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SUMMARY: Subantarctic notothenioids are exposed to wider variations in temperature than those encountered in the
Antarctic Ocean, the ancestral environment of the group. In this study the influence of temperature on the routine metabol-
ic rate of Subantarctic teleosts was described and the results were compared with routine metabolic rates of species with dif-
ferent geographical distributions, exploring the concept of Metabolic Cold Adaptation (MCA). Oxygen consumption (VO,y)
was determined as an estimate of the routine metabolic rate for the following Subantarctic notothenioids: Paranotothenia
magellanica, Patagonotothen sima, Eleginops maclovinus, Harpagifer bispinis and the eelpout Austrolycus depressiceps. In
all studied species and tested temperatures, body mass and VO, showed a positive correlation. A drop in the temperature
from 10 to 2°C produced a significant reduction of VO, values with a Q,; ., varying between 4.69 and 9.54. VO, values
were related to species habitat: pelagic species reached the highest values of VO,,, while sluggish species had the lowest
ones. We can conclude that the metabolic rates of these species of Subantarctic fish do not show MCA at the investigated
temperatures.
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RESUMEN: INFLUENCIA DE LA TEMPERATURA, HABITAT Y MASA CORPORAL EN LA TASA METABOLICA DE RUTINA DE TELEOSTE-
0S SUBANTARTICOS. — Los nototénidos subantarticos se encuentran expuestos a mayores variaciones de temperatura que las
del Océano Antartico, el ambiente ancestral del grupo. En este estudio, se describe la influencia de la temperatura en la tasa
metabolica de rutina de teledsteos subantarticos. Los resultados fueron comparados con tasas metabolicas de rutina de espe-
cies con diferente distribucion geografica, explorando el concepto de Adaptacion Metabolica al Frio (AMF). Se determind
el consumo de oxigeno (VO,z) como una estimacion de la tasa metabolica de rutina para las siguientes especies de nototé-
nidos subantarticos: Paranotothenia magellanica, Patagonotothen sima, Eleginops maclovinus, Harpagifer bispinis y el
Zoarcidae Austrolycus depressiceps. La masa del cuerpo y la VO,; mostraron una correlacion positiva en todas las especies
estudiadas y temperaturas experimentales. Una disminucion de la temperatura de 10 a 2°C produjo una reduccion signifi-
cativa de los valores de VO,;, con un Q,, ., que vario entre 4,69 y 9,54. Los valores de VO, estuvieron correlacionados
con el habitat particular de cada especie. Las especies pelagicas alcanzaron los valores mas altos, mientras que las especies
poco activas tuvieron los mas bajos. Podemos concluir que la tasa metabdlica de estos peces subantarticos no presenta AMF
a las temperaturas ensayadas.

Palabras clave: adaptacion metabdlica al frio, peces subantarticos, nototenioideos, respirometria, temperatura.

INTRODUCTION
The hypothesis of Metabolic Cold Adaptation
(MCA) predicts a higher metabolic rate than that

expected by extrapolation of data from warmer

*Received June 24, 2004. Accepted May 11, 2005.

water species. Since this was started by Krogh
(1916), followed by Scholander (1953) and
Wohlschlag (1960), the Metabolic Cold Adaptation
(MCA) theory has gained support among some
authors (Torres and Somero, 1988a, b; Crockett and
Sidell, 1990; Portner et al., 2000; Portner, 2002),
and generated disagreement among others (Holeton,
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1974; Steffensen et al., 1994; Steffensen, 2002). As
a valid method, Somero (1991) suggested a compar-
ison between species belonging to the same genus or
family. Clarke and Johnston (1999) emphasised the
value of comparisons between Antarctic notothe-
nioids and perciforms of warmer waters. Remark-
ably, Clarke (1991) proposed initially an approach at
cellular level to contribute to the discussion on
MCA and temperature compensation.

Metabolism of Antarctic and Arctic poikilo-
therms has been under review, in the search for a
deeper understanding of the influence of body size,
life style and temperature on metabolic activity.
These aspects vary according to the evolutionary
history of each species and the individual thermal
record (Peck, 2002; Sidell, 2000).

