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Abstract Standard metabolic rates of the endemic
Antarctic scallop, Adamussium colbecki (Smith, 1902),
were measured in austral summer and under simulated
winter conditions. Average mass-specific metabolic
rates were significantly different between ‘‘summer”
(151.17+ 45.06 pl O, g' h™") and “winter” (106.52+
39.65 ul O> g7' h™'") animals. The overall metabolic
rates of A. colbecki are comparable to those of other
Antarctic bivalve species, but well below those of
temperate scallop species. Data for 24 scallop popula-
tions (13 species) from different latitudes give no evi-
dence for elevated metabolic rates in A. colbecki as
suggested by the concept of “metabolic cold adapta-
tion”. A world-wide comparison of metabolic rate and
overall growth performance of scallops indicates that in
the Antarctic scallop the energetic advantage of low
basal metabolism does not counterbalance the disad-
vantage of the prolonged seasonal period of food
shortage.

Introduction

Antarctic benthic invertebrates exhibit slow growth, low
P/B ratios (Brey and Clarke 1993), prolonged longevity,
low activity (Arntz et al. 1994) and low metabolic rates
(e.g. Ralph and Maxwell 1977; Luxmoore 1984; Chap-
elle and Peck 1995; Ahn and Shim 1998). In high-lati-
tude marine systems, food availability is strongly
seasonal and spatially patchy, whereas the temperature
dependence of biochemical processes causes a general
slowdown of metabolism (Peck et al. 1997; Clarke 1998;
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Portner et al. 2000). Evolutionary adaptation to these
conditions may follow two alternative pathways. On the
one hand, animals may be selected for enhanced
“endurance”, i.e. the ability to survive prolonged peri-
ods without food by reducing metabolic activity and/or
increasing metabolic efficiency compared to temperate
animals. Consequently, comparatively more energy
could be channelled into growth and reproduction
(Crockett and Sidell 1990; Clarke 1991). On the other
hand, evolution could tend towards comparatively
higher metabolic rates to enable the animal to be more
active, as assumed by the hypothesis of “metabolic cold
adaptation” (Krogh 1916; Wohlschlag 1964; for review
see Peck 2002). Consequently, comparatively less energy
could be channelled into growth and reproduction (for a
detailed discussion see Clarke 1983, 1991; Portner
2002a). Some studies have found evidence for metabolic
cold adaptation in Antarctic fish (Wohlschlag 1964;
Forster et al. 1987; Hardewig et al. 1998). Other studies
in fish (Clarke and Johnston 1999) and invertebrates
(Ivleva 1980; Luxmoore 1984; Peck and Conway 2000),
however, could not confirm these findings. Only the
latter two studies considered benthic organisms to a
greater extent, but they compiled respiration data of a
wide variety of taxa. Therefore, small differences in
metabolic activity related to other factors than temper-
ature may have been obscured by statistical “‘noise”
owing to differences in body size, life history and ecol-
ogy. Hence, we focussed our study on one single family,
the Pectinidae, i.e. organisms with very similar body size,
body shape, lifestyle and life-history features.

The endemic Antarctic scallop, Adamussium colbecki
(Smith, 1902), is a common, abundant member of the
Antarctic nearshore fauna, with a circumpolar distri-
bution (Ralph and Maxwell 1977; Berkman 1990).
Highest densities are found above 100 m water depth
(Chiantore et al. 2001), but single animals have been
reported from depths down to 1500 m (Dell 1990).

We measured standard metabolic rates and overall
growth performance of 4. colbecki and collected similar
data from the literature referring to 23 scallop popula-
tions (12 species) from tropical to north polar habitats.
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Based on these data, we tried to answer two questions:
(1) does the Antarctic scallop show any signs of meta-
bolic adaptations specific to the Antarctic environment
and (2) is, among scallops, living at constantly low
temperatures energetically ‘““‘cheaper’?

Materials and methods

Sampling and maintenance

Experimental specimens of Adamussium colbecki were collected in
January and February 2000 from sites near the Italian Antarctic
station “Terra Nova Bay” (74°41.9’S; 164°07.5’E) either by SCU-
BA diving or with a naturalist’s dredge. In the Bay of Terra Nova
(Ross Sea) A. colbecki is common between 5 and 80 m depth, with
densities up to 60 ind. m™2 (Chiantore et al. 2001). Water tem-
peratures range from + 1°C in summer to —1.9°C in winter, salinity
is always close to 34 psu and available food is up to
0.33 g C m~2 ind.”! in summer (Albertelli et al. 1998; Povero and
Petrillo 2000).

After sampling, animals were immediately transported to the
laboratory at the station and cleaned of epibionts using a tooth-
brush. Thereafter they were maintained in aerated flow-through
aquaria at ambient temperature (0-0.5°C), salinity (34 psu) and
seston levels under natural light regime until further experimental
use. For winter oxygen-consumption measurements, 100 scallops
were transported by plane to the Alfred Wegener Institute (AWI,
Germany) at the end of February. They were maintained in cooled
aquaria with recirculating seawater (0+0.5°C, 33-34 psu)ina 12 h
dimmed light:12 h dark daily light regime. Animals were fed twice a
week by adding six Planktontabs (HOBBY, Dohse Aquaristik)
dissolved in 500 ml water to each aquarium tank
0.01 g Cm™2ind.”" at each feeding day, approximately 3% of
summer amount). No deaths occurred after an acclimation period
of 4 weeks.

