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1 Introduction

In this section we deal with:

o |ce (crystal) krill (Euphausia crystallorophias)
Antarctic krill (Euphausia superba)
Macrozooplankton other than euphausiids (>20 mm)
Mesozooplankton (0.2-20 mm)

Heterotrophic microplankton (20-200 pum)
Heterotrophic flagellates (2—20 pm)

2 Euphausia crystallorophias

2.1 Distribution and development

Euphausia crystallorophias is found preferentially in the shallower parts of the western Ross Sea
(Makarov et al. 1991; Brinton et al. 2000; Azzali & Kalinowski, 2000; Sala et al. 2002; Azzali et
al. 2006), and in the eastern parts (Ackley et al. 2003). Distribution information (Azzali et al.
2006; Ackley et al. 2003) suggests that the seaward distribution of this species ends at the shelf
break. In the west, north of 74°S, this species was found only in small numbers and only in
shallow waters in the neritic zone.

E. crystallorophias appears to feed vigorously during summer, with high growth rates. During
winter (from April at least until August) growth slows (Kirkwood 1996; Nicol et al. 2004),
presumably because consumption reduces, as food availability decreases. Littlepage (1964)
records the lipid content of E. crystallorophias from May 1961 — January 1962. Lipids made up
to 36% of body dry weight during late summer and early winter, but decrease at a constant rate
throughout the winter to a low of 9% just prior to the major plankton bloom between December-
February. E. crystallorophias appears to spawn in November to early December, and there seems
to be no build up of lipids prior to reproduction. It appears therefore, that stored lipids serve to
sustain metabolism during the winter period when food availability is low. The period of
reproduction of E. crystallorophias seems to be timed to ensure that diatoms are available to the
early larval stages. The development of Ross Sea polynya may be important in the early start to
spawning of E. crystallorophias compared with E. superba (Makarov et al. 1991). E.
crystallorophias take about 2 years to reach adulthood, completing larval development under the
sea ice during the Antarctic winter (Kirkwood, 1996; see also Pakhomov & Perissinotto, 1997).
The mean time for the eggs of E. crystallorophias eggs to develop to furcilia stage VI was 236
days — this is twice the time that E. superba takes to develop. The reason for this may be the low
temperatures or the low levels of food available. According to Nicol et al. (2004) low food
abundance during winter leads to a decreased growth rate, significantly increased intermoult
period, and a switch to carnivorous/detrital diet. This species is more dependent on stored lipids
to overwinter than E. superba (Ju & Harvey 2004).


mailto:mhpinkerton@hotmail.com

2.2 Biomass

Our estimates of E. crystallorophias biomass in the Ross Sea are taken from the study of Sala et
al. (2002) in January and February 2000. Sala et al. (2002) show that E. crystallorophias is
distributed on the continental shelf of the Ross Sea and close to the Ross Ice Shelf in numbers
that were twice the density of E. superba although the latter species is much larger. Samples were
taken using a Hamburg Plankton Net with a mouth opening of 5 m? using double oblique
deployment towed at 3 knots approximately. Sala et al. (2002) reports wet-weight biomass
densities (qww/1000 m®) of E. crystallorophias in column 11 of Table 1 in Sala et al. (2002).
Wet-weight densities of E. crystallorophias up to between 0.02-474 gWW/1000m* were found,
with an average value for E. crystallorophias and E. superba combined of 294 g\WW/1000m".

We estimated annual average carbon biomass for E. crystallorophias for the Ross Sea study
region from the values given by Sala et al. (2002) as follows. First, we converted measured
densities of wet-weight of E. crystallorophias to concentrations of carbon. Two methods of
converting to carbon were applied. First, we used the relationship of Weibe (1988): log;o(W) = -
1.537 + 0.852 log:o(C) where W = wet weight (g m™), and C = carbon concentration (mgC m™®).
This leads to a carbon:WW ratio of about 3-6%. Second, we took body carbon content of E.
crystallorophias to be 40.9-45% of total dry weight (Ikeda & Kirkwood, 1989). Dry weight is
often assumed to be c. 13% of wet weight (Bradford-Grieve et al. 2003). Weibe (1988) give a
relationship for converting wet weight to dry weight of zooplankton: logo(D) = -2.002 + 0.950
log1o(W) where W = wet weight (g m™), and D = dry weight (mgC m™®). This relationship suggests
dry weight is c. 12% of wet weight for the E. crystallorophias biomass concentrations measured
in the Ross Sea. These suggest a carbon:WW ratio of about 5.5%. For typical concentrations of E.
crystallorophias given by Sala et al. (2002), the two methods differed by ~40%, with the first
method (Weibe 1988) giving lower values than the second (lkeda & Kirkwood 1989). We used an
average of the two methods, with an average value of 3.8%.

Next, we used the carbon concentrations to estimate integrated water column carbon biomass. We
assumed that the E. crystallorophias density tabulated was an average over the maximum fishing
depth for the trawl. The depths of the oblique tows were from the surface to between 17-299 m.
This means that the measurements made were often not sampling the whole population as
O’Brien (1987) shows that diel vertical migrations of E. crystallorophias occur between the
surface and at least 100 m off Enderby Land and most of the population was below 40 m between
0600-2400 h. The maximum depth of E. crystallorophias in the Ross Sea is not known, though
Nordhausen (1994) shows E. crystallorophias deeper than 200 m in the Gerlache Strait in winter.

The time of day when the tows were carried out is not given by Sala et al. (2002). Here, we
assume: (1) that E. crystallorophias density is constant to 100 m or the maximum fishing depth,
whichever is deeper; (2) that there are negligible E. crystallorophias below 200 m or at the sea-
bed, whichever is shallower; (3) that between these depths, E. crystallorophias density decreases
linearly with depth. These considerations suggest that the tows reported by Sala et al. (2002) are
measuring 47% of the E. crystallorophias in the water column on average.

Data from Italian surveys of krill presented in Sala et al. (2002) and later summarised in Azzali et
al. (2006) did not extend east of 175°30°W so that concentrations of E. crystallorophias over the
Ross Sea shelf to the east of the area were not measured. To calculate an average biomass of
Euphausia crystallorophias over the whole study area we divided the stations sampled by Sala et
al. (2002) into three groups depending on depth: stations shallower than 500 m, between 500 and



1000 m, and deeper than 1000 m. We make the assumption that the stations visited by Sala et al.
(2002) have E. crystallorophias densities that are representative of waters of similar depths in the
whole of the study region because Sala et al. (2002) visited stations over a large area (70°-77°S,
164°E-176°W) in an approximately regular grid. Makarov et al. (1991) surveyed larval
abundance of E. crystallorophias and E. superba in the Ross Sea in 1982, and values east of 176°
appear comparable with values further west at similar depths. We note that measurements of E.
crystallorophias biomass in these eastern waters would improve confidence in our estimates of
average E. crystallorophias biomass for the study area. We calculated an estimate of the mean E.
crystallorophias biomass within each of the three depth groups. Sala et al. (2002) reports that the
spatial distribution of E. crystallorophias biomass was frequently patchy, and samples taken from
these assemblages were characterised by values of biomass that are typically small, with a few
very large exceptions. As the means of such data may be oversensitive to extreme values,
McConnaughty & Conquest (1992) suggested that biomass of aggregated stocks should be
calculated using the geometric mean. The estimator was calculated by exponentiating the mean of
the In(x+1) — transformed data and subtracting one. This estimator may provide more effective
assessment of the overall density of overdispersed stocks. Zero catches were included in the
calculation to allow for the fact that E. crystallorophias and E. superba populations are almost
entirely separate in space in the Ross Sea (Sala et al. 2002). The data show that E.
crystallorophias is most abundant on average in water between 500 and 1000 m deep (average
biomass of 0.97 gWW m®). E. crystallorophias was reasonably abundant in the shallow water.
The study area comprises 29% water shallower than 500 m, 41% of water depths between 500
and 1000 m, and 30% water deeper than 1000 m. The average E. crystallorophias biomass
densities for the three depth groups were combined in these proportions. Our estimate of E.
crystallorophias average biomass density for the whole study region is 0.70 gWW m™ consistent
with Azzali et al. (2006) who worked up the same data in a different way. This result implies a
total wet weight of 440 000 t of E. crystallorophias in the study region during the summer.

