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1 Introduction

In this section we deal with:
» Ice (crystal) krill Euphausia crystallorophias
» Antarctic krill (Euphausia superba
» Macrozooplankton other than euphausiids (>20 mm)
* Mesozooplankton (0.2—20 mm)
e Heterotrophic microplankton (20200 pm)
» Heterotrophic flagellates (2—20 um)

2 Euphausiacrystallorophias

2.1 Distribution and development

Euphausia crystallorophiais found preferentially in the shallower partstod western Ross Sea
(Makarov et al. 1991; Brinton et al. 2000; Azzalik&alinowski, 2000; Sala et al. 2002; Azzali et
al. 2006), and in the eastern parts (Ackley ef@03). Distribution information (Azzali et al.
2006; Ackley et al. 2003) suggests that the seadstdbution of this species ends at the shelf
break. In the west, north of 74°S, this species feasd only in small numbers and only in
shallow waters in the neritic zone.

E. crystallorophiasappears to feed vigorously during summer, with tggbwth rates. During
winter (from April at least until August) growthosts (Kirkwood 1996; Nicol et al. 2004),
presumably because consumption reduces, as foadthlaty decreases. Littlepage (1964)
records the lipid content d&. crystallorophiafrom May 1961 — January 1962. Lipids made up
to 36% of body dry weight during late summer andyeainter, but decrease at a constant rate
throughout the winter to a low of 9% just priortte major plankton bloom between December—
February E. crystallorophiasappears to spawn in November to early Decembertteerd seems

to be no build up of lipids prior to reproductidhappears therefore, that stored lipids serve to
sustain metabolism during the winter period whendfavailability is low. The period of
reproduction of. crystallorophiasseems to be timed to ensure that diatoms areasl@ito the
early larval stages. The development of Ross Sbays may be important in the early start to
spawning of E. crystallorophias compared withE. superba (Makarov et al. 1991).E.
crystallorophiastake about 2 years to reach adulthood, completingl development under the
sea ice during the Antarctic winter (Kirkwood, 19%@&e also Pakhomov & Perissinotto, 1997).
The mean time for the eggs Bf crystallorophiaseggs to develop to furcilia stage VI was 236
days — this is twice the time thiat superbaakes to develop. The reason for this may be the lo
temperatures or the low levels of food availablec@ding to Nicol et al. (2004) low food
abundance during winter leads to a decreased groat#) significantly increased intermoult
period, and a switch to carnivorous/detrital digtis species is more dependent on stored lipids
to overwinter tharke. superbgJu & Harvey 2004).



2.2 Biomass

Our estimates dE. crystallorophiashiomass in the Ross Sea are taken from the stuSgla et

al. (2002) in January and February 2000. Sala .e{28i02) show thaE. crystallorophiasis
distributed on the continental shelf of the Rosa 8ed close to the Ross Ice Shelf in numbers
that were twice the density &f superbaalthough the latter species is much larger. Sasnpkre
taken using a Hamburg Plankton Net with a mouthniye of 5 nf using double oblique
deployment towed at 3 knots approximately. Salalet(2002) reports wet-weight biomass
densities (gww/1000 ™ of E. crystallorophiasin column 11 of Table 1 in Sala et al. (2002).
Wet-weight densities dE. crystallorophiasup to between 0.02—-474 gWW/1000were found,
with an average value fé. crystallorophiasandE. superbacombined of 294 gWW/1000tn

We estimated annual average carbon biomas< farrystallorophiasfor the Ross Sea study
region from the values given by Sala et al. (2082)follows. First, we converted measured
densities of wet-weight oE. crystallorophiasto concentrations of carbon. Two methods of
converting to carbon were applied. First, we usedrelationship of Weibe (1988): lgN) = -
1.537 + 0.852 log(C) whereW = wet weight (g i), andC = carbon concentration (mgC¥n

This leads to a carbon:WW ratio of about 3—6%. 8dcave took body carbon content Bf
crystallorophiasto be 40.9-45% of total dry weight (Ikeda & Kirkaay 1989). Dry weight is
often assumed to be c. 13% of wet weight (Bradferitve et al. 2003). Weibe (1988) give a
relationship for converting wet weight to dry weligif zooplankton: log(D) = -2.002 + 0.950
logio(W) whereW = wet weight (g i), andD = dry weight (mgC ). This relationship suggests
dry weight is ¢. 12% of wet weight for tle crystallorophiashiomass concentrations measured
in the Ross Sea. These suggest a carbon:WW ragibaaft 5.5%. For typical concentrations=of
crystallorophiasgiven by Sala et al. (2002), the two methods diffeby ~40%, with the first
method (Weibe 1988) giving lower values than theoed (lkeda & Kirkwood 1989). We used an
average of the two methods, with an average velGe886.

Next, we used the carbon concentrations to estimadgrated water column carbon biomass. We
assumed that the. crystallorophiaglensity tabulated was an average over the maxifiainimg
depth for the trawl. The depths of the oblique tavese from the surface to between 17-299 m.
This means that the measurements made were oftesanapling the whole population as
O'Brien (1987) shows that diel vertical migratioos E. crystallorophiasoccur between the
surface and at least 100 m off Enderby Land and ofdbe population was below 40 m between
0600-2400 h. The maximum depthifcrystallorophiasn the Ross Sea is not known, though
Nordhausen (1994) shows &ystallorophiasdeeper than 200 m in the Gerlache Strait in winter

The time of day when the tows were carried outds given by Sala et al. (2002). Here, we
assume: (1) thaE. crystallorophiasdensity is constant to 100 m or the maximum fighdepth,
whichever is deeper; (2) that there are negligiblerystallorophiasbelow 200 m or at the sea-
bed, whichever is shallower; (3) that between thiegmhs E. crystallorophiasdensity decreases
linearly with depth. These considerations sugdest the tows reported by Sala et al. (2002) are
measuring 47% of the. crystallorophiasn the water column on average.

Data from lItalian surveys of krill presented in&at al. (2002) and later summarised in Azzali et
al. (2006) did not extend east of 236'W so that concentrations &f. crystallorophiasover the
Ross Sea shelf to the east of the area were natumezh To calculate an average biomass of
Euphausia crystallorophiasver the whole study area we divided the statgampled by Sala et
al. (2002) into three groups depending on depdiiosts shallower than 500 m, between 500 and



1000 m, and deeper than 1000 m. We make the assumntpat the stations visited by Sala et al.
(2002) haveE. crystallorophiaglensities that are representative of waters ofairdepths in the
whole of the study region because Sala et al. (R@@Red stations over a large area (70°-77°S,
164°E-176°W) in an approximately regular grid. Maka et al. (1991) surveyed larval
abundance dE. crystallorophiasandE. superban the Ross Seia 1982, and values east of 176°
appear comparable with values further west at aindepths. We note that measurementg.of
crystallorophiasbiomass in these eastern waters would improveidemée in our estimates of
averageE. crystallorophiashiomass for the study area. We calculated an attiof the meak.
crystallorophiasbiomass within each of the three depth groups 8aal. (2002) reports that the
spatial distribution oE. crystallorophiasiomass was frequently patchy, and samples takem f
these assemblages were characterised by valuderoéds that are typically small, with a few
very large exceptions. As the means of such data lbga oversensitive to extreme values,
McConnaughty & Conquest (1992) suggested that bsmaf aggregated stocks should be
calculated using the geometric mean. The estinveasrcalculated by exponentiating the mean of
the In(x+1) — transformed data and subtracting one. THisnator may provide more effective
assessment of the overall density of overdispestecks. Zero catches were included in the
calculation to allow for the fact th&. crystallorophiasandE. superbagpopulations are almost
entirely separate in space in the Ross Sea (Salal.eR002). The data show th&.
crystallorophiasis most abundant on average in water between B8QLA00 m deep (average
biomass of 0.97 gWW 7). E. crystallorophiaswas reasonably abundant in the shallow water.
The study area comprises 29% water shallower t@&nns, 41% of water depths between 500
and 1000 m, and 30% water deeper than 1000 m. VemgeE. crystallorophiasbiomass
densities for the three depth groups were combinetthese proportions. Our estimate ©Bf
crystallorophiasaverage biomass density for the whole study regidn70 gWW rif consistent
with Azzali et al. (2006) who worked up the saméada a different way. This result implies a
total wet weight of 440 000 t &. crystallorophiasn the study region during the summer.

Measurements OE. crystallorophiasdensity by Sala et al. (2002) were made in thenseim
(Jan/Feb 2000), and ideally we would take into aotothe seasonal variation iE&.
crystallorophiasabundance to estimate an annual average deBsityystallorophiadives to the
age of 5 years or more, but a representative aruyate ofE. crystallorophiasabundance in the
Ross Sea is not known. Azzali et al. (2006) predata from Italian surveys of krill in the Ross
Sea in November, December and January, but bedhase are in different years, it is not
possible to estimate a seasonal cycle from the. datarystallorophiasappears to spawn in
November to early December and completes its latgaklopment under the sea ice during the
Antarctic winter (Kirkwood 1996; see also PakhongofPerissinotto 1997). Mortality is likely to
be higher for larvaE. crystallorophiasand decrease with age. Without further infornmtibis
not possible to estimate seasonal variations.iorystallorophiasbiomass in the Ross Sea, and
we assume that it is approximately constant thrabglyear.

Next, we consider whether the measurements byeballa (2002) in the summer 2000 are typical
of the long-term average krill abundance in thelgtiegion, as krill abundance is known to vary
considerably from year to year. Pakhomov & Peri$in(1997) show abundances of lartal
crystallorophiasvarying by several orders of magnitude betweensygathe Cooperation Sea.
Atkinson et al. (2004) reviewed time series ofllkaibundance through the Southern Ocean, and
showed interannual variability of about an ordernwdgnitude (factor of 100 was common).
Atkinson et al. (2004) also showed a >50% declimghie total krill abundance through the
Southern Ocean in the period 1926—2003. Unfortimatteere are few data on the abundance of
E. crystallorophiadn the Ross Sea, and Atkinson et al. (2004) wablgto assess trends in krill
abundance here. Problems with assessing interanauations in krill abundance include: (1)
different researchers, equipment and methodologfiesarrying out abundance assessments in



different years; (2) differences in the timing dfetwork; (3) variations in changes in Kkrill
abundance with season in different years; (4) imepatchiness of krill abundance makes
abundance estimation difficult. Lascara et al. @9@port 5-fold variations in krill abundance
off the Antarctic Peninsula in mid-January durimg tperiod 1990 and 1993, measured by a
consistent method. Our ability to detect long-tesivanges, or assess interannual variations in
krill abundance in the Ross Sea is limited by bdéaregular and consistent sampling. Azzali et
al. (2006) present data from Italian surveys df krithe Ross Sea in 1994, 1997 and 2000. These
results suggest that the average biomags ofystallorophiagrom the surveys in 1997 and 2000
is a factor 1.5 higher than the value measured002nd given by Sala et al. (2002). We hence
increase our estimate of biomass by this fact@8®&000 tWW.

Data on the abundance Bf crystallorophiaswill become available from analysis of acoustic
data from the 2008 New Zealand IPY-CAML survey lo¢ Ross Sea (O’Driscoll et al. 2009).
Biomass estimates were made from multifrequencystandata (12, 38, 70 and 120 kHz), mark-
identification from midwater and demersal trawlsdacomputed tomography scans of frozen
specimens for target strength (O'Driscoll et al020 A preliminary estimate of the biomasstof
crystallorophiasin the study area in Feb/Mar 2009 was hence 5628V, which was noted as
being similar to a 2005 Japanese acoustic—basidaéstofE. crystallorophiagn the study area
of 600 000 t (O’Driscoll et al. 2009). We take dogst estimate dE. crystallorophiasiomass in
the study area as the adjusted Sala et al. (2@0@3w (682 000 t) equivalent to 0.041 g& m

Finally, Sala et al. (2002) suggests 90% confidéntervals of approximate factors of 0.39 (low
limit) and 2.43 (high limit) fromE. crystallorophiasdensities. We assume that our method of
using the values given by Sala et al. (2002) tonede water column averages, spatial averages
for the study region, carbon from wet weight, andwal averages have added an extra error of a
factor of 0.5 (low) and 2 (high). This hence giyasssible uncertainties on our estimate from
factors of 0.20 to 4.8.

2.3 Food and condition

Gut content analysis shows thatcrystallorophiasare omnivores (O’'Brien, 1987; Pakhomov et
al. 1998). In December, micro and mesozooplankterewhe dominant components of the diet of
E. crystallorophiascomprising 75% of identifiable items (Pakhomowakt1998). But in January
heterotrophic component of diet decreased sharlyphytoplankton cells accounted for 68% of
total number of food particles. They deduce thi& ipecies has a predominantly carnivorous
habit during spring but at the onset of the spphgtoplankton bloom this species switches to a
truly omnivorous habit. Some consumption of oth@crozooplankton b¥. crystallorophiads
also likely. We assume, initially, that the preytofcrystallorophiasover the course of a year in
the Ross Sea is: 35% heterotrophic microplanktoh® 2heterotrophic flagellates; 30%
phytoplankton; 5% epontic algae; 6% ice protozda; i6e metazoan (mainly amphipods and
copepods in the ice habitat through the winter).

2.4 Production, P/B

In the Southern Ocean euphausiids typically ha® vlues between 1.24—4.75 yCartes &
Maynou 1998). The appropriate P/B value Er crystallorophiasdepends on the population
structure. For adult populations, P/B values artheforder 0.8—1.2"y depending somewhat on
whether exuviae (shed cuticles) are included indéfnition of “production”. In trophic balance
studies such as this, “production” is all organiatenial that is available for consumption by
predators, or which flows to detritus. This woutdlude exuviae, so we would expect P/B values



of 1.0-1.2 ¥ for adults. If larvae are included, the average Wilues for the population will be
higher as these animals grow faster than the adlitts growth model foE. crystallorophias
given by Pakhomov & Perissinotto (1996) gives P#ues (y) of approximately 6.8 (larval),
2.3 (juveniles), 0.9 (sub-adults) and 0.3 (aduBgla et al. (2002) reports tHatcrystallorophias

in the Ross Sea was composed of 35.9% juvenile§%3kub-adults, and 32.4% adults. The
larval component was not measured by Sala et @022 and is probably most appropriately
included in the zooplankton compartment rather therkrill trophic component.

