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ABSTRACT

Changes in environmental factors may deeply affect the energy budget of Antarctic organisms as
many of them are stenothermal and/or stenohaline ectotherms. In this context, the aim of this study is
to contribute to knowledge on variations in the energy demand of the Antarctic amphipod,
Gondogeneia antarctica as a function of temperature and salinity. Experiments were held at the
Brazilian Antarctic Station "Comandante Ferraz", under controlled conditions. Animals collected at
Admiralty Bay were acclimated to temperatures of 0°C; 2.5°C and 5°C and to salinities of 35, 30 and
25. Thirty measurements were made for each of the nine combinations of the three temperatures and
three salinities, totalling 270 measurements. Metabolic rates were assessed by oxygen consumption
and total nitrogenous ammonia excretion, in sealed respirometers. When acclimated to salinities 30 or
35, metabolic rates at 0°C and 2.5°C were very similar indicating a possible mechanism of metabolic
compensation for temperature. At 5.0°C, however, metabolic rates were always higher. Lower
salinities enhanced the effects of temperature on metabolism and ammonia excretion rates. The
physiological adaptations of individuals of G. antarctica suggest adaptive mechanisms for energy
saving, adjusted to an environment with stable conditions of temperature and salinity. Little is known
about the joint effects of salinity and temperature and this study is an important contribution to the
understanding of the mechanism of polar organisms in their adaptation to both factors.

Resumo

AlteracBes ambientais podem modificar a alocacéo de energia dos organismos, principalmente dos
ectotermos estenotérmicos e/ou estenohalinos. Nesse contexto, este trabalho contribui com o
conhecimento da demanda de energia do anfipode antartico Gondogeneia antarctica em funcéo da
temperatura e da salinidade. Experimentos foram realizados na Estacdo Antartica Brasileira
"Comandante Ferraz", em condigdes laboratoriais controladas. Animais coletados na Baia do
Almirantado foram aclimatados a temperaturas de 0°C; 2.5°C e 5°C e salinidades de 35, 30 and 25.
Foram realizadas trinta medig@es para cada uma das nove combinacdes das trés temperaturas com as
trés salinidades, totalizando 270 medigBes. As taxas metabdlicas foram estimadas por meio do
consumo de oxigénio e excre¢do de amodnia, em camaras respirométricas seladas. Quando
aclimatados a salinidades 30 ou 35, as taxas metabdlicas a 0°C e 2.5°C foram semelhantes indicando
possivel mecanismo de compensacdo térmica, nessa faixa de variacdo dos fatores. A 5.0°C, no
entanto, as taxas metabolicas foram sempre mais elevadas. Baixas salinidades potencializaram os
efeitos da temperatura no consumo de oxigénio e na excre¢do de produtos nitrogenados. Os
resultados estdo relacionados a mecanismos adaptativos para economia de energia em individuos G.
antarctica, ajustados a um ambiente que tem condicdes estaveis de temperatura e de salinidade.
Pouco se sabe sobre os efeitos conjugados da salinidade e temperatura nos organismos e este trabalho
é uma importante contribuicéo para esse conhecimento.
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244 BRAZILIAN JOURNAL OF OCEANOGRAPHY, 61(4), 2013

INTRODUCTION

The Antarctic marine ecosystem can be
considered highly fragile in relation to changes in
certain environmental factors. Light cycles, sea ice,
and primary production in the water column are
strikingly different between summer and winter,
but sea water temperatures are stable, usually
fluctuating between -2°C and +3°C all year long
(EICKEN, 1992). Sea water temperatures have
remained almost the same during millions of years and
this has been an essential selective feature for the
settlement of an Antarctic ectothermal fauna with a
great number of stenothermal species (ARNTZ et al.,
1994). Stable coldness associated with the seasonality
of food production has been a driving force for the
establishment of traits directed to energy saving, such
as low metabolism, long lifespan with reduced growth
rates and low fecundity, seasonal reproduction and
delayed maturation (WHITE, 1984; HEMPEL, 1990).

