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INTRODUCTION

Pteropods are holoplanktonic gastropod molluscs
divided into 2 orders, Thecosomata (shelled ptero -
pods) and Gymnosomata (naked pteropods), which
collectively are food for zooplankton (e.g. chaetog-
naths and heteropods), fish, whales, seals, and
birds (Lebour 1932, Dunbar 1942, LeBrasseur 1966,
Lalli & Gilmer 1989, Hunt et al. 2008, Karnovsky
et al. 2008). In the Southern Ocean surrounding

Antarctica there are only 2 gymnosome species,
Spongiobranchaea australis (d’Orbigny 1836), com-
mon north of the Polar Front (PF), and Clione
antarctica (Smith 1902), considered to be an exclu-
sively Antarctic species (Hunt et al. 2008). Southern
Ocean gymnosomes have therefore likely adapted
physiologically to live within narrow thermal
ranges called ‘climate envelopes’ as dictated by
their habitat (Pearson & Dawson 2003, Seibel et al.
2007).
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 proteins and lipids (26.41 ± 14.82:1). Proximate body compositions based on percent protein, per-
cent lipid, and carbon to nitrogen ratios, suggested larger lipid storage in C. antarctica (~5%) than
in S. australis (~3%). CS activities among gymnosomes were dissimilar, and comparisons of
enzyme activities were made to other Antarctic organisms. Observed differences in S. australis’
physiological indicators may be related to prolonged starvation, whereas C. antarctica appears
ready to survive overwintering in Antarctica. Water mass advection from the Antarctic Circum -
polar Current is thought to be transporting S. australis onto the WAP shelf, and away from its
 typical sub-Antarctic habitat.
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Antarctic gymnosomes are physiologically special-
ized predators that have coevolved with their theco-
some prey (Lalli & Gilmer 1989). For instance, C.
antarctica exhibits a suite of cold-adapted character-
istics including a single locomotory gait (Rosenthal et
al. 2009) and elevated oxygen consumption rates
(Seibel et al. 2007). Gymnosomes have greater abun-
dances in colder, temperate, and polar waters (Lalli &
Gilmer 1989, van der Spoel et al. 1999, Hunt et al.
2008), which are geographic regions currently expe-
riencing rapid climate change (e.g. Meredith & King
2005). Describing the physiology of Antarctic gymno-
somes is an important first step for understanding
their responses to a changing polar climate (e.g. Pört-
ner et al. 2007, Pörtner & Farrell 2008), and currently
no studies have reported the physiological character-
istics of any gymnosome pteropods along the western
Antarctic Peninsula (WAP), where they may experi-
ence higher seasonal temperatures than the previ-
ously studied Ross Sea populations.

The polar marine ecosystem is usually characterized
by permanently low, stable temperatures (Clarke &
Peck 1991), and a tradeoff for life adapted to perma-
nently low temperatures is a decreased tolerance of
changing temperatures (Clarke 1988, Peck et al. 2004,
Somero 2004, 2010, Cheng & Detrich 2007, Pörtner et
al. 2007). For the Antarctic gymnosome C. antarctica,
which lives permanently at temperatures near −1.89°C
over much of its range (Seibel et al. 2007), or the sub-
Antarctic S. australis that experiences an annual
water temperature range of 0 to 4°C from sea surface
to depth within the Antarctic Circumpolar Current
(ACC) and near the WAP (Gordon et al. 1986), tem-
perature has a considerable potential for influencing
both their physiological conditions and therefore their
distributional ranges (e.g. Roy et al. 1998, Astorga et
al. 2003, Pörtner et al. 2005).

The purpose of the present study was to assess the
physiological characteristics of Southern Ocean gym-
nosomes along the WAP. Specifically, we measured
the oxygen consumption rates, ammonia excretion
rates, atomic ratios of oxygen consumed to nitrogen
excreted, proximate body compositions, carbon:
hydrogen: nitrogen ratios, and enzymatic activities of
polar gymnosomes captured from a latitudinal gradi-
ent along the WAP. Oxygen consumption rates are
strongly influenced by growth, reproduction, activity
level, feeding rates, and resource utilization (Pörtner
et al. 2007, Seibel & Drazen 2007). Most gymnosomes
swim continuously (Lalli & Gilmer 1989, Seibel et al.
2007), and, while C. antarctica has only one swim-
ming gait (Rosenthal et al. 2009), visual observations
during the present study suggested that S. australis

may have two. Direct measurements of oxygen con-
sumption rates have been made on a few species of
gymnosomes (Conover & Lalli 1974, Ikeda 1985,
Seibel & Dierssen 2003, Seibel et al. 2007, Maas et al.
2011a), but no physiological study, other than details
of lipid composition (e.g. Phleger et al. 1999), cur-
rently exists in the literature for S. australis from any-
where around Antarctica.

Measurements of the activities of key enzymes in
the intermediary metabolism are useful as proxies for
the whole animal metabolic rate and as indicators of
anaerobic and aerobic potential. Lactate dehydro -
genase (LDH), malate dehydrogenase (MDH), and
citrate synthase (CS), because of their essential roles
in producing ATP (Childress & Somero 1979, Seibel
& Drazen 2007), are especially useful indicators.
Maximal activities of the key enzymes LDH, MDH,
and CS have traditionally been used as proxies for
metabolic rate (Shapiro & Bobkova 1975, Torres &
Somero 1988, Seibel et al. 2000, González et al.
2008), but until now have only been measured in
wing muscle of C. antarctica (Dymowska et al. 2012).

As S. australis and C. antarctica are reported to
have dissimilar distributional ranges around Ant -
arctica (Hunt et al. 2008), and because of the sea-
sonal transition occurring during the time of the
 present study, we also explored the physiological
characteristics of both gymnosomes in relation to the
latitudinal gradient of this study’s sampling sites
along the WAP. In this exploration we postulated that
there would be significant differences in gymnosome
physiology given their dissimilar distributional ran -
ges around Antarctica.

MATERIALS AND METHODS 

Gymnosome and hydrographic data collection

Gymnosomes were collected in MOCNESS (multi-
ple opening and closing nets and environmental
sampling system) trawls from March to May 2010
along a latitudinal gradient in WAP shelf waters from
the research vessel ice breaker (R.V.I.B.) ‘Nathaniel
B. Palmer’. The cruise track ranged from Charcot
Island in the south to Anvers Island in the north
(Fig. 1, Sites 1 to 4). A 10 m2 MOCNESS fitted with
3 mm mesh nets and capable of collecting vertically
stratified samples was used for sample collection
(MOC-10; Wiebe et al. 1976, 1985, Donnelly & Torres
2008, Parker et al. 2011). Vertically stratified sam-
pling was performed within 5 discrete depth layers
between 0 and 500 m. The initial, or drogue net,
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trawled obliquely to 500 m, with subsequent nets
sampling 500−300, 300−200, 200−100, 100−50, and
50−0 m (Nets 1–5, respectively). Towing speeds
ranged from 1.5 to 2.5 knots. Upon retrieval, contents
of each MOC-10 net were emptied into 19 l buckets,
and the gymnosomes present in each bucket were
removed, enumerated, and identified to species
level. Thirty-six trawls were made: Site 1 (11), Site 2
(11), Site 3 (6), and Site 4 (8). Captured gymnosomes
observed to be in good condition were pooled from
all depths and placed in jars containing filtered sea-
water (0.45 µm), then acclimated to 0.5°C. Details of
the WAP water column among sites are detailed in
Suprenand et al. (2013).

The main goals of the field work required nearly
exclusive use of the MOC-10 at each site. However,
at each of the 4 sites at least one 1 m2 MOCNESS
(MOC-1) trawl was taken using nine 333 µm mesh
nets, primarily for archival purposes. MOC-1 trawls
confirmed that adult gymnosomes were present only
at Sites 1 to 4, and the gymnosomes collected for
physiological tests were a composite from discrete
depth layers. Additionally, no thecosome species

were captured along the WAP during this study’s
sampling period by either MOC-10 or MOC-1 trawls.

Respirometry (oxygen consumption rates) and
ammonia excretion measurements

Each gymnosome specimen was placed in an indi-
vidual 5 ml styrene syringe containing filtered
(0.45 µm pore size) seawater treated with strepto-
mycin and neomycin (each 25 mg l−1). Clark polaro-
graphic oxygen electrodes (Clark 1956) formed an
airtight seal at the end of the syringes, opposite the
plunger, and care was taken to ensure no air bubbles
were in the syringe (Ikeda et al. 2000, Kawall et al.
2001). Each electrode was calibrated using air- and
nitrogen-saturated seawater at experimental temper-
ature (Childress 1971). The syringe and electrode
were kept submerged in a circulating water bath to
maintain a temperature of 0.5°C, and kept in the
dark. Respirometry runs were conducted continu-
ously, through the day and night. To control for pos-
sible consumption by microorganisms, a syringe con-
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Fig. 1. Western Antarctic Peninsula (WAP) with inset map denoting sampling area from which gymnosomes were sampled for
physiological determinations. Black diamonds at Sites 1 to 4 represent locations of the 10 m2 multiple opening and closing net
and environmental sampling system (MOC-10) trawls. Circulation of the Antarctic Circumpolar Current and sub-gyres in the 

Bellingshausen Sea at 400 to 200 m along the WAP are adapted from Smith et al. (1999) and denoted by arrows
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taining only filtered seawater treated with antibiotics
was measured for oxygen consumption. Microbial
oxygen consumption was negligible.

Oxygen partial pressures (PO2) were continuously
recorded using a computer-controlled digital data-
logging system (Donnelly et al. 2004). Each oxygen
probe was scanned once per minute, its signal was
averaged over a period of 1 s and then recorded.
Data were reduced by first averaging the 30 rec -
orded values in each 30 min increment of an entire
12 h run, producing twenty-four 30 min points per
run. Data obtained during the first hour were dis-
carded due to the activity of experimental gymno-
somes immediately after being introduced into the
syringe. All 30 min points were averaged to produce
a mean rate for each gymnosome. Respirometry runs
were concluded when oxygen had been approxi-
mately 80% depleted.

After each run water samples were taken from each
syringe for ammonium concentration analyses (ulti-
mately yielding ammonia excretion rates), and gym-
nosomes were frozen at −80°C for enzyme assays to
be conducted at the University of South Florida
(USF), College of Marine Science — Physiology Labo-
ratory. Samples for ammonium concentration were
analyzed by the USF-College of Marine Science nu-
trient chemistry laboratory using a Technicon auto-
analyzer following the methods of Gordon et al.
(2000), with minor modifications to extend the dyn -
amic range to 30 µM for anoxic and other high am -
monium waters by decreasing the flow rates for the
nitroprusside, hypochlorite, phenolate, citrate, sam-
ple, air bubble, and waste draw to 50, 50, 50, 320, 600,
160, and 1200 µl min−1, respectively. The ammonia
concentration in each aliquot was used to calculate
an ammonia excretion rate that was used along with
the respiration data to calculate O:N molar ratios.
Mass-specific oxygen consumption rate (µmol O2 g−1

wet mass h−1) and mean mass-specific ammonia ex-
cretion rate (MNH4, NH4 g−1 wet mass h−1) were used
to calculate the atomic ratio of oxygen consumed to
nitrogen excreted (O:N) for each species.