We estimate that the average P/B values of thelatpo will be approximately 1.8y with a
possible range of 0.9-3.6"yImproved insight into production by krill in tHRoss Sea may be
obtained by the development of an age-structurgullption model. Much of the information
necessary to develop such a model is availablevtgroates in ice krill have been measured
(Pakhomov & Perissinotto 1996); relationships betwaveight and length is given by various
studies (Siegel 1987; Rakusa & Stepnik 1980; Pakivoet al. 1998; Zhong & Wang 1993
Pakhomov & Perissinotto 1996, 1997).

25 Consumption, Q/B

Consumption rates bk. crystallorophiasare given by Pakhomov & Perissinotto (1997), and
Pakhomov et al. (1998) in terms @iC per individual per day, based on gut pigment
measurements, evacuation rates and an assumech-cdboophyll ratio. We converted these to
annual Q/B values using information on the averagight of theE. crystallorophiastages from
Pakhomov & Perissinotto (1996), and Pakhomov et(E)98). Values from Pakhomov &
Perissinotto (1997) in the Cooperation Sea give Qf/R7 y* (larvae), 5-13 y (juveniles) and
0.8-2.9 ¥ (sub-adults and adults). Values from PakhomoW.e1898) suggest Q/B for adults
between 3.9-4.7°y Weighting these values in proportion to the fetatabundances of the
components as given by Sala et al. (2002) for thesFSea, gives a best estimate of Q/B of 13.2
y. We suggest an acceptable range of 6.6-26.4 y

2.6 Unassimilated consumption

Assimilation efficiency forE. crystallorophiasis assumed to be similar & superbaranging
from 70-92% (Meyer et al. 2003), givithgas c. 0.2.

2.7  Ecotrophic efficiency

Ecotrophic efficiciency ) for E. crystallorophiasn the Ross Sea is not known, and is assumed
to be 0.95 on the basis that the vast majorityhefannual production of this species is likely to
be consumed by direct predation.

3 Euphausiasuperba

3.1 Development and Distribution

Euphausia superbféemales probably spawn between December and Fgband possibly over
most of the summer months (Baker 1959, in: Everd®84) over a wide range of depths (see
also Miller & Hampton 1989; Atkinson et al. 2008aWaguchi et al. 2007). Timing of breeding
is somewhat variable from year to year. This longelding season maybe because of the wide



latitudinal range over which the species is fourtie eggs then sink and hatch at depth, probably
to about 850-1000 m or even to 2000 m (Marr 198&er hatching, larvae develop as they
ascend the water column and arrive near the surfdcehe first calyptopis stage (the
developmental ascent takes about 2—4 weeks) to dbedt 30 days after spawning. Total
development from egg to final larval stage takesuali30 days. Voronina (1995) found peak
concentrations of larvae were located at 250-30Adults appear to be found at any depth
between the surface and more than 1000 m (Maral. €t991), though high concentrations are
often found close to the surface at 15-130 m dep@erlache Strait (Nordhausen, 1994; Zhou et
al. 1994). Daly & Macaulay (1991) believe that $easonal behaviour and distribution Ef
superbais designed by the need to acquire food and apadators. Seasonal sea ice plays an
integral role in the ecology of krill. Ice-edge bhos are an important and predictable food
supply, particularly for reproducing adults andffifeeding larvae. Ice floes provide protection
for larvae and juveniles, and sea ice biota, a sycead food source, are important to the survival
of larvae during winter (Brierley et al. 2002; R&tsal. 2004). The shortest possible life cycle of
E. superbgegg to egq) is c. 2 years, assuming that growtlogds are only for 4-6 months of the
year (lkeda, 1985 uphausia superba life span is probably about 4-7.5 years; thisigmged

life is presumed to provide for improved fecundifyfemale krill.

In the Ross Se&. superba(Antarctic krill) were encountered above the coatital slope as
shown in Figure 17.1 (Makarov et al. 1992; Azzalké&linowski 2000; Sala et al. 2002; Azzali et
al. 2006) and north of 74°S in the eastern Ross(8ekley et al. 2003). Large quantities of
Euphausia superbhave been recorded near the Balleny Islands atttkimorthern parts of the
Ross Sea (Timonin 1987; Voronina & Maslennikov 1,983zali & Kalinowski 2000). Penguin
diet samples recently obtained by Landcare Resesrdallett Station, near the shelf break in the
Ross Sea, suggests that major densitieE. uperbaoccur in the study region (Ainley pers.
com.). Low concentrations of E. superba noted byrNIEO62) may be attributed to inadequate
sampling (Ainley pers. com.). Makarov et al. (198hpws high larval densities close to 2000 m
contour between 180° and 165°W. In the vicinitytle# Balleny Islands, these large densities are
possibly associated with one or more of the wagped (the Antarctic Circumpolar Current,
Offshore Antarctic Current, and the mixed wateasrfiboth in the Ross Gyre) present in the area.
Voronina (1995) notes that on a transect alorf$ & superbadevelopmental stages were only
found north of the western Ross Sea near the Ballslands. This suggests that successful
breeding and survival of larvae had occurred onlyhis region. The style of life history &.
superba in which eggs sink to greater than 850 m, is abbpthe reason why this species does
not breed in the inner (shallower) parts of thedRBesa. The penetration of this species into the
Ross Sea may be limited by the southward tranggordividuals by Antarctic Surface Waters.
Veronina & Maslennikov (1993) interpreted the dimition of E. superbato have some
relationship to the hydrography of the region, the description of this relationship is not very
clear in their paper, and the quoted supportingepsaare not easy to obtain, and are in Russian.

3.2 Biomass

We estimated biomass d@uphausia superbdor the Ross Sea in a similar way as for
crystallorophias described above, based on values given by Sah €002), Figure 17.1. Wet
weight densities oE. superbavaried between 0.04 and 1500 gww/100D Rirst, we converted
measured densities of wet-weighttf superbato concentrations of carbon using an average of
the methods of Weibe (1988) and lkeda & Kirkwoo®§d). The conversion values are very
similar to data on elemental compositiontofsuperbanear Antarctic Peninsula in July—August
given by Huntley et al. (1994). These data inclddeweight vs length (log DW = -3.250 + 3.270
log L), and carbon vs dry weight (log DW = 0.508.917 log C), where DW, and C are in mg



and L is in mm. The relation between dry weight Aody length in winter was indistinguishable
from that in summer. The same is true for the i@hships between DW and body C. These
values imply that carbon makes up c. 37% of drygiveiand c. 3.8% of wet weight. As before,
data from ltalian surveys of krill presented in&at al. (2002) and later summarised in Azzali et
al. (2006) did not extend east of 238'W so that concentrations &. superbaover the eastern
Ross Sea shelf slope were not measured.

The population, as captured by Sala et al. (206)gua 5 i net with mesh of 100am (1 mm),
was devoid of larval stages, had scarce juvenitésveas composed primary of larger stage adult
stages. The information that exists on the possibttical distribution oE. superbae.g., Marin

et al. 1991; Nordhausen, 1994) means that the rgtarted by Sala et al. (2002) may have
sampled only a small part of the potential popalatiecause most samples were taken above 100
m. We assume thd. superbahas a deeper depth distribution than crystallorophias and
assume that: (1) th&. superbabiomass density is constant to 100 m or the mamxirfishing
depth, whichever is deeper; (2) that there areigietg E. superbabelow 200 m or at the sea-bed,
whichever is shallower; (3) that between theseldgft superbadensity decreases linearly with
depth. These considerations suggest that the teparted by Sala et al. (2002) are measuring
37% of theE. superban the water column on average. We cannot testetlassumptions until
acoustic results are available from the Italiantiese assumptions imply water column
concentrations df. superbaup t0264 gWW n¥ were present in the Ross Sea.

To calculate an average density Exiphausia superbaver the whole study area we used the
same three depth groupings of the stations sanipleBala et al. (2002) as before: stations
shallower than 500 m, between 500 — 1000 m, angdedagban 1000 m. Makarov et al. (1991)
shows that. superbdarval densities in the Ross Sea east of 176°Wganerally comparable
with values to the west at similar depths. We heneke the assumption that the stations visited
by Sala et al. (2002), in the region 70°-77°S, E8476°W, haveE. superbadensities that are
representative of waters of similar depths in tHele of the study region. We calculated an
estimate of the mea. superbabiomass within each of the three depth groupsgutie same
estimator used foE. crystallorophias as both krill species are overdispersed in poiet
measurements. Zero catches were included. As eghentostE. superbabiomass occurs in
waters deeper than 1000 m. The avefagsuperbabiomass densities for the three depth groups
wezre combined as explained previously. Our estimBEe superbaaverage biomass is 1.3 gWww
m*.

As before, we recognise the need to consider sabsgariations in the distribution or abundance
of E. superbaas this may change the average biomass in thg stgibn over a year. Lascara et
al. (1999) presented a dataset of seasBnaluperbadistribution from a series of four research
cruises west of the Antarctic Peninsula, and surs@dmprevious seasonal measurements in this
region. The measurements may be used to estimatgetisonal variation in krill abundance off
the Antarctic Peninsula. However, measurementsrtepdy Lascara et al. (1999) were made in
different Antarctic areas, in different years, asften by different researchers, and are hence
subject to considerable uncertairiy.superbdive to the age of five years or more, so thagdar
variations in adult biomass through the year mawriéely. Azzali et al. (2006) reports results
from four voyages in November, December and January because these are from different
years, the data do not give useful information eassnal variations in biomassf superban

the Ross Sea. Here, we take the survey of Sala@082) in January to be representative of the
annual average biomasskfsuperba

Variations in the abundance B&f superbabetween years, is related to sea ice cover inesom
regions (Brierley & Watkins 2000; Priddle et al.889. Azzali et al. (2006) show data from four



Italian surveys of zooplankton in the Ross Sea 9841(two voyages), 1997 and 2000. The
average biomass from the recent (1997 and 2000¢siis 1.9 times higher than that from the
2000 survey alone (Sala et al 2002) and we heroredre our estimate of average densiti.of
superbaby this factor to give an estimate ©f superbaotal biomass of 1 540 000 tWW which
we use here. This is equivalent to a carbon den$ify092 gC 11 for the study area.

For comparison, This is similar to the biomassneste of 1 400 000 t obtained on the 2005
Japenese acoustic survey as reported in O'Dristall. (2009).based on preliminary analysis of
acoustic data from the 2008 New Zealand IPY-CAMkvey of the Ross Sea (Hanchet et al.
2008), the biomass dt. superbain the study area is estimated to be only 424 QQW
(O'Driscoll et al. 2009) — only 28% of our valuehd estimate oE. superbabiomass from the
New Zealand IPY-CAML survey is of uncertain accyrbecause the survey concentrated on the
Ross Sea shelf and northern areas whemiperbadensities are known to be lower (O’Driscoll
et al. 2009), and this estimate will not be use@ he

The maximunE. superbadensity of 264 gWW ffiand spatial average of 4.2 gWWnmay be
compared to work in other Southern Ocean areas pktan{1985) report a mean biomass of 31
gWW m? in the South Atlantic from a large number of swarrvlarr (1962) estimates krill
density to be 2.5-29 gWW frin the Weddell and East Wind zones. Daly & Macau({:988)
estimate 1-68 gWW thunder the ice and 10-100 gWWFrim open water (from acoustic and net
sampling in Weddell Sea). Hewitt et al. (2002)rasties average densities of 11.2-150 gWW m
for a number of CCAMLR strata, mostly from the Sadea region. The values in the Ross Sea
hence seem reasonable, albeit towards the low feledsuperbalensities in the Southern Ocean.

3.3 Food and condition

For the Southern Ocean in genefal superbaare essentially herbivorous, especially during the
austral spring and autumn when phytoplankton blooowur (Smetacek et al. 1990; Clarke &

Leakey, 1996; Miller, 2003; Miller & Hampton, 198Ggenhai, 1989; Genhai et al. 1993). In the
Marginal Ice Zone in Bellingshausen Sea, Cripps ik (1998) showed that diatoms were main

diet item in the open ocean and suspended mafenalthe water column (dinoflagellates) were

fed on under the pack ice. In the Lazarev Sea,rdtetphic organisms were consumed in

proportions ranging from 17-99% (mean 79%1 SD) of the mass of gut contents (Perissinotto
et al. 2000; Atkinson & Snyder 1997). They may fesdice (epontic) algae in winter months

(Quetin et al. 1994; O'Brien 1987).

E. superbahave also been shown to be carnivorous (Crippstkindon, 2000; Huntley et al.
1994; Nordhausen et al. 1992; Zhou et al. 2004pnonivorous (Price et al. 1988; Atkinson &
Synder 1997; Nishino & Kawamura 1994; Schnack 1985% Harvey 2004). Hernandez-Leon et
al. (2001) show th&E. superbaeed on phytoplankton during the day and switchamivory at
night, in February, and that is accompanied by mawverse relationship between vertical
distribution of krill and non-krill zooplankton. K were at about 100 m during the day and
migrated downwards at night coinciding with the apgv migration ofMetridia gerlacheiat
night. High polyunsaturated fatty acid contenEofsuperbaaround South Georgia (Cripps et al.
1999; Cripps & Atkinson 2000) confirms omnivoroeefling of krill during non-bloom periods.
However, E. superbais less dependent on stored lipids to overwintempmgared toE.
crystallorophias(Ju & Harvey 2004).

In summaryE. superbaappear able to use whatever food is available faodi selection is likely
to be flexible in response to the availability dfetent food sources. Krill seem to switch from



herbivory of water column phytoplankton in springfsmer, to omnivory (water column
zooplankton, and epontic algae) through the wint&ome consumption of other
macrozooplankton bi. superbas also likely. We assume, initially, prey IBf superbaover the
course of a year in the Ross Sea is: 22% hetetdtromicroplankton; 35% heterotrophic
flagellates; 30% phytoplankton; 6% epontic alga¥ e protozoa; 5% ice metazoa (mainly
amphipods and copepods in the ice habitat throughvinter).