Metabolic rates as a single parameter can be
used to describe the energy demands of a living being,
so studies on animals that usually have low metabolic
rates, energy saving mechanisms and low resilience to
environmental  shifts can contribute to the
understanding of climatic effects at the individual
level. This knowledge can be assessed by measuring
the metabolic oxygen consumption and nitrogen
wastes of shallow water organisms at different
temperatures while maintaining the usual salinity (35).
Salinity, however, although generally stable, can be
modified temporarily in coastal regions by melting ice
(SZAFRANSKI; LIPSKI, 1982). When temperature is
studied in conjunction with salinity variations, the
importance of temperature changes can be even better
understood and reveal important shifts in energy
demand (ROCHA et al., 2001; ALLAN et al., 2006;
FILIPPOV,  2006). In  addition, laboratory
investigations can also improve our comprehension of
the homeostatic abilities to modulate processes
according to the degree of temperature and salinity
variations.

Antarctic shallow water and intertidal zones
are occupied by a vagile fauna. Sessile animals are not
present due to ice formation during winter. Vegetal
detritus is a source of energy for an abundant fauna of
small crustaceans, mainly amphipods, that are preyed
upon by other invertebrates and fish. Individuals of
Gondogeneia antarctica (CHEVREUX, 1906) are the
most abundant amphipod in the shallow waters of
Admiralty Bay (De BROYER; JAZDZEWSKI, 1993).
They are very suitable as biological material for this
kind of study for a number of reasons: they are highly
abundantin the subtidal zone of west Antarctica
and are of great importance in coastal food webs
(RICHARDSON, 1975; DUARTE; MORENO, 1981;
JAZDZEWSKI et al., 2001); they can be easily

collected during low tides with a hand net; they are
very resistant and feed well in captivity. Our research
group selected them as bioindicator organisms for
biomonitoring studies after a long series of trials with
a great number of species, due to their sensibility and
the constancy of their responses to variationsin
environmental factors (GOMES et al., 2009).

The main purpose of thisstudy was to
evaluate the effects of temperature and salinity on the
energy demand of G. antarctica acclimated to
different conditions of both parameters, through the
variations in  oxygen consumption and nitrogen
excretion, to enhance the understanding of the
metabolic adaptations of these organisms to the
environment.

MaATERIAL AND METHODS

This study was undertaken at the Brazilian
Antarctic Station “Comandante Ferraz” located on the
Martel inlet in Admiralty Bay, in southwestern King
George Island. The coastal slope is steep and reaches a
depth of 500m in the central regions, like a fjord with
a great U-shaped valley (RAKUSA-SUSZCZEWSKI,
1980; WEBER; MONTONE, 2006; MONTONE et al.,
2013). During summer, at the surface, mean sea water
salinity is 34 and temperature may range from -0.2°C
to 5.3°C; at the bottom, mean salinity is 34.5 and
temperature varies from -0.4°C to 0.9°C (PRUSZAK,
1980; JAZDZESKI et al., 1986).

Specimens of G. antarctica were gently
collected with a small hand net, during low tide, from
among the sea-floor pebbles at a depth of 30 to 50cm.
During the sampling period, the local temperature was
between 0.5°C and 2.5°C and salinity between 34.5
and 35. Specimens were sorted and maintained for 10
days in tanks filled with 200 litres of sea water
with salinity 35 and temperature between 1.0°C and
2.0°C, renewed daily, and artificially aerated. They
were daily fed ad libitum with the various algae of
their natural diet, collected at the same locations as the
amphipods themselves. After this resting period, the
animals were transferred to smaller 50 litres tanks and
the water in each was adjusted to the desired
combination of salinity and temperature over a period
of 24 hours. The animals were then acclimated for 5
days under their respective experimental conditions.
The temperature was maintained constant using a
thermostatized water bath. All the water used during
maintenance periods and for the experiments was
passed through a 1 pum porosity pressure filter. The
animals' mean weight was 0.057g (+ 0.011), they were
adults but were not carrying siblings in the
marsupium. Feeding was suspended 24 hours before
measurements were taken.
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The following combinations of temperature-
salinity were used: 0°C-25; 0°C-30; 0°C-35; 2.5°C-
25; 2.5°C-30; 2.5°C-35; 5.0°C-25; 5.0°C-30; 5.0°C-
35. The temperature and salinity of each of these
combinations were selected because they fell within
the expected range of variations of the local surface
waters in any climatic change event, as explained
above. Thirty individuals were used for each
combination. Experiments were held during the austral
summer, with a light period of 18 hours.