Wet, dry, and ash-free dry mass measurements

Wet mass was initially obtained for each whole
gymnosome. After a gymnosome was homogenized
in deionized water with a glass tissue grinder, a 50 µl
aliquot of homogenate was dispensed into pre-
 combusted, pre-weighed crucibles and dried to a
constant mass in a 60°C oven. Water level (% wet
mass) per gymnosome was calculated from the

homo genate dry mass (DM) allowing for the volume
added during homogenization (Donnelly et al. 1990).
Ash content (% DM) per gymnosome was calculated
following combustion of the dry mass in crucibles at
500°C for 3 to 4 h.

Protein analyses

Protein concentration per gymnosome was deter-
mined from a 50 µl aliquot of the homogenate. If not
analyzed immediately, then each homogenate sample
was air-evacuated using nitrogen, and placed in a
−40°C freezer until protein analyses were conducted.
Protein composition was measured per homogenate
(gymnosome) using a bicinchoninic acid (BCA) kit
made by Thermo Scientific and adding the hydrolysis
of proteins with NaOH from the method established
in Lowry et al. (1951). Absorbance was measured at
750 nm using a CARY 1E UV/Visible spectrophoto -
meter with data analysis software. Values were then
compared to a standard curve created from BCA stan-
dards also subjected to acid hydrolysis with NaOH to
obtain protein concentrations within homo genates.

Lipid analyses

Lipid concentration was determined from a 200 µl
aliquot from the homogenate using the methods of
Torres et al. (1994). Briefly, lipids were extracted
using a methanol:chloroform:water extraction (2:1:0.8
by volume), and filtered to remove particulates. Sam-
ples were extracted overnight, and the phases were
separated the following day by the addition of chlo-
roform and water to reach the final solvent ratio
(1:1:0.9 by volume). Concentrations were determined
using the charring method of Marsh & Weinstein
(1966) with stearic acid as a standard (Bligh & Dyer
1959, Marsh & Weinstein 1966, Reisenbichler & Bai-
ley 1991). Sample absorbance was measured at
375 nm using a CARY 1E UV/Visible spectrophoto -
meter with data analysis software. Values were then
compared to a standard curve created from stearic
acid standards to obtain values for lipid concentra-
tions within homogenates.

CHN analyses

Carbon:hydrogen:nitrogen (CHN) analyses for per-
cent mass were done by the Marine Science Institute
at the University of California at Santa Barbara.
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Dried gymnosomes were analyzed individually using
an Automated Organic Elemental Analyzer (Dumas
combustion method) to yield simultaneous determi-
nations of carbon, hydrogen, and nitrogen.

Enzyme analyses

Gymnosomes were thawed and homogenized indi-
vidually by hand in 50 mM imadazole/HCl buffer
(pH 7.2 at 20°C) using a ground-glass homogenizer.
Homogenates were centrifuged at 4500 rpm (2500 ×
g) for 10 min at 10°C. Samples were then placed on
ice, and the supernatant was used within 3 h to meas-
ure enzyme activities. Supernatant solution was
drawn from beneath the lipid layers present on top of
the samples. Substrate and cofactor concentrations
yielding maximum reaction velocities were used in
all assays. Activities were measured at 10 ± 0.2°C
 using a thermostatted CARY 1E UV/Visible spec-
trophotometer with data analysis software. The tem-
perature, 10°C, has been used successfully to deter-
mine enzymatic activities in Antarctic organisms (e.g.
Torres & Somero 1988, Fields & Somero 1998). The
structural stability of enzymes allows them to remain
effective at the physiological concentrations of sub-
strates, even at temperatures exceeding those nor-
mally encountered by whole organisms (Hocha ch ka
& Somero 2002). Enzyme activity was expressed in
units (µmol substrate converted to product min−1) per
gram wet tissue. All enzyme assays were done with
replicates and followed the procedure of Torres &
Somero (1988), with slight modifications. The modifi-
cations were as follows: The activity of LDH was
measured by adding 20 µl of the supernatant to 1.0 ml
of assay mixture consisting of 80 mM imadazole
buffer, 5.0 mM sodium pyruvate, and 0.15 mM of
NADH. The reaction was followed by recording the
decrease in absorbance at 340 nm resulting from oxi-
dation of NADH. The slope of the initial portion of the
tracing was used as the reaction rate.

The activity of MDH was measured by adding 20 µl
of the supernatant to 1.0 ml of assay mixture contain-
ing 40 mM Lesley’s special buffer (0.2 M imadazole,
0.2 M MgCl2), 0.4 mM oxaloacetate, and 0.15 mM
NADH. The reaction was followed by recording the
decrease in absorbance at 340 nm resulting from oxi-
dation of NADH. The slope of the initial portion of the
tracing was used as the reaction rate.

The activity of CS was measured in an assay mix-
ture containing 30 µl of the supernatant, 50 mM
imadazole, 0.4 mM 5,5-dithio-bis(2-nitrobezoic acid)
(DTNB), and 0.1 mM acetyl-coenzyme-A. The reac-

tion was followed by recording the increase in ab-
sorbance at 412 nm due to the reaction of the reduced
coenzyme-A liberated from the enzymatic reaction
with DTNB. The rate of absorbance increase was first
recorded in the absence of oxaloacetate and then
after addition of oxaloacetate to compute the true CS
activity. The blank (no oxaloacetate) was subtracted
from the total activity to compute true CS activity.

Statistical analyses

Statistical analyses were performed using the
FATHOM toolbox (Jones 2012) in MATLAB (Math-
Works Inc. 2010). Analysis of covariance (ANCOVA)
was used to test for relationships between biological
data such as oxygen consumption, proximate compo-
sition, and enzyme activities with regards to wet
mass. A distribution-free, permutation-based variant
of MANOVA (NP-MANOVA; Anderson 2001) was
also used to test for significant relationships between
the explanatory variables such as site, temperature,
salinity, and species with the physiological indicators
oxygen consumption rate, MNH4, protein content,
lipid content, water content, wet mass, dry mass, ash-
free dry mass, and enzyme activity. NP-MANOVA
was utilized because it removes the reliance on the
assumptions of any single distributional model (An-
derson 2001, McArdle & Anderson 2001). To select for
the most significantly relevant predictor or independ-
ent variable(s) explaining the variability in the
physio logical indicator(s) as indicated by NP-MP-
MANOVA, hypothesis testing was done with step -
wise forward selection of the explanatory variables in
redundancy analysis (RDA) based on Akaike’s infor-
mation criterion (AIC). In RDA physiological indica-
tors were transformed in some cases using square-
root or fourth-root transformations to find the most
parsimonious subset of explanatory variable(s) to ex-
plain physiological indicators. For assessing whether
the means of the physiological indicators between
species were significant from one another, a Student’s
t-test was used. Statistical significance for each
method was set at p < 0.05 and evaluated with distri-
bution-free randomization tests (n = 1000 iterations).

RESULTS

Gymnosomes and hydrographic data

As discussed in Suprenand et al. (2013), gymno-
some distributions along the WAP during the present
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study were influenced primarily by Southern Ocean
water masses (e.g. Upper Circumpolar Deep Water
[UCDW]), seawater temperatures, sampling sites,
trawl net depths, and trawling latitudes. The highest
densities of Spongiobranchaea australis were asso -
ciated with lower latitudes nearest the ACC and

warmer water temperatures influ-
enced by advection of UCDW from
the ACC, whereas the highest verti-
cal densities of Clione antarctica
were associated with less saline,
colder waters at Site 2 and further
from the ACC (Fig. 2a,b). It is evident
that gymnosome distributions are
influenced by environmental condi-
tions (e.g. Loeb & Santora 2013).

Physiological indicators in
 gymnosomes

According to the power equation,
Y = aMb, where Y is the oxygen con-
sumption rate, a is a normalization
constant independent of mass, b is a
scaling coefficient that describes the
slope of the relationship, and M is wet
mass (Table 1), oxygen consumption
rates varied from 3.95 ± 1.89 µmol O2

g−1 wet mass h−1 in S. australis (Y =
2.30M −0.20) and 2.86 ± 1.29 µmol O2

g−1 wet mass h−1 in C. antarctica (Y =
1.86M −0.17). The mean oxygen con-
sumption rate (MO2) for C. antarctica
was within the range reported in
Seibel et al. (2007), and was signifi-
cantly lower than that of S. australis
(NP-MANOVA: F = 6.09, p = 0.029,
N = 55 observations). However, the
main difference between the gymno-
somes’ oxygen consumption rates
was likely due to a dissimilar range of
wet masses between the species. To
determine if this were true, we used
the scaling coefficient −0.25 (Seibel et
al. 2007), as well as individually ob -
served oxygen consumption rates and
corresponding wet masses to calcu-
late a new normalization constant for
each respirometry run. With the new
normalization constant we then nor-
malized the oxygen consumption rate
to a common wet mass (0.1 g) and ran

a t-test. Results revealed no significant  differences
between the oxygen consumption rates of S. australis
and C. antarctica (t = 1.87, p = 0.068).

The mean oxygen consumption rate found for S.
australis is higher than many other gelatinous zoo-
plankton of equivalent size (e.g. polychaetes and
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Fig. 2. Distribution bubble plots of (a) Spongiobranchaea australis and (b)
Clione antarctica across study sampling area, including western Antarctic
Peninsula water mass circulation. Bubbles were produced using numbers of
gymnosomes captured (104 m3) per volume of seawater filtered (m3; see
Suprenand et al. 2013) in 10 m2 multiple opening and closing net and envi-
ronmental sampling system (MOC-10) trawling events (n = 44) with respect to
latitude and longitude. Bubbles are proportional to the range of densities of
gymnosomes captured along the western Antarctic Peninsula; larger bubbles
indicate greater densities. S. australis was captured more frequently per trawl
at sites closer to the Antarctic Circumpolar Current (Sites 3 and 4), whereas 

C. antarctica was primarily caught in Marguerite Bay (Site 2)
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chaetognaths ranging from 0.01 to 1.0 g as reviewed
in Seibel & Drazen 2007). A comparison of pteropod
oxygen consumption rates from the Southern Ocean
to the eastern tropical Pacific to the Atlantic Ocean
revealed that S. australis’ oxygen consumption rate is
most similar to that of C. antarctica (Table 2). C. ant -
arctica’s mean oxygen consumption rate in the pres-
ent study was slightly higher than that reported in
C. antarctica from other Antarctic regions at experi-
mental temperatures ranging from approximately
−2 to 2°C (Table 2, Fig. 3). Fig. 3 and Table 2 show
oxygen consumption rate values adjusted with a Q10

of 2.5 to account for differences in experimental tem-
peratures between studies and in order to estimate
the gymnosome and thecosome mass-specific oxy-
gen consumption rates (Y; µmol O2 g−1 wet mass h−1).
S. australis is included in Fig. 3 for comparison as
well.