Scaling is the structural and functional consequence
of changes in body size or scale among otherwise sim-
ilar organisms (Schmidt-Nielsen, 1984). For fishes,
this correlation has been fairly well demonstrated
(Clarke and Johnston, 1999; Willmer et al., 2000).

Oxygen consumption rate was found to be corre-
lated with the habitat for Arctic and Antarctic fishes
(Morris and North,1984; Zimmermann, 1997).

Subantarctic notothenioids are exposed to a
wider variation in temperature than those encoun-
tered in the Southern Ocean, making this group well
suited to perform comparative analyses. However,
only few data are available on their metabolic
aspects (Johnston et al., 1998).

The aims of this study are to investigate the
influence of temperature, habitat and body mass on
the routine metabolic rate of Subantarctic teleosts,
and to compare the results with routine metabolic
rates of species with different geographical distrib-
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utions, exploring the concept of Metabolic Cold
Adaptation (MCA).

MATERIAL AND METHODS
Samples

The adults or juvenile fish used in this study were
captured by hand, trammel nets or seine around the
area of Bahia Ushuaia (Tierra del Fuego, Argentina)
and its vicinity in summer, from 1999 to 2003 (Fig.
1). Water temperature ranged from 4 to 10°C in win-
ter and summer respectively.

The following species were used in this study:
Nototheniidae: Paranotothenia magellanica (Hut-
ton, 1875; capture technique, trammel net; depth, 10
m); Patagonotothen sima (Richardson, 1845; Cap-
ture technique, trap; depth, 0-5 m). Eleginopidae:
Eleginops maclovinus (Valenciennes, 1830; Capture
technique, seine; depth, 0-1 m), Harpagiferidae:
Harpagifer bispinis (Schneider, 1801; capture tech-
nique, hand; depth, intertidal zone), Zoarcidae: Aus-
trolycus depressiceps (Regan, 1913; capture tech-
nique, hand; depth, intertidal zone). The standard

TABLE 1. — Habitat and physical characteristics of species which
were studied in the present work. + = standard deviation.

Species Habitat Standard Length Body Mass
(LS mm) Mg

P. magellanica Pelagic 202 + 32 126.87 + 64.63

P. sima Benthopelagic 117+ 11 27.35+7.14

E. maclovinus Benthopelagic 97 +36 14.29 = 14.15

H. bispinis Benthic T4 +£5 6.26 + 1.15

A. depressiceps Benthic 111 =58 10.55 +£20.27




length (SL), body mass (M) and habitat of each
species under study were different (Table 1).

The experiments were carried out with a pho-
toperiod of 12 hours dark/12 hours light and the fish
were not fed for at least 15 days before VO,, mea-
surements were obtained. Each specimen was accli-
matised to 10°C (= 1) for 15 days inside individual
stop flow respirometric chambers immersed in a
tank of air-saturated seawater. The acclimatisation
time was according to Shrode et al. (1982). After
this period, the chamber was closed for 1-6 hours.
The time that the camera remained closed was
adjusted to make sure that the O, saturation never
descended below 80%. Samples of 10 ml of water
were taken through a rubber cup with a syringe. The
flexible material of the walls of the chamber allowed
the volume compensation. Oxygen concentration
was measured using a Clark-type polarographic
electrode. Oxygen consumption data were taken 1-2
times a day until O, consumption reached a stable
routine level. The last 5 days of routine O, con-
sumption were used to calculate VO, by a mean.

Respirometric chambers were made of translu-
cent plastic material, which prevented visual stimu-
lation from external sources. Three types of respiro-
metric chamber were used, according to the fish
size. The biggest one, used with only one specimen
of E. maclovinus, had a volume of 11 1, about 10
times the fish. The second chamber type had a vol-
ume of 3.17 1, about 12 times the volume of the
biggest P. magellanica used in this kind of chamber.
The third type of chamber had a volume of 316 ml,
about 30 times the volume of the biggest A. depres-
siceps used in this kind of chamber. In all cases, the
volume of the chamber was found to be sufficient to
allow spontaneous fish movements. The first and
second types of chamber were furnished with trans-
parent observation windows, regularly closed with a
translucent lid during the experiments.

