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ABSTRACT: Pronounced seasonality in photoperiod and phytoplankton availability drives key physiological processes in many Antarctic primary consumers. To test the hypothesis that carnivores
would be less markedly affected by environmental seasonality than benthic ‘herbivores’, we measured faecal egestion, oxygen consumption and nitrogen excretion every 2 to 3 mo for 18 mo in 5 benthic predators and scavengers common around Adelaide Island (West Antarctic Peninsula): the fish
Harpagifer antarcticus, the brittle star Ophionotus victoriae, the nemertean Parborlasia corrugatus,
the amphipod Paraceradocus miersii and the nudibranch Doris kerguelenensis. The degree of seasonality varied between species and was not consistent across the physiological parameters measured. Faecal egestion varied strongly between species and individuals. All species except Paraceradocus miersii ceased feeding for several months. No consistent seasonality in metabolic activity
(oxygen consumption and nitrogen excretion) was observed, and seasonal factorial changes in oxygen consumption were less than in primary consumers. Use of metabolic substrates changed between
seasons, particularly in H. antarcticus, which switched from a balanced diet to mainly protein utilisation at the start of winter. O. victoriae had the highest O:N ratio (232) and Parborlasia corrugatus the
lowest (9), suggesting the latter species is the most exclusive carnivore. We conclude that food availability and quality is also variable for Antarctic secondary consumers but that this variation is not as
tightly coupled to the environmental seasonality as in primary consumers. Other factors, such as
reproductive activity, that are indirectly coupled to seasonal signals may have also been causing this
variability.
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Polar benthos · Secondary consumers
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INTRODUCTION
Studies of effects of, and adaptation to, the environment are dominated by investigations of temperature.
However, other factors such as photoperiod, water
availability, food availability, wind speed and salinity
can have major impacts on animal physiology and life
histories. Furthermore, the seasonal changes in these
characteristics, as well as temperature, strongly influence the ecological periodicity of animals and plants,
and this varies strongly with latitude. For many
decades the paradigm has been that activities of
marine organisms become more seasonal from low to
high latitudes (e.g. Stott 1934, Harrington 1986, Clarke
& Peck 1991). At low latitudes in the tropics, photoperiod is relatively constant, which in turn leads to only

small fluctuations in primary production and temperature throughout the year. As a result, seasonality of
feeding, growth and reproduction tends to be reduced
and timings are largely determined by local physical
conditions (e.g. equatorial upwelling or winter monsoon) (Banse 1987, Longhurst 1993). Periodicity of
cues, which can be diel, lunar, monthly or annual
(Lobel 1978, Tanner 1996), becomes more important in
environments with reduced seasonality. For example,
mysid shrimps in the Merbok mangrove estuary
(Malaysia) show continuous reproduction throughout
the year and the observed high fluctuations in abundance do not correlate with temperature and salinity
(Hanamura et al. 2008). In contrast, food availability,
consumption, growth and reproduction in temperate
and polar regions are markedly seasonal (Peck et al.
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2006). Both temporal patterns, seasonality and periodicity, govern processes across latitudes (Pearse 1965,
Reed 1995).
Seasonality, which has been historically dominated
by studies in cold temperate seas, is complex and its
effects on organisms vary from region to region, as do
the most important factors affecting animal physiologies. Most benthic suspension feeders show an increase in activity, secondary production and reproductive activity during spring and summer, a decrease in
autumn, and a minimum in winter, with some species
hibernating, or showing periods of markedly reduced
metabolic activity (e.g. see Gruzov 1977, Hughes 1989,
Fenchel 1990). Temperature and food availability in
temperate regions tend to be positively correlated, and
are both low during winter (increased depth of mixed
layer and low irradiance). Species from the warm temperate Mediterranean Sea on the other hand, where
temperature and food are often temporally decoupled,
show different patterns. For example, most benthic
hydrozoans, some colonial ascidians, bivalves and
anthozoans reproduce in spring or autumn but grow
between autumn and spring in the Mediterranean Sea
with a decrease in activity during summer (see Turon
1992, Ramon et al. 1995, Coma et al. 1998, 2000). However, there is a mixture of strategies with solitary ascidians and some sponges having their highest rates of
reproduction and growth during summer months
(Becerro & Turon 1992). In contrast to cold temperate
environments, temperature plays a minor role, and factors controlling seasonality in warm temperate seas are
stratification, mixing periods, and energy shortage, i.e.
depleted food supply such as suspended materials
(Coma et al. 1998).
At polar latitudes, coastal summer phytoplankton
blooms can be very intense, but for the majority of the
year, standing stocks of chlorophyll are <1 µg l–1
(Clarke & Leakey 1996, Clarke et al. 2008). Feeding,
growth and the transfer of energy to reproduction
(gonad production and gametogenesis) in primary consumers are often coupled with the brief austral summer
and many suspension and deposit feeders reduce feeding and metabolic activity for several months during
the winter (Gruzov 1977, Whitaker 1982, Clarke 1988,
Clarke et al. 1988, Brockington & Peck 2001, Morley et
al. 2007). Some bryozoans even undergo a degree of
winter dormancy during which most organic tissues
are reabsorbed (Barnes & Peck 2005). However at least
one species, the Antarctic brachiopod Liothyrella uva,
appears to decouple periods of feeding from growth
(Peck et al. 1997). Timings and duration of reproduction can be very varied even within a guild, e.g. sessile
suspension feeders (see Bowden et al. 2006). The timing of reproductive cycles may be geared either to the
summer feeding of adults, or to the feeding require-

ments of newly emerged larvae (Pearse et al. 1991) or
settling juveniles, which in sessile suspension-feeding
taxa is uncoupled from the summer plankton bloom
(Bowden et al. 2009). There is still some debate over
the relative importance of resource limitation and the
low but stable temperatures in determining the slow
growth characteristic of marine organisms living in
polar regions, but seasonality has clear and powerful
effects (Clarke et al. 2004, Heilmayer et al. 2004,
Barnes et al. 2007).
Traditional concepts of summer-winter ecophysiological change, however, are not straightforward, even
in Antarctic primary consumers. Extreme variability
may be found in sessile suspension feeders, where
most species exhibit strong seasonal physiology.
Examples can be found among bryozoans, where some
species stay active and feed for half to most of the year,
and periods of reduced metabolic and feeding activity
can be as short as 1 mo (Barnes & Clarke 1994, 1995,
also Peck et al. 2005 for brachiopods). It would be
expected that higher trophic-level groups within the
food web, such as predators and scavengers, may have
biological patterns that are less coupled to the overlying seasonality (Clarke 1988). From the few predators
and scavengers studied to date, the extent of seasonality varies between species, and is not taxonomically
controlled. Gastropods and echinoderms for example
exhibit a broad range of seasonal strategies (Picken
1980 and Pearse et al. 1985, 1991 respectively).
We hypothesise that because food supply for secondary consumers is less temporally variable (over
winter to summer) than for herbivores, Antarctic carnivores should in general be much less seasonal in feeding and related (e.g. metabolic) activities. To test this
hypothesis we monitored physiological changes for a
winter-summer signal throughout the year in 5 common and abundant predators and scavengers. These
were: the notothenid fish Harpagifer antarcticus, the
brittle star Ophionotus victoriae, the nemertean worm
Parborlasia corrugatus, the gammarid amphipod Paraceradocus miersii and the nudibranch Doris kerguelenensis. These species are abundant and widespread
members of Antarctic near-shore marine communities,
represent several major faunal taxa, encompass different habitats, and cover a range of diets, from very
specialised to broadly generalistic. Here we present
results on seasonal changes in oxygen consumption,
nitrogen excretion and faecal egestion.