Measurements of E. crystallorophias density by Sala et al. (2002) were made in the summer
(Jan/Feb 2000), and ideally we would take into account the seasonal variation in E.
crystallorophias abundance to estimate an annual average density. E. crystallorophias lives to the
age of 5 years or more, but a representative annual cycle of E. crystallorophias abundance in the
Ross Sea is not known. Azzali et al. (2006) present data from Italian surveys of krill in the Ross
Sea in November, December and January, but because these are in different years, it is not
possible to estimate a seasonal cycle from the data. E. crystallorophias appears to spawn in
November to early December and completes its larval development under the sea ice during the
Antarctic winter (Kirkwood 1996; see also Pakhomov & Perissinotto 1997). Mortality is likely to
be higher for larval E. crystallorophias, and decrease with age. Without further information, it is
not possible to estimate seasonal variations in E. crystallorophias biomass in the Ross Sea, and
we assume that it is approximately constant through the year.

Next, we consider whether the measurements by Sala et al. (2002) in the summer 2000 are typical
of the long-term average krill abundance in the study region, as krill abundance is known to vary
considerably from year to year. Pakhomov & Perissinotto (1997) show abundances of larval E.
crystallorophias varying by several orders of magnitude between years in the Cooperation Sea.
Atkinson et al. (2004) reviewed time series of krill abundance through the Southern Ocean, and
showed interannual variability of about an order of magnitude (factor of 100 was common).
Atkinson et al. (2004) also showed a >50% decline in the total krill abundance through the
Southern Ocean in the period 1926-2003. Unfortunately, there are few data on the abundance of
E. crystallorophias in the Ross Sea, and Atkinson et al. (2004) was unable to assess trends in krill
abundance here. Problems with assessing interannual variations in krill abundance include: (1)
different researchers, equipment and methodologies of carrying out abundance assessments in



different years; (2) differences in the timing of the work; (3) variations in changes in krill
abundance with season in different years; (4) inherent patchiness of krill abundance makes
abundance estimation difficult. Lascara et al. (1999) report 5-fold variations in krill abundance
off the Antarctic Peninsula in mid-January during the period 1990 and 1993, measured by a
consistent method. Our ability to detect long-term changes, or assess interannual variations in
krill abundance in the Ross Sea is limited by reliable, regular and consistent sampling. Azzali et
al. (2006) present data from Italian surveys of krill in the Ross Sea in 1994, 1997 and 2000. These
results suggest that the average biomass of E. crystallorophias from the surveys in 1997 and 2000
is a factor 1.5 higher than the value measured in 2000 and given by Sala et al. (2002). We hence
increase our estimate of biomass by this factor to 682 000 tWW.

Data on the abundance of E. crystallorophias will become available from analysis of acoustic
data from the 2008 New Zealand IPY-CAML survey of the Ross Sea (O’Driscoll et al. 2009).
Biomass estimates were made from multifrequency acoustic data (12, 38, 70 and 120 kHz), mark-
identification from midwater and demersal trawls, and computed tomography scans of frozen
specimens for target strength (O’Driscoll et al. 2009). A preliminary estimate of the biomass of E.
crystallorophias in the study area in Feb/Mar 2009 was hence 562 000 tWW, which was noted as
being similar to a 2005 Japanese acoustic—based estimate of E. crystallorophias in the study area
of 600 000 t (O’Driscoll et al. 2009). We take our best estimate of E. crystallorophias biomass in
the study area as the adjusted Sala et al. (2002) values (682 000 t) equivalent to 0.041 gC m™.

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

2.3 Food and condition

Gut content analysis shows that E. crystallorophias are omnivores (O’Brien, 1987; Pakhomov et
al. 1998). In December, micro and mesozooplankton were the dominant components of the diet of
E. crystallorophias, comprising 75% of identifiable items (Pakhomov et al. 1998). But in January
heterotrophic component of diet decreased sharply and phytoplankton cells accounted for 68% of
total number of food particles. They deduce that this species has a predominantly carnivorous
habit during spring but at the onset of the spring phytoplankton bloom this species switches to a
truly omnivorous habit. Some consumption of other macrozooplankton by E. crystallorophias is
also likely. We assume, initially, that the prey of E. crystallorophias over the course of a year in
the Ross Sea is: 35% heterotrophic microplankton; 21% heterotrophic flagellates; 30%
phytoplankton; 5% epontic algae; 6% ice protozoa; 6% ice metazoan (mainly amphipods and
copepods in the ice habitat through the winter).

2.4  Production, P/B

In the Southern Ocean euphausiids typically have P/B values between 1.24-4.75 y* (Cartes &
Maynou 1998). The appropriate P/B value for E. crystallorophias depends on the population
structure. For adult populations, P/B values are of the order 0.8-1.2 y*, depending somewhat on
whether exuviae (shed cuticles) are included in the definition of “production”. In trophic balance
studies such as this, “production” is all organic material that is available for consumption by
predators, or which flows to detritus. This would include exuviae, so we would expect P/B values



of 1.0-1.2 y™* for adults. If larvae are included, the average P/B values for the population will be
higher as these animals grow faster than the adults. The growth model for E. crystallorophias
given by Pakhomov & Perissinotto (1996) gives P/B values (y™) of approximately 6.8 (larval),
2.3 (juveniles), 0.9 (sub-adults) and 0.3 (adults). Sala et al. (2002) reports that E. crystallorophias
in the Ross Sea was composed of 35.9% juveniles, 31.5% sub-adults, and 32.4% adults. The
larval component was not measured by Sala et al. (2002), and is probably most appropriately
included in the zooplankton compartment rather than the krill trophic component.

We estimate that the average P/B values of the population will be approximately 1.8 y, with a
possible range of 0.9-3.6 y™. Improved insight into production by krill in the Ross Sea may be
obtained by the development of an age-structured population model. Much of the information
necessary to develop such a model is available: growth rates in ice krill have been measured
(Pakhomov & Perissinotto 1996); relationships between weight and length is given by various
studies (Siegel 1987; Rakusa & Stepnik 1980; Pakhomov et al. 1998; Zhong & Wang 1993
Pakhomov & Perissinotto 1996, 1997).

2.5 Consumption, Q/B

Consumption rates by E. crystallorophias are given by Pakhomov & Perissinotto (1997), and
Pakhomov et al. (1998) in terms of ugC per individual per day, based on gut pigment
measurements, evacuation rates and an assumed carbon-chlorophyll ratio. We converted these to
annual Q/B values using information on the average weight of the E. crystallorophias stages from
Pakhomov & Perissinotto (1996), and Pakhomov et al. (1998). Values from Pakhomov &
Perissinotto (1997) in the Cooperation Sea give Q/B of 27 y* (larvae), 5-13 y™* (juveniles) and
0.8-2.9 y™* (sub-adults and adults). Values from Pakhomov et al. (1998) suggest Q/B for adults
between 3.9-4.7 y. Weighting these values in proportion to the relative abundances of the
components as given by Sala et al. (2002) for the Ross Sea, 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 for E. crystallorophias is assumed to be similar to E. superba, ranging
from 70-92% (Meyer et al. 2003), giving U as c. 0.2.