Analyses with ANCOVA showed no significant
covariability between explanatory variables and
response variables (with the exception of MNH4 and
protein content in S. australis as discussed below);
therefore, reported values for physiological data in
Table 1 are reported per unit wet mass. The mean
O:N value for S. australis was 61.26 ± 18.68, indica-
ting that the primary substrates being oxidized for
energy were lipids. C. antarctica’s mean O:N value
was 26.41 ± 14.82, indicating that the primary sub-
strates being oxidized in this species were a mixture
of lipids and proteins. Ammonia excretion rates in S.
australis decreased as its oxygen consumption rate
decreased (r2 = 0.67), whereas C. antarctica’s MNH4

decreased as its oxygen consumption rate increased

(r2 = 0.51). S. australis demonstrated a significant
covariate relationship between protein content (mg
g−1) and MNH4 (ANCOVA: F = 5.31, p = 0.027, N = 9
observations).

Mean wet mass and dry masses in both species
were similar. S. australis had a mean protein composi-
tion similar to C. antarctica, roughly 2% of wet mass;
however, the mean lipid composition of C. antarctica
was significantly higher than that in S. australis at ap-
proximately 5% of its wet mass (NP-MANOVA: F =
9.68, p = 0.003, N = 65 observations). Lipid and protein
compositions in the 2 gymnosome species were con-
sistent with the CHN results rep orted in Table 1; per-
cent water was very similar in both gymnosome spe-
cies, between 93 and 95% wet mass.

The mean LDH activity in S. australis was 1.03 ±
0.78 units g−1 wet mass, and 0.94 ± 0.50 units g−1 wet
mass in C. antarctica (Table 1). Similar results were
observed in MDH activities with values varying from
a high of 9.48 ± 5.61 units g−1 wet mass in S. australis,
to a low of 5.06 ± 1.74 units g−1 wet mass in C. antarc-
tica (Table 1). However, CS activities varied from a
high of 0.56 ± 0.23 units g−1 wet mass in C. antarctica
to a low of 0.29 ± 0.13 units g−1 wet mass in S. aus-
tralis (Table 1).

Mass relationships

Mass-specific LDH activity (y, units g−1 wet mass)
decreased with increasing mass in the gymnosome
species examined, according to the power equation
y = axb (Fig. 4a,b). In this case, b values were nega-
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n Spongiobranchea n Clione
australis antarctica

Oxygen consumption rate (µmol O2 g−1 wet mass h−1) 25 3.95 ± 1.89 27 2.86 ± 1.29
Oxygen to nitrogen ratio 11 61.26 ± 18.68 10 26.41 ± 14.82
Ammonia excretion rate (µmol NH4 g−1 wet mass h−1) 11 0.10 ± 0.10 10 0.21 ± 0.09
LDH activity (µmol substrate converted to product min−1 g−1 wet mass) 17 1.03 ± 0.78 11 0.94 ± 0.50
MDH activity (µmol substrate converted to product min−1 g−1 wet mass) 17 9.48 ± 5.61 11 5.06 ± 1.74
CS activity (µmol substrate converted to product min−1 g−1 wet mass) 17 0.29 ± 0.13 11 0.56 ± 0.23
% Water 9 96.45 ± 0.02 8 92.07 ± 0.07
% Protein 9 2.13 ± 0.81 8 1.82 ± 0.46
% Lipid 9 3.04 ± 1.72 8 5.15 ± 2.42
Wet mass (g) 33 0.13 ± 0.09 32 0.20 ± 0.09
Dry mass (mg) 33 0.66 ± 0.34 32 0.73 ± 0.30
Ash-free dry mass (mg) 10 0.17 ± 0.08 10 0.21 ± 0.03
% Carbon 6 45.68 ± 1.84 6 54.34 ± 4.94
% Hydrogen 6 6.49 ± 0.27 6 8.00 ± 0.79
% Nitrogen 6 8.28 ± 0.72 6 6.51 ± 0.41
Carbon to nitrogen ratio 6 5.5:1 6 8.4:1

Table 1. Metabolism, enzyme activities, and composition of Southern Ocean gymnosomes. Data are mean ± SD. LDH: lactate 
dehydrogenase; MDH: malate dehydrogenase; CS: citrate synthase; n: number of samples

A
ut

ho
r c

op
y



Mar Ecol Prog Ser 518: 69–83, 201576

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 L
oc

at
io

n
   

   
   

   
   

   
   

   
   

   
   

   
   

T
1

   
   

   
   

   
R

1
   

   
   

   
   

   
  R

2
   

   
   

   
   

   
   

  Y
   

   
   

   
   

   
R

ef
er

en
ce

G
ym

n
o

so
m

es
S

p
on

g
io

b
ra

n
ch

ae
a 

au
st

ra
li

s 
  W

es
te

rn
 A

n
ta

rc
ti

c 
P

en
in

su
la

   
  0

.5
0

   
   

3.
95

 ±
 1

.8
9

   
   

   
  3

.9
5

   
   

   
   

   
   

  3
.6

5
   

   
   

   
   

 P
re

se
n

t 
st

u
d

y
C

li
on

e 
an

ta
rc

ti
ca

   
   

   
   

   
   

  W
es

te
rn

 A
n

ta
rc

ti
c 

P
en

in
su

la
   

  0
.5

0
   

   
2.

86
 ±

 1
.2

9
   

   
   

  2
.8

6
   

   
   

   
   

   
  2

.7
5

   
   

   
   

   
 P

re
se

n
t 

st
u

d
y

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 M
cM

u
rd

o 
S

ou
n

d
   

   
   

   
   

   
   

  −
1.

86
   

   
1.

93
 ±

 0
.2

1
   

   
   

  2
.3

9
   

   
   

   
   

   
  0

.8
2

   
   

   
   

   
 S

ei
b

el
 &

 D
ie

rs
se

n
 (

20
03

) 
(Y

ea
rs

: 1
99

8−
19

99
)

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 M
cM

u
rd

o 
S

ou
n

d
   

   
   

   
   

   
   

  −
1.

86
   

   
2.

04
 ±

 0
.1

2
   

   
   

  2
.5

3
   

   
   

   
   

   
  0

.8
2

   
   

   
   

   
 S

ei
b

el
 &

 D
ie

rs
se

n
 (

20
03

) 
(Y

ea
rs

: 2
00

0−
20

01
)

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 R
os

s 
Is

la
n

d
, A

n
ta

rc
ti

ca
   

   
   

   
   

2.
00

   
   

2.
83

 ±
 0

.1
8

   
   

   
  2

.4
7

   
   

   
   

   
   

  2
.5

5
   

   
   

   
   

 S
ei

b
el

 e
t 

al
. (

20
07

)
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 R

os
s 

Is
la

n
d

, A
n

ta
rc

ti
ca

   
   

   
   

 −
2.

00
   

   
1.

00
 ±

 0
.2

8
   

   
   

  1
.2

6
   

   
   

   
   

   
  1

.2
3

   
   

   
   

   
 M

aa
s 

et
 a

l.
 (

20
11

a)
 (

Y
ea

r:
 2

00
2)

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 R
os

s 
Is

la
n

d
, A

n
ta

rc
ti

ca
   

   
   

   
 −

2.
00

   
   

1.
11

 ±
 0

.2
3

   
   

   
  1

.2
3

   
   

   
N

o 
eq

. p
u

b
li

sh
ed

   
  M

aa
s 

et
 a

l.
 (

20
11

a)
 (

Y
ea

r:
 2

00
7)

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 R
os

s 
Is

la
n

d
, A

n
ta

rc
ti

ca
   

   
   

   
 −

2.
00

   
   

1.
20

 ±
 0

.4
6

   
   

   
  1

.5
1

   
   

   
N

o 
eq

. p
u

b
li

sh
ed

   
  M

aa
s 

et
 a

l.
 (

20
11

a)
 (

Y
ea

r:
 2

00
8)

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 R
os

s 
Is

la
n

d
, A

n
ta

rc
ti

ca
   

   
   

   
   

2.
00

   
   

1.
62

 ±
 0

.7
2

   
   

   
  1

.4
1

   
   

   
N

o 
eq

. p
u

b
li

sh
ed

   
  M

aa
s 

et
 a

l.
 (

20
11

a)
 (

Y
ea

r:
 2

00
8)

C
li

on
e 

li
m

ac
in

a
   

   
   

   
   

   
   

  N
ew

fo
u

n
d

la
n

d
   

   
   

   
   

   
   

   
   

 5
.0

0
   

   
1.

36
 ±

 0
.1

6
   

   
   

  0
.9

0
   

   
   

   
   

   
  1

.5
6

   
   

   
   

   
 S

ei
b

el
 e

t 
al

. (
20

07
)

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 N
ew

fo
u

n
d

la
n

d
   

   
   

   
   

   
   

   
  1

0.
00

   
   

1.
95

 ±
 0

.1
5

   
   

   
  0

.8
2

   
   

   
   

   
   

  2
.2

5
   

   
   

   
   

 S
ei

b
el

 e
t 

al
. (

20
07

)
T

h
ec

o
so

m
es

H
ya

lo
cy

li
s 

st
ri

at
a

   
   

   
   

   
   

  E
as

te
rn

 t
ro

p
ic

al
 P

ac
if

ic
   

   
   

   
 2

0.
00

   
   

7.
31

 ±
 3

.6
4

   
   

   
  1

.2
3

   
   

   
   

   
   

  1
.3

2
   

   
   

   
   

 M
aa

s 
et

 a
l.

 (
20

11
b

)
C

re
se

is
 v

ir
g

u
la

   
   

   
   

   
   

   
   

E
as

te
rn

 t
ro

p
ic

al
 P

ac
if

ic
   

   
   

   
 2

0.
00

   
   

7.
75

 ±
 4

.1
7

   
   

   
  1

.2
9

   
   

   
   

   
   

  1
.4

2
   

   
   

   
   

 M
aa

s 
et

 a
l.

 (
20

11
b

)
C

li
o 

p
yr

am
id

at
a

   
   

   
   

   
   

   
 E

as
te

rn
 t

ro
p

ic
al

 P
ac

if
ic

   
   

   
   

 2
0.