3.4 Production, P/B

The appropriate P/B value fdE. superbadepends on the population structure, as smaller,
younger individuals consume more and grow fastea @soportion of their body weight than
larger individuals. As folE. crystallorophias exuviae should be included in our estimates of
production for krill. Ross et al. (2000) point dhat growth varies with food quality and quantity,
and so will vary seasonally. Average lengttEofsuperbamay decline through winter, though it
is not known if this is due to starvation, bodyiskage, or changes to the population structure
(Huntley et al. 1994; McClatchie et al. 1991; Qne&&i Ross, 1991). In the species profile Er
superbafor CCAMLR, Miller (2003) states that it has natdn satisfactorily verified that growth
of E. superbdollows a predictable pattern.

When larval production is included (P/B for larvieabout 4.6 ) the mean ratio for all
developmental stages may increase to as high 35 5@artes & Maynou (1998) give P/B values
for euphausiids between 1.24-4.75 $/B for 150 d growing season was given as 2.7 Krit
aged 1+, 1.19 for 2+ group or 1.53 total (Millerakt 1985). The value of P/B averaged over a
year is likely to be lower than these values f& ¢howing season. Others have worked on P/B
for E. superbgSiegel 1986, 2000a; Veronina 1983, 1998; TseltdB9; Menushutkin 1993) and
values range from 0.53-1.88.y

Sala et al. (2002) reports that superban the Ross Sea in the summer was composed of 84%
adults, 15% sub-adults and 1% juveniles. Krill are not included in this trophic component.
We assume here that the average P/B values obigaiion will be approximately 1.1"ywith

a possible range of 0.50-2.2.y

3.5 Consumption, Q/B

Consumption may decrease during winter as preyadilifly reduces. Huntley et al. (1994) apply
several scenarios to a model of krill physiologyl aonclude that krill are capable of finding
enough food, feeding and growing in winter. Thisdelcalso predicts the daily carbon ration as a
proportion of body carbon for growing krill for Krof 20, 30 and 40 mm length, giving values of
Q/B between 5.3-10.4"y As these values are for the winter period, anauvatage values will
be somewhat greater. Meyer et al. (2003) suggeanrdaily carbon rations for juvenile stages
that lead to Q/B values of 55-102,\but see also Samyshev & Lushev (1983), Pakhorhal; e
(2004). Assuming that juvenile consumption is geedhan adult consumption by a factor of
approximately 5 (as foE. crystallorophia3, we estimate that theé. superbapopulation in the
Ross Sea has an annual averaged Q/B value of ¢’ Asith possible bounds 3.8-15.y

3.6 Unassimilated consumption

Assimilation efficiencyE. superbaanges from 70-92% (Meyer et al. 2003), givihgs c. 0.2.



3.7 Ecotrophic efficiency

Ecotrophic efficiciency E) for E. superbain the Ross Sea is not known, and is assumed to be
0.95 on the basis that the vast majority of theuahmproduction of this group is likely to be
consumed by direct predation.

4 Macrozooplankton other than krill

Macrozooplankton in the Ross Sea include: CoelatgePipulmaris antarctica, Calycopsis
borchgrevinkj Nausithoe sp.), Pteropoda(Qlione limacina, Limacina heliga Amphipoda
(Hyperiella dilatata, H. macronyx, Cyllopus lucdsiiEuphausicea Huphausia superba, E.
crystallorophias, Thysanaessa macryr&haetognathaS@agitta gazellae, Eukrohnia hamgta
Salpidae $alpa gerlachgiand also some polychaeta, ostracoda, mysids,dandpoda. More
details on macrozooplankton species in the RossisSgaven by Bradford-Grieve & Fenwick
(2001) in their review of biodiversity. Non-krilimass is estimated from data made available by
Dr V. Barkhatov (TINRO, Vladivostok) (Appendix 1).

41 Biomass

Measurements of macrozooplankton abundance adreddss Sea shelf from Russian research
voyage in February—March 1982 are unpublished buetbeen provided by Dr Barkhatov and
processed as part of this study. Details are ginefppendix 1. Non-krill biomass varied from
0.14-301 mgC i (mean 25.1 mgC 1). Gelatinous zooplankton (e.g., salps) were rai@iyd

in the Ross Sea, at least in February—March 198@wdh Salpa gerlacheivas recorded at 3
stations (21, 27, 38) over the continental slopapkihs (1987) also found that salps were not a
major component of the trophic structure of the w@ter ecosystem of McMurdo Sound.
Barkhatov's data lead to an estimate of annualamesmnon-krill biomass in the study area of
0.037 gC rif for the model. The estimates of krill biomass frira Russian data provided by Dr
Barkhatov give geometric average values for kehsity of 0.055 gC i which is more than 3
times lower than the average density of all kriltimated from the Italian surveys (Sala et al.
2002; Azzali et al. 2006; and see prededing sestiofhe Russian sampling did not cover the
areas of highedtuphausia superbaoncentrations to the north of the Ross Sea Slejgire 3,

and that these concentrations make up a large gropmf the total krill biomass in the study
region, the lower estimate derived from the Rusdeta is explicable. We do not adjust the value
of non-krill macrozooplankton derived from the dafdBarkhatov, but note that our estimate may
be biased low.

4.2  Production, P/B

Production/biomass ratios for non-krill macrozoogdan are taken from the literature. The krill,
Nematoscelis megalopms P/B = 5-6 ¥ (Lindley, 1982). Cartes & Maynou (1998) use P/B =
8.1 y' for peracarids. Here, we assume productivitiedawer because of the low temperatures,
and seasonality of food availability. We proposegis similar P/B value at the higher end of
that of krill, i.e. 2.0 ¥, with a range of 1-4Yy
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4.3 Diet, Consumption, Q/B

Non-krill, non-salp macrozooplankton are likely iteclude phytoplankton, microzooplankton,
and mesozooplankton with copepods dominating tee (@arange et al. 1991; Froneman et al.
1996). The feeding and predation impact of carmiuer macrozooplankton (>20 mm) on
mesozooplankton (2-20 mm) in the sub-Antarctic veatsf the southwest Indian Ocean was
studied by Froneman et al. (2002). The carnivorsmpmment consists of mainly decapods,
amphipods, chaetognaths, euphausiids and soméngekatizooplankton. It is likely that the diet
of macrozooplankton in general consists primarflynesozooplankton as well as phytoplankton
and microzooplankton. Epontic algae, and ice mauné (mainly amphipods and copepods in
the ice habitat) are also likely to form food foaenozooplankton through the winter, especially
the more herbivorous salps and large pteropods.eSmmsumption of macrozooplankton by
other macrozooplankton species is likely. The expobportions of phytoplankton and
zooplankton in the diet of macrozooplankton are rdatown, and will vary with
macrozooplankton species (especially the proportbrsalps), depth, location, season, and
interannually. Here, we assume initially prey dpsaand other non-krill macrozooplankton over
the course of a year in the Ross Sea is: 5% otheramooplankton; 35% mesozooplankton; 20%
heterotrophic microplankton; 3% heterotrophic fliges; 30% phytoplankton; 4% epontic
algae; 1% ice protozoa; 2% ice metazoa.

In the absence of consumption data for cold watecies we propose to use a value at the upper
end of the possible range of values found for kmilAntarctic waters, of Q/B=15"y with a range
of 7-30 y".

4.4  Unassimilated consumption

Assimilation efficiency for non-krill macrozooplatdn in the Ross Sea are assumed to be similar
for E. superbagivingU as c. 0.2.

45 Ecotrophic efficiency

Ecotrophic efficiciencyE) for non-krill macrozooplankton in the Ross Seads known, and is
assumed to be 0.95 on the basis that the vastitgapbthe annual production of this species is
likely to be consumed by direct predation.

5 Mesozooplankton

Mesozooplankton in the Ross Sea are defined asidnavisize approximately 0.2—20 mm. The
mesozooplankton component typically dominates tbhenass of the plankton (c. 67%: Hopkins
1971), but is slower growing and consumes less agroportion of its mass than the
microzooplankton. Several large copepod speciesirdae zooplankton biomass in Antarctic
waters (e.g. Voronina 1998; Mayzaud et al. 2003hese species ar€alanus propinquus,
Calanoides acutus, Rhincalanus gigasd Metridia gerlachei.Other smaller species such as
Ctenocalanus citer, Microcalanus pygmaearsi Oithonaspp. are numerically very important.

Another potentially important component of the R&& mesozooplankton in some seasons is

the pteropods. Knowledge of these molluscs in Atitawaters has been summarised by Hunt et
al. (2008), based on data mainly from the Soutlamit sector of the Antarctic. Six species of
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pteropoda are typical of the Southern Ocean. IrRbgs Sea, the most common species are the
gymnosome Clione limacina and the thecosomé&imacina helicina antarctica.Combined
Limacina helicinaand C. limacina made up to 171-1398 ind. higreatest numbers were in the
surface 25 m) and were 9.2—78% by numbers of tia¢ 2ooplankton in Terra Nova Bay with
helicinabeing a major contributor to these densitieane et al. 2004). Hopkins (1987) noted that
L. helicinacould reach 300 indiv thand was 23% of the biomass in McMurdo Sound

5.1 Biomass

The estimates of mesozooplankton biomass preseh&zd are based on “Zooplankton
Displacement Volume” measurements made at a numbepastal and open ocean stations
through the central part of the Ross Sea as pathef AESOPS/JGOFS programme (see
http://www1.whoi.edu/jgdms_info.html). The zooplaéoik data has not been written up. We have
approval from Dr Walker O. Smith Jnr (Virginia litate of Marine Sciences, College of William
and Mary, Gloucester Pt., VA 23062, USA) to uses¢hdata. Data were collected at the standard
AESOPS stations on three cruises: (1) October teeMber 1996, Voyage 96-4A; (2) January to
February 1997, Voyage 97-1; and (3) April 1997, ¥gy 97-3. Data from the tows with net
mesh of 33Qum were used. We note that any samples taken wtthazarser then 200m will
miss the smaller copepods suchathonaandOncaea Nevertheless, the total biomass captured
by nets <33Qum were generally the same (Hopkins 1971: Tabl&&).each tow on each voyage,
the displacement volume of zooplankten (ml m?® was converted to a zooplankton carbon
concentrationC (mgC n?) using the relationship of Weibe (1988).

The tows generally covered about 70% of the totlewdepth. To account for the part of the
water column not sampled, we assume that zooplantémsity was constant from the lowest
measurement to the sea bed. This gave estimammplankton density in the Ross Sea between
0.2 and 5.0 gC ih These are approximately equivalent to wet-weiightsities of 2-50 gWW m

2 Next, we used these values to estimate the iaiat mesozooplankton abundance in the Ross
Sea through the year. The seasonal abundance eplanéton in the Pacific sector of the
Southern Ocean is best known from data sets cetleoy theEltanin and Discovery(Hopkins
1971). This seasonal cycle was scaled to fit tHeegestimated from the AESOPS data in the
Ross Sea. Tagliabue & Arrigo (2003) present modélst suggest seasonal cycles of
mesozooplankton abundance may vary through the Beas but field data to confirm this are
very limited.

There can be differences in mesozooplankton abwedaim waters with and without sea ice
cover. For example, Robins et al. (1995) found thdhe Marginal Ice Zone and under Pack ice
mesozooplankton biomass was reduced to 0.38 ofoffem water biomass in spring in the
Bellingshausen Sea. Here, we assume that meson&tptaabundances measured in the water
column when ice cover is lowest in summer wereaggntative of the average biomass found in
the region at this time. We also assume that thioss occupied by the AESOPS voyages are
representative of the Ross Sea as a whole. Th&aBdns span longitudes 165°W to 175°E, and
latitudes 74°-78°S. To the authors’ knowledge, ehare few spatially extensive, quantitative
surveys of zooplankton abundance of the Ross Stsstahis assumption. Therefore, the annual
average mesozooplankton concentration for the Bessis estimated to be 0.94 gC,mwith a
possible range of 0.35—-1.9 gC?nOur estimates of mesozooplankton biomass carotmpared
with data collected during other studies. In gehdhnase other studies are largely consistent with
our estimates of mesozooplankton biomass for thes Bea, as summarised below.
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(1) In the Ross Sea Hicks (1974) measured integrateglaokton biomass in January
ranging from 9.4-29.1 gC frin McMurdo Sound, south of Hut Point on Ross ldlam
mid to late January, converted using the relatipmsshf Weibe (1988). Mean biomass
was 21 gC m. This is two orders of magnitude greater than tiedel results of
Tagliabue & Arrigo (2003), and a factor of ~20 gezghan we have found for the Ross
Sea as a whole. Phytoplankton concentrations aaeayrclose to the coast than offshore
in the Ross Sea, so this is not necessarily insterdi with our estimate. The outer Ross
Sea was sampled with 5Qim mesh net 1989-1990 to near the bottom in summer
(Sertorio et al. 2000). Biomass of copepods vafieth 0.02-0.48 gC iin the NW
Ross Sea (WW converted to C as Weibe, 1988). Adais, is consistent with our
estimate.

(2) Seasonal carbon distribution of copepods integrated 0-1000 m in Weddell Sea given
by (Schnack-Schiel et al. 1998) were 1.7 g€imlate winter early spring, 3.7 gCrhin
autumn, consistent with our estimates above. LaajenoidsC. propinquus, C. acutus,
M gerlachei, Euchaeta antarcticand smallM. pygmaeusaccounted for 60-70% of
biomass while small poecilostomatdithcaeaand cyclopoidOithona comprised about
20% of biomass.

(3) Voronina et al. (1980a, b) report modelling studiestwo common Antarctic copepods,
Calanoides acutuandRhincalanus gigasihe biomass cycle @@alanoides acutum the
0-1500 m layer peaks in July and is at a minimurdanuary-February (Voronina et al.
1980a). FoRhincalanus gigagvoronina et al. 1980b) the total biomass in th&3D0 m
layer has peaks in biomass in May—-June and Novenithgr minimum in August is
related to the dying-off of females after spawnifige maximum abundance of copepods
(not biomass) from models occurs in March—April anay vary six fold between years
and locations. Concentrations varied between 2.B-NVW n¥, approximately
equivalent to 0.1-0.5 gC'tm

(4) Hopkins (1971) gives an average mesozooplanktosityeof about 0.9 gC thfor the
entire Pacific sector of the Southern Ocean.