2.7  Ecotrophic efficiency

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

3 Euphausia superba

3.1 Development and Distribution

Euphausia superba females probably spawn between December and February and possibly over
most of the summer months (Baker 1959, in: Everson, 1984) over a wide range of depths (see
also Miller & Hampton 1989; Atkinson et al. 2008; Kawaguchi et al. 2007). Timing of breeding
is somewhat variable from year to year. This long breeding season maybe because of the wide



latitudinal range over which the species is found. The eggs then sink and hatch at depth, probably
to about 850-1000 m or even to 2000 m (Marr 1962). After hatching, larvae develop as they
ascend the water column and arrive near the surface at the first calyptopis stage (the
developmental ascent takes about 2-4 weeks) to feed about 30 days after spawning. Total
development from egg to final larval stage takes about 130 days. Voronina (1995) found peak
concentrations of larvae were located at 250-300 m. Adults appear to be found at any depth
between the surface and more than 1000 m (Marin et al. 1991), though high concentrations are
often found close to the surface at 15-130 m depth in Gerlache Strait (Nordhausen, 1994; Zhou et
al. 1994). Daly & Macaulay (1991) believe that the seasonal behaviour and distribution of E.
superba is designed by the need to acquire food and avoid predators. Seasonal sea ice plays an
integral role in the ecology of krill. Ice-edge blooms are an important and predictable food
supply, particularly for reproducing adults and first-feeding larvae. Ice floes provide protection
for larvae and juveniles, and sea ice biota, a widespread food source, are important to the survival
of larvae during winter (Brierley et al. 2002; Ross et al. 2004). The shortest possible life cycle of
E. superba (egg to egg) is c. 2 years, assuming that growth periods are only for 4-6 months of the
year (Ikeda, 1985). Euphausia superba’s life span is probably about 4-7.5 years; this prolonged
life is presumed to provide for improved fecundity of female krill.

In the Ross Sea E. superba (Antarctic krill) were encountered above the continental slope as
shown in Figure 17.1 (Makarov et al. 1992; Azzali & Kalinowski 2000; Sala et al. 2002; Azzali et
al. 2006) and north of 74°S in the eastern Ross Sea (Ackley et al. 2003). Large quantities of
Euphausia superba have been recorded near the Balleny Islands and in the northern parts of the
Ross Sea (Timonin 1987; Voronina & Maslennikov 1993; Azzali & Kalinowski 2000). Penguin
diet samples recently obtained by Landcare Research at Hallett Station, near the shelf break in the
Ross Sea, suggests that major densities of E. superba occur in the study region (Ainley pers.
com.). Low concentrations of E. superba noted by Marr (1962) may be attributed to inadequate
sampling (Ainley pers. com.). Makarov et al. (1991) shows high larval densities close to 2000 m
contour between 180° and 165°W. In the vicinity of the Balleny Islands, these large densities are
possibly associated with one or more of the water types (the Antarctic Circumpolar Current,
Offshore Antarctic Current, and the mixed waters from both in the Ross Gyre) present in the area.
Voronina (1995) notes that on a transect along 67°S E. superba developmental stages were only
found north of the western Ross Sea near the Balleny Islands. This suggests that successful
breeding and survival of larvae had occurred only in this region. The style of life history of E.
superba, in which eggs sink to greater than 850 m, is probably the reason why this species does
not breed in the inner (shallower) parts of the Ross Sea. The penetration of this species into the
Ross Sea may be limited by the southward transport of individuals by Antarctic Surface Waters.
Veronina & Maslennikov (1993) interpreted the distribution of E. superba to have some
relationship to the hydrography of the region, but the description of this relationship is not very
clear in their paper, and the quoted supporting papers are not easy to obtain, and are in Russian.

3.2 Biomass

We estimated biomass of Euphausia superba for the Ross Sea in a similar way as for E.
crystallorophias, described above, based on values given by Sala et al. (2002), Figure 17.1. Wet
weight densities of E. superba varied between 0.04 and 1500 gww/1000 m®. First, we converted
measured densities of wet-weight of E. superba to concentrations of carbon using an average of
the methods of Weibe (1988) and lkeda & Kirkwood (1989). The conversion values are very
similar to data on elemental composition of E. superba near Antarctic Peninsula in July—August
given by Huntley et al. (1994). These data include dry weight vs length (log DW =-3.250 + 3.270
log L), and carbon vs dry weight (log DW = 0.508 + 0.917 log C), where DW, and C are in mg



and L is in mm. The relation between dry weight and body length in winter was indistinguishable
from that in summer. The same is true for the relationships between DW and body C. These
values imply that carbon makes up c. 37% of dry weight, and c. 3.8% of wet weight. As before,
data from Italian surveys of krill presented in Sala et al. (2002) and later summarised in Azzali et
al. (2006) did not extend east of 175°30°W so that concentrations of E. superba over the eastern
Ross Sea shelf slope were not measured.

The population, as captured by Sala et al. (2002) using a 5 m? net with mesh of 1000 um (1 mm),
was devoid of larval stages, had scarce juveniles and was composed primary of larger stage adult
stages. The information that exists on the possible vertical distribution of E. superba (e.g., Marin
et al. 1991; Nordhausen, 1994) means that the data reported by Sala et al. (2002) may have
sampled only a small part of the potential population because most samples were taken above 100
m. We assume that E. superba has a deeper depth distribution than E. crystallorophias, and
assume that: (1) that E. superba biomass density is constant to 100 m or the maximum fishing
depth, whichever is deeper; (2) that there are negligible E. superba below 200 m or at the sea-bed,
whichever is shallower; (3) that between these depths, E. superba density decreases linearly with
depth. These considerations suggest that the tows reported by Sala et al. (2002) are measuring
37% of the E. superba in the water column on average. We cannot test these assumptions until
acoustic results are available from the Italians. These assumptions imply water column
concentrations of E. superba up to 264 gWW m™ were present in the Ross Sea.

To calculate an average density of Euphausia superba over the whole study area we used the
same three depth groupings of the stations sampled by Sala et al. (2002) as before: stations
shallower than 500 m, between 500 — 1000 m, and deeper than 1000 m. Makarov et al. (1991)
shows that E. superba larval densities in the Ross Sea east of 176°W are generally comparable
with values to the west at similar depths. We hence make the assumption that the stations visited
by Sala et al. (2002), in the region 70°-77°S, 164°E-176°W, have E. superba densities that are
representative of waters of similar depths in the whole of the study region. We calculated an
estimate of the mean E. superba biomass within each of the three depth groups using the same
estimator used for E. crystallorophias, as both krill species are overdispersed in point net
measurements. Zero catches were included. As expected, most E. superba biomass occurs in
waters deeper than 1000 m. The average E. superba biomass densities for the three depth groups
Wezre combined as explained previously. Our estimate of E. superba average biomass is 1.3 gWW
m™.
As before, we recognise the need to consider seasonal variations in the distribution or abundance
of E. superba as this may change the average biomass in the study region over a year. Lascara et
al. (1999) presented a dataset of seasonal E. superba distribution from a series of four research
cruises west of the Antarctic Peninsula, and summarised previous seasonal measurements in this
region. The measurements may be used to estimate the seasonal variation in krill abundance off
the Antarctic Peninsula. However, measurements reported by Lascara et al. (1999) were made in
different Antarctic areas, in different years, and often by different researchers, and are hence
subject to considerable uncertainty. E. superba live to the age of five years or more, so that large
variations in adult biomass through the year may be unlikely. Azzali et al. (2006) reports results
from four voyages in November, December and January, but because these are from different
years, the data do not give useful information on seasonal variations in biomass of E. superba in
the Ross Sea. Here, we take the survey of Sala et al. (2002) in January to be representative of the
annual average biomass of E. superba.

Variations in the abundance of E. superba, between years, is related to sea ice cover in some
regions (Brierley & Watkins 2000; Priddle et al. 1988). Azzali et al. (2006) show data from four



Italian surveys of zooplankton in the Ross Sea in 1994 (two voyages), 1997 and 2000. The
average biomass from the recent (1997 and 2000) surveys is 1.9 times higher than that from the
2000 survey alone (Sala et al 2002) and we hence increase our estimate of average density of E.
superba by this factor to give an estimate of E. superba total biomass of 1 540 000 tWW which
we use here. This is equivalent to a carbon density of 0.092 gC m™ for the study area.

For comparison, This is similar to the biomass estimate of 1 400 000 t obtained on the 2005
Japenese acoustic survey as reported in O’Driscoll et al. (2009).based on preliminary analysis of
acoustic data from the 2008 New Zealand IPY-CAML survey of the Ross Sea (Hanchet et al.
2008), the biomass of E. superba in the study area is estimated to be only 424 000 tWwW
(O’Driscoll et al. 2009) — only 28% of our value. The estimate of E. superba biomass from the
New Zealand IPY-CAML survey is of uncertain accuracy because the survey concentrated on the
Ross Sea shelf and northern areas where E. superba densities are known to be lower (O’Driscoll
et al. 2009), and this estimate will not be used here.