00
   

   
9.

96
 ±

 4
.8

0
   

   
   

  1
.6

7
   

   
   

   
   

   
  1

.4
2

   
   

   
   

   
 M

aa
s 

et
 a

l.
 (

20
11

b
)

C
av

ol
in

ia
 l

on
g

ir
os

tr
is

   
   

   
   

 E
as

te
rn

 t
ro

p
ic

al
 P

ac
if

ic
   

   
   

   
 2

0.
00

   
 1

2.
29

 ±
 7

.6
0

   
   

   
  2

.0
5

   
   

   
   

   
   

  1
.2

9
   

   
   

   
   

 M
aa

s 
et

 a
l.

 (
20

11
b

)
D

ia
cr

ia
 q

u
ad

ri
d

en
ta

ta
   

   
   

   
E

as
te

rn
 t

ro
p

ic
al

 P
ac

if
ic

   
   

   
   

 2
0.

00
   

 1
0.

62
 ±

 5
.6

3
   

   
   

  1
.7

8
   

   
   

   
   

   
  2

.2
8

   
   

   
   

   
 M

aa
s 

et
 a

l.
 (

20
11

b
)

C
av

ol
in

ia
 t

ri
d

en
ta

ta
   

   
   

   
   

 G
u

lf
 o

f 
C

al
if

or
n

ia
   

   
   

   
   

   
   

 1
8.

00
   

 1
0.

99
 ±

 3
.2

3
   

   
   

  2
.2

1
   

   
   

N
o 

eq
. p

u
b

li
sh

ed
   

  S
ei

b
el

 e
t 

al
. (

20
07

)
C

or
ol

la
sp

p
. 

   
   

   
   

   
   

   
   

   
 M

on
te

re
y,

 C
al

if
or

n
ia

   
   

   
   

   
   

5.
00

   
   

0.
23

 ±
 0

.1
1

   
   

   
  0

.1
5

   
   

   
N

o 
eq

. p
u

b
li

sh
ed

   
  S

ei
b

el
 e

t 
al

. (
20

07
)

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 G
u

lf
 o

f 
C

al
if

or
n

ia
   

   
   

   
   

   
   

 1
8.

00
   

   
 0

.5
8

   
   

   
   

   
   

   
0.

12
   

   
   

N
o 

eq
. p

u
b

li
sh

ed
   

  S
ei

b
el

 e
t 

al
. (

20
07

)
L

im
ac

in
a 

h
el

ic
in

a 
   

   
   

   
   

   
M

cM
u

rd
o 

S
ou

n
d

   
   

   
   

   
   

   
  −

1.
86

   
   

5.
51

 ±
 0

.4
   

   
   

   
 6

.8
4

   
   

   
N

o 
eq

. p
u

b
li

sh
ed

   
  S

ei
b

el
 &

 D
ie

rs
se

n
 (

20
03

) 
(Y

ea
rs

: 1
99

8−
19

99
)

(A
n

ta
rc

ti
c 

sp
ec

ie
s)

   
   

   
   

   
 M

cM
u

rd
o 

S
ou

n
d

   
   

   
   

   
   

   
  −

1.
86

   
   

3.
78

 ±
 0

.2
0

   
   

   
  4

.6
9

   
   

   
N

o 
eq

. p
u

b
li

sh
ed

   
  S

ei
b

el
 &

 D
ie

rs
se

n
 (

20
03

) 
(Y

ea
rs

: 2
00

0−
20

01
)

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 R
os

s 
Is

la
n

d
, A

n
ta

rc
ti

ca
   

   
   

   
 −

2.
00

   
   

5.
51

 ±
 0

.4
4

   
   

   
  6

.9
3

   
   

   
N

o 
eq

. p
u

b
li

sh
ed

   
  S

ei
b

el
 e

t 
al

. (
20

07
)

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 R
os

s 
Is

la
n

d
, A

n
ta

rc
ti

ca
   

   
   

   
 −

2.
00

   
   

4.
00

 ±
 1

.1
3

   
   

   
  5

.0
3

   
   

   
   

   
   

  2
.4

1
   

   
   

   
   

 M
aa

s 
et

 a
l.

 (
20

11
a)

 (
Y

ea
r:

 2
00

7)
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 R

os
s 

Is
la

n
d

, A
n

ta
rc

ti
ca

   
   

   
   

 −
2.

00
   

   
3.

37
 ±

 0
.8

9
   

   
   

  4
.2

3
   

   
   

   
   

   
  1

.4
9

   
   

   
   

   
 M

aa
s 

et
 a

l.
 (

20
11

a)
 (

Y
ea

r:
 2

00
8)

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 R
os

s 
Is

la
n

d
, A

n
ta

rc
ti

ca
   

   
   

   
   

2.
00

   
   

4.
30

 ±
 1

.1
1

   
   

   
  3

.7
5

   
   

   
   

   
   

  1
.4

9
   

   
   

   
   

 M
aa

s 
et

 a
l.

 (
20

11
a)

 (
Y

ea
r:

 2
00

8)
L

im
ac

in
a 

h
el

ic
in

a 
   

   
   

   
   

   
M

on
te

re
y,

 C
al

if
or

n
ia

   
   

   
   

   
   

5.
00

   
   

6.
37

 ±
 0

.8
7

   
   

   
  4

.2
2

   
   

   
N

o 
eq

. p
u

b
li

sh
ed

   
  S

ei
b

el
 e

t 
al

. (
20

07
)

(A
rc

ti
c 

sp
ec

ie
s)

T
ab

le
 2

. C
om

p
ar

is
on

s 
of

 p
te

ro
p

od
 o

xy
g

en
 c

on
su

m
p

ti
on

 r
at

es
. M

as
s-

sp
ec

if
ic

 o
xy

g
en

 c
on

su
m

p
ti

on
 r

at
e 

(Y
; µ

m
ol

 O
2

g
−

1
w

et
 m

as
s 

h
−

1 )
 is

 c
al

cu
la

te
d

 a
t t

h
e 

st
an

d
ar

d
 m

as
s 

of
0.

1 
g

. T
em

p
er

at
u

re
 c

oe
ff

ic
ie

n
t 

(Q
10

) 
re

p
re

se
n

ts
 t

h
e 

fa
ct

or
 b

y 
w

h
ic

h
 t

h
e 

ra
te

 (
R

) 
of

 a
 r

ea
ct

io
n

 in
cr

ea
se

s 
fo

r 
ev

er
y 

10
°C

 r
is

e 
in

 t
h

e 
te

m
p

er
at

u
re

 (T
),

 a
cc

or
d

in
g

 t
o 

th
e 

eq
u

a-
ti

on
: Q

10
=

 (R
2/

R
1)

[1
0/

(T
2

−
 T

1)
] , 

w
h

er
e 

R
1

is
 th

e 
ox

yg
en

 c
on

su
m

p
ti

on
 r

at
e 

at
 te

m
p

er
at

u
re

 (°
C

) o
r 

T
1

re
p

or
te

d
 in

 th
e 

st
u

d
ie

s 
b

el
ow

, a
n

d
 R

2
is

 th
e 

ad
ju

st
ed

 o
xy

g
en

 c
on

su
m

p
ti

on
ra

te
 a

t 
0.

5°
C

 o
r 

T
2.

 T
h

is
 y

ie
ld

s 
ea

ch
 s

tu
d

y’
s 

m
ea

n
 o

xy
g

en
 c

on
su

m
p

ti
on

 r
at

e 
(M

O
2)

 a
t 

T
2

(0
.5

°C
) 

fo
r 

co
m

p
ar

is
on

 t
o 

th
e 

p
re

se
n

t 
st

u
d

y’
s 

M
O

2.
 Q

10
is

 a
ss

u
m

ed
 t

o 
b

e 
2.

5

A
ut

ho
r c

op
y



Suprenand et al.: Western Antarctic Peninsula pteropod metabolism

tive and varied from −2.1 in S. australis to −1.3 in C.
antarctica. Mass-specific MDH and CS activity (y,
units g−1 wet mass) also decreased with increasing
mass in both species. In regards to MDH activity, b
values were negative and varied from −1.8 in S. aus-
tralis to −1.5 in C. antarctica. CS activity b values
were approximately −1.3 for both species (Fig. 4a,b).

Correlations between physiology and location

Ammonia excretion rates and O:N values observed
in S. australis showed significant variability between
sampling sites. MNH4 in S. australis was found to sig-
nificantly increase at higher latitudes, with the high-
est mean value of 0.17 µmol NH4 g−1 wet mass h−1 at
Site 2, which was significantly different from the
mean value of 0.06 NH4 g−1 wet mass h−1 at Site 3
(NP-MANOVA: F = 5.77, p = 0.004, N = 10 observa-
tions). When MNH4 was expressed on a protein-spe-
cific basis (µmol NH4 mg−1 protein h−1), the trend
remained significant (NP-MANOVA: F = 5.31, p =
0.027, N = 9 observations). An associated significant
decrease in O:N was also observed with increasing
latitude, explaining approximately 63% of the vari-
ability in O:N values in S. australis (RDA: F = 15.25,

p = 0.010), as lipid oxidation was low-
est at Site 2, with a mean O:N of 56
compared to a mean O:N of 122 at
Site 3. The decrease in lipid oxidation
with latitude suggested a small in -
crease in protein oxidation at higher
latitudes, as trends with latitude were
most evident between Sites 2 and 3.

DISCUSSION

Physiological indicators in
 gymnosomes

The energetic demands of polar
organisms drive selection for high
metabolic efficiency (Seibel et al.
2007). Spongiobranchaea australis is
found most commonly north of the PF
(Hunt et al. 2008), and reported distri-
butions around Antarctica indicate it
is found axially within the ACC.
Within the ACC and near the WAP, S.
australis experiences an annual water
temperature range of 0 to 4°C, from
sea surface to depth (Gordon et al.

1986). The sub-Antarctic habitat of S. australis is a
region of higher and more variable temperature than
the Antarctic, causing an increase in its energetic
costs (e.g. Pörtner et al. 2005, Pörtner 2008). In keep-
ing with that observation, the mean oxygen con-
sumption rate found for S. australis is higher than
that for many other gelatinous zooplankton of equiv-
alent size (e.g. polychaetes and chaetognaths), rang-
ing from 0.01 to 1.0 g (Seibel & Drazen 2007), and is
most similar to that for krill and salps (Ikeda &
Mitchell 1982). Pteropod oxygen consumption rates
from the Southern Ocean, the eastern tropical
Pacific, and the Atlantic Ocean show that S. australis’
rates align most closely with those of Clione antarc-
tica and other polar gymnosomes and thecosomes
(Table 2). Table 2 demonstrates oxygen consumption
rates among species once corrected for mass, but
only reports those values from published power
equations describing oxygen consumption rates.
Considering S. australis’ oxygen consumption and
MNH4, the resulting O:N values are greater than
those of many ctenophores, polychaetes, copepods,
amphipods, euphausiids, and thaliaceans (Ikeda &
Mitchell 1982).