Measurement of metabolic activity

Oxygen consumption was taken as a proxy of total metabolic
activity. Summer metabolism was measured at Terra Nova Bay
station 5-20 days after collection. Winter metabolism was mea-
sured under simulated winter conditions in the laboratory at AWI.
To obtain data as close as possible to standard (resting) metabolic
rates, as defined by Bayne et al. (1976), animals were prepared as
follows before measurements: (1) “summer”-animals were deprived
of food for 3 days, “winter”-animals for 7 days prior to experi-
ments in order to minimise the effects of specific dynamic action of
feeding (Wieser and Medgysey 1990); (2) to avoid handling stress,
scallops were allowed to accommodate for 24-36 h to the respira-
tion chambers prior to the start of measurements (e.g. Chapelle and
Peck 1995); and (3) during each measurement run, animals were
monitored at least 15 min at the start, once or twice during and at
the end of the run. Specimens that did not open their valves and
protrude their tentacles in a manner similar to undisturbed scallops
or that changed their position within one trial were disregarded.
Thus, the measured rate approximated the sum of metabolic
activities needed to keep the organism alive.

Respiration measurements were carried out using an intermit-
tent flow-through system (Fig. 1), which combines the advantages
of closed-chamber and flow-through systems (Forstner 1983).
Respiration chambers were small Perspex cylinders with a movable
lid to adjust chamber volume (50-600 ml) to animal size (for tech-
nical details see Gatti et al. 2002). Experimental temperature was
maintained at 0 +0.3°C by placing the chambers in a water bath set
in a jacketed container that was connected to a thermocirculator
(Lauda RS 6 CP). Each experiment consisted of a number of
subsequent measurement runs (closed-system stage). Each run
started with fully oxygenated water (saturation close to 100%) and

MICROX 8

.. e
.. oey
[T i

Optode

—
- 1T Pump [ =
l/——‘__\ p __::—;q:h‘-‘q\\

7

ul

(N oqua l\f‘:‘gg%“

!:I

Fig. 1 Intermittent flow-through system for measurement of
metabolic rates (flow-through stage with valves open displayed)

ended when oxygen saturation fell to 75%. Thereafter the water was
renewed (flow-through system stage) and a new measurement run
started. Each run lasted 2-5 h, depending on individual oxygen
consumption, each animal went through two to four runs (maxi-
mum duration of one experiment was 24 h). During the closed-
system stage water was continuously circulated between respiration
chamber and measuring optode (Fig. 1) by MASTERFLEX peri-
staltic pumps (model 7521-40 with a pump head system mod-
el 7519-05). In each experiment six respiration chambers with only
one scallop each (all of approximately the same size) and a control
chamber (without scallop) were measured simultaneously.

Oxygen content in the chambers was monitored continuously
with oxygen microoptodes connected to a MICROX-8 array
(PreSens, Neuweiler, Germany). The measuring principle of mic-
rooptodes is based on dynamic fluorescence quenching of an im-
mobilised oxygen-sensitive fluorophor (for details see Klimant et al.
1995; for specific advantages of microoptodes for cold water oxy-
gen measurements see Gatti et al. 2002).

Immediately after the end of each experiment, animals were
dissected and soft tissue wet masses (WM) were determined to the
nearest 0.1 mg after careful blotting with a paper. The tissues were
frozen at —80°C for analysis of enzymatic activities (see Heilmayer
et al. 2002). WM was converted to soft tissue dry mass (DM) by the
conversion factor 0.159 obtained from a separate sample of 234
animals.

Calculation of metabolic rates

Metabolic rates (Vos, in pmol O, ind.”" h™') were calculated from
the slope of the oxygen evolution curve, after transforming the
percent O, saturation to micromoles of dissolved oxygen in sea-
water using known values of oxygen solubility (Benson and Krause
1984) by:

V0, = (ﬂ x 100) X 0, X Vehamber (1)
satgg N
where ag, is the oxygen solubility in seawater (pmol dm™),
V Chamber the volume of respiration chamber and tubing (dm?), sat,
the oxygen saturation (%) at the beginning of the experiment and
satgo the oxygen saturation (%) after 60 min as calculated from
linear regression. Individual metabolic rates were corrected with
the oxygen consumption of control chambers (no animal) and
converted to millilitres O, by 44.66 pmol O, =1 ml O, (Brey 2001).
Metabolic rates were related to soft tissue DM by:

VOy=axDM? (2)



where « is a constant and b the scaling exponent. The model was
fitted by least squares linear regression after logarithmic transfor-
mation of both variables.

Computation of standard metabolic rates (SMR)

To remove the effect of body mass (Luxmoore 1984; Packard and
Boardman 1999) all oxygen data were converted to a standard
animal size of 1 g dry mass (DMs). For studies providing indi-
vidual metabolic values (V»), individual standard metabolic rates
(SMRy,q) could be calculated for each animal by:

SMR;,g=V 0, x(DMg/DMy)" 3)

where DME was the soft tissue dry mass of the experimental animal
and b the mass exponent of the oxygen consumption—to—soft tissue
dry mass relation (Kleiber 1975; Packard and Boardman 1999). For
those studies that provided no individual data but only an overall
allometric relationship between oxygen consumption and body
mass for the whole population, population average standard met-
abolic rates (SMR,,,) as described by Luxmoore (1984) were
computed by:

SMRe=a x DM50307 4)

where a and b are the constants from the appropriate physiological
function and DM yca, 1s the geometric mean dry mass determined
from the mass range of the experimental data; 0.807 was the mean
family-specific mass exponent determined in 81 studies with most
values ranging between 0.7 and 0.9 (Heilmayer, unpublished data
compilation).

Literature data constraints

Published data on the metabolic rates of other scallop populations
were included in this study only if these data: (1) referred to inactive
animals (i.e. resting metabolism), (2) were conducted in the normal
temperature range of the species, and (3) covered a sufficient range
of body mass values.