The maximum E. superba density of 264 gWW m™ and spatial average of 4.2 gWW m?, may be
compared to work in other Southern Ocean areas. Hampton (1985) report a mean biomass of 31
gWW m? in the South Atlantic from a large number of swarms. Marr (1962) estimates krill
density to be 2.5-29 gWW m™ in the Weddell and East Wind zones. Daly & Macaulay (1988)
estimate 1-68 gWW m™ under the ice and 10-100 gWW m in open water (from acoustic and net
sampling in Weddell Sea). Hewitt et al. (2002) estimates average densities of 11.2—150 gWW m™
for a number of CCAMLR strata, mostly from the Scotia Sea region. The values in the Ross Sea
hence seem reasonable, albeit towards the low end of E. superba densities in the Southern Ocean.

3.3 Food and condition

For the Southern Ocean in general, E. superba are essentially herbivorous, especially during the
austral spring and autumn when phytoplankton blooms occur (Smetacek et al. 1990; Clarke &
Leakey, 1996; Miller, 2003; Miller & Hampton, 1989; Genhai, 1989; Genhai et al. 1993). In the
Marginal Ice Zone in Bellingshausen Sea, Cripps & Hill (1998) showed that diatoms were main
diet item in the open ocean and suspended material from the water column (dinoflagellates) were
fed on under the pack ice. In the Lazarev Sea, heterotrophic organisms were consumed in
proportions ranging from 17-99% (mean 79% + 21 SD) of the mass of gut contents (Perissinotto
et al. 2000; Atkinson & Snyder 1997). They may feed on ice (epontic) algae in winter months
(Quetin et al. 1994; O’Brien 1987).

E. superba have also been shown to be carnivorous (Cripps & Atkinson, 2000; Huntley et al.
1994; Nordhausen et al. 1992; Zhou et al. 2004), or omnivorous (Price et al. 1988; Atkinson &
Synder 1997; Nishino & Kawamura 1994; Schnack 1985; Ju & Harvey 2004). Hernandez-Leon et
al. (2001) show that E. superba feed on phytoplankton during the day and switch to carnivory at
night, in February, and that is accompanied by an inverse relationship between vertical
distribution of krill and non-krill zooplankton. Krill were at about 100 m during the day and
migrated downwards at night coinciding with the upward migration of Metridia gerlachei at
night. High polyunsaturated fatty acid content of E. superba around South Georgia (Cripps et al.
1999; Cripps & Atkinson 2000) confirms omnivorous feeding of krill during non-bloom periods.
However, E. superba is less dependent on stored lipids to overwinter compared to E.
crystallorophias (Ju & Harvey 2004).

In summary, E. superba appear able to use whatever food is available, and food selection is likely
to be flexible in response to the availability of different food sources. Krill seem to switch from



herbivory of water column phytoplankton in spring/summer, to omnivory (water column
zooplankton, and epontic algae) through the winter. Some consumption of other
macrozooplankton by E. superba is also likely. We assume, initially, prey of E. superba over the
course of a year in the Ross Sea is: 22% heterotrophic microplankton; 35% heterotrophic
flagellates; 30% phytoplankton; 6% epontic algae; 2% ice protozoa; 5% ice metazoa (mainly
amphipods and copepods in the ice habitat through the winter).

3.4 Production, P/B

The appropriate P/B value for E. superba depends on the population structure, as smaller,
younger individuals consume more and grow faster as a proportion of their body weight than
larger individuals. As for E. crystallorophias, exuviae should be included in our estimates of
production for krill. Ross et al. (2000) point out that growth varies with food quality and quantity,
and so will vary seasonally. Average length of E. superba may decline through winter, though it
is not known if this is due to starvation, body shrinkage, or changes to the population structure
(Huntley et al. 1994; McClatchie et al. 1991; Quetin & Ross, 1991). In the species profile for E.
superba for CCAMLR, Miller (2003) states that it has not been satisfactorily verified that growth
of E. superba follows a predictable pattern.

When larval production is included (P/B for larvae is about 4.6 y™*) the mean ratio for all
developmental stages may increase to as high as 5.0 y™. Cartes & Maynou (1998) give P/B values
for euphausiids between 1.24-4.75 y*. P/B for 150 d growing season was given as 2.77 for krill
aged 1+, 1.19 for 2+ group or 1.53 total (Miller et al. 1985). The value of P/B averaged over a
year is likely to be lower than these values for the growing season. Others have worked on P/B
for E. superba (Siegel 1986, 2000a; Veronina 1983, 1998; Tseitlin 1989; Menushutkin 1993) and
values range from 0.53-1.86 y™.

Sala et al. (2002) reports that E. superba in the Ross Sea in the summer was composed of 84%
adults, 15% sub-adults and 1% juveniles. Krill larvae are not included in this trophic component.
We assume here that the average P/B values of the population will be approximately 1.1 y™, with
a possible range of 0.50-2.2 y™.

3.5 Consumption, Q/B

Consumption may decrease during winter as prey availability reduces. Huntley et al. (1994) apply
several scenarios to a model of krill physiology and conclude that krill are capable of finding
enough food, feeding and growing in winter. This model also predicts the daily carbon ration as a
proportion of body carbon for growing krill for krill of 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, annual average values will
be somewhat greater. Meyer et al. (2003) suggest mean daily carbon rations for juvenile stages
that lead to Q/B values of 55-102 y™, but see also Samyshev & Lushev (1983), Pakhomov et al.
(2004). Assuming that juvenile consumption is greater than adult consumption by a factor of
approximately 5 (as for E. crystallorophias), we estimate that the E. superba population in the
Ross Sea has an annual averaged Q/B value of c. 7.5 y™*, with possible bounds 3.8-15 y™.

3.6 Unassimilated consumption

Assimilation efficiency E. superba ranges from 70-92% (Meyer et al. 2003), giving U as c. 0.2.



3.7  Ecotrophic efficiency

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

4 Macrozooplankton other than krill

Macrozooplankton in the Ross Sea include: Coelenterata (Dipulmaris antarctica, Calycopsis
borchgrevinki, Nausithoe sp.), Pteropoda (Clione limacina, Limacina helica), Amphipoda
(Hyperiella dilatata, H. macronyx, Cyllopus lucasii), Euphausicea (Euphausia superba, E.
crystallorophias, Thysanaessa macrura), Chaetognatha (Sagitta gazellae, Eukrohnia hamata),
Salpidae (Salpa gerlachei) and also some polychaeta, ostracoda, mysids, and decapoda. More
details on macrozooplankton species in the Ross Sea is given by Bradford-Grieve & Fenwick
(2001) in their review of biodiversity. Non-krill biomass is estimated from data made available by
Dr V. Barkhatov (TINRO, Vladivostok) (Appendix 1).

4.1 Biomass

Measurements of macrozooplankton abundance across the Ross Sea shelf from Russian research
voyage in February—March 1982 are unpublished but have been provided by Dr Barkhatov and
processed as part of this study. Details are given in Appendix 1. Non-krill biomass varied from
0.14-301 mgC m (mean 25.1 mgC m™). Gelatinous zooplankton (e.g., salps) were rarely found
in the Ross Sea, at least in February—March 1982 although Salpa gerlachei was recorded at 3
stations (21, 27, 38) over the continental slope. Hopkins (1987) also found that salps were not a
major component of the trophic structure of the midwater ecosystem of McMurdo Sound.
Barkhatov’s data lead to an estimate of annual average non-krill biomass in the study area of
0.037 gC m for the model. The estimates of krill biomass from the Russian data provided by Dr
Barkhatov give geometric average values for krill density of 0.055 gC m, which is more than 3
times lower than the average density of all krill estimated from the Italian surveys (Sala et al.
2002; Azzali et al. 2006; and see prededing sections). The Russian sampling did not cover the
areas of highest Euphausia superba concentrations to the north of the Ross Sea slope (Figure 3),
and that these concentrations make up a large proportion of the total krill biomass in the study
region, the lower estimate derived from the Russian data is explicable. We do not adjust the value
of non-krill macrozooplankton derived from the data of Barkhatov, but note that our estimate may
be biased low.