After VO, at 10°C was measured, the tempera-
ture was lowered by 1°C per day until a temperature
of 4°C was reached. This temperature was main-
tained for ten days before VO,; was determined.
The same procedure was followed for the determi-
nation at 2°C.

E. maclovinus did not tolerate prolonged con-
finement, so two groups of fish were used. One
group of fishes was used in the experiment at 10°C
and another at 4°C and 2°C.

In order to compare species and VO,; at different
temperatures, the allometric scaling equations (Ln
VO,, =aLnM + b) were obtained for each temper-

ature and species. To perform a more general com-
parison, three inter-specific power equations were
calculated for each temperature. For one of them,
data from all species were used. For the other two,
data obtained from benthic and pelagic and ben-
thopelagic species were separated. The rate of O,
consumption was calculated for a standard fish of 50
g body mass and expressed by kilogram using the
allometric equations mentioned above.

Q,, values were calculated from the variation in
oxygen consumption of a standard fish of 50 g
body mass and expressed by kilogram. The formu-
la used was:

Q,= (VO2,/ VO2,))!0/ @ (Jobling, 1994).
Statistics

To test dependence between body mass and
VO,;, an ANCOVA analysis was performed. Differ-
ences between slopes and elevations of regression
lines were analysed to test the influence of tempera-
ture on VO,, (Zar, 1984).

RESULTS

The results of oxygen consumption in the differ-
ent species studied are synthesised in Figure 2. Oxy-
gen consumption increased with both fish body
mass and water temperature. Regression analysis
showed that the VO, increased significantly with
fish body mass (M) (p<0.05) for all temperatures
and for all species. The same statistically significant
relationship was found for all species considered
together and for the active and sluggish groups
(Table 2; Fig. 2).

A specific response was obtained when tempera-
ture was reduced from 4 to 2°C (Table 2): the
decrease in VO,, was small in the most active
species (E. maclovinus and P. magellanica), where-
as in the other—more sedentary—species the
decrease was more pronounced.

A decrease in temperature from 10 to 4 °C caused
significant differences (p<0.05) in the elevation of
all regressions that describe VO, response, except
for P. sima. Reduction of temperature from 4 to 2°C
produced significant differences in VO,; only in P.
sima and H. bispinis, while in the other species it
produced a non-significant reduction. Differences
between elevations of the 10 and 2°C curves were
significant in all species.
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FIG. 2. — Relationship between the logarithm of body mass in g (Ln M) and the logarithm of the routine metabolic rate in mmol O, / h, (Ln
VO,y) at different experimental temperatures (x = 10°C; @ = 4°C; ( = 2°C). A - E) Subantarctic teleosts used in present work (M in
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TABLE 2. — Allometric scaling equation for species and temperature. Differences between elevation of regression lines are exposed in the Elev
column. Routine Oxygen Consumptions (VO,;) for a standard 50 g fish (mmol O,/h/kg). Values of R? are shown.