Statistical analysis
Hypothesis I: specific metabolic adaptations

To test whether Antarctic scallops exhibit metabolic adaptations
specific to the Antarctic environment (H ) or whether differences in
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95% confidence limits of the fitted Arrhenius model. Regarding
SMR;,4, an ANCOVA [In(SMR;,q) versus ‘““Antarctic—non-Ant-
arctic”” and 1/7] was applied.

Hypothesis 1I: investment in somatic growth

Energy spent on basal metabolism is ecologically “wasted” in the
sense that it is not used for growth, reproduction or activity (for a
detailed discussion see Parry 1983; Clarke 1987, 1991). Provided
that all other parameters such as assimilation efficiency are inde-
pendent of temperature, a reduced metabolic rate, as expected for
A. colbecki, should point towards an enhanced ecological growth
efficiency. To test whether Antarctic scallops invest comparatively
more energy into somatic growth (H,) or whether there is no dif-
ference to non-Antarctic scallops (Hy), we compared the ratio be-
tween somatic growth performance and SMR in 4. colbecki and 12
non-Antarctic scallop populations. We used the “overall growth
performance” (OGP) index P of Moreau et al. (1986) as a proxy of
lifetime somatic growth performance (for more details Brey 2001):

P =log(K+M) (5)

where K and M., are parameters of the von Bertalanffy growth
function (VBGF). As the index P is proportional to the maximum
rate of body mass increase during a lifetime (Pauly and Munro 1984),
the SMR at the inflexion point of the growth model was used to
calculate the P/SMR ratio. The residuals of the linear regression of
P/SMR versus T were checked by ANOVA for significant deviation
of the values referring to A. colbecki. As size—mass relations were not
available for all 13 populations included, M.. was computed from
H., (mean asymptotic shell height, taken from the appropriate
VBGF), and a common size—mass relation for scallops derived from
46 studies (Heilmayer, unpublished data compilation), such that:

log(M.) = — 4.38 + 2.846 x log(H) (6)

According to Feldman and McMahon (1983) this method is not
expected to cause a statistical artefact.

Results
Adamussium colbecki measurements

The relation between body dry mass and shell height was
not significantly different between summer and winter
animals (ANCOVA of log-transformed data, P=0.4)
and can be described by the overall equations:

'summer’ log(DM) = — 5.862 + 3.446 x log(SH) (N= 89, r*= 0.944)

'winter’ log(DM) = — 6.634 + 3.749 x log(SH) (N= 14, = 0.955)

the metabolism of Antarctic and non-Antarctic scallops are related
to temperature only (Hy), we ran two analyses, one based on
population average standard metabolic rates (SMR,,,) and one

(7)

Metabolic rates (Vo) of summer animals varied be-
tween 7.81 and 751.41 pl animal™ h™' and were related
to body mass by (Fig. 2a):

log(VO,) = 2.161 + 0.911 x log(DM) (N= 235, 2= 0.902, P< 0.001) (8)

based on individual standard metabolic rates (SMR;,q). In both
cases, an Arrhenius equation was fitted to the relationship between
SMR and absolute temperature (7). Regarding SMR,,,, we
checked whether the rates of 4. colbecki were situated within the

Winter metabolic rates ranged from 30.64 to
289.4 ul animal™' h™' and were related to body mass by
(Fig. 2b):

log(Vo,) = 2.002 + 0.717 x log(DM) (N= 35, r*= 0.658, P< 0.001) 9)
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Fig. 2a, b Adamussium colbecki. Metabolic rates in relation to soft
tissue dry mass. Regression lines shown were fitted by least-squares
to logarithmically transformed data: Eqgs. 8 and 9 for summer
(circles) and winter (triangles), respectively

An ANCOVA (log metabolic rate vs. season, covar-
iate log DM, only animals between 0.24 and 2.5 g DM,
P<0.02) showed that intercept (z-value=175.86,
P <0.001) and slope (#-value=21.13, P<0.001) are sig-
nificantly different. Metabolic rates of standard-sized
A. colbecki (SMR;,q) in “summer” (151.17+45.06 pl
0, g ' h™!) were approximately 42% higher than in
“winter”” animals (106.52+39.65 ul O, g”' h™").

Metabolic rates in scallops

Population average standard metabolic rates (SMR,,,)
of scallops are significantly and positively related to
temperature, as indicated by the Arrhenius equation:

In(SMR,,,) = 30.011 — 8844.658 x 1/T
(N= 80, 13 species, r*= 0.714, P< 0.001)
(10)
Mean “summer’ and “winter” values of 4. colbecki
were situated within the 95% confidence range of the
model (Fig. 3a). ANCOVA of the individually measured
standard metabolic rates (SMR;,q) (rate vs. Antarc-
ticenon-Antarctic, covariate 1/7) provided no evidence
for significant effects of the parameter ““Antarctic” on
metabolism (F=0.532, P>0.1). Hence, hypothesis I4 is

rejected, and a common Arrhenius equation can be
applied to the whole temperature range (Fig. 3b):