(5) Fukuchi et al. (1985) in 1982 at Syowa Station daththrough the sea ice, down to 660
m, from May until December using a mesh size of @&0on the lower part of the net
(the upper part was 100@m). Mesozooplankton concentrations peaked hereb5at 2
mgWW m?® in September. The average biomass in this study8& gWW nf. These
are approximately equivalent to 1.2 and 0.4 fCm

(6) A study by Zvereva (1975) at Molodezhnaya Statemed zooplankton through a hole
in the ice in 1965-66 from surface to the sea fi@9 m) between July to December,
and between the surface and 85 m in January—Fgbrianaximum in wet weight was
recorded in late July and August. The average valee the study was 10.9 gWW3n
approximately equivalent to 0.5 gC’m

(7) Huntley & Zhou (2000) as reported in Tagliabue &igo (2003) report depth-integrated
zooplankton biomasses of 0.5+0.2 gC in the Ross Sea in October/November and
0.7+0.3 gC rif in January/February. Our average value lies with@ir range of 0.3—-1.0
gC m?

(8) Unpublished Russian mesozooplankton data from thes RSea (February-March) in
1982 integrated over 0-200 m ranges from 0.09-1g3Mi* (Appendix 1). These data
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are from samples collected with a Juday Net anduaesl courtesy of Dr Barkhatov.
Although a few values are very high, the In-meaici@ated in units of gWwWw) of 1.2 gC
m lies within the data presentedfigure 1

Mesozooplankton (gC m'z)

J AS ONDJFMAMI

Figure 1. Annual cycle of mesozooplankton biomass in the Bess The central solid line with black
diamonds is a scaled version of the data on zo&pmarabundance in the Pacific sector of the Soather
Ocean in the upper 1000 m (Hopkins 1971). The gmejes are zooplankton areal biomass densities
calculated from the results of AESOPS JGOFS prograniRed diamonds are Ross Sea zooplankton
biomass measurements of Huntley & Zhou (2000) jpsrted in Tagliabue & Arrigo (2003). Green
triangles are unpublished data from Barkhatov (Ayipel). The thinner lines indicate approximate
bounds on the seasonal pattern of mesozooplanktureatration equivalent to the 10 9@ercentiles of
the AESOPS data.

5.2 Production, P/B

Production by mesozooplankton will not be steadgryeund in the Antarctic because primary
production is negligible through winter and manyeaps of mesozooplankton enter a low-
production stage through this time. For exampleh alanoides acutuandRhincalanus gigas
pass the winter in diapause. Voronina et al. (19BDaalculated the productivity of two common
Antarctic copepodsCalanoides acutuandRhincalanus gigad-or Calanoides acutus the 0—
1500 m layer Voronina et al. (1980a) describe anuah pattern of production with low
production from May—-December and production whiells in February—March. Voronina et al.
(1980a) estimated an annual average P/B of 4.%Pgpulation growth foRhincalanus gigas
based on a modelling study by Voronina et al. (b980 the southern Antarctic region, led to an
annual average P/B of 5.3"ySchnack et al. (1985) estimate that copepod diB/ during
November/December ranged from 0.02-0.20wiith average daily P/B=0.123"dn the period
measured.

For pteropods, there is a relationship between sieght and dry tissue weight far. helicina

in the subarctic Pacific (Fabry 1989). The studyinested that daily CaCfOproduction,
calculated by the instantaneous growth rate mettsod2.6 mg CaCOm? d* for individuals
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with 155 mg nf CaCQ. Therefore carbonate P/B was 0.08130d 9.9 y* assuming that growth
occurs over 4 months of the year. A lower P/B25ig estimated fo€lio pyramidata.

Here, we initially use a value for P/B for mesozaojton in the Ross Sea of 4.8.yThis is the
average of the production values given above, wedylfor their approximate contributions to
mesozooplankton biomass (77% copepods, 23% ptesppBdr comparison, the P/B ratio for
mesozooplankton for low productivity water is abdfty* (Shushkina et al. 1998).

5.3 P/Q, Respiration, assimilation efficiency

Measurements of respiration, food assimilated, bimnass have been made for Antarctic
copepods (Schnack et al. 1985). The mean propodfi@onsumed food assimilated was 0.68,
ranging from 0.51-0.93. We therefore set the piiigpoof unassimilated food at 0.3 as is typical
for ecotrophic models of mesozooplankton (e.g. BratiGrieve et al. 2003).

Average daily R/B was measured at 0.042 (Schnaek é985). Assuming respiration occurs at
this rate for 365 days per year (probably true pider species which enter diapause such as
Calanoides acutusnd Rhincalanus giggs then annual R/B would be 15.3'.yValues from
Schnack et al. (1985) imply an average daily R/@eaf 0.37 (range 0.04—0.56) which is close
to the value for R/Q=0.5 often assumed for mesozmigon (Laws et al. 2000). Average daily
P/Q was measured at 0.307 (Schnack et al. 198%e db the value of 0.3 often used for the
growth efficiency of mesozooplankton (Laws et &0@; Bradford-Grieve et al. 2003) and this
will be used here.

5.4  Ecotrophic efficiency

Ecotrophic efficiciencyE) for mesozooplankton in the Ross Sea is not knand,is assumed to
be 0.99 on the basis that the vast majority ofahieual production of this group is likely to be
consumed by direct predation.

55 Diet

Mesozooplankton in the Antarctic are generally omrous, taking both autotrophic and
heterotrophic material from the water column andasside of sea ice (e.g. Metz & Schnack-
Schiel 1995; Pasternak & Schnack-Schiel 2001; Grfaill 1998). The proportions of items in
the diet of mesozooplankton will vary seasonally] ¢ghere are also variations in diets between
different mesozooplankton species and differenédsimndividuals (Hopkins 1987). In general,
phytoplankton generally dominates mesozooplankiehid summer, with carnivory dominating
in winter when phytoplankton biomass is very lowefi?l& Schnack-Schiel 1995, @resland 1991;
Huntley & Nordhausen 1995).

Smaller zooplankton species and smaller individuedad to eat a high proportion of
phytoplankton, with progressively greater proparsioof protozoans and metazoans being
consumed by larger mesozooplankton species (HodB3). For example, experiments show
thatOncaea curvatas surface rather than pelagic feeder (Boxshaltll@nd ingests large, non-
motile food particles such as aggregates or gelasiPhaeocystiscolonies, with diatoms also
being an acceptable food, but did not feed carosly (e.g. on heterotrophic microplankton or
flagellates) (Metz 19980ncaea curvataan be a dominant copepod Antarctic species imger
of numbers, and in the vicinity of the shelf, oftatso in terms of biomass (Metz 1998).
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Calanoides acutuandRhincalanus gigaged mainly on diatoms in open water in summer @et
& Schnack-Schiel 1995; Pasternak & Schnack-ScltielLp

In contrast, under pack ice in summ@&ithona similiswas measured as being predomninantly
carnivorous, consuming mostly ciliates, especialbyn loricate ciliates (Urban-Rich et al. 2001).
In summer, microzooplankton met only 17, 19 and 2dRP4he total carbon requirements of
Rhincalanus gigas, Calanus propinquaisd Metridia gerlachej respectively (Froneman et al.
1996). Metz & Schnack (1995) also demonstrate earaus feeding irC. propinquusand M.
gerlachei These species are often representative of théewdapulation adMetridia gerlachei
can be a large component of coastal zooplanktonCatahoides acutuandRhincalanus gigas
can dominate open ocean Antarctic zooplankton bésnfa.g. Schnack et al. 1985).

Trophically, thecosome pteropods are consideredetalominantly herbivores, capturing food
with a mucous net. Because they can be at leastd¥3%e biomass in surface waters (Hopkins
1987) they are an important contributor to mesolaudfion grazing on phytoplankton. Here, we
initially use the diet proportions of mesozooplamkt5% mesozooplankton, 17% heterotrophic
microplankton, 54% heterotrophic flagellates, aB&loZhytoplankton.

5.6 Consumption

Consumption by Antarctic mesozooplankton varieshifigantly with season, with generally
much higher consumption rates in austral springs@mdmer than in winter. In austral summer
Oithona similisconsumed up to 0.9 body weight in terms of cart®nd(* (Lonsdale et al. 2000)
which is exceptionally highOncaea curvatds reported as consuming up to 0.I8al natural
food densities (Metz 1998). Daily food intake bygka calanoid copepods ranges between <0.1
and 0.2 & when feeding on naturally occurring phytoplanktemcentrations of 0.1-2 mg Cal-
m' (Metz & Schnack-Schiel 1995, and references theré@ther studies give feeding rates of
mesozooplankton in the Antarctic between October ebruary of between 0.001 and 033 d
with a median value of 0.03'1d(Dubischar & Bathmann 1997a,b; Mayzaud et al. 2002
Froneman et al. 1996; Drits et al. 1993; Metz & 18uatk-Schiel 1995). The overall food intake of
large copepods, estimated from collated experinhelata (Schnack et al. 1985; Drits et al. 1993;
Metz & Schnack 1995; Ward et al. 1995; Fronemaal.€1996), is calculated to be lie within 10—
39 y*', using the assumption that omnivorous feeding scéor ¢. 150 days of the year and
carnivorous feeding for 215 days of the year. Basedalues of P/Q=0.3 (above) and P/B=4.8 y
! (above), we estimate a Q/B value of T8which is towards the centre of this range.

The estimated seasonal cycle in consumption ancadéeshown in Figure 2. This was obtained
by fitting the seasonal biomass of phytoplanktothconsumption rates of phytoplankton from
the literature (Dubischar & Bathmann 1997; Mayzatdl. 2002b; Froneman et al. 1996; Drits et
al. 1993; Metz & Schnack-Schiel 1995). The consumomptrate of microzooplankton by
mesozooplankton was estimated to be constant thriheyyear and at a level to give the annual
Q/B required. The proportion of the diet from piptankton was then calculated (Figure 2b). In
this way, we estimate that the consumption is edeit to the summer feeding rate being
maintained for about 3.6 months with no feedingther times.
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Figure 2. a: Consumption of mesozooplankton. The grey dotslitgmture values of feeding rates of
mesozooplankton on phytoplankton, and the thin inéhe consumption of phytoplankton fitted to the
median values of these measurements based ondpe shthe phytoplankton seasonal biomass line and
expressed as annual equivalent. The thick linehés tbtal consumption rate of mesozooplankton.
Estimated proportion of phytoplankton in the diétneesozooplankton, again, assuming consumption of
phytoplankton follows the seasonal change in pHgidgon biomass as estimated in this study.

Pteropods may be responsible for a large propodfomesozooplankton community grazing in
summer and autumn (Hunt et al. 2008), but quaiviagstimates of their contribution is not well
known. An estimate of the consumption rate_mhacina helicinacan be obtained as follows to
compare with that of copepods. helicinais reported as ingesting 100-900 ng(pig) “irdf
(Pakhomov & Froneman 2004) The average dry wei§hiroacina helicinawas 0.29 mg ind
(Pakhomov & Froneman 2004\Ve assume that carbon content of pteropods is % d0dry
weight as for macrozooplankton (Weibe 1988), arat thhe carbon:chlorophyll ratio of the
particles consumed is 120 g8ohl-a as for phytoplankton. If consumption varies antyuab
that it is equivalent to about 4 months of feedimghe summer rate and none at other times, we
can estimate an average annual Q/B between 13-11®&hich encompasses our estimate of
Q/B=16 y*, but suggests this may at the lower end of theiplesrange.

6 Heterotrophic microplankton

6.1 Speciesincluded in thisgroup

Heterotrophic microplankton in this study is defin@s heterotrophic organisms in the
microplankton size range, or between 20-200 punza $leterotrophic dinoflagellates, tintinnids
and other ciliates, copepod nauplii, with a min@mponent of larvae and eggs of micro
metazoans, make up this compartment (Lessard &ifRil886; Umani et al. 1998; Caron et al.
2000). In coastal waters, larval stages of echimodepolychaetes, nemerteans (ribbonworms),
and other benthic invertebrates can be presentsékés& Rivkin 1986). Heterotrophic
microplankton species observed in the Ross Seattehd typical of Antarctic waters (Stoecker
et al. 1995; Monti & Fonda Umani 2000; Fonda Umetrél. 1998; Gowing & Garrison 2003). In
Terra Nova Bay in summer, Fonda Umani et al. (1988prt that heterotrophic microplankton
included heterotrophic dinoflagellates, tintinnidsjoricate ciliates, larve and eggs of
invertebrates. Heterotrophic dinoflagellates ineldicspecies belonging to trotoperidinium
genus (Dodge & Priddle 1987; Elbrachter & ZolfeR39 especiallyP. antarcticum(Lessard &
Rivkin 1986),Gyrodinium lachryma(Lessard & Swift 1986), an@ymnodiniunsp. (Bjornsen &
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Kuparinen 1991). Ciliates included oligotrichs, titimid, Radiolaria and Foraminifera A
reduction in both abundance and species diversiteterotrophic microplankton was observed
from the polynya to the northernmost stations stiNered by ice, as well as from the surface to
the bottom (Monti & Fonda Umani 2000).

Cell numbers of heterotrophic microplankton, tyficaenumerated from preserved samples
(Sherr & Sherr 1993; Landry et al. 2002) are cotebto units of carbon. Carbon bioma€s (
pgC) of various groups of heterotrophic microplamkcan be estimated from cell biovolume
(BV, um®) using the conversion factors:

Dinoflagellates C=BVvx0.13 (Edler 1979)

Tintinnids C=BVx0.053 +4445 (Verity & Langdon 1984)
Ciliates, other than tintinnids C=BVx 0.14 (Putt & Stoecker 1989)
Other groups C=Bvx0.08 (Beers & Stewart 1970)

6.2 Biomass

There is an absence of large area, seasonallyessoimeasurements of heterotrophic
microplankton biomass in the Ross Sea. The mospletendata we have found is that of Dennett
et al. (2001) (see also Gowing & Garrison 2003)pwieasured the biomass of heterotrophic
microplankton at 12-22 stations along 76.5°S betw&68E and 178°W on four separate
research voyages between early spring and auturomaBs of heterotrophic microplankton in

the water column is assumed to remain low througlonter. The annual average biomass of
heterotrophic microplankton from Dennett et al.q2Pwas calculated to be 0.58 gC.m

In order to evaluate this estimate, we proposeguaisecond method to estimate heterotrophic
microplankton biomass, based on autotrophic biomassl the ratio of annual average
heterotrophic microplankton biomass to annual ayerautotrophic biomass. If we make the
assumption that there is broad consistency thrahghRoss Sea in time and space between
autotrophic and heterotrophic biomass we can esgifmeterotrophic biomass using the fact that
the spatial and seasonal variation of autotrophimmbss is relatively well known (see
Phytoplankton section). We estimate the ratio afuah average heterotrophic microplankton
biomass to annual average autotrophic biomasgsée thiays.