MATERIALS AND METHODS
Collection of specimens. Between February 2007
and March 2008 individuals of each of 5 species of benthic marine carnivore/scavenger were hand-collected
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every 2 to 3 mo by SCUBA divers at shallow sampling
sites (5 to 20 m depth) near Rothera Research Station,
Adelaide Island, Antarctica (67° 34’ S, 68° 07’ W;
Fig. 1A). The notothenid fish Harpagifer antarcticus
was sampled in East Beach (Fig. 1B), a coastal area
east of the station. The brittle star Ophionotus victoriae, the nemertean worm Parborlasia corrugatus and
the nudibranch Doris kerguelenensis were sampled in

Fig. 1. (A) Position of Rothera Research Station at Rothera
Point (67° 34’ S, 68° 07’ W) on southwest Adelaide Island in relation to the Antarctic Peninsula and Southern Ocean. (B) Location of the sampling sites in the shallow waters (5 to 20 m)
near the Research Station at Rothera Point: Hangar Cove,
East Beach and South Cove. The dotted pattern on Adelaide
Island marks areas of ice-free exposed rock
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Hangar Cove (Fig. 1B), a site north of Rothera Research Station. The gammarid amphipod Paraceradocus miersii was collected in South Cove (Fig. 1B), a site
south of the station. A summary of the sampling sites,
collection depths and substrate types is given in
Table 1. We collected a similar size range of specimens
at each sampling event and also tested for significant
differences in animal masses throughout the year. Following collection, specimens were immediately transferred to the flow-through aquarium in the laboratory,
in order to minimise stress. Water temperatures in the
flow-through aquarium ranged (with natural sea temperatures) seasonally from –1.9 to +1.2°C over the
year.
Faecal egestion. We measured faecal egestion during the first 48 h after collection. Immediately after collection, 6 specimens of each species were placed individually in buckets with a mesh bottom containing
filtered seawater (53 µm). The water was changed
after 24 h and faeces were collected over a period of
48 h, briefly rinsed in distilled water, and faeces dry
mass (FDM) and ash-free dry mass (AFDM) were measured in accordance with the protocol used in Clarke
(1990) and Fraser et al. (2002). Faecal egestion was
expressed as mg FDM per g animal wet mass (AWM)
per 24 h (mg g–1 d–1). At the end of each trial whole
AWM of each individual was determined after a brief
rinse in distilled water and surface-drying with a
tissue. Where possible, specimen size was measured
(total body length in notothenid fish, gammarid
amphipods and nudibranchs; mean disc diameter in
brittle stars). No length measurements were taken in
nemertean worms as their bodies can contract or elongate significantly, either naturally or in response to
external stimuli (Gibson 1983). Measurements in nudibranchs should be regarded as an index of size and not
of true body length, as it also varies with degree of
contraction and variation in body water content. The
change in length is, however, less extreme than in
nemertean worms. After measurements were completed, all specimens were deep-frozen and stored at
–80°C for further tissue analysis.
Oxygen consumption and nitrogen excretion.
Whole-animal oxygen consumption and nitrogen
excretion rates were measured simultaneously 2 d
after collection to minimise the effects of handling
stress while still measuring routine metabolic rates as
close to field values as possible. Closed-bottle techniques were used. Thirteen to 15 specimens of each
species were placed individually in airtight chambers
scaled to animal size (using data from preliminary
experiments) and left overnight to adjust to experimental conditions. Respiration rates were monitored
over an experimental period of up to 12 h, depending
on specimen size, using a Fibox-3 fibre optic oxygen
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ifications according to Fraser et al.
(2002). In the present study, seawater
samples were not deproteinised and
Species
Sampling Depth
Substrate
site
(m)
sample volume and colour reagent volume were 1.0 ml and 0.5 ml, respecHarpagifer antarcticus,
East
5–15 Hard substrate, coastal area
tively. The assay was calibrated by
notothenid fish
Beach
with small to medium rocks
spiking seawater with known amounts
and boulders
of a urea standard solution. All samOphionotus victoriae,
Hangar
10–20 Soft sediment, inner bay with
ples and standards were read with a
brittle star
Cove
sand and mud
spectrophotometer at 535 nm. Urea
Parborlasia corrugatus, Hangar
10–20 Soft sediment, inner bay with
nemertean worm
Cove
sand and mud
excretion rates are expressed as nmol
Doris kerguelenensis,
Hangar
5–15 Hard substrate, shoreline with
CO(NH2)2 h–1 g–1 AFDM.
nudibranch slug
Cove
big boulders and rocks
O:N ratios were calculated on an
Paraceradocus miersii,
South
5–10 Mixed substrate with small
atomic basis. O:N ratios can serve as a
gammarid amphipod
Cove
rocks and stones dispersed
metabolic index, providing informaon sandy ground
tion about dominance of substrates
catabolised. Ratios < 20 indicate mainly
protein utilisation, whereas ratios of 50 to 60 suggest
sensor (PreSens). The oxygen content was not allowed
more balanced catabolism of protein, lipid and carboto drop below 80% of the initial saturation during the
experiment. Oxygen consumption was expressed as
hydrate proportions, and ratios >100 indicate a diet
dominated by lipids and carbohydrates (Mayzaud &
µmol O2 h–1 g–1 AFDM. At the end of each respiromeConover 1988). Only ammonia-nitrogen was included
try measurement, water samples were taken from each
chamber for analyses of ammonia and urea content
in calculations of O:N ratios and while this is likely to
underestimate total nitrogen excretion, since other
(i.e. nitrogen excretion). Control chambers (blanks not
products such as urea, primary amines and uric acid all
containing animals) were run in parallel and all rates
contribute to nitrogenous waste, it is an accurate
were corrected for ‘blank’ respiration and background
enough estimate when serving as a metabolic index.
levels of ammonia and urea. At the end of each experiment, whole-animal volume, AWM, and body size of
Ammonia is the main (protein-derived) excretory
product in marine fish and cold-water invertebrates
each specimen were determined, except the length of
(Wood 1993, Clarke et al. 1994). Several studies sugthe nemertean worms. Nudibranch total body length
was measured after full contraction (see ‘Faecal egesgest that the ornithine cycle (which is the main pathway of ureagenesis in vertebrates during protein
tion’ above). Whole-animal dry mass (DM) was meametabolism) is absent in invertebrates (Nicol 1967,
sured after drying to a constant mass at 60°C, and ash
mass (AM) was obtained by incineration in a muffle
Atkinson 1992). Thus, in invertebrates, excreted urea
furnace at 500°C for 1000 min. AM was subtracted
is likely to be derived from deamination of arginine
from DM to gain AFDM.
and/or excretion of purines and pyrimidines, suggesting RNA and nucleic acid breakdown rather than proWhereas all urea samples were frozen and stored at
–80°C for later analysis, most ammonia samples were
tein metabolism (Baldwin 1967, Fraser et al. 2002).
analysed immediately. However, when necessary,
Seasons. Summer was defined as ranging from
November to May and winter from June to October
water samples for ammonia analysis were also deep(see shaded area in Figs. 2–5), ranges that were deterfrozen with their pH adjusted twice, before freezing to
mined from long-term oceanographic monitoring
pH < 4.5 and after defrosting to pH > 7.0 (Degobbis
(phytoplankton standing stock) (see Clarke et al. 2008)
1973, Fraser et al. 2002). Ammonia was assayed with oand comparability with other seasonal studies from the
phthalaldehyde (OPA) and fluorometry, using the
same area (e.g. Brockington & Peck 2001, Fraser et al.
method as described by Holmes et al. (1999) with
2002, Grange et al. 2004). In Ryder Bay the onset of
minor modifications. In the present study, ratios of
summer is marked by the phytoplankton bloom, which
working reagent (WR) to sample volume ranged
usually starts in November when chlorophyll a levels
between 1:1 and 1:2, compared to 1:4 and 1:0.25 in
exceed 1 mg m– 3 for the first time (Clarke et al. 2008).
Holmes et al. (1999). The assay was calibrated by spiking seawater with known amounts of ammonium chloPeak summer values typically exceed 20 mg m– 3,
whereas winter chlorophyll a values range below
ride. All samples and standards were read in a TD700
0.2 mg m– 3. The end of summer and onset of winter in
fluorometer. Ammonia excretion is expressed as nmol
–1 –1
NH3 h g AFDM.
Ryder Bay is less easily definable and one could argue
Urea was analysed using the diacetyl monoxime
whether to include May as a summer or winter month.
assay of Rahmatullah & Boyde (1980) with minor modSedimentation of the plankton bloom can continue
Table 1. Species sampled and sampling sites
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well into May, thus providing a considerable food
source for benthic primary and opportunistic secondary consumers such as brittle stars (Grange et al.
2004). However, Brockington & Peck (2001) measured
non-feeding periods based on gut-content analysis in
Antarctic sea urchins from Rothera as lasting from May
to December and May to September in 2 consecutive
years.
Data analysis. Statistical analysis was carried out
using Minitab version 15.1 with a threshold for significance at p = 0.05. We followed 2 approaches: First,
individual data sets were analysed for a significant
seasonal difference (ssd) between summer and winter
(see definition in ‘Seasons’ above) using 1-way
ANOVA followed by a post hoc Tukey’s multiple comparison test on normally distributed data (Ryan-Joiner
test). If data could not be transformed using log and
square root to gain normal distribution, the non-parametric Kruskal-Wallis test was used to test for seasonal
differences. These individual data sets comprise
monthly data for each parameter (faecal egestion, oxygen consumption, ammonia excretion, urea excretion,
O:N ratio) within each species and are presented as
mean ± SD, unless indicated differently, in multi-panel
plots.
Second, pooled data sets were used to test how consistent the seasonal patterns were for different parameters within each species, and whether there were
differences in seasonality between species. For this
purpose, all data for each parameter (faecal egestion,
oxygen consumption, ammonia excretion, urea excretion, O:N ratio) were standardised for each species to
gain an overall mean of 0 and SD of 1. This was done
by calculating the overall mean for each parameter, for
each species, subtracting this mean from each individual value and dividing this result by the SD. We
applied a fully factorial general linear model (GLM) to
the unbalanced data using sequential sums of squares,
testing for significant effects of the 3 fixed factors:
parameter, season and species. As the type of prey
eaten (higher or lower protein) will affect the quantities of ammonia produced, and the subsequent O:N
ratio, either of these 2 parameters could increase or
decrease as feeding condition improves. The GLM was
therefore re-run without (1) the O:N ratio and (2) the
O:N ratio, ammonia and also urea (for consistency, as
both ammonia and urea make up total nitrogen excretion), to see if the seasonal pattern was still the same
across species and parameters.
Third, a literature search was conducted for the most
commonly available parameter (seasonal differences
in oxygen consumption of Antarctic marine ectotherms) to test if there were differences in seasonality
between primary and secondary consumers. Seasonal
differences were assessed by comparing factorial
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scopes, the seasonal multiplicative factor for each
parameter between winter and summer. This factorial
rise is controlled by changes in temperature and/or
nutritional status (Peck 1998). Species in the literature
were classified as either ‘herbivores’ (primary consumers) or predators/scavengers (secondary consumers),
except the omnivorous sea urchin Sterechinus neumayeri, which falls in between these groups, relying
for up to 50% of its nutrition on planktonic and benthic
algae. Two-sample t-tests were run to compare the factorial scopes of herbivore and carnivore species (with
and without S. neumayeri). The difference in variance
in factorial rise between primary and secondary consumers was tested with a Levene’s test of homogeneity
of variance.

