while grey bars indicate standard errors of the linear
model with common slope. Literature data of Pachycara brachycephalum (dashed line) (Van Dijk et al. 1999), Harpagifer bispinis
(dotted-dashed line) (Vanella and Calvo 2005) and Austrolycus
depressiceps (dotted line) (Vanella and Calvo 2005) are indicated

Polar Biol
Table 2 Routine metabolic rate (RMR) in mg O2 kg-1 h-1 for different fish species at habitat temperature according to the linear model with a
common slope for all species y = 0.15705 9 x?b
Species

Intercept

Habitat
temperature
(°C)

y (x = habitat
temp.)

RMR at habitat
temperature
(mg O2 kg-1 h-1)

Trematomus hansoni

4.54

0

4.54

83.17 ± 8.0

Lepidonotothen squamifrons

4.19

2

4.50

96.04 ± 9.5

Lepidonotothen nudifrons

3.53

0

3.53

38.67 ± 3.0

increase of metabolic rate with increasing temperature
complies well with our current understanding of temperature-dependent metabolism (see Clarke and Fraser 2004 and
references therein) and is in line with the theory of oxygen
limited thermal tolerance (Pörtner 2001). Comparing thermal tolerance of species from different thermal environments within the Southern Ocean, a common slope as
response to increasing temperature could be a consequence
of evolutionary adaptation to this cold environment with
little temperature variation (cf. Table 1) as well as the close
evolutionary relationship of these three notothenioid species
(Eastman and McCune 2000; Eastman 2005). Moreover, our
results indicate significant differences in oxygen consumption at the same temperature. While at 0 °C, highest oxygen
consumption rates were found for high-Antarctic T. hansoni,
intermediate metabolic rates were found for L. squamifrons
with the most northerly distribution in this comparison.
Lowest rates were found for L. nudifrons from the Antarctic
Peninsula region (cf. Table 2).
A higher oxygen consumption of T. hansoni compared
to L. nudifrons matches with the assumption of higher
metabolic rates of Antarctic species from high latitudes and
a colder environment (Scholander et al. 1953; Wohlschlag
1960; White et al. 2012). As shown in various studies,
high-Antarctic species, such as T. hansoni, are considered
to be highly temperature sensitive, to display a very narrow
thermal tolerance window (Pörtner and Farrell 2008; Bilyk
and DeVries 2011). In contrast, data of L. squamifrons do
not match with this hypothesis, as this species has a
northern Antarctic distribution, which would suggest a
higher thermal tolerance. However, a study by Beers and
Sidell indicated low haematocrit levels to be associated to
low critical thermal maxima in Antarctic fish. They found
L. squamifrons to show a lower critical thermal maximum
and lower haematocrit than two other red-blooded fish
(Gobionotothen gibberifrons and Notothenia coriiceps),
possibly indicating a relatively low thermal tolerance of
this species (Beers and Sidell 2011).
The literature on the effects of acute temperature on
rates of oxygen consumption measurements according to a
comparable protocol is scarce and only available for the
Antarctic eelpout Pachycara brachycephalum (Van Dijk
et al. 1999). This species also shows a similar slope of