1. Dennett et al. (2001) presents measurements ofaddpn biomass in the southern Ross
Sea at four times of the year (Nov, Dec, Feb, Mayjich can be used to estimate an
annual average microzooplankton biomass of 0.581gC

2. Ducklow et al. (2006) present data on microzooglamlibiomass in the Ross Sea from
Nov/Dzec 1997 which can be used to estimate a (salgeadjusted) annual value of 0.33
gC m~.

3. We combined three independent estimates of the odtannual average heterotrophic
microplankton biomass to annual average autotrofifi@nass (Bicro/Bpnyo). First,
Dennett et al. (2001) gives data allowing us toneste Byco/Bpnyio t0 be 0.28. Second,
measurements of heterotrophic microzooplankton agmin the surface 100 m of Terra
Nova Bay in summer (Jan/Feb 1988) are reported dnd& Umani et al. (1998). On
average, heterotrophic dinoflagellates made up 49%e biomass of the heterotrophic
microplankton trophic groups, tintinnids 28%, atate ciliates 13%, and eggs/larvae 9%.
Median heterotrophic microplankton biomass was dC8m? This is higher than the
annual average biomass because the measuremerds maste only in the more
productive summer period, and because product{ghd biomass) tend to be higher
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along the Ross Sea coast. Chlorophyll was alsoume@dy Fonda Umani et al. (1998).
Assuming a carbon:chlorophyll ratio of 80, the esulead to Bicid/Bpnyic=0.19 (median),
and a 10-90% range of 0.10-0.90 at different statémd depths (N=36). Third, the ratio
of annual total heterotrophic microplankton biom#2s200 um) to annual average
autotrophic biomass was found to be 0.50 basedatm id Landry et al. (2002). This
value is consistent with similar work in the Antidzaegion. Work in another part of the
Southern Ocean (Bellinghausen Sea: Edwards et %88)1shows that the ratio of
heterotroph biomass to autotroph biomass variesfigigntly (0.37—4.6) in relation to the
position of the edge of the pack ice. Using valfasthe fraction of this autotrophic
biomass in the 20-20Qm size range from Dennett et al. (2001), we estntaat
Bmicro/Bpnyto =0.34. These three estimates (0.28, 0.19, 0.3#)cansistent with values
given by Becquevort et al. (1992) in the Weddel, Sehere protozooplankton comprised
c. 0.23 of the total microbial biomass. Using aerage factor of 0.27, we estimate the
mean heterotrophic microplankton biomass to be §@%.

We propose using an average of these three valug8, (0.33, 0.29) as an initial estimate of
biomass, i.e. 0.40 gC't

6.3 Diet

Lessard & Rivkin (1986) studied the clearance rafemicrozooplankton in the 20-2Q0n size
range in McMurdo Sound, and found a marked prefardior bacteria and bacterivores over
autotrophs and herbivores. The heterotrophic dageflate P. antarcticum ciliates, and
invertebrate larvaéngested almost exclusively bacteria and bactegsoData in Lessard &
Rivkin (1986) does not allow us to estimate dietgartions, but the general result contrasts with
that of Bradford-Grieve et al. (2003), and otherrkvin temperate and tropical waters (e.g.
Fenchel 1987; Roman & Rublee 1981; Lessard & Sw®85) which found that most
microzooplankton preferentially grazed autotroplftod. In particular, ciliates >1%m in
equivalent spherical diameter are thought to goaepico- and nanoplankton rather than bacteria
(e.g. Scott et al. 2001). Here, we assume thatrdted@hic microzooplankton in the Ross Sea
ingest a mix of particles, in approximate proparsip 20% heterotrophic flagellates; 40%
phytoplankton; 40% water column bacteria.

6.4 Consumption, Q/B

We are not aware of studies on feeding rates ftardgophic microplankton in the Ross Sea. In
their comparison of the Ross Sea and West AntaPeitnsula food-webs, Ducklow et al. (2006)
used an inverse model (Daniels et al. 2006) tonasé microzooplankton grazing in Nov/Dec,
having identified no suitable direct measuremehtiie parameter. The inverse model (Ducklow
et al. 2006, figure 10) suggested only 4.4% ofghmary production (which was dominated by
colonial Phaeocystiproduction at this time of year) was grazed byrazooplankton. Using data
from Ducklow et al. (2006), this leads us to estara consumption rate for microzooplankton of
Q/B=44.7 y*. Safi et al. (2007) present grazing rates for<t®@0 mm fraction in Antarctic waters
(south of the Polar Front) in Nov/Dec, leading $tireates of Q/B of 78 (66—99)"yif rates were
maintained at these levels year round. Here, wieusd an average of the values from Safi et al.
(2007) and Ducklow et al. (2006) giving Q/B=61 &s our initial estimate of microzooplankton
consumption in the Ross Sea.
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6.5 P/Q, Respiration, Assimilation efficiency

Gross growth efficiencies (i.e. P/Q) of flagellatesd ciliates are typically assumed to be 0.35
(Laws et al. 2000). Respiration/consumption fornazooplankton is given as ~0.3 (Laws et al.
2000). Assimilation efficiency [(ingestion — exdogt)/ingestion] of heterotrophic microplankton
is taken to be 0.70 (e.g., Bradford-Grieve et @03).

6.6 Ecotrophic efficiency

Ecotrophic efficiciency) for heterotrophic microzooplankton in the Rosa 8enot known, and
is assumed to be 0.99 on the basis that the vgetityaf the annual production of this group is
likely to be consumed by direct predation.

6.7 Production, P/B

Little appears to have been published on growtbsraf heterotrophic microzooplankton in the
Ross Sea. A ciliate production rate of P/B=110s/near the mean of estimates from a number of
studies tabulated by Kigrboe (1998) although grosaths of up to 330yfor ciliates have been
measured (Verity et al. 1993). Work in New Zealanfantarctic waters (Bradford-Grieve et al.
2003) suggests P/B of 88 jor heterotrophic microplankton 20-20f. Klaas (1997) assumes a
daily specific growth rate of 0.1'dn Antarctic waters equivalent to P/B of 18-36fgr growth
lasting 6-12 months per year. An annual averagduation rate of P/B=21Yis consistent with
annual average values of Q/B=613nd P/Q=0.35 as estimated above and we propasetthis

as our intial estimate.

6.8 Transfersbetween groupsdueto growth

There will be a transfer of biomass from the hetemhic microzooplankton group to the
mesozooplankton group due to growth of individudlse magnitude of this transfer is unknown
but is likely to be small. Here, we use a growtnsfer parameter describing the fraction of the
annual production of heterotrophic microzooplanktdrich is transferred to mesozooplankton as
T°=0.01. This transfer is equivalent to only 2% ofe tintrinsic annual production of
mesozooplankton so will not significantly affecetmodel.

7 Heterotrophic flagellates

Heterotrophic flagellates are defined as heterdioprganisms in the nanoplankton size range
(2—20 um). Becquevort (1997) found that ciliatesenan insignificant fraction of this size range
in the Southern Ocean. Cell numbers of heterotmfpagellates (Becquevort 1997; Landry et al.
2002) are converted to carbon units from biovoluif®% pm?). The conversion was carried in
log-space following the modified Strathmann (196GYations of Eppley et al. (1970):

l0g10C = 0.94*log BV — 0.60
Alternatively, biovolumes are converted to celllmar using a conversion factor that may be

influenced by the fixation and staining method asllvas by taxon (e.g. Becquevort 1997).
Various ratios in the literature range have beapgsed and these range from 0.08 to 0.22 pgC
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um (Becquevort 1997, and references therein). Beaqug¥997) suggests that 0.14 pgér*
is appropriate for dionflagellates fixed with gleklehyde.

7.1 Biomass

Biomass of heterotrophic flagellates in the Ross \Beies spatially and seasonally. The biomass
of heterotrophic nanoplankton at 12—-22 stations@le6.5°S between 168°E and 178°W was
measured by Dennett et al. (2001) from four reseaoyages spanning early spring and autumn.
Mean annual biomass of heterotrophic flagellatemfthese data is estimated to be 0.34 g€ m
We assume winter biomass of heterotrophic flagedlam the Ross Sea is small, as it has been
found to be in winter in the Weddell and ScotiasS@zarrison et al. 1993).

An alternate method of estimating biomass of thaphic group is via our previous estimate of
phytoplankton biomass. The relationship betweeerb&bphic flagellate biomass and autotroph
(phytoplankton) biomass in the Ross Sea is comgheikpotentially variable, both seasonally and
spatially. For example, it is known that the laldgom of Phaeocystis antarcticen the Ross Sea
polynya is impacted minimally by zooplankton gragiwhereas the smaller diatom bloom in the
adjacent Terra Nova Bay polynya is more readilyzgda(Taglabue & Arrigo 2003). This
suggests that the ratio of grazers to producert&ddoe variable. However, if we assume that
taking all areas of the Ross Sea and all seasgeshier, there is generally a positive correlation
between autotrophic and heterotrophic nanoplankiomass, we can estimate the biomass of
heterotrophic nanoplankton from an estimate of tapphic biomass. Figure 6 of Becquevort
(1997) supports this assumption. The data showghbee is a strong linear correlation (R=0.81)
between protozooplankton biomass (<gf) and the biomass of producers (bacteria and
autotrophic flagellates). We calculate the ratio léterotrophic flagellate biomass to
phytoplankton biomass from a number of data sets.

1. The average ratio of mean heterotrophic flagelédenass to phytoplankton biomass
based on the data of Becquevort (1997) in the makgte zone of the Ross Sea is
0.24.

2. The average ratio of annual mean heterotrophicellaig biomass to autotrophic
biomass based on the data of Dennett et al. (26@L)6.

3. The ratio of total heterotrophic biomass (2—-300) to autotrophic carbon in the

vicinity of the Polar Front at 170°W had a mediatue of 0.50 (N=29) and varied
with a 10-90% range of 0.22—-0.93 (Landry et al.200he ratio of heterotrophic
microplankton (20—-20@m) biomass to autotroph biomass in Terra Nova Bay i
summer was c. 0.2 (Fonda Umani et al. 1998). Seesélttion on “Heterotrophic
microplankton” for more details of this work. Thassults together suggest a ratio of
heterotrophic flagellate biomass to autotroph biesnaf 0.3.

We take our best estimate of the ratio of hetephtioflagellate biomass to autotroph biomass to
be an average of these three values (0.24, 0.160&1), i.e. 0.24. With an estimated average
annual phytoplankton biomass for the study ared.tfgC nf, we hence estimate a mean
heterotrophic flagellate biomass of 0.26 gC. his is very similar to the value estimated based
on data of Dennett et al. (2001) of 0.30 gC.An average of the two values is 0.36 gC m
which we use here. This values lies within the rgpriange of heterotrophic nannoplankton
biomass in the western Ross Sea of 0.003-0.39 §QVianucci & Bruni 1998). If we assume
heterotrophic flagellate biomass is approximateaiifarmly distributed between the surface and
100 m (Fonda Umani et al. 1998), this is equivalerdgn average heterotrophic flagellate surface
concentration of 3.6 mgC T This is within the range of found by Becquevdr®g7) which
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noted a biomass of nanoprotozooplankton of ¢. 2 mgQranging from 1-5 mgC 1) in ice-
covered waters of the Atlantic sector of the Artiarin early spring.

7.2 Diet

Heterotrophic flagellates are part of the “microtbap”, usually feeding almost exclusively on
the small fraction of primary producers such as noyacteria, other heterotrophic
nanoflagellates, and bacteria (Caron et al. 20@@pellates less thanBn in size are principally
bactivorous while heterotrophic dinoflagellates deen bacteria and autotrophic flagellates
(Becquevort 1997). Initially, we estimate the dit heterotrophic flagellates to be: 78%
phytoplankton, 15% bacteria, and 7% other hetepbimflagellates (from Becquevort 1997).
Bacteria are considered to be a slightly more ingmarcomponent of the diet of heterotrophic
flagellates in the Ross Sea than in subantarctieraawhere Bradford-Grieve et al. (2003)
estimated the diet proportions to be: 7% heterdiimftagellates; 78% phytoplankton; 15% water
column bacteria.

7.3 Production, P/B

We have not been able to find any measurementeajrowth rate of heterotrophic flagellates in

the Ross Sea. We propose to estimate this quamsityy assumed values for the growth

efficiency of heterotrophic flagellates (P/Q) anéasurements of Q/B in the Ross Sea. The
values given below (Q/B=180"'yP/Q=0.5) lead to estimates of P/B of 62 y

There is a wide range of growth values in othed aghters reported in the scientific literature.
The value estimated here is towards the extremeeloav of these values. Mean production of
heterotrophic flagellates in subantarctic watefdNafw Zealand in August and January—February
was P/B=290 V, calculated from dilution grazing experiments (DHall. NIWA, pers. comm.).
Growth rates of heterotrophic microflagellates dB P>700 y* have been measured when
conditions are not limited by iron (Chase & Pri&®91), but are or 255-424"y(Chase & Price
1997) for subarctic Pacific in low iron conditiongalues of P/B <360y have been observed in
other regions when prey concentrations are low &g Tortell et al. 1996).