RESULTS
Faecal egestion
The ease of collecting faeces varied between species. Parborlasia corrugatus produces external sticky
mucus, which made it difficult to separate the faeces.
This may have resulted in an underestimation when
faecal production was low, especially in winter
months. The faeces of Doris kerguelenensis on the
other hand were bright orange and easily distinguishable when fresh. However, these disintegrated quickly
into a less defined mass that was difficult to collect
entirely.
The wet mass of the specimens investigated for faecal egestion did not differ significantly between seasons in any of the 5 species. Faecal egestion was therefore not mass-corrected for a standard animal but
expressed per AWM. Though sample size was small (n
= 6) and individual variability high in all species, none
ceased feeding completely during winter (Fig. 2A–E).
All species included specimens, however, that did not
produce faeces within the first 48 h after collection.
When notothenid fish and nudibranchs were monitored for an additional third day during winter months,
all specimens had produced faeces within 72 h (not
included in graphs). Harpagifer antarcticus and Ophionotus victoriae both had their highest and lowest
faecal egestion during the overall winter period
(Fig. 2A,B). Because of this, faecal egestion (and hence
feeding activity) of both species did not differ significantly between winter and summer seasons. Mean
maximum rates were 1.30 ± 1.45 mg g–1 d–1 (fish) and
1.69 ± 0.91 mg g–1 d–1 (brittle star). Parborlasia corrugatus also had no significant seasonal variation in faecal production but the mean maximum value of 0.28 ±
0.14 mg g–1 d–1 in mid-summer (February 2008) was
higher than faecal production in all other months. Fae-
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cal production in Parborlasia corrugatus was low compared to other species, and relatively stable throughout the rest of the year (Fig. 2C). In contrast, differences between seasons were significant in Paraceradocus miersii (ANOVA: F = 6.32, p = 0.016) and
Doris kerguelenensis (Kruskal-Wallis: H = 10.23, p =
0.001). In both species faecal egestion rates were
higher in summer than in winter (Fig. 2D,E), with mean
maxima of 2.30 ± 1.24 mg g–1 d–1 (amphipod) and
2.31 ± 3.48 mg g–1 d–1 (nudibranch) faeces produced.