4.2  Production, P/B

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

Non-krill, non-salp macrozooplankton are likely to include phytoplankton, microzooplankton,
and mesozooplankton with copepods dominating the diet (Barange et al. 1991; Froneman et al.
1996). The feeding and predation impact of carnivorous macrozooplankton (>20 mm) on
mesozooplankton (2-20 mm) in the sub-Antarctic waters of the southwest Indian Ocean was
studied by Froneman et al. (2002). The carnivore component consists of mainly decapods,
amphipods, chaetognaths, euphausiids and some gelatinous zooplankton. It is likely that the diet
of macrozooplankton in general consists primarily of mesozooplankton as well as phytoplankton
and microzooplankton. Epontic algae, and ice microfauna (mainly amphipods and copepods in
the ice habitat) are also likely to form food for macrozooplankton through the winter, especially
the more herbivorous salps and large pteropods. Some consumption of macrozooplankton by
other macrozooplankton species is likely. The exact proportions of phytoplankton and
zooplankton in the diet of macrozooplankton are not known, and will vary with
macrozooplankton species (especially the proportion of salps), depth, location, season, and
interannually. Here, we assume initially prey of salps and other non-krill macrozooplankton over
the course of a year in the Ross Sea is: 5% other macrozooplankton; 35% mesozooplankton; 20%
heterotrophic microplankton; 3% heterotrophic flagellates; 30% phytoplankton; 4% epontic
algae; 1% ice protozoa; 2% ice metazoa.

In the absence of consumption data for cold water species we propose to use a value at the upper
end of the possible range of values found for krill in Antarctic waters, of Q/B=15 y™, with a range
of 7-30 y™.

4.4  Unassimilated consumption

Assimilation efficiency for non-krill macrozooplankton in the Ross Sea are assumed to be similar
for E. superba, giving U as c. 0.2.

4.5 Ecotrophic efficiency

Ecotrophic efficiciency (E) for non-krill macrozooplankton in the Ross Sea is not known, and is
assumed to be 0.95 on the basis that the vast majority of the annual production of this species is
likely to be consumed by direct predation.

5 Mesozooplankton

Mesozooplankton in the Ross Sea are defined as having a size approximately 0.2-20 mm. The
mesozooplankton component typically dominates the biomass of the plankton (c. 67%: Hopkins
1971), but is slower growing and consumes less as a proportion of its mass than the
microzooplankton. Several large copepod species dominate zooplankton biomass in Antarctic
waters (e.g. Voronina 1998; Mayzaud et al. 2002b). These species are: Calanus propinquus,
Calanoides acutus, Rhincalanus gigas and Metridia gerlachei. Other smaller species such as
Ctenocalanus citer, Microcalanus pygmaeus, and Oithona spp. are numerically very important.

Another potentially important component of the Ross Sea mesozooplankton in some seasons is

the pteropods. Knowledge of these molluscs in Antarctic waters has been summarised by Hunt et
al. (2008), based on data mainly from the South Atlantic sector of the Antarctic. Six species of
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pteropoda are typical of the Southern Ocean. In the Ross Sea, the most common species are the
gymnosome Clione limacina and the thecosome Limacina helicina antarctica. Combined
Limacina helicina and C. limacina made up to 171-1398 ind. m™ (greatest numbers were in the
surface 25 m) and were 9.2-78% by numbers of the total zooplankton in Terra Nova Bay with L.
helicina being a major contributor to these densities (Pane et al. 2004). Hopkins (1987) noted that
L. helicina could reach 300 indiv m™ and was 23% of the biomass in McMurdo Sound

5.1 Biomass

The estimates of mesozooplankton biomass presented here are based on “Zooplankton
Displacement Volume” measurements made at a number of coastal and open ocean stations
through the central part of the Ross Sea as part of the AESOPS/JGOFS programme (See
http://www1.whoi.edu/jgdms_info.html). The zooplankton data has not been written up. We have
approval from Dr Walker O. Smith Jnr (Virginia Institute of Marine Sciences, College of William
and Mary, Gloucester Pt., VA 23062, USA) to use these data. Data were collected at the standard
AESOPS stations on three cruises: (1) October to November 1996, Voyage 96-4A; (2) January to
February 1997, Voyage 97-1; and (3) April 1997, Voyage 97-3. Data from the tows with net
mesh of 330 um were used. We note that any samples taken with nets coarser then 200 um will
miss the smaller copepods such as Oithona and Oncaea. Nevertheless, the total biomass captured
by nets <330 um were generally the same (Hopkins 1971: Table 3). For each tow on each voyage,
the displacement volume of zooplankton V, (ml m®) was converted to a zooplankton carbon
concentration, C (mgC m®) using the relationship of Weibe (1988).

The tows generally covered about 70% of the total water depth. To account for the part of the
water column not sampled, we assume that zooplankton density was constant from the lowest
measurement to the sea bed. This gave estimates of zooplankton density in the Ross Sea between
0.2 and 5.0 gC m™. These are approximately equivalent to wet-weight densities of 2-50 gWW m"
2 Next, we used these values to estimate the variation in mesozooplankton abundance in the Ross
Sea through the year. The seasonal abundance of zooplankton in the Pacific sector of the
Southern Ocean is best known from data sets collected by the Eltanin and Discovery (Hopkins
1971). This seasonal cycle was scaled to fit the values estimated from the AESOPS data in the
Ross Sea. Tagliabue & Arrigo (2003) present models that suggest seasonal cycles of
mesozooplankton abundance may vary through the Ross Sea, but field data to confirm this are
very limited.

There can be differences in mesozooplankton abundances in waters with and without sea ice
cover. For example, Robins et al. (1995) found that in the Marginal Ice Zone and under Pack ice
mesozooplankton biomass was reduced to 0.38 of the open water biomass in spring in the
Bellingshausen Sea. Here, we assume that mesozooplankton abundances measured in the water
column when ice cover is lowest in summer were representative of the average biomass found in
the region at this time. We also assume that the stations occupied by the AESOPS voyages are
representative of the Ross Sea as a whole. The 51 stations span longitudes 165°W to 175°E, and
latitudes 74°-78°S. To the authors’ knowledge, there are few spatially extensive, quantitative
surveys of zooplankton abundance of the Ross Sea to test this assumption. Therefore, the annual
average mesozooplankton concentration for the Ross Sea is estimated to be 0.94 gC m?, with a
possible range of 0.35-1.9 gC m™. Our estimates of mesozooplankton biomass can be compared
with data collected during other studies. In general, these other studies are largely consistent with
our estimates of mesozooplankton biomass for the Ross Sea, as summarised below.
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In the Ross Sea Hicks (1974) measured integrated zooplankton biomass in January
ranging from 9.4-29.1 gC m? in McMurdo Sound, south of Hut Point on Ross Island in
mid to late January, converted using the relationships of Weibe (1988). Mean biomass
was 21 gC m™ This is two orders of magnitude greater than the model results of
Tagliabue & Arrigo (2003), and a factor of ~20 greater than we have found for the Ross
Sea as a whole. Phytoplankton concentrations are greater close to the coast than offshore
in the Ross Sea, so this is not necessarily inconsistent with our estimate. The outer Ross
Sea was sampled with 500 pm mesh net 1989-1990 to near the bottom in summer
(Sertorio et al. 2000). Biomass of copepods varied from 0.02-0.48 gC m? in the NW
Ross Sea (WW converted to C as Weibe, 1988). Again, this is consistent with our
estimate.

Seasonal carbon distribution of copepods integrated over 0—-1000 m in Weddell Sea given
by (Schnack-Schiel et al. 1998) were 1.7 gC m™ in late winter early spring, 3.7 gC m? in
autumn, consistent with our estimates above. Large calanoids C. propinquus, C. acutus,
M gerlachei, Euchaeta antarctica and small M. pygmaeus accounted for 60-70% of
biomass while small poecilostomatoid Oncaea and cyclopoid Oithona comprised about
20% of biomass.