Austral fall mean lipid content of S. australis is sim-
ilar to that reported in the austral summer study of

77

Fig. 3. Comparisons of observed and predicted mean oxygen consumption
rate (MO2) for Clione antarctica and Spongiobranchaea australis. Using the
range of wet mass observed in the austral fall 2010 and the power equations
from Seibel et al. (2007) and Seibel & Dierssen (2003) to predict MO2, the
present study’s MO2 values observed for C. antarctica indicated normal phys-
iological conditioning. The ‘power’ equations displayed represent the oxygen
consumption equation determined for gymnosomes in the present study. Q10

is assumed to be 2.5
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Phleger et al. (1999), approximately 3% of wet mass,
indicating minimal lipid storage in this sub-Antarctic
gymnosome, but it is similar to some bathydermersal
notothenioid fishes (Friedrich & Hagen 1994). CHN
analysis, providing C:N ratios used for estimating
proximate body compositions (e.g. Torres et al. 1994),
supports O:N ratio results indicating lipid catabolism
in S. australis. Both gymnosomes’ C:N ratios fall in
the range of other pteropods’ values (Curl 1962,
Omori 1969, Ikeda & Mitchell 1982, Ikeda 2014), and,

although ratios are higher than those
for many Antarctic seals (Burns et al.
1998, Zhao et al. 2004), they generally
follow the relationship between habi-
tat and temperature noted in Ikeda
(2014). The C:N ratios of S. australis
are most similar to those of the snail
Neobuccinum eatoni, the limpet
Nacella con cinna, the bivalve Later-
nula elliptica (Burns et al. 1998, Dun-
ton 2001), some copepods (Ikeda et al.
2007, Ikeda 2013, 2014), and the
polar/sub-polar gymnosome Clione
limacina caught in the Barents Sea
during the Arctic summer (Ikeda &
Skjoldal 1989).

C. antarctica’s mean oxygen con-
sumption rate in the present study
was higher than those reported from
other Antarctic regions at experimen-
tal temperatures ranging from ap -
proximately −2 to 2°C (Fig. 3, Table 2).
Given the local distribution of C. ant -
arctica (Hunt et al. 2008), this gymno-
some likely experiences an nual water
temperatures from sea surface to
depth of about −2 to 2°C along the
WAP (Gordon et al. 1986), the tem-
perature range utilized in the respiro -
metry studies that are compared in
Table 2. C. antarctica’s O:N ratios
were most similar to the ratios of
recently fed gymnosomes from the
Ross Sea (Maas et al. 2011b), and
higher than those reported for this
species near Wilkes Land (Antarctica;
Ikeda & Mitchell 1982).

The present study’s observed mean
lipid content in C. antarctica was
greater than that found in the austral
summer study of Phleger et al. (2001),
equal to the 5% of wet mass required
for overwintering in Antarctica to sur-

vive for the production and release of eggs in the
spring (Phleger et al. 1997, Seibel & Dierssen 2003,
Böer et al. 2005), and similar to the content of other
Southern Ocean species (e.g. Clarke 1980, Friedrich
& Hagen 1994, Hagen et al. 1996, Geiger et al. 2001).
CHN analysis providing C:N ratios used for estimat-
ing proximate body compositions also supported O:N
ratios indicating a mixture of protein and lipid catab-
olism in C. antarctica (Table 1). The C:N ratios of C.
antarctica are more similar to those of the Antarctic
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Fig. 4. Lactate dehydrogenase (LDH), malate dehydrogenase (MDH), and cit-
rate synthase (CS) activities in (a) Spongiobranchaea australis and (b) Clione
antarctica as a function of total wet mass. Number of samples per species are 

reported in Table 1
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toothfish Dissostichus mawsoni, the Antarctic silver-
fish Pleuragramma antarcticum, the euphausiid
Euphausia superba (Burns et al. 1998, Dunton 2001),
and its northern congener Clione limacina (Curl
1962).

The present study’s observed oxygen consumption
rate, MNH4, CHN, and O:N ratio indicating a mixture
of protein and lipid catabolism for C. antarctica sug-
gested healthy specimens heading into winter with a
well-developed lipid depot and a high oxygen con-
sumption rate. This observation was supported when
comparing the present study’s mean oxygen con-
sumption to the predicted oxygen consumption rate
using this study’s wet mass values and the power
equation for fed C. antarctica at −2.0°C (Y =
0.84M −0.29) and 2.0°C (Y = 1.50M −0.25) reported in
Seibel et al. (2007) and for food-deprived C. ant -
arctica at −1.86°C (Y = 0.43M −0.28) reported in Seibel
& Dierssen (2003; Fig. 3). The oxygen consumption
rates in Fig. 4 are based on a Q10 of 2.5 per Seibel et
al. (2007) and a temperature of 0.5°C to adjust for dif-
ferences in experimental temperatures, and we find
that the range of oxygen consumption rates observed
in C. antarctica for the present study are most closely
associated with fed oxygen consumption rates for
C. antarctica in the Ross Sea (Seibel & Dierssen 2003,
Seibel et al. 2007). S. australis is included in Fig. 4 for
comparison.

Both Southern Ocean gymnosomes exhibit a de -
cline in mass-specific enzyme activities with in -
creasing mass, mirroring the trends observed in
other molluscs (e.g. Seibel et al. 2000, Seibel 2007)
and other Southern Ocean species (e.g. Donnelly et
al. 2004). Similar mass-specific CS and LDH activities
were observed between S. australis and the pelagic,
oceanic squid Abraliopsis pacificus, Tsuchiya & Oku-
tani (1991), and between C. antarctica and the pela -
gic squid Gonatus pyros, Young (1972) and Seibel et
al. (2000). Although, both are active swimmers
 (Borrell et al. 2005, Seibel et al. 2007), the present
study’s observed dissimilarities in gymnosome CS
activity and swimming gaits (C. antarctica has only 1,
whereas S. australis was observed to have 2) may be
derived from their dissimilar distributional ranges, as
demonstrated among polar gymnosomes (e.g. Dym -
owska et al. 2012).

Correlations between physiology and location

WAP water mass circulation is influenced by a
large cyclonic gyre bounded by the ACC and the
Antarctic continent (Hofmann et al. 1996, Smith et al.

1999, Vaughan et al. 2003). Within the large cyclonic
gyre are 2 cyclonic sub-gyres that circulate most of
the UCDW from the ACC onto the WAP shelf at
depth and then southward into higher latitudes along
the coast (Smith et al. 1999, Shevenell & Kennett
2002, Klinck et al. 2004, Martinson et al. 2008). The
ACC water mass circulation has changed signifi-
cantly over the last 40 yr, increasing warmer UCDW
intrusions onto the WAP shelf and predominantly in
deep water trenches near Lavoisier and Anvers
Islands, Sites 3 and 4, respectively (Martinson et al.
2008, Dinniman et al. 2012, Martinson 2012, Supre-
nand et al. 2013). This results in a latitudinal temper-
ature gradient with warmer waters at this study’s
more northern sites which then transition to colder
waters at more southern sites.

Since the 1970s UCDW upwelling has increased
along the WAP, and is expected to increase over the
remainder of this century (Dinniman et al. 2012).
Increased UCDW upwelling from the ACC is corre-
lated with a consistent decrease in annual sea ice
extent, as well as a southward ecological shift of
important marine species along the WAP (Fraser et
al. 1992, Trivelpiece & Fraser 1996, Rott et al. 1996,
Smith et al. 1998, Moline et al. 2004, Ducklow et al.
2007, Lawson et al. 2008, McClintock et al. 2008,
Moline et al. 2008, Turner et al. 2009a, Martinson
2012). The changing WAP circulation is the result of
a persistent hole in the ozone layer above Antarctica
and concurrent increases in greenhouse gases that
have caused a 20% increase in westerly wind
strength since the 1970s, thereby increasing the
intrusions of UCDW onto the WAP (Shindell &
Schmidt 2004, Schiermeier 2009, Turner et al. 2009b,
Trathan et al. 2011, Dinniman et al. 2012). At present
the WAP marine ecosystem is thought to be changing
from that of a colder polar environment to one that is
warmer and sub-polar (Ducklow et al. 2007, Martin-
son 2012).

Spongiobranchaea australis is likely being ad -
vected from the ACC with UCDW, entrained in the
ACC, and, with mesoscale water mass circulation,
passively transported into higher latitudes along the
WAP (Figs. 1 & 2a). This passive advection may also
be confirmed with S. australis densities, which were
observed to be highest at sites most influenced by
waters advected from the ACC, Sites 3 and 4, and
significantly correlated to UCDW and warmer water
temperatures (Suprenand et al. 2013; Fig. 2a, this
study). Passive advection of S. australis would carry it
away from food and the temperature range charac-
teristic of its sub-Antarctic habitat. As S. australis is
carried further from food, the observed latitudinal
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increase in MNH4 and decrease in O:N ratios, as well
as summer C:N ratios and lipid compositions, collec-
tively reveal persistent starvation, which becomes
more acute at higher latitudes. If this is correct, S.
australis’ oxygen consumption rate will generally be
higher than reported in the present study (e.g. Brett
& Groves 1979). Using a simple calculation, it would
take nearly 2 mo for S. australis to passively travel
from Site 3 to Site 2 via the Laubouf Fjord (approxi-
mately 250 km) at the mean current velocity of the
ACC (5 cm s−1; e.g. Fahrbach et al. 1994) and over
5 mo to travel from Site 4 to Site 1 (approximately
700 km). Thus, given the distances from the ACC
that S. australis was captured along the WAP, it has
likely been without food for an extended period and
depleted its available lipid reserves. In contrast, C.
antarctica was mostly captured at Site 2 (Fig. 2b), and
indicated little starvation in its typical Antarctic
 habitat.

During the austral fall, average Antarctic pteropod
abundances rapidly decline (Hunt et al. 2008). This is
particularly true for Clio pyramidata and Limacina
helicina, the prey items of the monophagous preda-
tors S. australis and C. antarctica, respectively. Given
the austral fall to winter transition, and the observed
absence of thecosomes in MOC-10 and MOC-1
trawls along the WAP, both Antarctic gymnosomes
are expected to be experiencing some level of starva-
tion. However, the present study’s observations indi-
cate that S. australis is experiencing a greater level of
starvation than C. antarctica. With its 5% lipid stores
C. antarctica could survive almost 6 mo of overwin-
tering without food in its Antarctic habitat (Seibel &
Dierssen 2003), and during the austral fall may have
only recently reduced its food intake, as evidenced
by its oxygen consumption rates (Fig. 3) and O:N
ratios (Table 1).