Oxygen consumption and nitrogen excretion
AFDM did not differ significantly between summer
and winter season in any of the species investigated, and
therefore respiration and excretion rates were not masscorrected for a standard animal. Harpagifer antarcticus
had the highest mean oxygen consumption of all investigated species, with a maximum value of 10.14 ±
1.97 µmol O2 h–1 g–1 AFDM recorded in February, but
did not exhibit a significant seasonal pattern (Fig. 3A).
Ophionotus victoriae in contrast did have a significant
seasonal difference between summer and winter oxygen
consumption (ANOVA: F = 21.04, p < 0.001, Fig. 3B). Its
mean summer maximum rate (4.00 ± 0.84 µmol O2 h–1 g–1
AFDM) was twice the mean winter minimum value
(1.95 ± 0.53 µmol O2 h–1 g–1 AFDM). The lowest rates
were recorded in Parborlasia corrugatus, with a mean
minimum in October of 0.74 ± 0.36 µmol O2 h–1 g–1
AFDM (Fig. 3C). Neither Parborlasia corrugatus nor
Paraceradocus miersii (Fig. 3D) exhibited significant
seasonal differences, unlike the fifth species, Doris
kerguelenensis, which did show a significant seasonal
difference between mean summer and winter oxygen
consumption (ANOVA: F = 7.53, p = 0.008; Fig. 3E). The
pattern, however, was less clear than that for O. victoriae, and mainly caused by a higher rate in the first
summer (3.82 ± 0.77 µmol O2 h–1 g–1 AFDM).
The annual maximal factorial change in oxygen consumption (i.e. difference between mean minimum and
mean maximum oxygen consumption) was highest in
Ophionotus victoriae at 2.1, compared to 1.7 in Parborlasia corrugatus, 1.6 in Paraceradocus miersii and 1.5 in
Harpagifer antarcticus. Doris kerguelenensis showed
Fig. 2. Seasonal faecal egestion of (A) Harpagifer antarcticus
(j), (B) Ophionotus victoriae (m), (C) Parborlasia corrugatus
(d), (D) Paraceradocus miersii (r) and (E) Doris kerguelenensis (z). Data are shown as individual values for each month.
Shaded area represents the winter season (June to October
2007); summer seasons are February to May 2007 and November 2007 to March 2008. **ssd indicates significant seasonal difference between summer and winter: (D) ANOVA:
F = 6.32, p = 0.016; (E) Kruskal-Wallis: H = 10.23, p = 0.001.
FDM: faeces dry mass; AWM: animal wet mass
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the smallest annual maximal factorial change of 1.3. In
4 out of the 5 investigated species (not Paraceradocus
miersii), the lowest rates were recorded in the winter
and the highest rates in the summer seasons.
Mean ammonia excretion rates of the 5 study
species are depicted in Fig. 4A–E (closed symbols,
left y-axis). Harpagifer antarcticus had significantly
higher ammonia excretion in winter than in summer
(ANOVA: F = 22.63, p < 0.001) and also the highest
mean ammonia excretion level (651 ± 261.79 nmol
NH3 h–1 g–1 AFDM) of all species recorded (Fig. 4A).
This seasonal pattern was reversed in Ophionotus victoriae (Fig. 4B), exhibiting higher ammonia excretion
in summer compared to winter (Kruskal-Wallis: H =
28.44, p < 0.001), thus mirroring the significant seasonal pattern in respiration. Summer rates peaked at a
mean maximum of 295.86 ± 197.23 nmol NH3 h–1 g–1
AFDM, 16.2 times the mean winter minimum excretion rate (18.29 ± 14.78 nmol h–1 g–1 AFDM) within this
species. Parborlasia corrugatus (Fig. 4C), Paraceradocus miersii (Fig. 4D) and Doris kerguelenensis
(Fig. 4E) showed little variation in ammonia excretion
through the year, without significant seasonal differences. Factorial changes were generally < 2.7.
Mean urea excretion showed high individual variability throughout the year in all species (Fig. 4A–E,
open symbols, right y-axis). Only Parborlasia corrugatus exhibited a weak seasonal difference (KruskalWallis: H = 4.12, p = 0.042) with winter values being
significantly higher than summer rates (Fig. 4C). However, all the values for Parborlasia corrugatus were
very low and close to the detection limit of the assay
(means ranging from 4 to 8 nmol CO(NH2)2 h–1 g–1
AFDM). The other species, Harpagifer antarcticus,
Ophionotus victoriae, Paraceradocus miersii and Doris
kerguelenensis, had slightly higher mean urea excretion rates, ranging between 10 and 40 nmol CO(NH2)2
h–1 g–1 AFDM.

O:N ratios
There was no consistent pattern in O:N ratios across
species; however, there were significant differences
between seasons in all except Paraceradocus miersii
(Fig. 5A–E). O:N ratios in Harpagifer antarcticus,
Ophionotus victoriae and Paraceradocus miersii were
Fig. 3. Seasonal oxygen consumption of (A) Harpagifer antarcticus (j), (B) Ophionotus victoriae (m), (C) Parborlasia corrugatus (d), (D) Paraceradocus miersii (r) and (E) Doris kerguelenensis (z). Data are shown as mean ± SD. Shaded area
represents the winter season (see Fig. 2 legend). **ssd indicates significant seasonal difference between summer and
winter: (B) ANOVA: F = 21.04, p < 0.001; (E) ANOVA: F =
7.53, p = 0.008. AFDM: ash-free dry mass
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higher (generally > 24) than in Parborlasia corrugatus
and Doris kerguelenensis, with a mean maximum ratio
of 231.50 ± 166.54 in O. victoriae. O:N ratios in H.
antarcticus (Fig. 5A) were significantly lower in winter
(24.37 ± 5.29; ANOVA: F = 25.51, p < 0.001) than in
summer, while the opposite was the case in O. victoriae
(Fig. 5B), with significantly lower ratios in the second
summer season (29.77 ± 11.80; ANOVA: F = 19.26, p <
0.001). Parborlasia corrugatus had the lowest O:N ratios
of all investigated animals, with mean values ranging
between 8.97 ± 3.74 and 17.77 ± 7.07 (Fig. 5C). Summer
and winter ratios were significantly different, reaching
a significant minimum in late winter (Kruskal-Wallis:
H = 6.85, p = 0.009). O:N ratios in Paraceradocus miersii
were relatively stable throughout the year (30.16 ±
14.09 to 48.94 ± 27.93), without significant seasonal
differences (Fig. 5D). Mean values for D. kerguelenensis ranged between 14.62 ± 3.39 and 17.44 ± 3.41 in
most months of the year, except a significantly higher
mean O:N ratio of 34.01 ± 10.30 recorded in March
2007 (Fig. 5E). The resulting significant seasonal difference (ANOVA: F = 6.01, p = 0.017) was mainly driven
by this first summer, which had an O:N ratio twice as
high as in the winter. Overall, changes in O:N ratios
were species-specific and driven either by changes in
oxygen consumption (Parborlasia corrugatus), ammonia excretion (H. antarcticus, Paraceradocus miersii,
D. kerguelenensis) or both (O. victoriae).
O:N ratios may be used to elucidate which substrate
fuels the metabolic activities. Only the low O:N ratios
in Parborlasia corrugatus (8 to 17) and Doris kerguelenensis (14 to 17) indicated utilisation of mainly protein.
All other species had higher ratios (24 to 91 in Harpagifer antarcticus, 29 to 231 in Ophionotus victoriae, 30 to
62 in Paraceradocus miersii), suggesting mixed utilisation, or a high percentage of lipids and carbohydrates
(≥50%) being used to fuel metabolic needs.

Consistency of seasonal patterns
When seasonal comparisons were run on all 5 parameters, on 4 parameters (excluding O:N ratio) or 2
parameters (also excluding ammonia and urea), there

Fig. 4. Seasonal ammonia excretion (j, m, d, r, z) and urea
excretion (h, n, s, e, y) of (A) Harpagifer antarcticus, (B)
Ophionotus victoriae, (C) Parborlasia corrugatus, (D) Paraceradocus miersii and (E) Doris kerguelenensis. Data are shown
as mean ± SD. Shaded area represents the winter season (see
Fig. 2 legend). **ssdA indicates significant seasonal difference
in ammonia excretion between summer and winter: (A)
ANOVA: F = 22.63, p < 0.001; (B) Kruskal-Wallis: H = 28.44,
p < 0.001. **ssdU indicates significant seasonal difference
in urea excretion between summer and winter: (C) KruskalWallis: H = 4.21, p = 0.042. AFDM: ash-free dry mass
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was still a significant effect of the 3-way interaction,
indicating that parameters varied differently between
seasons and this relationship was different for different
species. The comparison including all 5 parameters
was therefore used for further analysis. Within each
species the data for each parameter was standardised
to a mean of 0 and a SD of 1 to allow comparison of the
seasonal variation in parameters within and between
species (summer vs. winter; Table 2). Season had a significant overall effect (F = 5.5, p = 0.019) but there were
also significant affects of the 2-way interactions: parameter × season (F = 5.2, p < 0.001), season × species (F =
2.7, p = 0.029); and the 3-way interaction parameter ×
season × species (F = 5.2, p < 0.001). The 2-way and
3-way interactions indicate that parameters and species responded in a non-consistent way to season.
The literature search and data presented in the present paper allowed the seasonal factorial increase in
oxygen consumption between winter and summer to
be compared between primary and secondary consumers (Fig. 6, Table 3). None of the 2-sample t-tests
run for different combinations of the herbivore, omnivore and carnivore species yielded any significant
differences between the seasonal factorial rise in oxygen consumption in ‘herbivores’ and that in carnivores
(predators/scavengers) (Table 3: Comparisons 1 to 3).
Two Levene’s tests for equal variance (homogeneity of
variance) on the other hand revealed significant differences between ‘herbivores’ (with omnivorous Sterechinus neumayeri) and carnivores, as well as between
‘herbivores’ and carnivores (both without S. neumayeri) (Table 3: Comparisons 1 and 3). The variance in
seasonal factorial rise in oxygen consumption was significantly smaller in predators/scavengers (σ2 = 0.105)
than in ‘herbivores’ (σ2 = 0.860 and σ2 = 1.026). This
shows that secondary consumers are more homogenous
in one of their metabolic activities (oxygen consumption) throughout the year than primary consumers.