oxygen consumption but a lower oxygen consumption at
the same temperature compared to species analysed in this
study (Fig. 1). The deep sea origin of the family Zoarcidae
suggests lower metabolic rates for the eelpout species
compared to species from shelf habitats (Hochachka 1988).
Moreover, it supports the finding of high metabolic rates in
cold habitats, as shelf waters are usually colder than deep
waters. For further comparisons, we added data of
Harpagifer bispinis, a plunderfish species, and Austrolycus
depressiceps, a Zoarcid, from the Beagle Channel to Fig. 1
(data adjusted to body mass as described in method section). Even though experimental protocols of these species
deviate and do include acclimation times, these data support a similar picture (see Vanella and Calvo 2005 for
original data and details of experimental protocol). Generally, oxygen consumption seems to be higher in species
from cold habitats: The South American eelpout A.
depressiceps displays lowest oxygen consumption, which
is followed by the South American H. bispinis, the
Antarctic eelpout P. brachycephalum, low-Antarctic L.
nudifrons and high-Antarctic T. hansoni. Differences in
oxygen consumption at the same temperature, but a similar
response to an increase of temperature could be the basis of
differences in thermal windows between species.
Our data suggest that there are general metabolic reaction norms with temperature in benthic cold water fish with
an inactive life style, which are reflected in the common
slopes of the regressions (Fig. 1). The width of thermal
windows is characterised by the y-intercept, the higher the
intercept, the smaller the remaining thermal tolerance
range into the warmth.
Data on critical thermal limits of the species of this
study are only available for species from different regions
and thus different thermal environments, complicating
direct comparison with our data. While T. hansoni from
McMurdo Sound showed a CTmax of 13.09 °C, CTmax
values of 15.38 and 15.06 °C were found for L. squamifrons and L. nudifrons from the Western Antarctic
Peninsula, respectively (Bilyk and DeVries 2011). While
CTmax data generally bear ecological relevance, they point
at somewhat higher capacities to maintain metabolic rates
at warm temperatures, when comparing these species. But
what might set metabolic limitations in these fish?
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A limiting factor for an increase of metabolic rate might
be set, e.g. by the circulatory system as shown by Mark
et al. (2002). These authors suggested a cardiovascular
capacity limitation to cause a mismatch between oxygen
demand and supply at increased temperature in fish. A
higher mitochondrial density, as found in Antarctic fish,
could enhance capacities of ventilation and circulation
(O’Brien and Sidell 2000; Pörtner 2002). (Sub-)cellular
space requirements were suggested to constrain maximum
scope for activity, as a higher mitochondrial volume is
needed in the cold for the same functional capacity as at
warmer temperatures (O’Brien and Sidell 2000; Pörtner
2002). In Antarctic fish, metabolic rates are low, but
metabolic increments, e.g. due to increasing temperature,
are relatively high due to high amounts of enzymes to
warrant functional capacities at low temperature, resulting
in early capacity limitations (Pörtner et al. 1998; Kawall
et al. 2002b; Somero 2004).
Declining width of thermal windows with decreasing
habitat temperature variation has been observed for eelpout
species from Antarctic and temperate regions (Van Dijk
et al. 1999). Beers and Sidell (2011) suggested a positive
relation between thermal tolerance and haematocrit levels,
which matches well with the oxygen limited thermal tolerance model by Pörtner (2001). This also agrees well with
our results of relatively high routine metabolism of L.
squamifrons for a species with the most northern Antarctic
distribution in this study, possibly indicating a low thermal
tolerance and a restricted scope for an increase of metabolism. A high performance sensitivity towards increasing
temperature was suggested by various studies for species
living at the warm-edge of their distributional range
(Stillman 2003; Deutsch et al. 2008; Neuheimer et al.
2011), which might also be true for L. squamifrons.
A several-fold higher metabolic rate of polar compared
to temperate or tropical ectotherms when extrapolated to
the same temperature is hypothesised by the MCA theory
(Scholander et al. 1953; Wohlschlag 1960). Since its
introduction the MCA concept has been vigorously discussed in the literature. While most studies support higher
activity rates for enzymes associated with energy metabolism in species from polar regions (Hochachka 1988;
Crockett and Sidell 1990; West et al. 1999; Kawall et al.
2002a) (but also see Magnoni et al. 2013), experimental
results deviate widely at the whole-organism level (Holeton 1974; Torres and Somero 1988; Clarke and Johnston
1999; Jordan et al. 2001; Steffensen 2002; White et al.
2012). Our results agree well with a recent analysis by
White et al. (2012), who found evidence for MCA at different levels of organisation in fish, with strongest support
at the level of whole-animal metabolic rate. However,
differences in metabolic rates in our as well as White’s
study are not even close to a several-fold higher MO2 for
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species from high latitudes as initially suggested by
Scholander et al. (1953) and Wohlschlag (1960). About