Oxygen  consumption and ammonia
excretion were measured in water samples from sealed
neutral acrylic respirometric chambers of 30ml to
40ml, depending on the size of the animal selected by
observation only. One acclimated amphipod was
gently introduced into one respirometric chamber and
left for three hours with running water to diminish the
stress due to handling. The water supply was then
suspended and the chambers were sealed for a period
that was experimentally established at 4 hours to
prevent oxygen concentration at the end of the
experiment from falling below 70% of the initial
concentration. Animals could move freely inside the
chambers but not swim extensively. The experimental
system was covered to diminish stress. The
respirometers were periodically observed
to ensure that the animals were quiet for at least 90%
of the period of observation. Data from stressed
animals were not taken into consideration. To obtain at
least 30 measurements, five spare sealed chambers
with amphipods were always included in the
experiments. As the amphipods were already
acclimated just a few animals had to be discarded. Of
the animals that showed satisfactory quietness, 30
were chosen at random to be used for the experiments.

Water samples were taken just before sealing
and just after opening the respirometric chambers to

determine  dissolved oxygen and ammonia
concentrations. Differences between these two
measurements, related to water volume, animal

volume and time were used to calculate consumption
and excretion. All measurements were made during
day time and no amphipod was used twice. Dissolved
oxygen was determined by Winkler’s method
modified by Fox and Wingfield (1938) for small
volumes of water. Ammonia content was determined
by the method described by Koroleff (1970 apud
Grasshoff et al., 1999). Animals were weighed at the
end of the experiments with a precision of 0.0001g.
Oxygen consumption was expressed as pLO,/g.h and
ammonia excretion as PM-N/g.h. The means of
oxygen consumption and ammonia excretion were
calculated from measurements obtained from animals
acclimated to each of the nine combinations of
temperature and salinity.

Data were checked for normal distribution

by the Shapiro-Wilks test and for variance

homogeneity by the Levene test. To evaluate the
differences between means, a two way ANOVA test
followed by the Tukey test for multiple comparisons
were employed (p<0.05).

The ratio between oxygen consumed and
nitrogen excreted (O:N) was calculated for each group
of the 9 combinations of temperature and salinity,
using the adjusted data (MAYZAUD, 1973,
MAYZAUD; CONOVER, 1988). The O:N ratio gives
an indication of the kind of substrate that is being used
for catabolism in a particular condition.

REesuLTs

The means (+SD) of the oxygen
consumption rates of G. antarctica as a function of
temperature at different salinities (Fig. la) indicate
that at salinity 25, oxygen consumption increased
significantly with increasing temperature. At this
salinity, consumption increased 37% between 0.0°C
and 2.5°C and 22% between 2.5°C and 5.0°C.

At salinity 30, the metabolic increase shows
a different trend from that obtained at salinity 25.
Oxygen consumption increased only 9% between
0.0°C and 2.5°C, but 52% between 2.5°C and 5.0°C.
Consumption at 0.0°C was not significantly different
from that at 2.5°C but both of them were significantly
different from that at 5.0°C.

At salinity 35 the oxygen consumption trend
was very similar to that obtained at salinity 30;
consumption increased only 9% between 0.0°C and
2.5°C; but, significantly distinct from the others, it was
53% higher between 25°C and 5.0°C The
consumption at 0.0°C was not significantly different
from that at 2.5°C but both of them were significantly
different from that at 5.0°C.

The means (£SD) of oxygen consumption
rates of amphipods as a function of salinities at
different temperatures (Fig.1b) showed that at the
three temperatures studied, oxygen consumption
decreased with increasing salinity. At 0.0°C and at
5.0°C, consumption diminished around 8% between
salinities 25 and 30; at temperature 2.5°C,
consumption diminished 35% between salinities 25
and 30. At all temperatures, consumption diminished
about 15% between salinities 30 and 35.