In(SMR,,4) =13.397—-4219.299 x 1/T
(N=936,8 populations, 6 species, 7*=0.356)
(11)
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Fig. 3a Metabolic rates (ul O, g~' h™") of scallop populations from
different latitudes. Data presented are resting or standard rates for
species at their normal ambient temperatures. Where seasonal data
were available, more than one value is included. Species and
references are as follows: Aequipecten opercularis (Vahl 1972;
McLusky 1973; Heilmayer, unpublished data); Argopecten circu-
laris (Silva Loera 1986), Argopecten irradians concentricus (Kirby-
Smith 1972; Barber and Blake 1985; Yang et al. 1998a; Lu et al.
1999); Argopecten irradians irradians (Bricelj et al. 1987), Chlamys
deliculata (Mackay and Shumway 1980); Chlamys hastata (Bernard
and Noakes 1990); Chlamys farreri (Yang et al. 1998b); Chlamys
islandica (Vahl 1978; Vahl and Sundet 1985; Schmid 1996);
Mimachlamys varia (Shafee 1982); Mizuhopecten yessoensis (Fuji
and Hashizume 1974); Placopecten magellanicus (MacDonald and
Thompson 1986; Shumway et al. 1988; Grant and Cranford 1991;
Pilditch and Grant 1999); Zygochlamys patagonica (Heilmayer et al.
2001); Adamussium colbecki (present study) (black dot summer
animals; black cross winter animals). Arrhenius plot, with fitted
least-squares regression line: Eq. 10. b Fitted Arrhenius model of
the relationship between individual metabolic rate and temperature
for eight populations of non-Antarctic and the Antarctic scallops:
Eq. 11 [grey dots 666 data points, six scallop species (Aequipecten
opercularis: McLusky 1973; Heilmayer et al. 2002; Argopecten
irradians irradians: Bricelj et al. 1987; Argopecten irradians
concentricus: Lu et al. 1999; Chlamys islandica: Vahl 1978; Vahl
and Sundet 1985; Mizuhopecten yessoensis: Fuji and Hashizume
1974; Zygochlamys patagonica: Heilmayer et al. 2001); black dots
Adamussium colbecki (present study)]

Metabolic investment in somatic growth

The ratio P/SMR is negatively related to temperature,
i.e. the share of somatic growth in total metabolism
decreases with increasing temperature (Fig. 4):
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Fig. 4 Relationship of the ratio between standard metabolic rate
(SMR,,,) and overall growth performance (P) to ambient
temperature in 13 scallop populations. Data presented are resting
or standard rates at their normal ambient temperatures. Where
seasonal data were available, the data were averaged over the whole
year: Aequipecten opercularis (Vahl 1972; McLusky 1973; Heilma-
yer et al. 2002); Chlamys islandica (Vahl 1978; Vahl and Sundet
1985); Mimachlamys varia (Shafee 1982); Mizuhopecten yessoensis
(Fuji and Hashizumu 1974); Placopecten magellanicus (MacDonald
and Thompson 1986; Shumway et al. 1988); Zygochlamys
patagonica (Heilmayer et al. 2001); Adamussium colbecki (present
study). (Overall growth performance data were taken from an
unpublished data compilation of O. Heilmayer). Regression line:
Eq. 12

P/SMR,,, = 19.425 - 0.943 x T
(N = 13, 7 species, r* = 0.519, P < 0.001)
(12)

No significant additional regional effects were
detected by ANCOVA (P>0.5), i.e. hypothesis Il is
rejected.

Discussion and conclusion
Metabolism of Adamussium colbecki

Our results indicate that the metabolic activity of
A. colbecki is significantly higher in “summer” than in
“winter” (Fig. 2), as observed in many boreal bivalves
(Bayne et al. 1976; Ansell et al. 1980; Bricelj et al. 1987;
Shumway et al. 1988) as well as in Antarctic inverte-
brates (Peck et al. 1987; Brockington 2001; Brockington
and Clarke 2001). A seasonal change in poikilotherm
metabolism may be related to a variety of environmental
parameters, of which temperature and food supply are
assumed to be the most important ones. Regarding
boreal bivalves, some investigations emphasise the sig-
nificance of temperature effects (see e.g. Worrall et al.
1983; Thompson 1984), whereas others suggest that food
supply plays a more important role (e.g. Vahl 1978;
MacDonald and Bourne 1987; MacDonald and
Thompson 1988). In sublittoral Antarctic environments
the annual range in seawater temperature rarely exceeds
3°C, and hence the marked seasonality of food avail-
ability is supposed to be the major determinant of
metabolic activity in Antarctic invertebrates (Clarke
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1988; Brockington and Clarke 2001). Our experiments
reflect these conditions, as temperature is about 0°C
during both “‘summer” and “winter” measurements,
whereas “winter” food supply is only 3% of measured
“summer’ values.

Both the intercept and the slope of the log—log body
mass—to—metabolism relationship (Fig. 2) are signifi-
cantly different between “‘summer” and “winter”. The
difference in the intercept (2.161 to 2.002) signifies an
increase of up to 44% in “summer’” metabolism across
the whole body mass range. This difference in the
intercept is likely to reflect either a seasonally induced
change of environmental factors (food availability, light)
or an endogenic metabolic cycle, which results, e.g. in
reduced or atrophied digestive mechanisms (Clarke
1991; Brockington and Clark 2001). The significantly
higher slope (i.e. the mass scaling exponent, 0.911 vs.
0.717) represents an additional increase in summer
metabolism. We believe this additional part reflects ac-
tive (somatic and gonad) growth, as it seems to scale
almost linearly to body mass (Fig. 5; Jorgensen 1988).
The absolute values should not be taken too seriously,
because the different body mass ranges and animal
numbers that the two regressions are based on may have
caused slight aberrations, as indicated by the negative
values below 1 g body mass. Identical patterns and
similar differences of the mass scaling exponent (higher
during the growing season, significantly lower in winter),
however, were found in Argopecten irradians irradians
(Bricelj et al. 1987), Chlamys islandica (Vahl 1978, 1981)
and Mizuhopecten yessoensis (Fuji and Hashizume
1974). These observations support Wieser (1994) and
Jorgensen (1988), who suggested that a mass scaling
exponent of metabolism close to 1.0 reflects active
growth, whereas exponents around 0.75 are indicative of
maintenance metabolism only.
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Fig. 5 Adamussium colbecki. A generalized model illustrating the
relationship between body mass, “‘summer’” maintenance metabo-
lism (squares) and growth metabolism (circles) as calculated
from the relation between respiration (Vp,) and body mass
(DM) in “summer” and “‘winter” [“winter” total metabolism:
Voo =100.462xDM®7!7 maintenance only, no growth; “summer”
total metabolism: Vg, = 144.877xDM%°!!; “summer” maintenance
metabolism: Vo, =144.877xDM%’'7: “summer” active metabo-
lism: Voo =144.877x(DM%''-DM?717)]
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Metabolism and temperature