A reduction in organismal metabolism is observed
during austral winter in many species, and the onset
of starvation leads primarily to the catabolism of
high-energy lipids (e.g. Brockington & Clarke 2001).
In polar gymnosomes, lipid stores are often used for
overwintering and/or when food becomes scarce in
their natural habitat (Phleger et al. 1997, 1998, 1999,
2001, Kattner et al. 1998, Böer et al. 2005). The meta-
bolic response for some polar gymnosomes to food
deprivation or other depressive ecological influences
is to reduce the oxygen consumption rate and MNH4,
thereby reducing the energy required for survival
(Hand & Hardewig 1996, Maas et al. 2011b). As
revealed in other organisms, if starvation continues
after available lipid reserves are combusted, the cells
in the body begin to break down muscle protein, and

MNH4 increases to keep ammonia concentrations
below toxic levels (Castellini & Rea 1992, Caloin
2004, McCue 2010). This occurs when protein is the
last remaining fuel source available in the body to
combust for the ATP necessary to maintain funda-
mental physiological functions (McCue 2010 and
 references therein). According to Mommsen et al.
(1980), the sockeye salmon Oncorhynchns nerka
demonstrates a progressive change in substrate oxi-
dation during prolonged starvation when migrating
upriver, first catabolizing primarily lipids and then
progressively changing to catabolism of proteins at a
critical threshold.

Advection of water masses from the ACC is
thought to be transporting S. australis onto the WAP
shelf and away from its sub-Antarctic habitat. As S.
australis moves onto the WAP shelf it survives pro-
longed starvation by first combusting lipids for ATP
production, and then, in higher latitudes, it shifts to
combustion of muscle proteins to maintain essential
physiological functions. As protein is a fuel of last
resort for producing ATP after available lipid stores
have been necessarily depleted, S. australis is
thought to be experiencing prolonged starvation as it
is carried further from the ACC and into higher lati-
tudes by the ACC.

Acknowledgements. The United States National Science
Foundation supported this research (NSF ANT 0741348 to
J.J.T.). Thank you to the University of South Florida science
team aboard the R.V.I.B. ‘Nathaniel B. Palmer cruise’, 10-02,
for their help collecting MOCNESS samples (Christine Cass,
Tammy Cullins, Nicole Dunham, Eloy Martinez, Christin
Murphy, and Melanie Parker), and the  vessel’s crew. Thank
you to Brad Seibel and Eloy Martinez for their insights into
methods to determine indicators of pteropod physiology.

LITERATURE CITED

Anderson MJ (2001) Permutation tests for univariate or mul-
tivariate analysis of variance and regression. Can J Fish
Aquat Sci 58: 626−639

Astorga A, Fernandez M, Boschi EE, Lagos N (2003) Two
oceans, two taxa and one mode of development:  latitudi-
nal diversity patterns of South American crabs and test
for possible causal processes. Ecol Lett 6: 420−427

Bligh EG, Dyer W (1959) A rapid method for total lipid
extraction and purification. Can J Biochem Physiol 37: 
911−917

Böer M, Gannefors C, Kattner G, Graeve M, Hop H, Falk-
Petersen S (2005) The Arctic pteropod Clione limacina: 
seasonal lipid dynamics and life-strategy. Mar Biol 147: 
707−717

Borrell BJ, Goldbogen JA, Dudley R (2005) Aquatic wing
flapping at low Reynolds numbers:  swimming kinemat-
ics of the Antarctic pteropod, Clione antarctica. J Exp
Biol 208: 2939−2949

80
A

ut
ho

r c
op

y

http://dx.doi.org/10.1242/jeb.01733
http://dx.doi.org/10.1007/s00227-005-1607-8
http://dx.doi.org/10.1139/o59-099
http://dx.doi.org/10.1046/j.1461-0248.2003.00445.x
http://dx.doi.org/10.1139/f01-004


Suprenand et al.: Western Antarctic Peninsula pteropod metabolism

Brett JR, Groves TDD (1979) Physiological energetics. In: 
Hoar WS, Randall DJ, Brett JR (eds) Fish physiology, Vol
8. Academic Press, New York, NY

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

Burns JM, Trumble SJ, Castellini MA, Testa JW (1998) The
diet of Weddell seals in McMurdo Sound, Antarctica as
determined from scat collections and stable isotope
analysis. Polar Biol 19: 272−282

Caloin M (2004) Modeling of lipid and protein depletion
during total starvation. Am J Physiol 287:E790–E798

Castellini MA, Rea LD (1992) The biochemistry of natural
fasting at its limits. Experientia 48: 575−582

Cheng CHC, Detrich HW (2007) Molecular ecophysiology of
Antarctic notothenioid fishes. Philos Trans R Soc Lond B
Biol Sci 362: 2215−2232

Childress JJ (1971) Respiratory adaptations to the oxygen
minimum layer in the bathypelagic mysid Gnatho -
phausia ingens. Biol Bull 141: 109−121

Childress JJ, Somero GN (1979) Depth-related enzymic
activities in muscle, brain and heart of deep-living
pelagic marine teleosts. Mar Biol 52: 273−283

Clarke A (1980) The biochemical composition of krill,
Euphasia superba Dana, from South Georgia. J Exp Mar
Biol Ecol 43: 221−236

Clarke A (1988) Seasonality in the Antarctic marine-envi-
ronment. Comp Biochem Physiol B 90: 461−473

Clarke A, Peck LS (1991) The physiology of polar marine
zooplankton. Polar Res 10: 355−369

Clark LC Jr (1956) Monitor and control of tissue oxygen ten-
sions. Trans Am Soc Artif Intern Organs 2: 41−48

Conover RJ, Lalli CM (1974) Feeding and growth in Clione
limacina (Phipps), a pteropod mollusc. II. Assimilation,
metabolism, and growth efficiency. J Exp Mar Biol Ecol
16: 131−154

Curl H (1962) Standing crops of carbon, nitrogen, and phos-
phorus and transfer between trophic levels, in continen-
tal shelf waters south of New York. Rapp P-V Reun Cons
Perm Int Explor Mer 153: 183−189

Dinniman MS, Klinck JM, Hofmann EE (2012) Sensitivity of
circumpolar deep water transport and ice shelf basal
melt along the west Antarctic Peninsula to changes in the
winds. J Clim 25: 4799−4816

d’Orbigny A (1836) Voyage dans l’Amérique méridionale
(le Brésil, la république orientale de l’Uruguay, la
république Argentine, la Patagonie, la république du
Chili, la république de Bolivia, la république du Pérou),
exécuté pendant les années 1826, 1827, 1828, 1829, 1830,
1831, 1832 et 1833. In: Bertrand CP (ed) Mollusques 5,
Libraire de la Société Géologique de France, Paris

Donnelly J, Torres JJ (2008) Pelagic fishes in the Marguerite
Bay region of the west Antarctic Peninsula continental
shelf. Deep-Sea Res I 55: 523−539

Donnelly J, Torres JJ, Hopkins TL, Lancraft TM (1990) Prox-
imate composition of Antarctic mesopelagic fishes. Mar
Biol 106: 13−23

Donnelly J, Kawall H, Geiger SP, Torres JJ (2004) Meta -
bolism of Antarctic micronektonic crustacea across a
summer ice-edge bloom:  respiration, composition, and
enzymatic activity. Deep-Sea Res II 51: 2225−2245

Ducklow HW, Baker K, Martinson DG, Quetin LB and others
(2007) Marine pelagic ecosystems:  the west Antarctic
Peninsula. Philos Trans R Soc Lond B Biol Sci 362: 67−94

Dunbar MJ (1942) Marine macroplankton from the Canadian

eastern Arctic. II. Medusae, Siphonophora, Cteno phora,
Pteropoda and Chaetognatha. Can J Res 20d: 71−77

Dunton KH (2001) δ15N and δ13C measurements of Antarc-
tic Peninsula fauna:  trophic relationships and assimila-
tion of benthic seaweeds. Am Zool 41: 99−112

Dymowska AK, Manfredi T, Rosenthal JJC, Seibel BA (2012)
Temperature compensation of aerobic capacity and per-
formance in the Antarctic pteropod, Clione antarctica,
compared with its northern congener, C. limacina. J Exp
Biol 215: 3370−3378

Fahrbach E, Peterson RG, Rohardt G, Schlosser P, Bayer R
(1994) Suppression of bottom water formation in the
southeastern Weddell Sea. Deep-Sea Res 41: 389−411

Fields PA, Somero GN (1998) Hot spots in cold adaption: 
localized increases in conformational flexibility in lactate
dehydrogenase A4 orthologs of Antarctic notothenioid
fishes. Proc Natl Acad Sci USA 95: 11476−11481

Fraser WR, Trivelpiece WZ, Ainley DG, Trivelpiece SG
(1992) Increases in Antarctic penguin populations —
reduced competition with whales or a loss of sea ice due
to environmental warming. Polar Biol 11: 525−531

Friedrich C, Hagen W (1994) Lipid content of five species of
notothenioid fish from high-Antarctic waters and eco -
logical implications. Polar Biol 14: 359−369

Geiger SP, Kaeall HG, Torres JJ (2001) The effect of the
receding ice edge on the condition of copepods in the
northwestern Weddell Sea:  results from biochemical
assays. Hydrobiologia 453/454: 79−90

González RR, Quiñones RA, Sellanes J (2008) Aerobic and
anaerobic enzymatic activities of Calyptogena gallardoi
(Vesicomyidae):  a clam associated with methane cold
seeps off Chile. J Mar Biol Assoc UK 88: 983−986

Gordon AL, Molinelli EJ, Baker TN (1986) Southern Ocean
atlas. Columbia University Press, New York, NY, p 291

Gordon LI, Jennings JC Jr, Ross AA, Krest JM (2000) A sug-
gested protocol for continuous flow automated analysis
of seawater nutrients. WOCE Operation Manual, WHP
Office Report 90-1. WOCE Report 77 (68/91): 1−52

Hagen W, Van Vleet ES, Kattner G (1996) Seasonal lipid
storage as overwintering strategy of Antarctic krill. Mar
Ecol Prog Ser 134: 85−89

Hand SC, Hardewig I (1996) Downregulation of cellular
metabolism during environmental stress:  mechanisms
and implications. Annu Rev Physiol 58: 539−563

Hochachka PW, Somero GN (2002) Biochemical adaptation:
mechanism and process in physiological evolution.
Oxford University Press, New York, NY, p 466