The means (xSD) of ammonia excretion
rates of G. antarctica at different combinations of
temperatures and salinities (Fig. 2a) indicate that at all
salinities, excretion at 0.0°C and 2.5°C were not
significantly different from each other but both of
them were significantly different from that at 5.0°C.
When considering variations between 0.0°C and
5.0°C, excretion increased, 47% at salinity 25, 37% at
salinity 30 and 13% at salinity 35.
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Fig. 1. Mean (+SD) oxygen consumption rate (uLO/g.h) of
Gondogeneia antarctica; a - as function of temperature, at
different salinities; b - as function of salinity, at different
temperatures.  Different  letters indicates  significant
differences between means of each group.
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Fig. 2. Mean (£SD) of ammonia excretion rate (UM-N/g.h) of
Gondogeneia antarctica; A - as function of temperature, at
different salinities; B - as function of salinity, at different
temperatures.  Different  letters indicates significant
differences between means of each group.

Table 1. O:N rates calculated from the means of oxygen
consumption rates and ammonia excretion of Gondogeneia
antarctica acclimated to different conditions of temperature
(temp.) and salinity.

O:N
Temp./Salinity 25 30 35
0.0°C 11.57 19.37 26.46
2.5°C 14.08 22.38 40.94
5.0°C 13.13 2351 39.08

The means (£SD) of ammonia excretion
rates of amphipods as a function of salinities at
different temperatures (Fig. 2b) indicate that ammonia
excretion decreased significantly with increasing
salinity, at the three temperatures studied. At 0.0°C,
2.5°C and 5.0°C excretion decreased, respectively,
185%, 357% and 272% between salinities 25 and 35.

The O:N ratio for G. antarctica varied from
11.57 to 40.94 (Table 1). Regarding the temperature
effects at each salinity, the O:N ratios increased
between 0°C and 2.5°C, and maintained similar values
at 2.5°C and 5°C. At salinity 25, the ratios were under
16; at salinity 30 the ratio varied from 19.37 to 23.51;
and at salinity 35 the ratio varied from 26.46 to 40.94.

Discussion

Antarctic  ectotherms have developed
complex mechanisms to adjust physiological processes
to stable water temperatures and salinity, mainly with
a view toenergy saving (CLARKE et al., 2007;
ROGERS et al.,, 2007), in spite of considerable
interespecific differences between them (CHAPELLE;
PECK, 1995; GOMES et al., 1995). Our data seem to
fit these environmental aspects of stability. As
expected, both oxygen consumption and ammonia
excretion of G. antarctica increased with increasing
temperature and decreased with increasing salinity but
these changes were notably dissimilar. When
examining the data of individuals of G. antarctica
acclimated to salinities 30 and 35 -that could be
considered as close to the usual, the metabolic rates at
0°C and 2.5°C were similar. At these salinities, a
significant increase in metabolism was evident only
when comparing the consumptions at 0°C and at 2.5°C
to that at 5°C. Studies with Antarctic ectotherms also
revealed that when temperature variations are closer to
the seasonal range, physiological processes remain at
similar rates but, when temperature is above the usual,
unexpected increases may occur (JOHNSTON et al.,
1991; PECK, 2002; OBERMULLER et al., 2007).
Stability also helps to explain why metabolic rates at
salinity 25 always increased significantly with
increasing temperature, even when the range was
between 0°C to 2.5°C. At salinity 25 mechanisms of
metabolic thermal compensation seem not to operate
properly. It is known that salinity variations
can produce significant changes in the energy



GOMEZ ET AL.: METABOLIC RATES OF AN ANTARCTIC AMPHIPOD 247

demands of polar and non-polar ectotherms, including
parasitess (MOLLER, 1978; ALLAN et al., 2006;
FILIPPOV, 2006). Species adapted to broad variations
of environmental factors, such as the temperate shrimp
Palaemon peringuery, for instance, did not show any
significant differences in oxygen consumption when
data measured at the same temperature over a salinity
range of 15 to 35 were compared (ALLAN et al.,
2006). Antarctic ectotherms may present distinct
adaptive ability depending on the species (WILSON et
al., 2002; JANECKI et al., 2010; EVANS et al., 2012)
and their respective habitats. Coastal water Antarctic
ectotherms, however, seem to have a low capacity to
survive during long periods at temperatures higher
than the environmental average, even if they are able
to tolerate this same temperature during a certain
period of time (PORTNER et al., 2001; PECK, 2005;
TOMANEK, 2008). Little is known about the joint
effects of salinity and temperature on polar organisms
and this study is a contribution to fill this gap.