DISCUSSION
Antarctic shallow-water habitats are characterised
by, amongst other things, marked seasonal environmental variations. The predator and scavenger assem-

Fig. 5. Seasonal O:N ratios of (A) Harpagifer antarcticus (j),
(B) Ophionotus victoriae (m), (C) Parborlasia corrugatus (d),
(D) Paraceradocus miersii (r) and (E) Doris kerguelenensis
(z). Data are shown as mean ± SD. Shaded area represents
the winter season (see Fig. 2 legend). **ssd indicates significant seasonal difference between summer and winter: (A)
ANOVA: F = 25.51, p < 0.001; (B) ANOVA: F = 19.26, p <
0.001; (C) Kruskal-Wallis: H = 6.85, p = 0.009; (E) ANOVA:
F = 6.01, p = 0.017
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Source

df

Seq SS

F

p

Parameter
Season
Species
Parameter × Season
Parameter × Species
Season × Species
Parameter × Season
× Species
Error

4
1
4
4
16
4
16

0.852
6.186
0.590
23.053
2.605
12.085
92.695

0.19
5.54
0.13
5.16
0.15
2.70
5.19

0.943
0.019
0.971
< 0.001
1.000
0.029
< 0.001

1759

1964.785

Total

1808

2102.852

blages of the shallows often encompass the most abundant large animals, including many mobile generalists
(Aronson et al. 2007). While the seasonality of many
primary consumers has been studied in detail in
Antarctic waters (e.g. Barnes & Clarke 1995), yearround predator and scavenger ecophysiology is less
well known. In contrast to expectations, Antarctic secondary consumers studied here showed varying
degrees of seasonality in their feeding and metabolic
energy utilisation. Strategies ranged from seasonal to
even, with 3 out of the 5 species (Harpagifer antarcti-
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Table 2. Summary of results from formal hypothesis testing.
Output of general linear model (GLM; p = 0.05) is given for
differences between the effect of fixed factors and differences
in the effect of an interaction between fixed factors. Fixed factors used were firstly Parameter (5 levels: faecal egestion,
oxygen consumption, ammonia excretion, urea excretion,
O:N ratio); secondly Season (2 levels: winter, summer); and
thirdly Species (5 levels: Harpagifer antarcticus, Ophionotus
victoriae, Parborlasia corrugatus, Paraceradocus miersii,
Doris kerguelenensis). Seq SS = sequential sums of squares.
Significant results are in bold

Seasonal factorial rise in oxygen consumption
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Fig. 6. Comparison of seasonal factorial rise in oxygen consumption from winter to summer in a range of polar and 1 cold
temperate (T) marine species. Modified from Barnes & Peck
(2005). Open circles represent data from previous studies:
Brockington (2001, Laternula elliptica), Fraser et al. (2002,
Nacella concinna), Peck et al. (1987, 1997, Liothyrella uva),
Barnes & Peck (2005, Camptoplites bicornis, Isoseculiflustra
tenuis, Kymella polaris), Brockington & Peck (2001, Sterechinus neumayeri ), Rakusa-Suszczewski (1982, Orchomene
plebs, m = male, f = female), Lehtonen (1996, Monoporeia
affinis, cold temperate), Janecki & Rakusa-Suszczewski
(2006, Glyptonotus antarcticus). Closed circles represent data
from the present study (Harpagifer antarcticus, Parborlasia
corrugatus, Paraceradocus miersii, Ophionotus victoriae,
Doris kerguelenensis)

Table 3. Summary of statistical test results from comparison of seasonal factorial
rise in oxygen consumption from winter to summer in different trophic guilds.
Species and data as in Fig. 6. Herbivores: Laternula elliptica 1, Nacella concinna 1,
Liothyrella uva 1, Camptoplites bicornis 1, Isoseculiflustra tenuis 1, Kymella polaris 1. Omnivore: Sterechinus neumayeri 1. Carnivores: Orchomene plebs 1,
Monoporeia affinis 1, Glyptonotus antarcticus 1, Harpagifer antarcticus 2, Parborlasia corrugatus 2, Paraceradocus miersii 2, Ophionotus victoriae 2, Doris kerguelenensis 2 ( 1after Barnes & Peck 2005, 2 the present study). Significant results are
in bold. S. neumayeri is excluded from comparison unless stated otherwise
Comparison Trophic guilds Variance,
σ2

Levene’s test for
Two-sample
equal variance
t-test (log(homogeneity) transformed data)
t
p
t
p

1

Herbivoresa
vs. carnivores

0.860
0.105

5.98

0.027

2.26

0.050

2

Herbivores
vs. carnivoresa

1.026
0.423

2.88

0.110

0.82

0.441

3

Herbivores
vs. carnivores

1.026
0.105

14.45

0.002

1.43

0.203

a

Including S. neumayeri

cus, Ophionotus victoriae and Doris
kerguelenensis; see Table 4) exhibiting seasonality in some, but not all, of
these characteristics. The greater flexibility in feeding strategies of secondary consumers may reduce some
of the fluctuations in feeding, which
could partially explain why the variance of oxygen consumption was
reduced in secondary consumers compared to primary consumers. However, food quality and quantity may
vary through the year and to a certain
extent with a seasonal component. For
example, the globally high rates of
disturbance (reviewed in Barnes &
Conlan 2007), especially mediated by
ice scours, cause seasonally predictable windfalls of carrion for such
assemblages (see Smale et al. 2008).
Other factors, such as the timing of
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Table 4. Harpagifer antarcticus, Ophionotus victoriae, Parborlasia corrugatus, Paraceradocus miersii and Doris kerguelenensis.
Summary of seasonal changes in different physiological parameters and emerging strategies. **ssd: significant seasonal
difference between summer and winter (see Figs. 2–5) in respective parameter: F, faecal egestion; O2, oxygen consumption;
A, ammonia excretion; U, urea excretion; O:N, O:N ratio
Species
F

O2

Parameter
A
U

H. antarcticus
O. victoriae

**ssd

**ssd

**ssd **ssd

**ssd

Parborlasia
corrugatus
Paraceradocus
miersii

O:N

**ssd **ssd
**ssd

D. kerguelenensis **ssd **ssd

**ssd

O:N ratio
Winter
Summer
Medium

High

Very high Medium to
very high

Strategy

Metabolic substrate

Mixeduncoupled

> 50% lipids and carbohydrates,
more proteins in winter

Mixedseasonal

> 70% lipids and carbohydrates
most of year, rarely proteins
(only in summer)

Low

Medium

Evenuncoupled

> 70% proteins

High

Medium

Even(seasonala)