Hofmann EE, Klinck JM, Lascara CM, Smith DA (1996)
Water mass distribution and circulation west of the
Antarctic Peninsula and including Bransfield Strait. In: 
Ross RM, Hofmann EE, Quetin LB (eds) Foundations for
ecological research west of the Antarctic Peninsula.
Antarct Res Ser 70: 81−104

Hunt BPV, Pakhomov EA, Hosie GW, Siegel V, Ward P,
Bernard K (2008) Pteropods in Southern Ocean ecosys-
tems. Prog Oceanogr 78: 193−221

Ikeda T (1985) Metabolic rates of epipelagic marine zoo-
plankton as a function of body mass and temperature.
Mar Biol 85: 1−11

Ikeda T (2013) Metabolism and chemical composition of
marine amphipods:  synthesis towards a global-bathy-
metric model. J Oceanogr 69: 339−355

Ikeda T (2014) Metabolism and chemical composition of mar-
ine pelagic gastropod molluscs:  a synthesis. J Oceanogr
70: 289−305

81
A

ut
ho

r c
op

y

http://dx.doi.org/10.1007/s10872-014-0231-y
http://dx.doi.org/10.1007/s10872-013-0177-5
http://dx.doi.org/10.1007/BF00396409
http://dx.doi.org/10.1016/j.pocean.2008.06.001
http://dx.doi.org/10.1146/annurev.ph.58.030196.002543
http://dx.doi.org/10.3354/meps134085
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2201217&dopt=Abstract
http://dx.doi.org/10.1023/A%3A1013107715862
http://dx.doi.org/10.1007/BF00240256
http://dx.doi.org/10.1007/BF00237945
http://dx.doi.org/10.1073/pnas.95.19.11476
http://dx.doi.org/10.1016/0967-0637(94)90010-8
http://dx.doi.org/10.1242/jeb.070607
http://dx.doi.org/10.1668/0003-1569(2001)041[0099%3ANACMOA]2.0.CO%3B2
http://dx.doi.org/10.1139/cjr42d-008
http://dx.doi.org/10.1098/rstb.2006.1955
http://dx.doi.org/10.1016/j.dsr2.2004.07.003
http://dx.doi.org/10.1007/BF02114670
http://dx.doi.org/10.1016/j.dsr2.2007.11.015
http://dx.doi.org/10.1175/JCLI-D-11-00307.1
http://dx.doi.org/10.1017/S0954102009990642
http://dx.doi.org/10.1016/0022-0981(74)90016-1
http://dx.doi.org/10.1111/j.1751-8369.1991.tb00659.x
http://dx.doi.org/10.1016/0022-0981(80)90049-0
http://dx.doi.org/10.1007/BF00398141
http://dx.doi.org/10.2307/1539995
http://dx.doi.org/10.1098/rstb.2006.1946
http://dx.doi.org/10.1007/BF01920242
http://dx.doi.org/10.1152/ajpendo.00414.2003
http://dx.doi.org/10.1007/s003000050245
http://dx.doi.org/10.1016/S0022-0981(00)00347-6


Mar Ecol Prog Ser 518: 69–83, 2015

Ikeda T, Mitchell AW (1982) Oxygen uptake, ammonia
excretion and phosphate excretion by krill and other
Antarctic zooplankton in relation to their body size and
chemical composition. Mar Biol 71: 283−298

Ikeda T, Skjoldal HR (1989) Metabolism and elemental com-
position of zooplankton from the Barents Sea during
early Arctic summer. Mar Biol 100: 173−183

Ikeda Y, Inaki M, Kidera A, Hayashi H (2000) Physically
crosslinked elastomers prepared from oligomeric poly-
olefins with mesogenic units. J Polym Sci B, Polym Phys
38: 2247−2253

Ikeda T, Sano F, Yamaguchi A (2007) Respiration in marine
pelagic copepods:  a global-bathymetric model. Mar Ecol
Prog Ser 339: 215−219

Jones DL (2012) The fathom toolbox for Matlab:  multivariate
ecological and oceanographic data analysis. College of
Marine Science, University of South Florida, St. Peters-
burg, FL

Karnovsky NJ, Hobson KA, Iverson S, Hunt GL Jr (2008)
Seasonal changes in diets of seabirds in the North Water
Polynya:  a multiple-indicator approach. Mar Ecol Prog
Ser 357: 291−299

Kattner G, Hagen W, Graeve M, Albers C (1998) Exceptional
lipids and fatty acids in the pteropod Clione limacina
(Gastropoda) from both polar oceans. Mar Chem 61: 
219−228

Kawall HG, Torres JJ, Geiger SP (2001) Effects of the ice-
edge bloom and season on the metabolism of copepods
in the Weddell Sea, Antarctica. Hydrobiologia 453/454: 
67−77

Klinck JM, Hofmann EE, Beardsley RC, Salihoglu B,
Howard S (2004) Water-mass properties and circulation
on the west Antarctic Peninsula Continental Shelf in aus-
tral fall and winter 2001. Deep-Sea Res II 51: 1925−1946

Lalli CM, Gilmer RW (1989) Pelagic snails:  the biology of
holoplanktonic gastropod mollusks. Stanford University
Press, Stanford, CA

Lawson GL, Wiebe PH, Ashjian CJ, Stanton TK (2008)
Euphausiid distribution along the Western Antarctic
Peninsula. Part B. Distribution of euphausiid aggrega-
tions and biomass, and associations with environmental
features. Deep-Sea Res II 55:432–454

Lebour MV (1932) Limacina retroversa in Plymouth waters.
J Mar Biol Assoc UK 18: 123−129

LeBrasseur RJ (1966) Stomach contents of salmon and steel-
head trout in the northeastern Pacific Ocean. J Fish Res
Board Can 23: 85−100

Loeb VJ, Santora JA (2013) Pteropods and climate off the
Antarctic Peninsula.  Prog Oceanogr 116:31–48

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Pro-
tein measurement with the Folin phenol reagent. J Biol
Chem 193: 265−275

Maas AE, Wishner KF, Seibel BA (2011a) Effects of acidifica-
tion on pteropods in an OMZ. Biogeosciences Discuss 8: 
10295−10316

Maas AE, Elder LE, Dierssen HM, Seibel BA (2011b) Meta-
bolic response of Antarctic pteropods (Mollusca:  Gastro -
poda) to food deprivation and regional productivity. Mar
Ecol Prog Ser 441: 129−139

Marsh JB, Weinstein WJ (1966) A simple charring method
for determination of lipids. J Lipid Res 7: 574−576

Martinson DG (2012) Antarctic circumpolar current’s role in
the Antarctic ice system:  an overview. Palaeogeogr
Palaeoclim Palaeoecol 335/336: 71−74

Martinson DG, Stammerjohn SE, Iannuzzi RA, Smith RC,

Vernet M (2008) Western Antarctic Peninsula physical
oceanography and spatio-temporal variability. Deep-Sea
Res I 55: 1964−1987

MathWorks Inc (2010) MATLAB (data analysis software sys-
tem), Version R2010a. MathWorks Inc., Natick, MA

McArdle BH, Anderson MJ (2001) Fitting multivariate mod-
els to community data:  a comment on distance-based
redundancy analysis. Ecology 82: 290−297

McClintock J, Ducklow H, Fraser W (2008) Ecological
responses to climate change on the Antarctic Peninsula.
Am Sci 96: 302−310

McCue MD (2010) Starvation physiology: reviewing the dif-
ferent strategies animals use to survive a common chal-
lenge. Comp Biochem Physiol A 156:1–18

Meredith MP, King JC (2005) Rapid climate change in the
ocean west of the Antarctic Peninsula during the second
half of the 20th century. Geophys Res Lett 32: L19604,
doi: 10.1029/2005GL024042 

Moline MA, Claustre H, Frazer TK, Schofield O, Vernet M
(2004) Alteration of the food web along the Antarctic
Peninsula in response to a regional warming trend. Glob
Change Biol 10: 1973−1980

Moline MA, Karnovsky NJ, Brown Z, Divoky GJ and others
(2008) High latitude changes in ice dynamics and their
impact on polar marine ecosystems. Ann NY Acad Sci
1134: 267−319

Mommsen TP, French CJ, Hochachka PW (1980) Sites and
patterns of protein and amino acid utilization during the
spawning migration of salmon. Can J Zool 58: 1785−1799

Omori M (1969) Weight and chemical composition of some
important zooplankton in the North Pacific Ocean. Mar
Biol 3: 4−10

Parker ML, Donnelly J, Torres JJ (2011) Invertebrate micro-
nekton and macrozooplankton in the Marguerite Bay
region of the western Antarctic Peninsula. Deep-Sea Res
I 58: 1580−1598

Pearson RG, Dawson TP (2003) Predicting the impacts of cli-
mate change on the distribution of species:  Are bio -
climate envelope models useful? Glob Ecol Biogeogr 12: 
361−371

Peck LS, Webb KE, Bailey DM (2004) Extreme sensitivity of
biological function to temperature in Antarctic marine
species. Funct Ecol 18: 625−630

Phleger CF, Nichols PD, Virtue P (1997) Lipids and buoy-
ancy in Southern Ocean pteropods. Lipids 32: 1093−1100

Phleger CF, Nichols PD, Virtue P (1998) Lipids and tropho-
dynamics of Antarctic zooplankton. Comp Biochem
Physiol B 120: 311−323

Phleger CF, Nelson MM, Mooney B, Nichols PD (1999)
Lipids of abducted Antarctic pteropods, Spongiobran-
chaea australis, and their hyperiid amphipod host. Comp
Biochem Physiol B 124: 295−307

Phleger CF, Nelson MM, Mooney B, Nichols PD (2001) Inter-
annual variations in the lipids of the Antarctic pteropods
Clione limacina and Clio pyramidata. Comp Biochem
Physiol B 128: 553−564

Pörtner HO, Storch D, Heilmayer O (2005) Constraints and
trade-offs in climate dependent adaptation:  energy
budgets and growth in a latitudinal cline. Sci Mar 69: 
271−285

Pörtner HO (2008) Ecosystem effects of ocean acidification
in times of ocean warming:  a physiologist’s view. Mar
Ecol Prog Ser 373: 203−217

Pörtner HO, Farrell AP (2008) Physiology and climate
change. Science 322: 690−692