Species T (°C) n Scaling Equation Elev VO, R?
Ln VO, = mmol/h/kg
P. magellanica 10 11 1.029 Ln M - 6.7163 a 1.36 0.73
4 11 0.8135 Ln M - 6.737 b 0.57 0.57
2 11 0.7913 Ln M - 6.8565 b 0.47 0.55
P. sima 10 10 1.4684 Ln M - 8.6727 a 1.08 0.21
4 8 1.2814 Ln M - 9.0024 b 0.37 0.91
2 7 1.3547 Ln M - 9.7871 c 0.23 0.92
E. maclovinus 10 13 0.7862 Ln M - 5.7888 a 1.33 0.97
4 12 09132 Ln M - 7.2614 b 0.50 0.91
2 10 0.7272 Ln M - 7.1057 b 0.28 0.92
H. bispinis 10 6 0.8056 Ln M - 6.1847 a 0.96 0.68
4 6 0.8922 Ln M - 7.436 b 0.39 0.80
2 5 0.964 Ln M - 8.4283 c 0.19 0.88
A. depressiceps 10 14 0.9504 Ln M - 6.8193 a 0.90 0.89
4 13 0.9569 Ln M - 8.0607 b 0.27 0.45
2 7 0.9605 Ln M - 8.6686 b 0.15 0.33
Inter-Specific 10 0.9843 Ln M - 6.6778 1.18 0.92
Total 4 1.06 Ln M - 7.9919 0.43 0.86
2 1.1662 Ln M - 8.735 0.31 0.89
Inter-Specific 10 0.8901 Ln M - 6.2661 1.28 0.83
Active 4 0.9545 Ln M - 7.5172 0.46 0.90
2 1.0256 Ln M - 8.1422 0.32 0.86
Inter-Specific 10 0.9755 Ln M -6.7603 1.05 0.88
Sluggish 4 1.0381 Ln M - 8.0354 0.38 0.50
2 1.0378 Ln M - 8.6893 0.20 0.42
Intra-Specific b mean 0.99

TABLE 3. — Q,, values obtained of changes in temperature 2-10°C and 4-10°C. Q,, were calculated using oxygen consumption for a 50 g

standard fish by kg.
Thermic range (°C) P. magellanica P. sima E. maclovinus H. bispinis A. depressiceps
2-10 3.81 7.04 6.91 7.60 9.63
4-10 4.22 6.00 5.08 4.56 7.61

In the analyses of the scaling equations, sepa-
rately for each species or after pooling data accord-
ing to the habitat, the active species (E. maclovinus,
P. sima, P. magellanica) showed a consistent ten-
dency to reach higher values than the sluggish
species (A. depressiceps, H. bispinis) for each tem-
perature (Fig. 2, Table 2). Except for P. magellanica,
in all the studied species the Q,, values for the 2-
10°C interval were higher than for 4-10°C (Table 3).
The highest values of Q,, were reached by the non-
notothenioid sluggish A. depressiceps.

DISCUSSION

The experimental temperatures applied in this
study (10-2°C) with Subantarctic notothenioids fills

the discontinuity between metabolic responses of
Antarctic nototheniods and temperate percifoms
(Fig. 3). This gap constitutes a problem mentioned
by Clarke and Johnston (1999), and originates in the
inability of polar fish to live at temperatures higher
than 6°C and the lethal effect of temperatures close
to 0°C for temperate perciform fishes. The highest
experimental temperature used in this study (10°C)
represents the maximum to which some Subantarc-
tic species are exposed during a “regular summer”.
Oxygen consumption at this temperature showed a
noticeable increase, reaching values two or three
times greater than the “regular winter” (4°C) condi-
tions (Fig. 3 and Table 2).

Oxygen consumption rate, like many other meta-
bolic processes, is largely related to body mass, fol-
lowing the general power equation VO,, = a M°,
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FiG. 3. — Arrhenius plot of VO, of Subantarctic perciforms (3; pre-
sent work), Antarctic notothenioids (®) and warmer water perci-
forms (O non notothenioids). Oxygen consumption values stan-
dardised for a 50 g fish. Regression line (—) fitted to warmer water
perciforms. Regression line (---) fitted to Subantarctic perciforms
(present work). Adapted from Clarke and Johnston (1999)

(Jobling, 1993; West et al., 1997). Clarke and John-
ston (1999) reviewed this subject, analysing the
results of 138 publications on relationships between
temperature, body size and routine oxygen con-
sumption in 69 species of fishes. The slope (b) of
specific equations varied between 0.3 and 1.2, with
a mean value of 0.79. In our study values of b for
active, sluggish or all the species together at each
experimental temperature (Table 2) were higher than
the mean obtained by Clarke and Johnston (1999)
but within the range of distribution of their data.