twofold increased metabolic rates of species from higher
latitudes were also considered in papers that actually disagree with the MCA hypothesis (Clarke 1980; cf. Holeton
1974).
Factors usually criticised in experiments supporting
MCA, such as the lack of acclimation periods in the experimental protocol and comparison of species of different
ecotypes can be excluded in this study. The use of flowthrough respirometers was a major factor criticised by
Steffensen (1989, 2002), as this method was supposed to
cause overestimation of metabolic rates. Steffensen and coworkers found differences in experimental protocols associated with flow-through respirometry, such as lack of
acclimation times, short measuring periods and no consideration of diurnal rhythms, to result in high metabolic rate
measurements. However, respiration rates obtained here
comply well with values measured for similar species in
other studies (Van Dijk et al. 1999; Mark et al. 2002; Steffensen 2005; Brodte et al. 2006; Robinson 2008; Robinson
and Davison 2008; Enzor et al. 2013). Moreover, methodological comparison of flow-through versus intermittentflow respirometry showed no significant differences in
oxygen consumption data of individual fish measured with
both methods according to appropriate protocols (Sandersfeld and Knust unpublished). As in many other studies on
high-Antarctic fish (Axelsson et al. 1992; Davison 2001;
Maffia et al. 2001), T. hansoni was not kept at its usual habitat
temperature of below -1 °C in this study. Although an
elevation of metabolic rate due to higher holding temperature
cannot be excluded, a comparison of literature data makes it
seem unlikely (Robinson 2008).
There are various factors possibly influencing metabolic
rates, which cannot be completely controlled. While seasonal impacts on shelf water temperature expand only into
the upper 100–200 m of the water column (Clarke 1988;
Barnes et al. 2006), seasonal impacts on metabolic rates
have been reported with respect to spawning as well as
food availability in fish (Beamish 1964; Karås 1990). As
weight and size measurements suggest fish of this study to
be adults (cf. Kock and Kellermann 1991; T. Sandersfeld
unpublished data) and experiments were conducted after
the spawning season (cf. Table 1), metabolic rates are
likely to have been on a lower level. Moreover, various
physiological and ecological as well as habitat-specific
factors are known to possibly influence metabolic rates
(Post 1990; Campbell et al. 2009; Giesing et al. 2011;
Ohlberger et al. 2012). However, only the parameters of
lifestyle and activity could be considered and were regarded to be comparable for the analysed species.
There are various attempts to explain high metabolic
rates in Antarctic fish. The mitochondrial proton leak
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makes up a significant part of an organism’s metabolic rate.
Hardewig et al. (1999) estimated the proton leak to make
up for about 10 % of respiration in liver mitochondria of
the Antarctic L. nudifrons. This makes a higher wholeanimal metabolic rate in Antarctic fish with higher mitochondrial densities probable. While this is supported by
results from studies on enzyme levels (e.g. Crockett and
Sidell 1990) and matches with observations of low growth
in polar ectotherms (DeVries and Eastman 1981; La Mesa
and Vacchi 2001; Pörtner et al. 2005), results of wholeorganism metabolic rates are controversial. Studies at
lower organismic levels are often less complex and yield
clearer results. Nevertheless, when aiming to transfer
results from lower levels to ecosystems, one can hardly get
around taking the whole-organism level into account (cf.
Barnes and Peck 2008). It is questionable, whether measurements of metabolic rate via oxygen consumption are
the optimal tools to estimate routine metabolic costs, as it
includes a variety of complex processes (see also Clarke
1991). However, alternatives are scarce. As routine metabolism makes up for about 50 % of Antarctic fish energy
expenditure (Brodte et al. 2006), differences in routine
metabolic costs are likely to have fitness consequences (cf.
Pörtner and Knust 2007). High-Antarctic fish were shown
to grow slower compared to species from the seasonal
pack-ice zone (La Mesa and Vacchi 2001). While
low growth performance is suggested to be linked to lifestyle and food resources (La Mesa and Vacchi 2001), it
could also suggest limitations in energy allocation of highAntarctic species: High routine metabolic costs could limit
energy investment into growth (cf. Donelson and Munday
2012), which is crucial for a species abundance and population structure. Regarding metabolic stressors, such as
rising water temperatures and ocean acidification, which
can additionally increase metabolic rates, generally elevated metabolic costs could be disadvantageous.

performance, increasing habitat temperatures might further
skew this imbalance affecting growth and reproduction and
thereby population structures. In consequence, the discussion about higher or lower metabolic rates of polar fish
species could be crucial for our understanding of thermal
sensitivity of these animals in the current stage of climate
change.
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Pörtner HO (2012) Integrating climate-related stressor effects on
marine organisms: unifying principles linking molecule to
ecosystem-level changes. Mar Ecol Prog Ser 470:273–290.
doi:10.3354/Meps10123
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