82
A

ut
ho

r c
op

y

http://dx.doi.org/10.1126/science.1163156
http://dx.doi.org/10.3354/meps07768
http://dx.doi.org/10.3989/scimar.2005.69s2271
http://dx.doi.org/10.1016/S1096-4959(00)00356-0
http://dx.doi.org/10.1016/S0305-0491(99)00120-0
http://dx.doi.org/10.1016/S0305-0491(98)10020-2
http://dx.doi.org/10.1007/s11745-997-0141-x
http://dx.doi.org/10.1111/j.0269-8463.2004.00903.x
http://dx.doi.org/10.1046/j.1466-822X.2003.00042.x
http://dx.doi.org/10.1016/j.dsr2.2010.08.020
http://dx.doi.org/10.1007/BF00355587
http://dx.doi.org/10.1139/z80-246
http://dx.doi.org/10.1196/annals.1439.010
http://dx.doi.org/10.1111/j.1365-2486.2004.00825.x
http://dx.doi.org/10.1029/2005GL024042
http://dx.doi.org/10.1511/2008.73.3844
http://dx.doi.org/10.1890/0012-9658(2001)082[0290%3AFMMTCD]2.0.CO%3B2
http://dx.doi.org/10.1016/j.dsr2.2008.04.038
http://dx.doi.org/10.1016/j.palaeo.2011.04.007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=5965305&dopt=Abstract
http://dx.doi.org/10.3354/meps09358
http://dx.doi.org/10.5194/bgd-8-10295-2011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14907713&dopt=Abstract
http://dx.doi.org/10.1139/f66-007
http://dx.doi.org/10.1017/S0025315400051341
http://dx.doi.org/10.1016/j.dsr2.2004.08.001
http://dx.doi.org/10.1023/A%3A1013155614953
http://dx.doi.org/10.1016/S0304-4203(98)00013-9
http://dx.doi.org/10.3354/meps07295
http://dx.doi.org/10.3354/meps339215
http://dx.doi.org/10.1002/1099-0488(20000901)38%3A17%3C2147%3A%3AAID-POLB50%3E3.0.CO%3B2-1
http://dx.doi.org/10.1007/BF00391956
http://dx.doi.org/10.1007/BF00397045


Suprenand et al.: Western Antarctic Peninsula pteropod metabolism

Pörtner HO, Peck L, Somero J (2007) Thermal limits and
adaptation in marine Antarctic ectotherms:  an integra-
tive view. Philos Trans R Soc Lond B Biol Sci 362: 
2233−2258

Reisenbichler KR, Bailey TG (1991) Microextraction of total
lipid from mesopelagic animals. Deep-Sea Res 38: 
1331−1339

Rosenthal JJC, Seibel BA, Dymowska A, Bezanilla F (2009)
Trade-off between aerobic capacity and locomotor capa-
bility in an Antarctic pteropod. Proc Natl Acad Sci USA
106: 6192−6196

Rott H, Skvarca P, Nagler T (1996) Rapid collapse of north-
ern Larsen Ice Shelf. Antarct Sci 271: 788−792

Roy K, Jablonski D, Valentine JW, Rosenberg G (1998) Mar-
ine latitudinal diversity gradients:  tests of causal hypo -
theses. Proc Natl Acad Sci USA 95: 3699−3702

Schiermeier Q (2009) Atmospheric science: fixing the sky.
Nature 460:792–795

Seibel BA (2007) On the depth and scale of metabolic rate
variation:  scaling of oxygen consumption rates and enzy-
matic activities in the Class Cephalopoda (Mollusca).
J Exp Biol 210: 1−11

Seibel BA, Dierssen HM (2003) Cascading trophic impacts of
reduced biomass in the Ross Sea, Antarctica:  just the tip
of the iceberg? Biol Bull 205: 93−97

Seibel BA, Drazen JC (2007) The rate of metabolism in
 marine animals:  environmental constraints, ecological
demands and energetic opportunities. Philos Trans R Soc
Lond B Biol Sci 362: 2061−2078

Seibel BA, Thuesen EV, Childress JT (2000) Light-limitation
on predator−prey interactions:  consequences for meta -
bolism and locomotion of deep-sea cephalopods. Biol
Bull 198: 284−298

Seibel BA, Dymowska A, Rosenthal J (2007) Metabolic tem-
perature compensation and coevolution of locomotory
performance in pteropod molluscs. Integr Comp Biol 47: 
880−891

Shapiro AZ, Bobkova AN (1975) The role of malate dehydro-
genase in adaptation to hypoxia in invertebrates. Zh Evol
Biokhim Fiziol 11(5):546–547

Shevenell AE, Kennett JP (2002) Antarctic Holocene climate
change:  a benthic foraminiferal stable isotope record
from Palmer Deep. Paleoceanography 17: 1−12

Shindell DT, Schmidt GA (2004) Southern hemisphere cli-
mate response to ozone changes and greenhouse gas
increases. Geophys Res Lett 31:L18209, doi: 10. 1029/ 2004
GL 020724

Smith RC, Baker KS, Stammerjohn SE (1998) Exploring sea
ice indexes for polar ecosystem studies BioScience
48(2):83–93

Smith DA, Hofmann EE, Klinck JM, Lascara CM (1999)
Hydrography and circulation of the west Antarctic
Peninsula continental shelf. Deep-Sea Res I 46: 925−949

Smith EA (1902) Mollusca. In:  Franklin I (ed) Report on the
collections of natural history made in the Antarctic

regions during the voyage of the ‘Southern Cross.’
Clowes and Sons, London, p 201−213

Somero GN (2004) Adaptation of enzymes to temperature: 
searching for basic ‘strategies’. Comp Biochem Physiol B
139: 321−333

Somero GN (2010) The physiology of climate change:  how
potentials for acclimatization and genetic adaptation
will determine ‘winners’ and ‘losers’. J Exp Biol 213: 
912−920

Suprenand PM, Jones DL, Torres JJ (2013) Distributions of
gymnosomatous pteropods in western Antarctic Penin-
sula shelf waters:  influences of Southern Ocean water
masses. Polar Rec (Gr Brit). doi: 10.1017/ S00322474 13
00065X

Torres JJ, Somero GN (1988) Metabolism, enzymic activities
and cold adaptation in Antarctic mesopelagic fishes. Mar
Biol 98: 169−180

Torres JJ, Donnelly J, Hopkins TL, Aarset AV, Ainley DG
(1994) Proximate composition and overwintering strate-
gies of Antarctic micronektonic crustacea. Mar Ecol Prog
Ser 113: 221−232

Trathan PN, Fretwell PT, Stonehouse B (2011) First recorded
loss of an emperor penguin colony in the recent period of
Antarctic regional warming: implications for other
colonies. PLOS ONE 6:e14738

Trivelpiece W, Fraser W (1996) The breeding biology and
distribution of Adélie penguins:  adaptations to environ-
mental variability. In:  Ross RM, Hofmann EE, Quetin LB
(eds) Foundations for ecological research west of the
Antarctic Peninsula. Antarct Res Ser 70: 273−285

Turner J, Bindschadler R, Convey P, di Prisco G and others
(2009a) Antarctic climate change and the environment.
Scientific Committee on Antarctic Research, Scott Polar
Research Institute, Cambridge

Turner J, Comiso JC, Marshall GJ, Lachlan-Cope TA and
others (2009b) Non-annular atmospheric circulation
change induced by stratospheric ozone depletion and its
role in the recent increase of Antarctic sea ice extent.
Geophys Res Lett 36:L08502, doi: 10. 1029/2009GL037524

van der Spoel S, Dadon JR, Boltovskoy D (1999) South
Atlantic zooplankton, Vol. 1. Backhuys Publishers, Lei-
den, p 868−1706

Vaughan DG, Marshall GJ, Connolley WM, Parkinson C
and others (2003) Recent rapid regional climate warming
on the Antarctic Peninsula. Clim Change 60: 243−274

Wiebe PH, Burt KH, Boyd SH, Morton AW (1976) Multiple
opening-closing net and environmental sensing system
for sampling zooplankton. J Mar Res 34: 313−326

Wiebe PH, Morton AW, Bradley AM, Backus RH and others
(1985) New developments in the MOCNESS, an appara-
tus for sampling zooplankton and micronekton. Mar Biol
87: 313−323

Zhao L, Castellini MA, Mau TL, Trumble SJ (2004) Trophic
interactions of Antarctic seals as determined by stable
isotope signatures. Polar Biol 27: 368−373

83

Editorial responsibility: Edward Durbin, 
Narragansett, Rhode Island, USA

Submitted: August 26, 2013; Accepted: September 18, 2014
Proofs received from author(s): December 13, 2014

A
ut

ho
r c

op
y

http://dx.doi.org/10.1007/s00300-004-0598-0
http://dx.doi.org/10.1007/BF00397811
http://dx.doi.org/10.1023/A%3A1026021217991
http://dx.doi.org/10.3354/meps113221
http://dx.doi.org/10.1007/BF00391192
http://dx.doi.org/10.1242/jeb.041228
http://dx.doi.org/10.1017/S003224741300065X
http://dx.doi.org/10.1242/jeb.037473
http://dx.doi.org/10.1016/j.cbpc.2004.05.003
http://dx.doi.org/10.1016/S0967-0637(98)00103-4
http://dx.doi.org/10.1029/2000PA000596
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1217336&dopt=Abstract
http://dx.doi.org/10.1093/icb/icm089
http://dx.doi.org/10.2307/1542531
http://dx.doi.org/10.1098/rstb.2007.2101
http://dx.doi.org/10.2307/1543229
http://dx.doi.org/10.1242/jeb.02588
http://dx.doi.org/10.1073/pnas.95.7.3699
http://dx.doi.org/10.1073/pnas.0901321106
http://dx.doi.org/10.1016/0198-0149(91)90030-J
http://dx.doi.org/10.1098/rstb.2006.1947

	cite114: 
	cite10: 
	cite23: 
	cite16: 
	cite25: 
	cite18: 
	cite32: 
	cite27: 
	cite41: 
	cite4: 
	cite43: 
	cite36: 
	cite50: 
	cite52: 
	cite34: 
	cite45: 
	cite54: 
	cite47: 
	cite61: 
	cite56: 
	cite49: 
	cite63: 
	cite58: 
	cite29: 
	cite65: 
	cite67: 
	cite70: 
	cite72: 
	cite69: 
	cite74: 
	cite76: 
	cite78: 
	cite85: 
	cite87: 
	cite1: 
	cite89: 
	cite5: 
	cite9: 
	cite11: 
	cite13: 
	cite20: 
	cite22: 
	cite15: 
	cite24: 
	cite17: 
	cite2: 
	cite19: 
	cite31: 
	cite42: 
	cite35: 
	cite100: 
	cite37: 
	cite51: 
	cite44: 
	cite39: 
	cite53: 
	cite46: 
	cite55: 
	cite48: 
	cite62: 
	cite64: 
	cite60: 
	cite57: 
	cite59: 
	cite71: 
	cite80: 
	cite68: 
	cite75: 
	cite82: 
	cite84: 
	cite91: 
	cite101: 
	cite93: 
	cite102: 
	cite104: 
	cite95: 
	cite106: 
	cite107: 
	cite97: 
	cite110: 
	cite111: 
	cite99: 
	cite7: 
	cite112: 
	cite113: 