7.4  Consumption, Q/B

Becquevort (1997) records maximum ingestion ratésvarious prey items by various
heterotrophic flagellates (flagellates <&n, flagellates >5um, and dinoflagellates) as a
proportion of body weight. In the data of Becquévd997), dinoflagellates tend to have much
higher consumption rates than flagellates, but em®ponly a minor part of the biomass of
heterotrophic flagellates (c. 4%). Based on datargby Becquevort (1997) we calculate that the
maximum rate of ingestion of bacteria by the hdtephic flagellates, in the marginal ice zone of
the Ross Sea was 0.008gC" h™. Similarly, the maximum rate of ingestion of autpthic
flagellates by heterotrophic flagellates was 0.04€™" h™*. We assume that maximum ingestion
rate of heterotrophic flagellates by heterotropfiagellates is approximately equal to the
ingestion rates of autotrophic flagellates by tattephic flagellates. Combined with information
on the relative biomass of flagellates and dindlges biomass in the nanoplankton, these
values give an estimate of consumption rate of DIAEC" h™. If the feeding rates measured by
Becquevort (1997) between October and November maistained through the year, the annual
Q/B would be 177 V. It is likely that consumption rates of heterotrapflagellates will vary
with the availability of food items. The abundanck food items (bacteria and autotrophic
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flagellates) will probably decrease from thosehat time of the study of Becquevort (1997), and
hence it is likely that the annual average Q/BHeterotrophic flagellates will be lower than the
value of 177 ¥ estimated here.

75 P/Q, Respiration, Assimilation efficiency

Gross growth efficiencies (i.e. P/Q) of heterotiiopftagellates are typically assumed to be 0.35
(Laws et al. 2000) which we use here, although ate that Becquevort (1997) assumes a gross
growth efficiency for heterotrophic flagellates 8% in the marginal ice zone, i.e. P/Q=0.30.
Respiration/consumption for microzooplankton isegivas ~0.3 (Laws et al. 2000). Assimilation
efficiency [(ingestion — excretion) / ingestion] léterotrophic flagellates in low iron conditions
is given as 0.84 be Chase & Price (1997) which giz8.16 used here.

7.6  Ecotrophic efficiency

Ecotrophic efficiciency E) for heterotrophic flagellates in the Ross Seads known, and is
assumed to be 0.99 on the basis that the vastitgapbthe annual production of this species is
likely to be consumed by direct predation.

8 Summary of parameters

Parameters for krill, non-krill macrozooplankton, esnzooplankton, heterotrophic

microzooplankton and heterotrophic flagellates given below in Table 1 and Table 2. Where
required in the model, parameters are combineddmybming these parameters in appropriate
proportions according to biomass.

Table 1. Summary of parameters for zooplankton in the trophodel. Wet weight biomasses, in addition
to average carbon densities used in the modeglsoegiven for krill and macrozooplankton.

B B P/B Q/B P/Q u

gC m? tWw gC m?y! | gC m?y*
Euphausia crystallorophias 0.041 682 369 1.8 18 0.14 0.20
Euphausia superba 0.092| 1541 097% 1.1 8.3 0.13 0.20
Other macrozooplankton 0.037 623 421 2.0 15 (.13 200D.
Mesozooplankton 0.94 4.8 16 0.30 0.25
Heterotrophic microplankton 0.40 21 61 0.35 0.30
Heterotrophic flagellates 0.30 62 177 0.35 0.16

Table 2. Summary of diets for zooplankton in the trophic mlod
Predator (proportionsin diet
E. crystal- Other macro- Meso- Heterotrophic| Heterotrophic

Prey orophias E. superba| zooplankton | zooplankton| microplankton| flagellates
Other macrozoo 0.05
Mesozooplankton 0.35 0.02
Het. microplankton 0.21 0.22 0.20 0.15
Het. flagellates 0.35 0.35 0.03 0.43 0.20 0.07
Phytoplankton 0.30 0.30 0.30 0.40 0.40 0.78
Ice metazoa 0.06 0.05 0.02
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Ice protozoa 0.03 0.02 0.01
Ice algae 0.05 0.06 0.04
Bacteria (water) 0.40 0.15

9 Acknowledgements

Funding for this work was provided by the New Zedld&oundation for Research, Science and
Technology (C01X0505: “Ross Sea sustainability”e YWank Dr Walker O. Smith Jnr (Virginia
Institute of Marine Sciences, College of WilliamdaMary, Gloucester Pt., VA 23062, USA) for
approval to access AESOPS/JGOFS zooplankton daar@/grateful to Dr Vladislav Barkhatov
(TINRO, Vladivostok) for unpublished macrozooplamktand mesozooplankton data (Appendix
2).

10 References

Ackley, S.F.; Bengtson, J.L.; Boveng, P.; Castgllh; Daly, K.L.; Jacobs, S.; Kooyman, G.L.;
Laake, J.; Quentin, L.; Ross, G.; Siniff, D.B.; \8&t, D.B.; Stirling, I.; Torres, J.;
Yochem, P.K. 2003. A top-down, multidisciplinaryudy of the structure and function of
the pack-ice ecosystem in the eastern Ross Searcting. Polar Record39(210): 219-
230.

Atkinson, A.; Siegel, V.; Pakhomov, E.A.; Rothe®,; Loeb, V.; Ross, R.M.; Quetin, L.B.;
Schmidt, K.; Fretwell, P.; Murphy, E.J.; Tarling, /A5, Fleming, A.H. 2008. Oceanic
circumpolar habitats of Antarctic krilMarine Ecology progress Seri862: 1-23.

Atkinson, A.; Synder, R. 1997. Krill-copepod intetians at South Georgia, Antarctica. |.
Omnivory byEuphasia superbhaarine Ecology Progress Serié$0: 63-76.

Atkinson, A.; Siegel, V.; Pakhomov, E.; Rothery,2B804. Long-term decline in krill stock and
increase in salps within the Southern Océdature432: 100-103.

Azzali, A.; Kalinowski, J. 2000. Spatial and temalodistribution of krill Euphausia superba
biomass in the Ross Sea (1989-1990 and 1994)ahanBa, F.M.; Guglielmo, L.; lanora,
A. (eds.) Ross Sea Ecology. Berlin, Springer-Veragt33—456.

Azzali, M.; Leonori, I.; De Felice, A.; Russo, AO@6. Spatial-temporal relationships between
two euphausiid species in the Ross &f@mistry and Ecology (Supp22: 219-233.

Baker, A. 1959. The circumpolar continuity of Ardie plankton specie®iscovery Repor7:
201-218.

Barange, M.; Gibbons, M.J.; Carola, M.; 1991. Déeid feeding ofEuphausia hansenand
Nematoscelis megalopéEuphausiacea) in the northern Benguela Currectlogical
significance of vertical space partitionirigarine Ecology Progress Seri@s: 173-181.

Becquevort, S.; Mathot, S.; Lancelot, C. 1992. rextdons in the microbial community of the
marginal ice zone of the northwestern Weddell Seaugh size distribution analysiBolar
Biology 12(2): 211-218.

Becquevort, S. 1997. Nanaprotozooplankton in tHamdit sector of the Southern Ocean during
early spring: biomass and feeding activitieeep Sea Research4#(1-2): 355-373.

Beers, J.R.; Stewart, G.L. 1970. Numerical abunelarand estimated biomass of
microzooplankton. In: J.D.H. Strickland (ed.) Thenlegy of the plankton off La Jolla.
California, in the period April through Septemb&867. Part V1Bulletin of the Scripps
Institution of Oceanography7: 67-87.

Bjgrnsen, P.; Kuparinen, J., 1991. Growth and kerlyiby heterotrophic dinoflagellates in the
Southern Ocean, studied by microcosm experiméfdasine Biology106: 1-9.

Boxshall, G.A. 1981. Community structure and reseypartitioning — the plankton. Forey, P.L.
(ed.) “The evolving Biosphere”. Cambridge, The Umbity Press, pp 143-156.

24



Bradford-Grieve, J.; Fenwick, G. 2001. A review tble current knowledge describing the
biodiversity of the Ross Sea. Final research refmrtMinistry of Fisheries, Research
Project ZBD2000/01 Objective 1 (in part). 93 pp.

Bradford-Grieve, J.M.; Probert, P.K.; Nodder, S.Dhompson, D.; Hall, J.; Hanchet, S.; Boyd,
P.: Zeldis, J.; Baker, A.N.; Best, H.A.; BroekhuizeN.; Childerhouse, S.; Clark, M.;
Hadfield, M.; Safi, K.; Wilkinson, I. 2003. Pilotdphic model for subantarctic water over
the Southern Plateau, New Zealand: a low biomagg) transfer efficiency system.
Journal of Experimental Marine Biology and Ecold§e: 223-262.

Brierley, A.S. et al. 2002. Antarctic krill undegasice; elevated abundance in a narrow band just
south of the ice edg&cience295: 1890-1892.

Brierley, A.S.; Watkins, J.L. 2000. Effects of se® cover on the swarming behaviour of
Antarctic krill, Euphausia superbaCanadian Journal of Fisheries and Aquatic Sciences
57(3): 24-30.

Brinton, E.; Ohman, M.D.; Townsend, A.W.; Knight,.IM; Bridgeman, A.L. 1999/2000:
Euphausiids of the World Ocean. Paris, UNESCO,ridiged by ETI, University of
Amsterdam. Macintosh version (1999), ISBN 3-5407D4B, Windows version (2000),
ISBN 3-540-14673-3. Approx. 600 Mbytes.

Caron, D.A.; Dennett, M.R.; Lonsdale, D.J.; Moral@.M.; Shalaponok, L. 2000.
Microzooplankton herbivory in the Ross Sea, AniaactDeep-Sea Researdh47: (15-
16): 3249-3272.

Cartes, J.E.; Maynou, F. 1998. Food consumptiobdtityal decapod crustacean assemblages in
the western Mediterranean: predatory impact of ff@emea and the food consumption-food
supply balance in the deep-water food wdharine Ecology Progress Serié31: 233-246.

Chase, Z.; Price, N.M. 1997. Metabolic consequenf@on deficiency in heterotrophic marine
protozoalimnology and Oceanograpt#2: 1673-1684.

Clarke, A.; R.J.G. Leakey 1996. The seasonal cg€lphytoplankton, micronutrients and the
microbial community in a near shore Antarctic mariecosystemLimnology and
Oceanographytb: 55-63.

Cripps, G.C.; Atkinson, A. 2000. Fatty acid compiosi as an indicator of carnivory in Antarctic
krill, Euphausia superb&anadian Journal of Fisheries and Aquatic Sciebég3): 31-37.

Cripps, G.C.; Hill, H.J. 1998. Changes in lipid quosition of copepods arifuphausia superba
associated with diet and environmental conditiontheé marginal ice zone, Bellingshausen
Sea, AntarcticaDeep-Sea Researchb: 1357-1381.

Cripps, G.C.; Watkins, J.L.; Hill, H.J.; AtkinsoA,. 1999. Fatty acid content of Antarctic krill
Euphausia superbat South Georgia related to regional populatiars ariations in diet.
Marine Ecology Progress Serié81: 177-188.

Daly, K.L.; Macaulay, M.C. 1988. Abundance andriligttion of krill in the ice edge zone of the
Weddell Sea, austral spring 19&8%ep Sea Researcl3b: 1564-1576.

Daly, K.L.; Macaulay, M.C. 1991. Influence of phgal and biological mesoscale dynamics on
the seasonal distribution and behavioulEaphausia superban the Antarctic marine ice
zone.Marine Ecology Progress Seri@9: 37—66.

Daniels, R.M; Richardson, T.L.; Ducklow, H.W. 200@od web structure and biogeochemical
processes during oceanic phytoplankton blooms: Wverse model analysifeep-Sea
Research Ib3: 532-554.

Dennett, M.R.; Mathot, S.; Caron, D.A.; Smith Jr,QV Lonsdale, D. 2001. Abundance and
distribution of phototrophic and heterotrophic nammd microplankton in the southern
Ross SedDeep Sea Research48, pp. 4019-4038.

Dodge, J.D.; Priddle, J. 1987. Species composiéind ecology of dinoflagellates from the
Southern Ocean near South Georgaurnal of Plankton Resear&{4): 685-697.

25



Drits, A.V.; Pasternak, A.F.; Kosobokova, K.N. 199Beeding, metabolism and body
composition of the Antarctic copep@hlanus propinquuBrady with special reference to
its life cycle.Polar Biology13: 13-21.

Dubischar, C.; Bathmann, U.V. 1997. Metazooplankfpazing across frontal systems in the
Southern Oceameep-Sea Research Partd4: 415-433.

Ducklow, H.W.; Fraser, W.; Karl, D.M.; Quetin, L;BRoss, R.M.; Smith, R.C.; Stammerjohn,
S.E.; Vernet, M.; Daniels, R.M. 2006. Water-columprocesses in the West Antarctic
Peninsula and the Ross Sea: Interannual variatioms foodweb structureDeep-Sea
Research Part 163(8-10): 834-852.

Edler, L. 1979. Recommendations on methods for maabiological studies in the Baltic Sea.
Baltic Marine Biology Publicatiorb: 1-38.

Edwards, D.D.; McFefers, G.A.; Ventatesan, M.l. 89Bistribution of Clostridium perfringens
and fecal sterols in a benthic coastal marine enuient by the sewage outfalls from
McMurdo Station, AntarcticaApplied and Environmental Microbiolo@4(7): 2596-2600.

Elbracter, M.; Zolfel, M., 1993. Taxonomy and eaploof heterotrophic ice-flagellates. In:
Spindler, M., Dieckmann, G., Thomas, D. (Eds). Bxgedition ANTARKTIS X/3 of RV
Polastern in 199Berichte zur Polarforschungi21: 26-29.

Eppley, R.W.; Reid, F.M.H.; Strickland, J.D.H. 197Bstimates of phytoplankton crop size,
growth rate and primary productidBulletin of the Scripps Institution of Oceanografdhy
33-42.

Everson, |. 1984. Zooplankton. In: Antarctic Ecglog/olume 2. Laws (ed.) pp 463-490.
Academic Press, London.

Fabry, V.J. 1989. Aragonite production by pteropoeallusc in the subarctic Pacifieep-Sea
Researct86(11A): 1735-1751.

Fenchel T. 1987. Ecology of Protozoa. Berlin, SgpeinVerlag. 197 p.