> 50% lipids and carbohydrates,
occasionally proteins

Low

Medium
to high

Mixedseasonal

> 50% proteins, some lipids and
carbohydrates

a

Only faecal egestion was seasonal in Paraceradocus miersii

reproduction, may impose a seasonal energy requirement on species that is not directly related to the food
supply of the adult but to the food requirements of the
early life-history stages (Bowden et al. 2009).
Faeces were produced all year round by all study
species, although in 3 of the species studied (Harpagifer antarcticus, Parborlasia corrugatus and Doris kerguelenensis), at least one month in winter had mean
values close to zero, which suggests that, deviating
from our initial hypothesis, food quantity and/or quality is not constant all year round. The dominant result
was that rates of faecal egestion and thus feeding
activity varied strongly between individuals and species. Our hypothesis of less extreme seasonality in
feeding activity in these representatives of Antarctic
secondary consumers than primary consumers was
rejected. With the exception of Paraceradocus miersii,
the other 4 species studied here all included a period of
cessation of feeding in some of the analysed specimens
that could have been 2 or up to 4 mo, similar to the
variability found in several suspension feeders (Barnes
& Clarke 1995). There were some strong parallels in
intra- and inter-specific variability between these carnivores and scavengers, which reflected the patterns
previously found across primary consumers (e.g.
Barnes & Clarke 1994, Peck et al. 2005, 2006). This
shows that despite the extreme and seasonal nature of
the environment, there is still considerable scope for
differing patterns of activity, even within feeding
guilds.
As hypothesised there was no consistent seasonal
pattern in oxygen consumption and nitrogen excretion
in 4 out of the 5 species (Harpagifer antarcticus, Parborlasia corrugatus, Paraceradocus miersii and Doris
kerguelenensis; see Table 4). As with most polar

ectotherms, oxygen use is low (Clarke & Johnston
1999, Peck & Conway 2000) and the ranges in seasonal
rise in oxygen consumption reported here fall within
the range found across Antarctic primary and secondary consumers (Fig. 6). Generally there is less variability in the seasonal rise (factorial scope) in oxygen
consumption in secondary (1 to 2) than primary (0.9 to
3.5) consumers. The Q10 temperature coefficient is
another measure of the rate of change of a biological or
chemical system as a consequence of increasing the
temperature by 10°C and a useful way to express the
temperature-dependence of a process such as the seasonal rise in oxygen consumption. Whole-animal systems generally exhibit Q10 values between 2 and 3 for
purely temperature-driven effects on normal physiological functions (Clarke 1983, Hochachka 1991).
Brockington & Clarke (2001) calculated Q10 of 2.54 and
2.99 for a temperature-driven increase in oxygen consumption from winter to summer in starved specimens
of Antarctic sea urchin Sterechinus neumayeri as compared to a theoretical Q10 of around 30 for the wild (not
starved) population at the same time in the field.
Brockington & Clarke (2001) showed that in S. neumayeri, 15 to 20% of summer increase in respiration
could be explained directly by seasonal temperature
rise and 80 to 85% by feeding, growth and reproduction. Morley et al. (2007) also showed that the Q10
increase in metabolic rate of the infaunal bivalve Laternula elliptica could largely be explained by differences in seasonal feeding activity and the associated
metabolic suppression in winter. Both these studies
demonstrated that field temperature was only a minor
factor influencing the seasonal difference in respiration and that seasonal activity was more important.
Calculated Q10 values in the present study ranged
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between 4.9 and 241.4, which is clearly outside the
normal scope for temperature-driven processes, thus
confirming the importance of feeding and other activities contributing to the seasonal rise in metabolic
rates.
Seasonality was however apparent, and our hypothesis was rejected in all species but Paraceradocus
miersii in terms of O:N ratios (see Table 2). O:N ratios
vary from < 20, pure protein, to > 50–100, representing
a more lipid- and carbohydrate-based diet (Mayzaud &
Conover 1988). The ratio depends only in part on the
elemental composition of the food ingested by an animal or of the animal itself. Internal energy requirements and nutritional status (fed/starved) as well as
other factors such as seasonal changes in life cycles
and food quality may also influence O:N ratios. Previous investigations of metabolic substrates using analysis of O:N ratios in Antarctic marine ectotherms have
generally found low values, predominantly < 30 (e.g.
Clarke & Prothero-Thomas 1997, Peck et al. 1997,
Robertson et al. 2001, Fraser et al. 2002). These studies
included work on carnivores, and led to the hypothesis
that life at low temperatures allowed low rates of
energy utilisation, and hence the fuelling of metabolism using protein as the main substrate (Peck 1998).
The present results, however, indicate a far wider use
of metabolic substrate across the carnivore/scavenger
trophic guild than previously identified. The metabolic
substrates varied differently between seasons depending on whether the species concerned utilised more
protein or lipids and carbohydrates to support metabolic requirements.
Despite the fact that we only investigated 5 species,
we found a remarkable degree of diversity in physiological strategies and to our knowledge this is the
first study to show such variety in polar benthic secondary consumers. The diversity in seasonal strategies
within one trophic guild in this near-shore polar environment is comparable to some temperate and tropical
regions (see Coma et al. 2000, Hanamura et al. 2008).
Although they live in similar biogeographic ranges,
depths and habitats, the variability of strategies of
the present study species suggests that a species-byspecies approach should be taken to examine the key
underlying patterns and drivers as well as assessing
generalities.

Harpagifer antarcticus
These small notothenid fish have been reported to
feed all year round (Daniels 1978), but as food is patchy
in time and space, Harpagifer antarcticus likely
encounter phases with little or no food available. We
consider it likely that at least some of the specimens

sampled for the present study had gone through such a
period. H. antarcticus may also increase feeding and
activity before commencing nest preparation and
spawning at the start of winter (Daniels 1978, 1979). A
difference between males and females would also
explain the higher variability in feeding and ammonia
excretion in June.
The small increase in temperature between winter
and summer (–1.2 to 0.8°C) could also only partially
have driven the rise in Harpagifer antarcticus’ oxygen
consumption between mean winter minimum and
mean summer maximum (Q10 of 4.9). Clarke & Johnston (1999) reported Q10 ranging from 1.83 to 2.40 for a
broad range of teleost fish metabolism across latitudes.
Increased activity by H. antarcticus in the summer
could account for the extra increase in metabolism
recorded in the present study. Our value for the factorial scope, of 1.5, lies within the range of 1.3 to 1.6
reported for factorial aerobic scope for another polar
fish, Arctic cod Boreogadus saida (Hop & Graham
1995).
Mean values for routine ammonia excretion in
Harpagifer antarcticus ranged from 170 to 650 nmol NH3
h–1 g–1 AFDM, which agrees with the previously reported range covering laboratory-starved and recently
fed individuals (Boyce & Clarke 1997, Boyce 1999). Urea
excretion accounted for approximately 10 to 20% of
total nitrogen excreted, as was also found by Boyce
(1999). Excretion rates for both ammonia and urea are
2 to 10 times lower than values reported for temperate
and tropical species (Brett & Zala 1975, Jobling 1994),
which is in line with relationships of fish metabolic rate
across latitudes (Clarke & Johnston 1999).
Changes in ammonia excretion drove changes in
O:N ratios and lead to the significant seasonal difference (24 to 91), with lower values in winter than in
summer. In June, the month with the lowest (significant) O:N ratio, at the start of the spawning season,
Harpagifer antarcticus exhibited both its highest
ammonia excretion and faecal egestion. This could be
due to increased feeding before commencing nest
building and spawning, which has been shown to
affect O:N ratios in H. antarcticus. O:N ratios of H.
antarcticus range from 5 to 6 in well-fed fish (satiation)
to >100 in fish on low rations (Boyce & Clarke 1997). In
regularly fed H. antarcticus, O:N ratios are 20 ± 5 (e.g.
Jobling 1994), indicating that protein and lipids (and
carbohydrates) are more equally used, protein being
roughly 50% of catabolised substrates.
In summary, the carnivore Harpagifer antarcticus
exhibits a mixture of seasonal strategies with some significant seasonal differences. However, it does not
have a clear and consistent seasonal pattern across
physiological parameters. Key influences are likely to
be reproductive activity and food availability.