Metabolic rates of A. colbecki are within the range
reported for polar bivalve molluscs (Peck and Conway
2000), but among the lowest values reported for tem-
perate and tropical scallops so far (Fig. 3a, b). Metab-
olism in bivalves is primarily a function of temperature,
which can be described best by an Arrhenius model
(Peck and Conway 2000). About 70% of the overall
variation in population average standard metabolic rates
(SMR,,,) are explained by temperature in our Arrhenius
model (Fig. 3a). This is distinctly better than compara-
ble models for fish (55-59%; Clarke and Johnston 1999)
and bivalves in general (47%; Peck and Conway 2000).
Obviously our more monophyletic approach reduces
some lifestyle-related noise in the relation between
metabolism and temperature. Different experimental set-
ups, as well as differences in reproductive stage, may
explain the remaining 30% variance. Neither the model
based on SMR,,, data (Fig. 3a) nor the one based on
SMR;,q4 data (Fig. 3b) provide any support for a sig-
nificant elevation of the whole-organism metabolism of
A. colbecki compared to non-Antarctic species. Hence,
our study supports the conclusion of Clarke and John-
ston (1999) and Peck and Conway (2000) that there is no
“metabolic cold adaptation” (MCA, sensu Krogh 1916)
on the level of organisms. Furthermore, neither metab-
olism nor animal behaviour gives any evidence for
incomplete adaptation or “‘extra” savings, e.g. “hiber-
nation” or failing response to stimulation (authors’
personal observations). Like Ansell et al. (1998), we
could not find any evidence for a reduced swimming
performance in A. colbecki compared to temperate
scallop species, although data for the maximum instan-
taneous capacities are not available so far.

It is generally accepted, however, that organisms
inhabiting low temperature environments must have
developed specific physiological adaptations at the cel-
lular level (i.e. mitochondrial proliferation) to overcome
the adverse effects of low temperatures on metabolism.
This cellular MCA will, on the other hand, cause a rise
in oxygen demand (e.g. Johnston et al. 1994, 1998;
Clarke 1998; Somero et al. 1998; Portner et al. 2000;
Portner 2002a, 2002b). The question arises at which
organisational level those energy savings occur which
counterbalance the cost of cellular MCA, as there is no
evidence for MCA in whole-animal metabolism. Low
rates of oxygen demand at low temperature are most
likely related to a reduced ATP demand for protein
turnover, ion pump activity and other aspects of basal
metabolism (Clarke 1987). Especially protein turnover
costs, which form a substantial fraction of resting met-
abolic costs (Hawkins et al. 1989; Wieser 1994), seem to
be distinctly lower at low temperatures (Smith and
Haschmeyer 1980; Clarke 1998). In the case of A. col-
becki, increased protein stability leads to lower protein
turnover (Storch and Poértner 2003). Further savings are
related to the downregulation of amount and flexibility
of acid—base regulation (Portner 2002b).

Metabolism and growth

Our analysis of the relationship between ecological
growth efficiency and temperature is based on a rather
limited set of populations, where growth performance
(P) and metabolic activity (SMR,,,) had been deter-
mined simultaneously. Nevertheless, the data point
representing A. colbecki is very close to this regression
line (Fig. 4), thus confirming that there are no detectable
Antarctic effects on ecological growth efficiency in scal-
lops.

Generally, the negative slope of the P/SMR,,—
to-temperature relation indicates that metabolic rates
increase faster with temperature than does growth
performance. The Qo values computed from the corre-
sponding Arrhenius models exemplify this difference:
within the 0-28°C temperature range Q9 of scallop
metabolic rate is 2.99 (Fig. 3a) and Q;¢ of scallop
growth performance is 1.12 (Heilmayer, unpublished
data). Metabolic Qg is in the range of typical within-
species Q1g-values reported in the literature (Bricelj and
Shumway 1991), whereas growth performance Q,q is
much lower. Studies of complex-integrated processes
such as growth or respiration do not necessarily give
useful information concerning cold adaptation. Growth,
for example, may show compensation at the molecular
level but still be slow for other reasons (for example,
resource limitation). The complexity of such processes is
emphasised by an empirical relationship obtained by
Wieser (1994) and an experimental approach by
Jorgensen (1988), suggesting that it costs about three
times more metabolic energy to deposit one unit of body
substance than it should cost on the basis of biochemical
principles to synthesise this amount.

Conclusion

We could not detect any evidence for a whole-body
MCA in A. colbecki, while existing cellular MCA seems
to be counterbalanced by a combination of different
adaptive mechanisms, mainly low protein stability costs
at low temperature. Notwithstanding, the comparatively
low standard metabolic rates of the Antarctic scallop
appear to facilitate survival during the prolonged and
strongly food-limited polar winter and do not enhance
growth performance. Complete energy budgets at the
individual and population level are required to decide
whether or not the ecological efficiency of 4. colbecki is
in the range of non-Antarctic scallops. However, the
P/SMR ratio is similar to temperate scallops.