Voronina et al. (1980a, b) report modelling studies on two common Antarctic copepods,
Calanoides acutus and Rhincalanus gigas. The biomass cycle of Calanoides acutus in the
0-1500 m layer peaks in July and is at a minimum in January-February (Voronina et al.
1980a). For Rhincalanus gigas (Voronina et al. 1980b) the total biomass in the 0-1500 m
layer has peaks in biomass in May—June and November. The minimum in August is
related to the dying-off of females after spawning. The maximum abundance of copepods
(not biomass) from models occurs in March—April and may vary six fold between years
and locations. Concentrations varied between 2.2-10.5 gWW m?, approximately
equivalent to 0.1-0.5 gC m™.

Hopkins (1971) gives an average mesozooplankton density of about 0.9 gC m™ for the
entire Pacific sector of the Southern Ocean.

Fukuchi et al. (1985) in 1982 at Syowa Station sampled through the sea ice, down to 660
m, from May until December using a mesh size of 350 um on the lower part of the net
(the upper part was 1000 um). Mesozooplankton concentrations peaked here at 25
mgWW m™ in September. The average biomass in this study was 8.9 gWW m™ These
are approximately equivalent to 1.2 and 0.4 gCm.

A study by Zvereva (1975) at Molodezhnaya Station sampled zooplankton through a hole
in the ice in 1965-66 from surface to the sea floor (309 m) between July to December,
and between the surface and 85 m in January—February. A maximum in wet weight was
recorded in late July and August. The average value over the study was 10.9 gWW m,
approximately equivalent to 0.5 gC m™.

Huntley & Zhou (2000) as reported in Tagliabue & Arrigo (2003) report depth-integrated
zooplankton biomasses of 0.5+0.2 gC m™? in the Ross Sea in October/November and
0.7+0.3 gC m™ in January/February. Our average value lies within their range of 0.3-1.0
gC m2

Unpublished Russian mesozooplankton data from the Ross Sea (February-March) in
1982 integrated over 0-200 m ranges from 0.09-17.31 gC m™ (Appendix 1). These data
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Figure 1. Annual cycle of mesozooplankton biomass in the Ross Sea. The central solid line with black
diamonds is a scaled version of the data on zooplankton abundance in the Pacific sector of the Southern
Ocean in the upper 1000 m (Hopkins 1971). The grey circles are zooplankton areal biomass densities
calculated from the results of AESOPS JGOFS programme. Red diamonds are Ross Sea zooplankton
biomass measurements of Huntley & Zhou (2000) as reported in Tagliabue & Arrigo (2003). Green
triangles are unpublished data from Barkhatov (Appendix 1). The thinner lines indicate approximate
bounds on the seasonal pattern of mesozooplankton concentration equivalent to the 10-90" percentiles of
the AESOPS data.

5.2  Production, P/B

Production by mesozooplankton will not be steady year round in the Antarctic because primary
production is negligible through winter and many species of mesozooplankton enter a low-
production stage through this time. For example, both Calanoides acutus and Rhincalanus gigas
pass the winter in diapause. Voronina et al. (1980a, b) calculated the productivity of two common
Antarctic copepods, Calanoides acutus and Rhincalanus gigas. For Calanoides acutus in the 0—
1500 m layer Voronina et al. (1980a) describe an annual pattern of production with low
production from May—December and production which peaks in February—March. VVoronina et al.
(1980a) estimated an annual average P/B of 4.5 y™. Population growth for Rhincalanus gigas,
based on a modelling study by Voronina et al. (1980b) in the southern Antarctic region, led to an
annual average P/B of 5.3 y. Schnack et al. (1985) estimate that copepod daily P/B during
November/December ranged from 0.02-0.20 d™*, with average daily P/B=0.123 d* in the period
measured.

For pteropods, there is a relationship between shell weight and dry tissue weight for L. helicina

in the subarctic Pacific (Fabry 1989). The study estimated that daily CaCO; production,
calculated by the instantaneous growth rate method, is 12.6 mg CaCO; m™? d™ for individuals
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with 155 mg m™ CaCOs. Therefore carbonate P/B was 0.0813 d™* or 9.9 y™ assuming that growth
occurs over 4 months of the year. A lower P/B=5y, is estimated for Clio pyramidata.

Here, we initially use a value for P/B for mesozooplankton in the Ross Sea of 4.8 y™. This is the
average of the production values given above, weighted for their approximate contributions to
mesozooplankton biomass (77% copepods, 23% pteropods). For comparison, the P/B ratio for
mesozooplankton for low productivity water is about 12 y™ (Shushkina et al. 1998).

5.3 P/Q, Respiration, assimilation efficiency

Measurements of respiration, food assimilated, and biomass have been made for Antarctic
copepods (Schnack et al. 1985). The mean proportion of consumed food assimilated was 0.68,
ranging from 0.51-0.93. We therefore set the proportion of unassimilated food at 0.3 as is typical
for ecotrophic models of mesozooplankton (e.g. Bradford-Grieve et al. 2003).

Average daily R/B was measured at 0.042 (Schnack et al. 1985). Assuming respiration occurs at
this rate for 365 days per year (probably true except for species which enter diapause such as
Calanoides acutus and Rhincalanus gigas), then annual R/B would be 15.3 y*. Values from
Schnack et al. (1985) imply an average daily R/Q value of 0.37 (range 0.04-0.56) which is close
to the value for R/Q=0.5 often assumed for mesozooplankton (Laws et al. 2000). Average daily
P/Q was measured at 0.307 (Schnack et al. 1985), close to the value of 0.3 often used for the
growth efficiency of mesozooplankton (Laws et al. 2000; Bradford-Grieve et al. 2003) and this
will be used here.

5.4  Ecotrophic efficiency

Ecotrophic efficiciency (E) for mesozooplankton in the Ross Sea is not known, and is assumed to
be 0.99 on the basis that the vast majority of the annual production of this group is likely to be
consumed by direct predation.

55 Diet

Mesozooplankton in the Antarctic are generally omnivorous, taking both autotrophic and
heterotrophic material from the water column and underside of sea ice (e.g. Metz & Schnack-
Schiel 1995; Pasternak & Schnack-Schiel 2001; Cripps & Hill 1998). The proportions of items in
the diet of mesozooplankton will vary seasonally, and there are also variations in diets between
different mesozooplankton species and different sized individuals (Hopkins 1987). In general,
phytoplankton generally dominates mesozooplankton diet in summer, with carnivory dominating
in winter when phytoplankton biomass is very low (Metz & Schnack-Schiel 1995, @resland 1991,
Huntley & Nordhausen 1995).

Smaller zooplankton species and smaller individuals tend to eat a high proportion of
phytoplankton, with progressively greater proportions of protozoans and metazoans being
consumed by larger mesozooplankton species (Hopkins 1987). For example, experiments show
that Oncaea curvata is surface rather than pelagic feeder (Boxshall 1981) and ingests large, non-
motile food particles such as aggregates or gelatinous Phaeocystis colonies, with diatoms also
being an acceptable food, but did not feed carnivorously (e.g. on heterotrophic microplankton or
flagellates) (Metz 1998). Oncaea curvata can be a dominant copepod Antarctic species in terms
of numbers, and in the vicinity of the shelf, often also in terms of biomass (Metz 1998).
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Calanoides acutus and Rhincalanus gigas fed mainly on diatoms in open water in summer (Metz
& Schnack-Schiel 1995; Pasternak & Schnack-Schiel 2001).

In contrast, under pack ice in summer, Oithona similis was measured as being predomninantly
carnivorous, consuming mostly ciliates, especially, non loricate ciliates (Urban-Rich et al. 2001).
In summer, microzooplankton met only 17, 19 and 24% of the total carbon requirements of
Rhincalanus gigas, Calanus propinquus and Metridia gerlachei, respectively (Froneman et al.
1996). Metz & Schnack (1995) also demonstrate carnivorous feeding in C. propinquus and M.
gerlachei. These species are often representative of the whole population as Metridia gerlachei
can be a large component of coastal zooplankton and Calanoides acutus and Rhincalanus gigas
can dominate open ocean Antarctic zooplankton biomass (e.g. Schnack et al. 1985).