Obermüller et al.: Seasonality of Antarctic marine benthic predators

Ophionotus victoriae
Ophionotus victoriae is an opportunistic generalist
with great fluctuation of food types between locations,
times of year, and between years, depending on the
strength of the sedimentation of phyto-detritus
(Grange et al. 2004); strategies range from active
predator, cannibal, scavenger to detritivore (Fratt &
Dearborn 1984, Dahm 1996, Smale et al. 2007).
Although there was a slight trend towards increased
feeding in January, the signal was not significant and
the faecal egestion peak was seasonally uncoupled
from respiration peaks. Fecundity and nutritional condition in O. victoriae indicate that gonad and gut index
are related to downward flux of material (phyto- and
other detritus) into the benthos from the previous summer bloom (Grange et al. 2004). 2006 was a year of
high primary productivity and therefore sedimentation
at this site (Clarke et al. 2008).
The importance of primary production to the food
supply may explain why Ophionotus victoriae was the
only investigated species to show a significant seasonal pattern in metabolic rates similar to that seen in
many Antarctic suspension feeders, with a summer
high and winter low (Brockington 2001, Brockington &
Peck 2001), although not all Antarctic primary consumers studied exhibit strong seasonality of metabolism (Peck et al. 1987, Fraser et al. 2002). However, the
lack of a significant signal in faecal egestion does not
support differences in feeding as the cause of these
brief summer peaks in oxygen consumption and
ammonia excretion, suggesting that changes in temperature, food quality, growth or reproduction could be
more important. This would be supported by the very
large interannual variations in reproductive output
reported previously for this species (Grange et al.
2004).
Seasonal changes in O:N ratios in Ophionotus victoriae were driven by both changes in oxygen consumption and ammonia excretion. However, there are probably other influences overlaying the seasonality as the
O:N pattern was notably different from that for oxygen
consumption and ammonia excretion, which followed
the general seasonality of summer maxima and winter
minima. O:N ratios were very variable but did not have
a significant seasonal signal during the year, and this
may have been due to diet quality or metabolic factors. In January 2008 ammonia excretion rose 16-fold
whereas oxygen consumption increased only 2-fold,
resulting in very low O:N ratios. Interestingly, wild
Sterechinus neumayeri also exhibited a significant
decrease in O:N ratios from around 20 in winter to <10
in summer, illustrating a switch from a lipid/carbohydrate-protein balanced diet to a greater dependence
on protein as the main metabolic substrate (Brocking-
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ton & Clarke 2001). In the present study, O. victoriae
relied on a high percentage (> 50%) of lipids and carbohydrates as metabolic fuel for most of the year and
switched to a more lipid/carbohydrate-protein balanced metabolic substrate during a short summer
period. Even though there was no signal in faecal
egestion indicating increased feeding activity in summer, the significantly lower O:N ratios may indicate
different or better quality food with a higher protein
content available in summer compared to winter. In
addition, high oxygen consumption and ammonia
excretion may indicate changed energy demand and
metabolic substrates due to reproductive activity. O.
victoriae typically spawn at the start of summer
(Grange et al. 2004) but O. victoriae in the present
study spawned in January 2008, coinciding with the
peaks in oxygen consumption and ammonia excretion.
In summary, Ophionotus victoriae exhibits a mixture
of strategies, with significant seasonal patterns in most
of its physiological processes. These were, however,
only clear and consistent in respiration and nitrogen
excretion. Key influences are likely to be reproductive
activity and changing food type and quality. O. victoriae appears more coupled to environmental seasonality in common with Antarctic ‘herbivores’; however, its
nutritional plasticity may provide advantages in flexibility compared to suspension feeders. The relative
importance of nutritional and metabolic flexibility may
vary between taxa and trophic groups in Antarctica
(Peck & Barnes 2004), and there is currently too little
information to be conclusive as to any overall trend in
low-temperature groups.

Parborlasia corrugatus
There were no significant seasonal differences in
faecal egestion, oxygen consumption or nitrogen
excretion in Parborlasia corrugatus. Annual maximal
factorial change in oxygen consumption was 1.7,
ammonia factorial change was 2.5, and urea factorial
change was 2.0, which are well within ranges reported
previously (see Clarke & Prothero-Thomas 1997).
Feeding in P. corrugatus is reported to be continuous
(i.e. throughout the year, Pearse et al. 1985). Like other
Antarctic marine invertebrates, the duration of the of
the specific dynamic action (SDA) response in P. corrugatus was more than 20 to 30 d (Clarke & ProtheroThomas 1997), showing that it takes a long time for
them to digest and assimilate food. After a large meal,
P. corrugatus might not need to feed for weeks due to
their low-energy lifestyle. Thus, feeding state is likely
to have been very variable amongst the sampled specimens in the present study and in fact one P. corrugatus individual in October 2007 produced 22 times more
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faeces than the other 5 specimens. Its data point, however, was removed as an outlier value (test after Nalimov) before testing for seasonal differences.
Nemertean worms are able to locate carrion quickly
and form dense feeding aggregations in winter and
summer (Smale et al. 2007) and take advantage of iceberg-scour food windfalls (probably the source of most
carrion). Scouring events happen more often during
the summer as winter fast ice, which locks icebergs in
place, is absent (Smale et al. 2008), but scouring events
are still unpredictable (Brown et al. 2004). Thus, the
observed peak in faecal egestion in February 2008
could be the result of a scour event providing a
localised food source.
Factors other than temperature are primarily responsible for the fluctuations in respiration and excretion
(indicated by calculated non-biological Q10 of 241.4).
Changes in O:N ratios were mainly driven by changes
in oxygen consumption. In contrast to the small
changes in respiration and excretion, however, there
was a significant seasonal difference in O:N ratios. The
ratios for Parborlasia corrugatus were the lowest of all
in the present study and similar to literature values
(Boyce & Clarke 1997). Such low O:N ratios indicate a
highly protein-rich diet, which might suggest that
the nemertean worms are the only true carnivores
amongst the species investigated. It is interesting in
this context that P. corrugatus is described as an opportunistic generalist with high food plasticity (Dearborn
1965, Gibson 1983, Pearse et al. 1991).
In summary, Parborlasia corrugatus exhibits an even
pattern of its physiological processes, with only minor
seasonal fluctuations in its O:N ratios. This shows that
key influences are likely to be the periodicity of food
availability, quality and quantity. Other factors such as
reproductive activity probably play a minor role. P. corrugatus appears relatively uncoupled from the overall
environmental seasonality many Antarctic herbivores
are governed by.

Paraceradocus miersii
A rise in oxygen consumption by a factor of 1.2 and a
factor of 2.7 change in ammonia excretion between
winter and summer values were recorded in Paraceradocus miersii in the present study. The small seasonal
change here does not reflect the significant increase
from winter to summer observed in faecal egestion
rates. Variability of feeding activity, however, was
high, and animals in the field were not starved for a
prolonged period as was, however, the case during an
SDA response in the Antarctic scavenging amphipod
Waldeckia obesa, yielding a 3 times higher rise in respiration and excretion (Chapelle et al. 1994).