Acknowledgements Our special thanks are extended to all partici-
pants of the “XV. Italian Expedition to Antarctica”, especially the
“Malippo”’-crew and the divers for sampling of animals. R. Cat-
taneo-Vietti and M. Chiantore (University of Genoa) are gratefully
acknowledged for inviting us to collaborate in their project. This
research was made possible through the support of the Italian
National Programme for Antarctic Research (PNRA) and the
Alfred Wegener Institute for Polar and Marine Research. D. Storch



and S. Gatti helped during several aspects of the study. The authors
hereby declare that experiments performed during this study
comply with current German laws.

References

Ahn 1Y, Shim JH (1998) Summer metabolism of the Antarctic
clam, Laternula elliptica (King and Broderip) in Maxwell Bay,
King George Island and its implications. J Exp Mar Biol Ecol
224:253-264

Albertelli G, Cattaneo-Vietti R, Chiantore M, Pusceddu A, Fabi-
ano M (1998) Food availability to an Adamussium bed during
the austral summer 1993/1994 (Terra-Nova Bay, Ross Sea). J
Mar Syst 17:425-434

Ansell AD, Barnett PR, Bodoy A, Massé¢ A (1980) Upper tem-
perature tolerance of some European molluscs. 1. Tellina fabula
and 7. tenius. Mar Biol 58:33-39

Ansell AD, Cattaneo-Vietti R, Chiantore M (1998) Swimming in
the Antarctic scallop Adamussium colbecki: analysis of in situ
video recordings. Antarct Sci 10:369-375

Arntz WE, Brey T, Gallardo VA (1994) Antarctic zoobenthos.
Oceanogr Mar Biol Annu Rev 32:241-304

Barber BJ, Blake NJ (1985) Substrate catabolism related to
reproduction in the bay scallop Argopecten irradians concen-
tricus, as determined by O/N and R.Q. physiological indices.
Mar Biol 81:13-18

Bayne BL, Bayne CJ, Carefoot TC, Thompson RIJ (1976) The
physiological ecology of Mytilus californianus Conrad. Oeco-
logia 22:211-228

Benson BB, Krause D Jr (1984) The concentration and isotopic
fractionation of oxygen dissolved in freshwater and seawater in
equilibrium with the atmosphere. Limnol Oceanogr 29:620-632

Berkman PA (1990) The population biology of the Antarctic
scallop, Adamussium colbecki (Smith, 1902) at New Harbor,
Ross Sea. In: Kerry KR, Hempel G (eds) Antarctic ecosys-
tems. Ecological change and conservation. Springer, Berlin
New York Heidelberg, pp 281-288

Bernard FR, Noakes DJ (1990) Pumping rates, water pressure, and
oxygen use in eight species of marine bivalve molluscs from
British Columbia. Can J Fish Aquat Sci 47:1302-1306

Brey T (2001) Population dynamics in benthic invertebrates. A
virtual handbook, version 01.2. Alfred Wegener Institute for
Polar and Marine Research, Bremerhaven. Available at http://
www.awi-bremerhaven.de/Benthic/Ecosystem/FoodWeb/
Handbook/main.html

Brey T, Clarke A (1993) Population dynamics of marine benthic
invertebrates in antarctic and subantarctic environments: are
there unique adaptations. Antarct Sci 5:253-266

Bricelj VM, Shumway SE (1991) Physiology: energy acquisition
and utilization. In: Shumway SE (ed) Scallops: biology, ecology
and aquaculture. Elsevier, New York, pp 305-346

Bricelj VM, Epp J, Malouf RE (1987) Comparative physiology of
young and old cohorts of bay scallop Argopecten irradians ir-
radians (Lamarck): mortality, growth, and oxygen consump-
tion. J Exp Mar Biol Ecol 112:73-91

Brockington S (2001) The seasonal energetics of the Antarctic bi-
valve Laternula elliptica (King and Broderip) at Rothera Point,
Adelaide Island. Polar Biol 24:523-530

Brockington S, Clarke A (2001) The relative influence of temper-
ature and food on the metabolism of a marine invertebrate. J
Exp Mar Biol Ecol 258:87-99

Chapelle G, Peck LS (1995) The influence of acclimation and
substratum on the metabolism of the Antarctic amphipods
Waldeckia obesa (Chevreux, 1905) and Bovallia gigantea (Pfef-
fer, 1888). Polar Biol 15:225-232

Chiantore M, Cattaneo-Vietti R, Berkman P, Nigro M, Vacchi M,
Schiaparelli S, Albertelli G (2001) Antarctic scallop (Adamus-
sium colbecki) spatial population variability along the Victoria
Land Coast, Antarctica. Polar Biol 24:139-143

483

Clarke A (1983) Life in cold water: the physiological ecology of polar
marine ectotherms. Oceanogr Mar Biol Annu Rev 21:341-453

0Clarke A (1987) The adaptation of aquatic animals to low tem-
peratures. In: Grout BWW, Morris GJ (eds) Effects of low
temperatures on biological systems. Arnold, Baltimore, pp 315—
348

Clarke A (1988) Seasonality in the antarctic marine environment.
Comp Biochem Physiol B 90:461-473

Clarke A (1991) What is cold adaptation and how should we
measure? Am Zool 31:81-92

Clarke A (1998) Temperature and energetics: an introduction to
cold ocean physiology. In: Portner HO, Playle R (eds) Cold
ocean physiology. Cambridge University Press, Cambridge,
pp 3-30

Clarke A, Johnston NM (1999) Scaling of metabolic rate with body
mass and temperature in teleost fish. J Anim Ecol 68:893-905

Crockett EL, Sidell BD (1990) Some pathways of energy metab-
olism are cold adapted in Antarctic fishes. Physiol Zool
63:472-488

Dell RK (1990) Antarctic Mollusca: with special reference to the
fauna of the Ross Sea. R Soc NZ Bull 27:1-311