Fonda Umani, S.F.; Monti, M.; Nuccio, C. 1998. Mizooplankton biomass distribution in Terra
Nova Bay, Ross Sea (Antarcticapurnal of Marine Systenis’: 289-303.

Froneman, P.W.; Pakhamov, E.A.; Gurney, L.J.; HBW.V. 2002. Predation impact of
carnivorous macrozooplankton in the vicinity of tReince Edward Island archipelago
(Southern Ocean) in austral autumn 1998ep-Sea Research49(16): 3243-3254.

Froneman, P.W.; Pakhomov, E.A.; Perisinotto, R.Quaid, C.D. 1996. Role of microplankton
in the diet and daily ration of Antarctic zooplamktspecies during autral summitarine
Ecology Seried43: 15-23.

Fukichi, M.; Tanimura, A.; Ohtsuka, H. 1985. Maringological and oceanographical
investigations in Lutzow-Holm Bay, Antarctica. Artdc Nutrient Cycles and Food Webs,
W.R. Siegfrieds (ed), Berlin, Springer, 52-59.

Garrison, D.L.; Buck, K.R.; Gowing, M.M. 1993. Wartplankton assemblages in the ice edge
zone of the Weddell and Scotia Seas: compositiomdss and spatial distributiorideep-
Sea Research40(2): 311-338.

Genhai, Z. 1989. Diet analysis of Antarctic krilufthausia superba Dandacta Oceanologica
Sinica8(3): 457-462.

Genhai, Z.; Chen, S.; Zhao, G. 1993. Study on nand- microalgae in adjacent waters of the
Antarctica. 3. Species composition of nano- andegeof Euphausia superb@ana in
adjacent waters of the South Shetland IslaAas$arctic Research/Naniji Yanjiu. Shanghai
5(2): 43-51.

Gowing, M.M. Garrison, D.L. 2003. Larger microplaok in the Ross Sea: Abundance, biomass
and flux in the austral summekntarctic Research Seri@8: 243-260.

Hampton, I. 1985. Abundance, distribution and béhavof Euphausia superban the Southern
Ocean between 1%and 30 E during FIBEX. In: Siegfried, W.R.; Condy, P.Raws, R.M.
(eds.), Antarctic Nutrient Cycles and Food Websirger-Verlag, Berlin, pp. 294-203.

26



Hanchet, S.M.; J. Mitchell; D. Bowden; M. Clark; Ball; R. O’Driscoll; M. Pinkerton; D.
Robertson. 2008. Preliminary report of the New ZedlIRV Tangaroa IPY-CAML survey
of the Ross Sea region, Antarctica, in February-em&008. CCAMLR document WG-
EMM-08/18.

Hernandez-Leon, S.; Portillo-Hahnefeld, A.; Almeida; Becognee, P.; Moreno, I. 2001. Diel
feeding behaviour in the Gerlache Strait, AntaectMarine Ecology Progress Seri@23:
235-242.

Hewitt, R.; and 16 co-authors. 2002. Setting a gm#onary catch limit for Antarctic krill.
Oceanographyl5(3): 26-33.

Hicks, G.R.F. 1974. Variation in zooplankton biomagth hydrographical regime beneath the
seasonal ice, McMurdo Soun, Antarctibeew Zealand Journal of Marine and Freshwater
Researct8(1): 67-77.

Hopkins, T.L. 1971. Zooplankton standing crop ie fPacific sector of the Antarctic. In: Llano,
G.A. & Wallen, |L.E. (eds), Biology of the Antarct®eas IV. American Geophysical Union,
Washington D.CAntarctic Research Serids: 347-362.

Hopkins, T.L. 1987. Midwater food web in McMurdo 8w, Ross Sea, AntarcticMarine
Biology 96: 93-106.

Hunt, B.P.V.; Pakhomov, E.A.; Hosie, G.W.; Siegél, Ward, P.; Bernard, K. 2008. Pteropods
in Southern Ocean ecosysterAsogress in Oceanograpti8: 193-221.

Huntley, M.; Zhou, M. 2000. US JGOFS Data SystenmutBern Ocean zooplankton
displacement volumes from MOCNESS tows. U.S. JGOR&ilable (January 2009)
from: http://usjgofs.whoi.edu/jg/dir/jgofs/

Huntley, M.E.; Nordhausen, W. 1995. Ammonia cyclimg Antarctic zooplankton in winter.
Marine Biology121(3): 457-467.

Huntley, M.E.; Nordhausen, W.; Lopez, M.D.G. 198femental composition, metabolic activity
and growth of Antarctic krilEuphausia superbduring winter.Marine Ecology Progress
Seriesl07: 23-40.

Ikeda, T. 1985. Life history of Antarctic krilEuphausia superbaA new look from an
experimental approacBulletin of Marine Science37: 599-608.

Ikeda, T.; Kirkwood, R. 1989. Metabolism and bodynposition of two euphausiid&@phausia
superbaand E. crystallorophia} collected from under the pack-ice off Enderby dan
Antarctica.Marine Biology100: 301-308.

Ju, S.-J.; Harvey, H.R. 2004. Lipids as markeraudfitional condition and diet in the Antarctic
krill Euphausia superband Euphausia crystallorophiaguring austral winterDeep-Sea
Research I61(17-19): 2199-2214.

Kawaguchi, S.; T. Yoshida; L. Finley; P. Cramp; NBcol, 2007. The krill maturity cycle: a
conceptual model of the seasonal cycle in Antakailc Polar Biology30(6): 689-698.
Kigrboe, T., 1998. Population regulation and rdlenesozooplankton in shaping marine pelagic

food websHydrobiologia 363(1-3)13-27.

Kirkwood, J.M. 1996. The development Bfiphausia crystallorophiam Ellis Fjord, Vestfold
Hills, Antarctica.Polar Biology16: 527-530.

Klaas, C. 1997. Microprotozooplankton distributiamd grazing impact in the open waters of the
Antarctic Circumpolar CurrenDeep-Sea Research4#l: 375-393

Landry, M.R.; K.E. Selph; S.L. Brown; M.R. Abbo@;l. Measures; S.M. Vink; C.B. Allen; A.
Calbet; S. Christensen; H. Nolla. 2002. Seasonalaahcs of phytoplankton in the
Antarctic Polar Front region at 170°\Deep Sea Research Part4l9: 1843-1865.

Lascara, C.M.; Hoffman, E.E.; Ross, R.M.; QuetinB.L1999. Seasonal variability in the
distribution of Antarctic krill, Euphausia superhavest of the Antarctic PeninsulBeep-
Sea Research46(6): 951-984.

27



Laws, E.A.; Falkowski, P.; Smith, W.O. Jr.; DuckloW.W.; McCarthy, J.J. 2000. Temperature
effects on export production in the open ocdalobal Biogeochemical Cyclest: 1231-
1246.

Lessard, E.J.; Rivkin, R.B. 1986. Nutrition of nuzooplankton and macrozooplankton from Mc-
Murdo SoundAntarctic Journal of the US1: 187-188.

Lessard, E.J.; Swift, E. 1985. Species-specifizigrarates of heterotrophic dinoflagellates in
oceanic waters, measured with a dual-label radimieo technigueMarine Biology 87,
289-296.

Lessard, E.J.; Swift, E. 1986. Dinoflagellates frima North Atlantic classified as phototrophic
or heterotrophic by epifluorescence microscopyurnal of Plankton Researcdt 1209—
1215.

Lindley, J.A. 1982. Population dynamics and progiurctof euphausiids. 4zuphausia krohni,
Nematoscelis megalopsnd Thysanoessaregaria and eight rare species in the North
Atlantic OceanMarine Biology71(1): 1-6.

Littlepage, J.L. 1964. Seasonal variation in lipwhtent of two Antarctic marine Crustacea. In:
Carrick, R.; Holdgate, M.; Prévost, F. (eds) Bidodntarctique, Pp. 463-470, Herman,
Paris.

Lonsdale, D.J.; Caron, D.A.; Dennett, M.R.; ScheffrR. 2000. Predation hyithonaspp. on
protozooplankton in the Ross Sea, Antarctideep Sea Research Partd¥(15-16), 3273-
3283.

Makarov, R.R.; Men'shenina, L.L.; Timonin, V.P.;8hnov, N.A. 1991. Ecology of larvae and
reproduction of Euphausiidae in the Ross $alogiya Morya3: 156-162. [Translation
from Russian. Original Article published 1988]

Makarov, R.R.; Men’shenina, L.L.; Solyankin, EM9R. Euphausiid larvae in the eastern part of
the Weddell GyreOceanology32(2): 276-284.

Marin, V.H.; Brinton, E.; Huntley, M. 1991. Deptlelationships ofEuphausia superb&ggs,
larvae and adults near the Antarctic PeninsulapX8 Deep-Sea ResearcBB8(8-9A):
1249-1249.

Marr, J. 1962. The natural history and geographythef Antarctic krill Euphausia superba
Dana).Discovery ReporB82: 33-464.

Mayzaud, P.; Razouls, S.; Errhif, A.; Tirelli, M.abat, J.P. 2002a. Feeding, respiration and egg
production rate of copepods during austral sprimghie Indian sector of the Antarctic
Ocean: role of the zooplankton community in carb@msformationDeep-Sea Research
49(6): 1027-1048.

Mayzaud, P.; Tirelli, V.; Errhif, A.; Labat, J.PRazouls, S.; Perissinotto, R. 2002b. Carbon
intake by zooplankton. Importance and role of zankton grazing in the Indian sector of
the Southern Oceabeep-Sea Research4D: 3169-3187.

McClatchie, S.; Rakusa-Suszczewski, S.; Filcek,1891. Seasonal growth and mortality of
Euphausia superbm Admiralty Bay, South Shetland Islands, AntartatiCES Journal of
Maine Sciencd8: 335-342.

McConnaughty, R.A.; Conquest, L.L. 1992. Trawl ®yvestimation using a comparative
approach based on lognormal thedtighery Bulletin91: 107-118.

Menushutkin, V.V. 1993. Model of population of Arttc krill. In: Voronina, N.M. (ed.) Pelagic
ecosystems of the Southern Ocean, Moscow, pp. 882(Ih Russian).

Metz, C. 1998. Feeding dDncaea curvata(Poecilostomatoida, Copepod&arine Ecology
Progress Serie$69: 229-235.

Metz, C.; Schnack-Schiel, S.B. 1995. Observatiangarnivorous feeding in Antarctic calanoid
copepodsMarine Ecology Progress Seri@29: 71-73

Meyer, B.; Atkinson, A.; Blume, B.; Bathmann, U.2003. Feeding and energy budgets of larval
Antarctic krill Euphausia superba summerMarine Ecology Progress Seri@b7: 167-
177.

28



Miller, D. 2003. Species profile Antarctic KrilEuphausia superfa Unpublished CCAMLR
document, version 5: 21 May 2003, CCAMLR Secreta8a pp.

Miller, D.G.M.; Hampton, |. 1989. Biology and ecglpof the Antarctic krill Euphausia superba
Dana): A review. Biological Investigation of MarinAntarctic Systems and Stocks
(BIOMASS) Vol. 9, SCAR / SCOR, Cambridge, Englasaott Polar Research Institute.
199 p.

Miller, D.G.M.; Hampton, |. 1989. Biology and ecglpof the Antarctic krill Euphausia superba
Dana): a review. International Council of Sciewtifunions. Scientific Committee on
Antarctic Research. BIOMASS scientific series; 166.

Miller, D.G.M.; Hampton, I.; Henry, J.; Abrams, R.WCooper, J. 1985. The relationship
between krill food requirements and phytoplanktondpiction in a sector of the Southern
Indian Ocean. In: Siegfried, W.R.; Condy, P.R.; taiR.M. (eds), Antarctic Nutrient
Cycles and Food Webs. Springer-Verlag, Berlin,36§2-371.

Monti, M., Fonda Umani, S., 2000. Distribution dfetmain microzooplankton taxa in the Ross
Sea (Antarctica): austral summer 1994. In: FaraRdd,, Guglielmo, L., lanora, A. (Eds.),
Ross Sea Ecology. Springer-Verlag, Berlin, pp. 2Z68.

Nicol, S.; S. Kawaguchi, 2004. Developing conceptuadels of elements of the Antarctic
marine ecosystem: Antarctic krilE(phasusia superbaUnpublished paper for CCAMLR.
WG-EMM-04/05, 25 June 2004.

Nicol, S.; Virtue, P.; King, R.; Davenport, S.R.cMaffin, A.F.; Nichols, P. 2004. Condition of
Euphausia crystallorophiagn East Antarctica in winter in comparison to otlseasons.
Deep-Sea Research3lL(17-19): 2215-2224.

Nishino, Y.; Kawamura, A. 1994. Feeding ecologyAattarctic krill (Euphausia superb®ana).
Bull. Fac. Bioresour. Mie Univ./Miedai SeibutsusingKiyo249-264.

Nordhausen, W. 1994. Winter abundance and distobutof Euphausia superhakE.
crystallorophias and Thysanoessa macrourin Gerlache Strait and Crystal Sound,
Antarctica.Marine Ecology Progress Seri@éf9: 131-142.

Nordhausen, W.; Huntley, M.; Lopez, M. D. G. 19BACER: Carnivory byEuphausia superba
during the Antarctic winterAntarctic Journal of the United Statgg: 181-183.

O'Brien, D. P. 1987. Direct observations of theawetur of Euphausia superband Euphausia
crystallorophias(Crustacea: Euphausiacea) under pack ice durmgittiarctic spring of
1985.Journal of Crustacean Biology. 437-448.

O'Driscoll R.L.; Macaulay, G.J.; Gauthier, S.; Rinon, M.; Hanchet, S. 2009. Preliminary
acoustic results from the New Zealand IPY-CAML synof the Ross Sea region in
February-March 2008CCAMLR SG-ASAM-09-087 p.

@resland, V. 1991. Feeding of the carnivorous cog€pchaeta antarcticén Antarctic waters.
Marine Ecology Progress Seri@8: 41-47.

Pakhomov, E.A.; Atkinson, A.; Meyer, B.; Oettl, BBathamann, U. 2004. Daily rations and
growth of larval krill Euphausia superba the Eastern Bellingshausen Sea during austral
autumn.Deep-Sea Research31(17-19): 2185-2198.