The increase of ammonia excretion of G.
antarctica at lower salinity and the increase with
increasing temperature are probably related, among
other things, to processes such as ionic exchanges,
osmoregulation and the substrate used for metabolism.
These processes are partially responsible to the
increase in energy demand. At higher temperatures
and lower salinity the animals are subjected to greater
metabolic stress. The same situation has been detected
for other species of ectotherms such as amphipods
(AARSET;  AUNAAS, 1990; NORMANT;
LAMPRECHT, 2006) and fish (ROCHA et al., 2005).
At higher salinities the lower rates of ammonia
excretion are to be expected, probably as a
consequence of reduced metabolism of amino acids
and their retention as free amino acids in tissues
related to osmoregulation (FRICK; WRIGHT, 2002;
ROCHA et al., 2005).

The explanation for the Antarctic
ectotherms' susceptibility to temperature and salinity
variations is not simple. We do not have data on how
long G. antarctica would survive at 5°C under the
stressing conditions of enhanced energy demand.
Nevertheless, some authors consider that the narrow
limits of metabolic compensation could be related to
selective pressures to fix a minimal basal metabolism
to reserve enough energy to maintain the scope for
activity of an organism living in cold waters with
alternation of periods of plentiful and scarce food
resources (PORTNER, 2006; PORTNER; KNUST,
2007). In fact, studies have demonstrated that the
death of Antarctic ecthoterms after a long lasting rise
in temperature is not only due to the effects of
temperature itself over molecular kinetics. Probably,
the main constraint is that accelerated metabolism
demands an oxygen level that cannot be supplied to
tissues due to the organism's inability to transport and

distribute oxygen at low cost, proton leakage at
mitochondria during ATP production and the low
anaerobic capacities of organisms (PORTNER, 2002;
2006). In this case tissue hypoxia can occur.

Distinct mechanisms can be employed to
maintain the internal homeostasis and the adequate
level of energy expenditure, varying from behavioral
changes to shifts of distinct metabolic pathways
(ECHEVARREA et al., 1993; ROCHA et al., 2001).
O:N values indicate the nature of the substrate that is
being used to meet energy demand. Values up to 16
indicate a protein-dependent metabolism; values
between 16 and 60 indicate dependence on different
proportions of proteins and lipids; values over 60
indicate a fat-dependent metabolism (MAYZAUD;
CONOVER, 1988). Our data suggest a metabolism
depending mainly on proteins shifting to a dependence
on a mixture of proteins and lipids. The O:N ratio
increased with increasing salinity at every temperature
studied. So data indicated that protein-based
metabolism made an increasing contribution of lipids
with increases in temperature (from 0°C to 2.5°C) and
salinity. O:N values suggest that the metabolism of G.
antarctica is mainly dependent on proteins at salinity
25, increasing the proportion of lipids as salinity
increases. At any salinity, the metabolism at 0°C is
dependent on a higher proportion of proteins than at
the other temperatures. These data are complex but
they are clearly related to metabolic pathways.
Probably, as energy demand changes with temperature
and salinity, the shifts of substrate are part of the
mechanisms used to supply energy efficiently under
the specific conditions.

Ecophysiological data obtained thus far from
Antarctic  ectotherms  populations indicate that
stenothermic animals are highly sensitive to warming
(PORTNER et al., 2006). The results of this study
have demonstrated that the capacity of G. antarctica
to compensate their metabolic rates seems to be
limited. The stenohaline amphipod is proved to alter
its energetic demand, and lower salinities as well as
higher temperatures can greatly affect the homeostasis
of the organism when acting together with other
physical changes in the environment. Concomitant
changes in other factorssuch assalinity, pH and
oxygen content, among others, would make
temperature effects even harder to compensate for.
Further studies on the mechanisms of thermostability
are called for to enable one to draw trustworthy
inferences as to the ability of these organisms to face
global changes.
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