VO, values of Subantarctic species of this study
were correlated with habitat (Table 2). Paranotothe-
nia magellanica has the highest oxygen consump-
tion rates at all experimental temperatures. This
species was reported as highly mobile (Moreno and
Jara, 1984) and shows swimming movements in
aquaria more frequently than the other Subantarctic
species studied in our laboratory (pers. obs.).

VO, values of E. maclovinus are similar to P.
magellanica values at 10 and 4 °C but drop to a level
similar to that observed in the less active species at
2°C (Table 2). An explanation of this phenomenon
could be that P. magellanica, more active than E.
maclovinus, could maintain a higher O, consumption
at low temperatures. On the other hand, the authors
saw that many specimens of E. maclovinus showed
signs of low tolerance to the confinement in respiro-
metric chambers, which can cause a high VO,, espe-
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cially at summer temperatures. However, O, con-
sumption in this species remained stable once routine
values were reached, after the initial stress period.
Although oxygen consumption of H. bispinis and A.
depressiceps was virtually identical at 10°C, a high-
er VO,; was calculated for the Harpagiferidae at 4
and 2°C. This species is more active than A. depres-
siceps in both aquaria and the rocky intertidal zone,
its natural environment (pers. obs.). This correlation
between habitat and VO, was also reported for other
notothenioids by Morris and North (1984) and Zim-
mermann (1997), but a correspondence between
temperature or habitat is not observed for the specif-
ic mass exponent b (Table 2).

At both temperature ranges, 2-10 and 4-10°C,
Q,, values of P. magellanica were the lowest, while
A. depressiceps reached the highest values (Table 3).
A Q,,with a similar value, around 9, has been calcu-
lated for the Antarctic eelpout Pachycara brachy-
cephalum at 3-9°C (Hardewig et al., 1998). It is
therefore possible to assume a greater effect of tem-
perature limiting the oxygen consumption for the
sluggish Subantarctic eelpout in this thermal range.
This difference in reactions to changes in tempera-
ture would be predictable if a strong influence of
habitat in VO, consumption were present. However,
high values of Q,, were observed in the other
species used in this study. Another explanation is
that in this work the fish did not show compensation
responses during the acclimation time. When VO,
became stable, it persisted for longer than 15-20
days. However, if this time was too short to allow
the expression of compensation processes, an over-
reaction could be expected in the Q,, values.

The VO,; values of Subantarctic teleosts
obtained in this study (Fig. 3) are higher than the
general regression line drawn up by Clarke and
Johnston (1999) with non-notothenioid warm water
fish. Although data used by Clarke and Johnston
were obtained under resting conditions, the differ-
ence is negligible at 4 and 2°C. This small difference
from the resting data at winter temperatures could
show an effective acclimation process to winter tem-
peratures in the time that the animals had available
to carry out this process.

The present values obtained at 10°C are consid-
erably higher than the regression line obtained by
Clarke and Johnston (1999) for temperate perci-
forms. A possible explanation for Subantarctic
notothenioid species could be the hypothesis of
Portner et al. (2000) and Portner (2002). These
authors relate the reduction in energy demand and



high activation energies of mitochondrial enzymes
involved in the oxygen demand with the low meta-
bolic rates in stenothermal fish adapted to cold. In
the case of Subantarctic notothenioids, kinematic
barriers could be established by the environmental
temperatures, producing an extremely high value of
VO, at 10°C (Fig. 3). Another reason for this over-
reaction at 10°C could be an increase in the corporal
movement caused by high temperature. Again, an
appropriate quantification of activity could be nec-
essary to determine resting O, consumption.

Our results are not conclusive, but the wide range
of responses obtained suggests an evolutionary
adjustment to the variable Subantarctic environment
and an increase in width of the tolerance window
over the ancestral thermal range. We can conclude
that the metabolic rates of the studied species of
Subantarctic notothenioids do not show MCA in the
Krogh (1916) definition sensu stricto. However, an
overreaction in the metabolic responses of notothe-
nioids at Subantarctic summer temperatures could
be the expression of the metabolic adjustment of the
more stenothermal Antarctic ancestors to cold tem-
peratures.
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