Pakhomov, E.A.; Froneman, P.W. 2004. Zooplanktamadyics in the eastern Atlantic sector of
the Southern Ocean during the austral summer 1998/4 Part 2: Grazing impaddeep-
Sea Research 81: 2617-2631.

Pakhomov, E.A.; Perissinotto, R. 1996. Antarctidtiwekrill Euphausia crystallorophiasSpatio-
temporal distribution, growth and grazing rateeep-Sea Research4B: 59-87.

Pakhomov, E.A.; Perissinotto, R. 1997. Spawningcese and grazing impact &uphausia
crystallorophiasin the Antarctic shelf region. In: Antarctic comnities: species, structure
and survival. Battaglia B.; J. Valencia; D.W.H. \Wéal (eds). Cambridge University Press
Cambridge 187-192.

29



Pakhomov, E.A.; Perissinotto, R.; Froneman, P.Wa819bundance and trophodynamics of
Euphausia crystallorophiaim the shelf region of the Lazarev Sea duringralispring and
summerJournal of Marine Systenis: 131-324.

Pasternak, A.F.; Schnack-Schiel, S.B. 2001. Feepltiggrns of dominant Antarctic copepods: an
interplay of diapause, selectivity, and availapitf food. Hydrobiologia453/454; 25-36.

Perissinotto, R.; Gurney, L.; Pakhomov, E.A. 20006ntribution of heterotrophic material to diet
and energy budget of Antarctic krill, Euphausiaestya.Marine Biology136: 129-135.

Price, H.R.; K.R. Boyd; Boyd, C.M. 1988. Omnivordigeding behaviour of the Antarctic krill
Euphausia superbad/arine Biology97: 67-77.

Priddle J.; Croxall, J.P.; Everson, |. et al. 1988rge-scale fluctuations in distribution and
abundance of krill — a discussion of possible cauke Sahrhage D. (ed.) Antarctic Ocean
resources and Variability, Springer-Verlag, Berlin.

Putt M.; Stoeker D.K. 1989. An experimentally detered. carbon:volume ratio for marine
‘oligotrichous’ ciliates from estuarine and coastaters.Limnology and Oceanography
34:1097-11083.

Quetin, L.B. and Ross R.M., 1991. Behavioural ahgspplogical characteristic of the Antarctic
krill, Euphasia superha@merican Zoologis81: 49-63.

Quetin, L.B.; R.M. Ross; A. Clarke. 1994. Krill egetics: seasonal and environmental aspects of
the physiology ofEuphausia superbdn: S.Z. El-Sayed (Ed). Southern Ocean Ecology:
The BIOMASS Perspective. Cambridge University Pr€ssnbridge, 165—-184.

Rakusa-Suszczewski, S.; Stepnik, R. 1980. Threeiesp®f krill from Admiralty Bay (King
George, South Shetlands), in summer 19788@ar Archiv fir Hydrobiologie27(2): 273—
284.

Robins, D.B.; Harris, R.P.; Bedo, A.W.; FernancEz, Fileman, T.W.; Harbour, D.S.; Head,
R.N. 1995. The relationship between suspendedcpéate material, phytoplankton and
zooplankton during the retreat of the marginalZoee in the Bellingshausen Sé&eep-
Sea Research #2(4-5): 1137-1158.

Roman, M.R.; Rublee, P.A. 1981. A method to deteeniin situ grazing rates on natural particle
assemblage$darine Biology65: 303-309.

Ross, R.M.; Quetin, L.B.; Baker, K.S.; Vernet, mith, R.C. 2000. Growth limitation in young
Euphausia superbander field conditiond.imnology and Oceanograpl#b(1): 31-43.

Ross, R.M.; Quetin, L.B.; Newberger, T.; Oakes,.2804. Growth and behaviour of larval krill
(Euphausia superBaunder the ice in late winter 2001 west of the akatic Peninsula.
Deep-Sea Research3lL(17-19): 2169-2184.

Safi, K.A.; Griffiths, F.B.; Hall, J.A. 2007. Micmmoplankton composition, biomass and grazing
rates along the WOCE SR3 line between TasmaniaAaalctica.Deep Sea Research |
54:1025-1041.

Sala, A.; Azzali, M.; Russo, A. 2002. Kirill of thRoss Sea: distribution, abundance and
demography ofEuphausia superband Euphausia crystallorophiagluring the Italian
Antarctic Expedition (January-February 2008gientia Marina66(2): 123-133.

Samyshev, E.Z.; A.l. Lushev. 1983. Food ration dtsd components in Antarctic Kkrill.
Oceanology23(6): 763-766.

Schnack, S.B. 1985. Feeding Byphasia superband copepod species in response to varying
conditions of phytoplankton. In: Antarctic Nutrie@ycles and Food Webs. Siegfried,
W.R., P.R. Condy and R.M. Laws (eds). Springer-&grBerlin, Germany, 311-323.

Schack-Schiel, S.B.; Hagen, W.; Mizadlski, E. 1998asonal carbon distribution of copepods in
the eastern Weddell, Sea, Antarctidaurnal of Marine Systermis/(1-4): 305-311.

Schnack, S.B.; Smetacek, V.; Bodungen, B. v..; 18&m, P. 1985. Utilization of phytoplankton
by copepods in Antarctic waters during sprihg. Gray, J.S.; Christiansen, M.E. (eds).
Marine Biology of Polar Regions and Effects of S&ren Marine Organisms. Chcichester,
John Wiley & Sons. p. 65-81.

30



Scott, F.J.; Davidson, A.T.; Marchant, H.J. 200kazihg by the. Antarctic sea ice ciliate
Pseudocohnilembu®olar Biology24: 127-131.

Sertorio, T.Z.; Licandro, P.; Ossola, C.; Artegai@n 2000. Copepod communities in the Pacific
Sector of the Southern Ocean in early summer. bssRSea Ecology, Faranda, F.M.;
Gulielmo, L.; lanora, A. (eds)., Springer, Berlifp. 292-307.

Sherr, E.B.; Sherr, B.F. 1993. Preservation andagt of samples for enumeration of
heterotrophic protists. p. 207-212, In: P. Kemp, err, E. Sherr, and J. Cole (eds),
Current Methods in Aquatic Microbial Ecology, Leviasibl., NY..

Shushkina, E.A.; Vinogradov, M.E.; Lebedeva, L.RP98. Biotic balance in the ocean and
estimation of the organic matter flux from epipétagones on the basis of satellite and
expeditionary dataDceanology38: 628-635. (Translation from Russian).

Siegel, V. 1986. Structure and composition of theatctic krill stock in the Bransfield Strait
(Antarctic Peninsula) during the Second InternatioBIOMASS Experiment (SIBEX).
Archiv fuer Fischereiwissensch&t: 51-72.

Siegel, V. 1987. Age and growth of Antarctic Eupianea (Crustacea) under natural conditions.
Marine Biology96: 483-495.

Siegel, V. 2000a. Krill (Euphausiacea) life histaryd aspects of population dynamiCanadian
Journal of Fisheries and Aquatic Sciert€g3): 130-150.

Smetacek, V.; Scharek, R.; Nothig, E.-M. 1990. 8eakand regional variation in the pelagial
and its relationship to the life history of krilln: K.R. Kerry and G. Hempel (eds).
Antarctic Ecosystems: Ecological Change and Comasierv. Springer-Verlag, Heidelberg:
103-114.

Stoecker, D.K.; Putt, M.; Moisan, T. 1995. Nanod anicroplankton dynamics during the spring
Phaeocystisp. bloom in McMurdo Sound, Antarcticdournal of the Marine Biological
Association of the UK5: 815-832.

Strathmann, R.R. 1967. Estimating the organic cadmmtent of phytoplankton from cell volume
or plasmic volumelimnology and Oceangrapt2: 411-418.

Tagliabue, A.; Arrigo, K.R. 2003. Anomalously lowaplankton abundance in the Ross Sea: An
alternative explanatior.imnology and Oceanograpi#g(2): 686-699.

Timonin, V.P. 1987. Distribution pattern and agenposition of larvaEuphausia superbBana
in the Pacific and Indian Ocean sectors of the #mita Ocean. Biologo-
Okeanografisheskie Issledovaniya TikhookeanskokimiBeAntarktiki1l19-135.

Tortell, P.D.; Maldonado, M.T.; Price, N.M. 1996hd role of heterotrophic bacteria in iron-
limited ocean ecosystenfdature383(6598): 330-332.

Tseitlin, V.B. 1989. Biomass and production of Awte krill. In: Ponomareva, L.A. (ed.)
Complex studies of the plankton of the Southerna@¢énstitute of Oceanology, Academy
of Sciences, Moscow. pp. 118-122. (In Russian).

Umani, S.F.; Monti, M.; Nuccio, C. 1998. Microzoapkton biomass distribution in Terra Nova
Bay, Ross Sea (Antaracticdpurnal of Marine Systenis/(1-4): 289-303.

Urban-Rich, J.; Dagg, M.; Petersen, J. 2001. Copepazing on phytoplankton in the Pacific
sector of the Antarctic Polar Fromeep-Sea Research48(19-20): 4223-4246.

Vanucci, S.; Bruni, V. 1998. Presence or absenga@amfphytoplankton in the western Ross Sea
during spring 1994: a matter of size definitid?dlar Biology20: 9-13.

Verity, P.G.; Langdon, C. 1984. Relationship betwéwica volume, carbon, nitrogen, and ATP
content of tintinnids in Narragansett Bdpurnal of Plankton Resear&t: 859-868.

Verity, P.G.; Stoecker, D.K.; Sieracki, M.E.; Natsd.R.; 1993. Grazing, growth and mortality
of microzooplankton during the 1989 North Atlansigring bloom at 47°N, 18°W\Deep-
Sea Research40: 1793-1814.

Voronina, N.M. 1983. Biomass and production of Adtig krill (Euphausia superb&®ana).
Oceanology23(6): 760-761.

31



Voronina, N.M. 1995. Euphausiid larvae in the seuathpart of the Pacific sector of Antarctic in
February to March, 1998 ceanologyd5 (5): 725-732. [English language edition 1996.]

Voronina, N.M. 1998. Comparative abundance andiligton of major filter-feeders in the
Antarctic pelagic zonelournal of Marine Systenis’: 375-390.

Voronina, N.M.; Maslennikov, V.V. 1993. Plankton as indicator of water transport in the
Antarctic.Okeanologiya83(5): 717-720.

Voronina, N.M.; Menshutkin, V.V.; Tseytlin, V.B. 89a. Production of the common species of
Antarctic copepod<Calanoides acutu®ceanology20(1): 90-93.

Voronina, N.M.; Menshutkin, V.V.; Tseytlin, V.B. 88b. Model investigations of the annual
production cycle of the abundant copepod speRigisicalanus gigasnd estimate of its
production in the Antarcti®ceanology20(6): 709-713.

Ward, P.; Atkinson, A.; Murray, AW.A.; Wood, A.GWilliams, R.; Poulet, S.A. 1995. The
summer zooplankton community at South Georgia: bB&sn vertical migration and
grazing.Polar Biology15: 195-208.

Weibe, P.H. 1988. Functional regression equationszdoplankton displacement volume, wet
weight, dry weight, and carbon: a correctiBishery Bulletind6(4): 833-835.

Zhong, X.; Wang, R. 1993. Distribution and larvavdlopment oEuphausia crystallorophias
the Prydz Bay region, AntarcticAntarctic Research/Nanji Yanjiu. Shanghé): 32-39.
Zhou, M.; Nordhausen, W.; Huntley, M.E. 1994. AD@fasurements of the distribution and
abundance of euphausiids near the Antarctic pelainswinter.Deep-Sea Researchil:

1425-1445.

Zhou, M.; Zhu, Y.; Petersen, J.0. 2004 situ growth and morthality of mesozooplankton during
the austral fall and winter in Marguerite Bay at&l vicinity. Deep-Sea Research Il 51
2099-2118.

Zvereva, Zh. A. 1975. Seasonal changes of Antaptéinkton in the Molodezhnaya and Mirny
Region. In: “Geographical and seasonal variabilify marine plankton.” Leningrad,
Zoological Institute, Academy of Sciences, USSR 3p.

32



Appendix 1: Biomass estimation from Barkhatov data

Dr Vladislav Barkhatov (TINRO, Vladivostok) kindlgrovided unpublished macrozooplankton
and mesozooplankton data that was collected betweEabruary — 26 March 1982 from the
research vessel “Mys Junony”, using an Isaacs-Kidtvater trawl and Juday Net, respectively.
1982 was a year when there was extensive open imdtee Ross Sea. Twenty-five stations were
sampled from 0-100, 100-200 and often 200-500muff€i@). At a number stations, samples
were taken from near the sea floor, but 7 statimtsa depth between 700 more than 1000 m.

Figure 3. Stations at whictlBarkhatov data are available and used here (relés)r

The more conspicuous species found in these samples Coelenteratd{pulmaris antarctica
Calycopsis borchgrevinki Nausithoe sp.), Pteropoda (flione limacina Limacina helic,
Amphipoda Hyperiella dilatata H. macronyx Cyllopus lucas), EuphausiaceaE(iphausia
superba E. crystallorophiasThysanaessa macruraChaetognathaSagitta gazellae, Eukrohnia
hamatg, and SalpidaeSalpa gerlachgi

Integrated non-salp macrozooplankton wet weight e@sverted to carbon biomass using an
average of the relationships of Weibe (1988) ardidk& Kirkwood (1989). Salp wet weight was
converted to units of carbon using the observatafridubischar et al. (2006) which indicate that
for Salpadry weight is about 4% of wet weight and carbonteat about 8.5% of dryweight.
Mesozooplankton wet weight was converted to cafiomass using the relationship of Weibe
(1988).

Integrated biomass from the surface to the sea iffoestimated from the 1982 data assuming that
decreases in macrozooplankton biomass decreasearlyinwith depth from the deepest
measurement to 200 m. We use the same approachesozooplankton, assuming negligible
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biomass of mesozooplankton below 200 m consistéhtagoustic data in the region (O’Driscoll
2006; O'Driscoll & Macaulay 2003).
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