Other factors influencing metabolic rates could be
moulting (Chapelle et al. 1994) and reproduction. Ecdysis is periodic and can elevate oxygen consumption
2- to 6-fold above pre-moult levels and ammonia
excretion 2- to 4-fold in Waldeckia obesa. Reproductive activity, such as brooding, observed in Paraceradocus miersii in the field during the present study, is
however a prolonged process, and there is no single
spawning event, which could drive metabolic rates to a
significant but seasonally limited peak (Coleman 1989,
Klages 1993).
Few data exist for ammonia and urea excretion in
marine benthic (and demersal) crustaceans (Quarmby
1985, Chen & Lin 1995, Durand et al. 2000, Lee & Chen
2003) and even fewer for amphipods. To our knowledge, the present study is the first to report on data for
urea excretion in Antarctic amphipods, and annual
mean ammonia and urea excretion were close to
ranges reported for temperate amphipods (Dresel &
Moyle 1950). In Paraceradocus miersii, a decrease in
ammonia excretion drove the non-significant seasonal
change in O:N ratio, leading to a higher value in September when faecal egestion was low. This uncoupling
of feeding and metabolism may indicate reliance on
stored reserves, which the O:N ratios suggest are
lipids, which could even out some of the seasonal fluctuations. Mean O:N ratios of 30 to 62 recorded in the
present study were within the range of both extreme
nutritional states, severely starved and fed ad libitum
(7 to 70 ± 45), induced in Waldeckia obesa in Chapelle
et al. (1994), suggesting that, although feeding was
variable, nutrition was available throughout the year.
The amphipod genus Paraceradocus has been reported to preferably ingest detritus within sediment
and krill meat only when starved during laboratory
experiments (Coleman 1989). But Paraceradocus
miersii also scavenges on the flesh of a wide range
of species when maintained in laboratory aquaria
(G. Chapelle pers. comm., M. Langridge pers. comm.).
This mixed diet would result in variable O:N ratios
found in the field.
In summary, Paraceradocus miersii has an even pattern of its physiological processes, with some seasonal
influence on faecal egestion. Key influences are likely
to be food availability and quality and to a lesser extent
changes in life cycle (e.g. growth, moulting and reproduction).

Doris kerguelenensis
We measured a significant difference between winter and summer faecal egestion in Doris kerguelenensis. This seasonal pattern is striking because in contrast
to the other species there is sufficient supply of its
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obligate food demosponges (Cattaneo-Vietti 1991,
Barnes & Bullough 1996) and hexactinellid sponges
(Dayton 1979, Wägele 1989) all year round near
Rothera to support continuous (ad libitum) feeding. D.
kerguelenensis have a low predatory impact on their
host sponge, allowing them to feed on the same sponge
for many years (Dayton et al. 1974, Barnes & Bullough
1996). This indicates that D. kerguelenensis is adapted
for a very low-energy lifestyle and can survive prolonged periods on small or zero food intake. However,
the overall mass of faeces produced was between 46
and 77 times lower in winter compared to summer. As
food items are present at the same levels throughout
the year, such a large seasonal variation in faecal production was unexpected. Although there are no seasonal evaluations of sponge-tissue energy content,
they are generally considered to be a low-energy food
source (Dayton et al. 1974) and the nutritional value of
sponges may change sufficiently so that feeding is
suppressed in winter.
Doris kerguelenensis exhibited the smallest annual
factorial changes in metabolic rates of all investigated
species in the present study. These changes were small
also when compared to other Antarctic invertebrates
(Peck 1998, Brockington 2001, Fraser et al. 2002). In D.
kerguelenensis, like in all other species in the present
study, the increase in metabolic rates observed was
unlikely to have been caused by the very small
increase in temperature (0.4°C) between winter and
the start of summer alone, as the respective Q10 would
amount to 22.9. Differences in feeding activity (i.e. faecal egestion) were the most likely cause for seasonally
different respiration. Unfortunately, faecal egestion in
the nudibranch was not measured before the onset of
winter. Thus the higher oxygen consumption in March
2008 can not be correlated to the extent of feeding
activity during the first summer. In the limpet Nacella
concinna, oxygen consumption and nitrogen excretion
also varied significantly between seasons, with lower
values in winter and higher rates in summer (Fraser et
al. 2002). However, the latter study showed that continuous feeding reduced the metabolic seasonality,
although faecal egestion (feeding) was clearly lower in
winter compared to summer.
Unlike the other study species, we cannot say
whether reproductive activity of Doris kerguelenensis
during the study period contributed to changes in
metabolic rates. D. kerguelenensis is reported to have
direct development with a long embryonic period
(Wägele 1996, Hain 1998). Dorids are assumed to be
semelparous (reproducing only once per lifetime) with
reproduction occurring after the first 2 to 6 yr (Miller
1962, Thompson 1964, Dayton et al. 1974) but it is not
known whether D. kerguelenensis also only reproduces once per lifetime.
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Doris kerguelenensis had the second lowest O:N
ratios of all investigated species after the nemertean
worms. But in contrast to Parborlasia corrugatus, D.
kerguelenensis is highly specialised in its diet, feeding
almost exclusively on demosponges (Cattaneo-Vietti
1991, Barnes & Bullough 1996) and hexactinellid
sponges (Dayton 1979, Wägele 1989). Changes in O:N
ratios were caused by changes in ammonia excretion
during summer months. As a single sponge species can
dominate the nutrition of D. kerguelenensis during its
lifetime, seasonal changes in the elemental composition of the food sponge may contribute more to
changes in O:N ratios compared to the other study species, which have a far less specialised diet.
In summary, Doris kerguelenensis employs a mixture of seasonal strategies with significant seasonal
patterns in some of its physiological processes; however, patterns are not consistent across parameter. D.
kerguelenensis appears more coupled to the overall
seasonality observed in Antarctic primary consumers.
This may be indirectly caused by its nutritional specialisation on suspension feeders (sponges).

CONCLUSIONS
Antarctic secondary consumers have much more
seasonally variable metabolic strategies than would be
expected given a near-year round food supply that is
not directly coupled to the environmental seasonality.
Previous investigations of seasonal ecophysiology in
polar marine benthic ectotherms have concentrated on
primary consumers (e.g. Peck et al. 1987, Pearse et al.
1991, Barnes & Clarke 1995, Ahn et al. 2001, Brockington 2001, Fraser et al. 2002, 2004). These have, with a
notable few exceptions (e.g. Peck et al. 1987) found
strong seasonal patterns in growth, feeding and metabolic characteristics, with many species exhibiting
periods of quiescence in winter. These periods of quiescence are characterised by very low metabolic rates
and a cessation of feeding of between 1 and 5 mo. The
data obtained in the present study for feeding and
metabolism for a range of scavenging and carnivorous
species are variable in the extent of seasonality exhibited. The majority of the species here exhibited periods
of a cessation of feeding and seasonally variable use of
metabolic substrates but on the other hand did not
reach levels of seasonal change in oxygen consumption and nitrogen excretion exhibited by several species of primary consumer. The hypothesis that members of the predator/scavenger feeding guild would be
less markedly affected by environmental seasonality in
all their physiological processes (as a whole) than benthic ‘herbivores’ or pelagic invertebrates (Clarke &
Peck 1991) has not been substantiated. Food availabil-
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ity for these secondary consumers was indeed more ➤ Boyce SJ (1999) Nitrogenous excretion in the Antarctic plunderfish. J Fish Biol 54:72–81
variable throughout the year than anticipated. The
Boyce SJ, Clarke A (1997) Effect of body size and ration on
➤
degree to which seasonality in food quality and quanspecific dynamic action in the Antarctic plunderfish
tity, reproduction and temperature affect the carniHarpagifer antarcticus. Physiol Zool 70:679–690
vores varies between species and individuals and
Brett JR, Zala CA (1975) Daily pattern of nitrogen excretion
and oxygen consumption of sockeye salmon (Oncoresults in a mixture of energetic responses. And no
rhynchus nerka) under controlled conditions. J Fish Res
clear-cut line can be drawn between specialised or
Board Can 32:2479–2486
generalistic nor more predatory or scavenging feeding
➤ Brockington S (2001) The seasonal energetics of the Antarctic
modes.
bivalve Laternula elliptica (King and Broderip) at Rothera
Point, Adelaide Island. Polar Biol 24:523–530
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