Trophically, thecosome pteropods are considered to be dominantly herbivores, capturing food
with a mucous net. Because they can be at least 23% of the biomass in surface waters (Hopkins
1987) they are an important contributor to mesozooplankton grazing on phytoplankton. Here, we
initially use the diet proportions of mesozooplankton: 5% mesozooplankton, 17% heterotrophic
microplankton, 54% heterotrophic flagellates, and 25% phytoplankton.

5.6 Consumption

Consumption by Antarctic mesozooplankton varies significantly with season, with generally
much higher consumption rates in austral spring and summer than in winter. In austral summer
Oithona similis consumed up to 0.9 body weight in terms of carbon (C) d™* (Lonsdale et al. 2000)
which is exceptionally high. Oncaea curvata is reported as consuming up to 0.18 d™ at natural
food densities (Metz 1998). Daily food intake by large calanoid copepods ranges between <0.1
and 0.2 d™ when feeding on naturally occurring phytoplankton concentrations of 0.1-2 mg Chl-a
m™ (Metz & Schnack-Schiel 1995, and references therein). Other studies give feeding rates of
mesozooplankton in the Antarctic between October and February of between 0.001 and 0.3 d™,
with a median value of 0.03 d* (Dubischar & Bathmann 1997a,b; Mayzaud et al. 2002a,b;
Froneman et al. 1996; Drits et al. 1993; Metz & Schnack-Schiel 1995). The overall food intake of
large copepods, estimated from collated experimental data (Schnack et al. 1985; Drits et al. 1993,;
Metz & Schnack 1995; Ward et al. 1995; Froneman et al. 1996), is calculated to be lie within 10—
39 y*, using the assumption that omnivorous feeding occurs for c. 150 days of the year and
carnivorous feeding for 215 days of the year. Based on values of P/Q=0.3 (above) and P/B=4.8 y’
! (above), we estimate a Q/B value of 16 y™ which is towards the centre of this range.

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

Pteropods may be responsible for a large proportion of mesozooplankton community grazing in
summer and autumn (Hunt et al. 2008), but quantitative estimates of their contribution is not well
known. An estimate of the consumption rate of Limacina helicina can be obtained as follows to
compare with that of copepods. L. helicina is reported as ingesting 100-900 ng(pig) ind™ d*
(Pakhomov & Froneman 2004) The average dry weight of Limacina helicina was 0.29 mg ind™
(Pakhomov & Froneman 2004). We assume that carbon content of pteropods is c. 40% of dry
weight as for macrozooplankton (Weibe 1988), and that the carbon:chlorophyll ratio of the
particles consumed is 120 gCg™Chl-a as for phytoplankton. If consumption varies annually so
that it is equivalent to about 4 months of feeding at the summer rate and none at other times, we
can estimate an average annual Q/B between 13-113 y™, which encompasses our estimate of
Q/B=16 y*, but suggests this may at the lower end of the possible range.

6 Heterotrophic microplankton

6.1  Species included in this group

Heterotrophic microplankton in this study is defined as heterotrophic organisms in the
microplankton size range, or between 20-200 pum in size. Heterotrophic dinoflagellates, tintinnids
and other ciliates, copepod nauplii, with a minor component of larvae and eggs of micro
metazoans, make up this compartment (Lessard & Rivkin 1986; Umani et al. 1998; Caron et al.
2000). In coastal waters, larval stages of echinoderms, polychaetes, nemerteans (ribbonworms),
and other benthic invertebrates can be present (Lessard & Rivkin 1986). Heterotrophic
microplankton species observed in the Ross Sea tend to be typical of Antarctic waters (Stoecker
et al. 1995; Monti & Fonda Umani 2000; Fonda Umani et al. 1998; Gowing & Garrison 2003). In
Terra Nova Bay in summer, Fonda Umani et al. (1998) report that heterotrophic microplankton
included heterotrophic dinoflagellates, tintinnids, aloricate ciliates, larve and eggs of
invertebrates. Heterotrophic dinoflagellates included species belonging to the Protoperidinium
genus (Dodge & Priddle 1987; Elbrachter & Zolfel 1993), especially P. antarcticum (Lessard &
Rivkin 1986), Gyrodinium lachrymal (Lessard & Swift 1986), and Gymnodinium sp. (Bjornsen &
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Kuparinen 1991). Ciliates included oligotrichs, tintinnid, Radiolaria, and Foraminifera. A
reduction in both abundance and species diversity of heterotrophic microplankton was observed
from the polynya to the northernmost stations still covered by ice, as well as from the surface to
the bottom (Monti & Fonda Umani 2000).

Cell numbers of heterotrophic microplankton, typically enumerated from preserved samples
(Sherr & Sherr 1993; Landry et al. 2002) are converted to units of carbon. Carbon biomass (C,
pgC) of various groups of heterotrophic microplankton can be estimated from cell biovolume
(BV, um®) using the conversion factors:

Dinoflagellates C=BVx0.13 (Edler 1979)

Tintinnids C=BVx0.053 +4445 (Verity & Langdon 1984)
Ciliates, other than tintinnids C =BV x0.14 (Putt & Stoecker 1989)
Other groups C=BVx0.08 (Beers & Stewart 1970)

6.2 Biomass

There is an absence of large area, seasonally-resolved measurements of heterotrophic
microplankton biomass in the Ross Sea. The most complete data we have found is that of Dennett
et al. (2001) (see also Gowing & Garrison 2003), who measured the biomass of heterotrophic
microplankton at 12-22 stations along 76.5°S between 168E and 178°W on four separate
research voyages between early spring and autumn. Biomass of heterotrophic microplankton in
the water column is assumed to remain low throughout winter. The annual average biomass of
heterotrophic microplankton from Dennett et al. (2001) was calculated to be 0.58 gC m™.

In order to evaluate this estimate, we propose using a second method to estimate heterotrophic
microplankton biomass, based on autotrophic biomass, and the ratio of annual average
heterotrophic microplankton biomass to annual average autotrophic biomass. If we make the
assumption that there is broad consistency through the Ross Sea in time and space between
autotrophic and heterotrophic biomass we can estimate heterotrophic biomass using the fact that
the spatial and seasonal variation of autotrophic biomass is relatively well known (see
Phytoplankton section). We estimate the ratio of annual average heterotrophic microplankton
biomass to annual average autotrophic biomass in three ways.

1. Dennett et al. (2001) presents measurements of zooplankton biomass in the southern Ross
Sea at four times of the year (Nov, Dec, Feb, May), which can be used to estimate an
annual average microzooplankton biomass of 0.58 gC m™.

2. Ducklow et al. (2006) present data on microzooplankton biomass in the Ross Sea from
Nov/[gec 1997 which can be used to estimate a (seasonally-adjusted) annual value of 0.33
gC m™.