Feldman HA, McMahon TA (1983) The 3/4 mass exponent for
energy metabolism is not a statistical artifact. Respir Physiol
52:149-163

Forster ME, Franklin CE, Taylor HH, Davison W (1987) The
aerobic scope of an Antarctic fish, Pagothenia borchgrevinki,
and its significance for metabolic cold adaptation. Polar Biol
8:155-159

Forstner H (1983) An automated multiple-chamber intermittent-
flow respirometer. In: Gnaiger E, Forstner H (eds) Polaro-
graphic oxygen sensors. Springer, Berlin New York Heidelberg,
pp 111-126

Fuji A, Hashizume M (1974) Energy budget for a Japanese com-
mon scallop, Patinopecten yessoensis (Jay), in Mutsu Bay. Bull
Fac Fish Hokkaido Univ 25:7-19

Gatti S, Brey T, Miiller WEG, Heilmayer O, Holst G (2002)
Oxygen microoptodes: a new tool for oxygen measurements in
aquatic animal ecology. Mar Biol 140:1075-1085

Grant J, Cranford PJ (1991) Carbon and nitrogen scope for growth
as a function of diet in the sea scallop Placopecten magellanicus.
J Mar Biol Assoc UK 71:437-450

Hardewig I, Van Dijk PLM, Po6rtner HO (1998) High-energy
turnover at low temperatures: recovery from exhaustive exercise
in Antarctic and temperate eelpouts. Am J Physiol 274:1789—
1796

Hawkins AJS, Widdows J, Bayne BL (1989) The relevance of
whole-body protein metabolism to measured costs of mainte-
nance and growth in Mytilus edulis. Physiol Zool 62:745-763

Heilmayer O, Bremec C, Brey T, Lasta M, Valero J (2001) Why are
there no Patagonic scallops (Zygochlamys patagonica) of the
Rio Plata estuary? In: Proceedings of the 13th international
pectinid workshop. Universidad Catolica del Norte, Coquimbo,
Chile, p 103

Heilmayer O, Pértner HO, Brey T (2002) Growth, production and
respiration in scallops. Comp Biochem Physiol A 132:20

Ivleva IV (1980) The dependence of crustacean respiration on body
mass and habitat temperature. Int Rev Gesamt Hydrobiol 65:1—
47

Johnston IA, Guderley H, Franklin CE, Crockford T, Kamunde C
(1994) Are mitochondria subject to evolutionary temperature
adaptation? J Exp Biol 195:293-306

Johnston 1A, Calvo J, Guderley H, Fernandez D, Palmer L (1998)
Latitudinal variation in the abundance and oxidative capacities
of muscle mitochondria in perciform fishes. J Exp Biol 201:1-12

Jorgensen CB (1988) Metabolic costs of growth and maintenance in
the toad, Bufo bufo. J Exp Biol 138:319-331

Kirby-Smith WW (1972) Growth of the bay scallop: the influence
of experimental water currents. J Exp Mar Biol Ecol 8:7-18

Kleiber M (1975) Metabolic turnover rate: a physiological meaning
of the metabolic rate per unit body weight. J Theor Biol 53:199—
204



484

Klimant I, Meyer V, Kiihl M (1995) Fiber-optic oxygen micro-
sensors, a new tool in aquatic biology. Limnol Oceanogr
40:1159-1165

Krogh A (1916) Respiratory exchange of animals and man.
Longmans Green, London

Lu YT, Blake NJ, Torres JJ (1999) Oxygen consumption and
ammonia excretion of larvae and juveniles of the bay scallop,
Argopecten irradians concentricus (Say). J Shellfish Res 18:419—
424

Luxmoore RA (1984) A comparison of the respiration rate of some
Antarctic isopods with species from lower latitude. Br Antarct
Surv Bull 62:53-65

MacDonald BA, Bourne NF (1987) Growth, reproductive output,
and energy partitioning in weathervane scallops, Patinopecten
caurinus, from British Columbia. Can J Fish Aquat Sci 44:152—
160

MacDonald BA, Thompson RJ (1986) Production, dynamics and
energy partitioning in two populations of the giant scallop
Placopecten magellanicus (Gmelin). J Exp Mar Biol Ecol
101:285-299

MacDonald BA, Thompson RJ (1988) Intraspecific variation in
growth and reproduction in latitudinally differentiated popu-
lations of the giant scallop Placopecten magellanicus (Gmelin).
Biol Bull (Woods Hole) 175:361-371

Mackay J, Shumway SE (1980) Factors affecting oxygen con-
sumption in the scallop Chlamys deliculata (Hutton). Ophelia
19:19-26

McLusky DS (1973) The effect of temperature on the oxygen
consumption and filtration rate Chlamys (Aequipecten) opercu-
laris (L.) (Bivalvia). Ophelia 10:141-154

Moreau J, Bambino C, Pauly D (1986) Indices of overall growth
performance of 100 Tilapia (Cichlidae) populations. In:
MacLean JL, Dizon LB, Hosillos LV (eds) The first Asian
fisheries forum. Asian Fisheries Society, Manila, Philippines,
pp 201-206

Packard GC, Boardman TJ (1999) The use of percentages and size-
specific indices to normalize physiological data for variation in
body size: wasted time, wasted effort? Comp Biochem Physiol
122:37-44

Parry GD (1983) The influence of the cost of growth on ectotherm
metabolism. J Theor Biol 101:453-477

Pauly D, Munro JL (1984) Once more on the comparison of
growth in fish and invertebrates. Fishbyte 2:21

Peck LS (2002) Ecophysiology of Antarctic marine ectotherms:
limits to life. Polar Biol 25:31-40

Peck LS, Conway LZ (2000) The myth of metabolic cold adapta-
tion: oxygen consumption in stenothermal Antarctic bivalves.
In: Harper E, Taylor J, Crame A (eds) Evolutionary biology of
the Bivalvia. Geol Soc London Spec Publ, London

Peck LS, Clarke A, Holmes LJ (1987) Summer metabolism and
seasonal changes in biochemical composition of the Antarctic
brachipod Liothyrella uva (Broderip, 1833). J Exp Mar Biol
Ecol 114:85-97

Peck LS, Brockington S, Brey T (1997) Growth and metabolism in
the Antarctic brachiopod Liothyrella uva. Philos Trans R Soc
Lond Ser B Biol Sci 352:851-858

Pilditch CA, Grant J (1999) Effect of temperature fluctuations and
food supply on the growth and metabolism of juvenile sea
scallops (Placopecten magellanicus). Mar Biol 134:235-248

Portner HO (2002a) Climate variations and the physiological basis
of temperature dependent biogeography: systemic to molecular
hierarchy of thermal tolerance in animals. Comp Biochem
Physiol A 132:739-761

Portner HO (2002b) Physiological basis of temperature dependent
biogeography: tradeoffs in muscle design and performance in
polar ectotherms. J Exp Biol 205:2217-2230

Portner HO, VanDijk PLM, Hardewig I, Sommer A (2000) Levels
of metabolic cold adaptation: tradeoffs in eurythermal and
stenothermal ectotherms. In: Davison W, Williams CW (eds)

Antarctic ecosystems: models for a wider understanding. Cax-
ton, Christchurch, New Zealand, pp 109-122

Povero P, Petrillo M (2000) Flussi e sostanza organica. Raporto
sulla Campagna Antarctica Estate Australe 1999-2000:86-88

Ralph R, Maxwell JGH (1977) Growth of two antarctic lamelli-
branchs: Adamussium colbecki and Laternula elliptica. Mar Biol
42:171-175

Schmid MK (1996) Zur Verbreitung und Respiration 6kologisch
wichtiger Bodentiere in den Gewéssern um Svalbard (Arktis).
Rep Mar Res 202:1-92

Shafee MS (1982) Seasonal variation in oxygen consumption rates
of the black scallop Chlamys varia (L.) from Lanvéoc (Bay of
Brest). Oceanol Acta 5:189-197

Shumway SE, Barter J, Stahlnecker J (1988) Seasonal changes in
oxygen consumption of the giant scallop, Placopecten magel-
lanicus (Gmelin). J Shellfish Res 7:77-82

Silva Loera HA (1986) Efecto del tamano corporal, tension de
oxigen y temperatura sobre la tasa de consumo de oxigeno en la
escalopa Argopecten circularis (Sowerby) (Molusca: Lamelli-
branchia). MS thesis ed., Instituto Tecnologico y de Estudios
Superiores de Monterrey, Mexico, as cited in Bricel] VM,
Shumway SE (1991)
Smith MAK, Haschemeyer AEV (1980) Protein metabolism and
cold adaptation in Antarctic fishes. Physiol Zool 53:373-382
Somero GN, Fields PA, Hofmann GE, Weinstein RB, Kawall H
(1998) Cold adaptation and stenothermy in Antarctic noto-
thenioid fishes: what has been gained and what has been lost?
In: DiPrisco G, Pisano E, Clarke A (eds) Fishes of Antarctica.
Springer, Milano Heidelberg Berlin, pp 97-109

Storch D, Portner HO (2003) The protein synthesis machinery
operates at the same expense in eurythermal and cold steno-
thermal pectinids. Physiol Biochem Zool 76:28-40

Thompson RJ (1984) The reproductive cycle and physiological
ecology of the mussel Mytilus edulis in a subarctic, non-estua-
rine environment. Mar Biol 79:277-288

Vahl O (1972) Particle retention and relation between water
transport and oxygen uptake in Chlamys opercularis (L.) (Biv-
alvia). Ophelia 10:67-74

Vahl O (1978) Seasonal changes in oxygen consumption of the
Iceland scallop (Chlamys islandica (O.F. Miiller)) from 70°N.
Ophelia 17:143-154

Vahl O (1981) Energy transformation by the Iceland scallop,
Chlamys islandica (O.F. Miiller); from 70°N. II. The population
energy budget. J] Exp Mar Biol Ecol 53:297-303

Vahl O, Sundet JH (1985) Is sperm really so cheap? In: Gray JS,
Christiansen ME (eds) Marine biology of polar regions and
effects of stress on marine organisms. Wiley, New York,
pp 281-285

Wieser W (1994) Cost of growth in cells and organisms: general
rules and comparative aspects. Biol Rev camb Philos Soc 68:1—
33

Wieser W, Megysey N (1990) Aerobic maximum for growth in the
larvae and juveniles of cyprinid fish, Rutilus rutilus (L.): impli-
cations for energy budgeting in small poikilotherms. Funct Ecol
4:233-242

Wohlschlag DE (1964) Respiratory metabolism and ecological
characteristics of some fishes in McMurdo Sound, Antarctica.
Antarct Res Ser 1:33-62

Worrall CM, Widdows J, Lowe DM (1983) Physiological ecology
of three populations of the bivalve Scrobicularia plana. Mar
Ecol Prog Ser 12:267-279

Yang H, Zhang T, Wang P, He Y, Zhang F (1998a) Effects of
temperature on oxygen consumption and ammonia-N excretion
of the Southern Bay scallop Argopecten irradians concentricus.
Acta Oceanol Taiwan 20:91-96

Yang H, Zhang T, Wang P, He Y, Zhang F (1998b) Effects of
temperature on oxygen consumption and ammonia-N excretion
of Chlamys farreri. Chin J Oceanol Limnol 16:167-172