3. We combined three independent estimates of the ratio of annual average heterotrophic
microplankton biomass to annual average autotrophic biomass (Bmicio/Bpnyto). First,
Dennett et al. (2001) gives data allowing us to estimate Bpicro/Bpnyto 10 be 0.28. Second,
measurements of heterotrophic microzooplankton biomass in the surface 100 m of Terra
Nova Bay in summer (Jan/Feb 1988) are reported by Fonda Umani et al. (1998). On
average, heterotrophic dinoflagellates made up 49% of the biomass of the heterotrophic
microplankton trophic groups, tintinnids 28%, aloricate ciliates 13%, and eggs/larvae 9%.
Median heterotrophic microplankton biomass was 1.8 gC m™. This is higher than the
annual average biomass because the measurements were made only in the more
productive summer period, and because productivity (and biomass) tend to be higher
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along the Ross Sea coast. Chlorophyll was also measured by Fonda Umani et al. (1998).
Assuming a carbon:chlorophyll ratio of 80, the values lead to Bpicro/Bpnyc=0.19 (median),
and a 10-90% range of 0.10-0.90 at different stations and depths (N=36). Third, the ratio
of annual total heterotrophic microplankton biomass (2-200 pum) to annual average
autotrophic biomass was found to be 0.50 based on data in Landry et al. (2002). This
value is consistent with similar work in the Antarctic region. Work in another part of the
Southern Ocean (Bellinghausen Sea: Edwards et al. 1998) shows that the ratio of
heterotroph biomass to autotroph biomass varies significantly (0.37-4.6) in relation to the
position of the edge of the pack ice. Using values for the fraction of this autotrophic
biomass in the 20-200 pum size range from Dennett et al. (2001), we estimate that
Bmicro/Bpnyto =0.34. These three estimates (0.28, 0.19, 0.34) are consistent with values
given by Becquevort et al. (1992) in the Weddell Sea, where protozooplankton comprised
c. 0.23 of the total microbial biomass. Using an average factor of 0.27, we estimate the
mean heterotrophic microplankton biomass to be 0.29 gC m™.

We propose using an average of these three values (0.58, 0.33, 0.29) as an initial estimate of
biomass, i.e. 0.40 gC m™.

6.3 Diet

Lessard & Rivkin (1986) studied the clearance rates of microzooplankton in the 20-200 pum size
range in McMurdo Sound, and found a marked preference for bacteria and bacterivores over
autotrophs and herbivores. The heterotrophic dinoflagellate P. antarcticum, ciliates, and
invertebrate larvae ingested almost exclusively bacteria and bacterivores. Data in Lessard &
Rivkin (1986) does not allow us to estimate diet proportions, but the general result contrasts with
that of Bradford-Grieve et al. (2003), and other work in temperate and tropical waters (e.g.
Fenchel 1987; Roman & Rublee 1981; Lessard & Swift 1985) which found that most
microzooplankton preferentially grazed autotrophic food. In particular, ciliates >15 um in
equivalent spherical diameter are thought to graze on pico- and nanoplankton rather than bacteria
(e.g. Scott et al. 2001). Here, we assume that heterotrophic microzooplankton in the Ross Sea
ingest a mix of particles, in approximate proportions: 20% heterotrophic flagellates; 40%
phytoplankton; 40% water column bacteria.

6.4 Consumption, Q/B

We are not aware of studies on feeding rates for heterotrophic microplankton in the Ross Sea. In
their comparison of the Ross Sea and West Antarctic Peninsula food-webs, Ducklow et al. (2006)
used an inverse model (Daniels et al. 2006) to estimate microzooplankton grazing in Nov/Dec,
having identified no suitable direct measurements of this parameter. The inverse model (Ducklow
et al. 2006, figure 10) suggested only 4.4% of the primary production (which was dominated by
colonial Phaeocystis production at this time of year) was grazed by microzooplankton. Using data
from Ducklow et al. (2006), this leads us to estimate a consumption rate for microzooplankton of
Q/B=44.7 y". Safi et al. (2007) present grazing rates for the <200 mm fraction in Antarctic waters
(south of the Polar Front) in Nov/Dec, leading to estimates of Q/B of 78 (66-99) y™ if rates were
maintained at these levels year round. Here, we will use an average of the values from Safi et al.
(2007) and Ducklow et al. (2006) giving Q/B=61 y™ as 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 flagellates and ciliates are typically assumed to be 0.35
(Laws et al. 2000). Respiration/consumption for microzooplankton is given as ~0.3 (Laws et al.
2000). Assimilation efficiency [(ingestion — excretion)/ingestion] of heterotrophic microplankton
is taken to be 0.70 (e.g., Bradford-Grieve et al. 2003).

6.6  Ecotrophic efficiency

Ecotrophic efficiciency (E) for heterotrophic microzooplankton in the Ross Sea is not known, and
is assumed to be 0.99 on the basis that the vast majority of 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 growth rates of heterotrophic microzooplankton in the
Ross Sea. A ciliate production rate of P/B=110 y™ is near the mean of estimates from a number of
studies tabulated by Kigrboe (1998) although growth rates of up to 330 y™ for ciliates have been
measured (Verity et al. 1993). Work in New Zealand subantarctic waters (Bradford-Grieve et al.
2003) suggests P/B of 88 y™ for heterotrophic microplankton 20-200 um. Klaas (1997) assumes a
daily specific growth rate of 0.1 d™ in Antarctic waters equivalent to P/B of 18-36 y™* for growth
lasting 612 months per year. An annual average production rate of P/B=21y™ is consistent with
annual average values of Q/B=61 y™* and P/Q=0.35 as estimated above and we propose to use this
as our intial estimate.

6.8  Transfers between groups due to growth

There will be a transfer of biomass from the heterotrophic microzooplankton group to the
mesozooplankton group due to growth of individuals. The magnitude of this transfer is unknown
but is likely to be small. Here, we use a growth transfer parameter describing the fraction of the
annual production of heterotrophic microzooplankton which is transferred to mesozooplankton as
T9=0.01. This transfer is equivalent to only 2% of the intrinsic annual production of
mesozooplankton so will not significantly affect the model.

7  Heterotrophic flagellates

Heterotrophic flagellates are defined as heterotrophic organisms in the nanoplankton size range
(2-20 pm). Becquevort (1997) found that ciliates were an insignificant fraction of this size range
in the Southern Ocean. Cell numbers of heterotrophic flagellates (Becquevort 1997; Landry et al.
2002) are converted to carbon units from biovolumes (BV, um®). The conversion was carried in
log-space following the modified Strathmann (1967) equations of Eppley et al. (1970):

|0g10C = 0.94*|Og]_oBV -0.60
Alternatively, biovolumes are converted to cell carbon using a conversion factor that may be

influenced by the fixation and staining method as well as by taxon (e.g. Becquevort 1997).
Various ratios in the literature range have been proposed and these range from 0.08 to 0.22 pgC
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um (Becquevort 1997, and references therein). Becquevort (1997) suggests that 0.14 pgC um’
is appropriate for dionflagellates fixed with gluteraldehyde.

7.1 Biomass

Biomass of heterotrophic flagellates in the Ross Sea varies spatially and seasonally. The biomass
of heterotrophic nanoplankton at 12-22 stations along 76.5°S between 168°E and 178°W was
measured by Dennett et al. (2001) from four research voyages spanning early spring and autumn.
Mean annual biomass of heterotrophic flagellates from these data is estimated to be 0.34 gC m™.
We assume winter biomass of heterotrophic flagellates in the Ross Sea is small, as it has been
found to be in winter in the Weddell and Scotia Seas (Garrison et al. 1993).

An alternate method of estimating biomass of this trophic group is via our previous estimate of
phytoplankton biomass. The relationship between heterotrophic flagellate biomass and autotroph
(phytoplankton) biomass in the Ross Sea is complex and potentially variable, both seasonally and
spatially. For example, it is known that the large bloom of Phaeocystis antarctica in the Ross Sea
polynya is impacted minimally by zooplankton grazing, whereas the smaller diatom bloom in the
adjacent Terra Nova Bay polynya is more readily grazed (Taglabue & Arrigo 2003). This
suggests that the ratio of grazers to producers could be variable. However, if we assume that
taking all areas of the Ross Sea and all seasons together, there is generally a positive correlation
between autotrophic and heterotrophic nanoplankton biomass, we can estimate the biomass of
heterotrophic nanoplankton from an estimate of autotrophic biomass. Figure 6 of Becquevort
(1997) supports this assumption. The data shows that there is a strong linear correlation (R=0.81)
between protozooplankton biomass (<20 um) and the biomass of producers (bacteria and
autotrophic flagellates). We calculate the ratio of heterotrophic flagellate biomass to
phytoplankton biomass from a number of data sets.

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

2. The average ratio of annual mean heterotrophic flagellate biomass to autotrophic
biomass based on the data of Dennett et al. (2001) is 0.16.

3. The ratio of total heterotrophic biomass (2-200 um) to autotrophic carbon in the

vicinity of the Polar Front at 170°W had a median value of 0.50 (N=29) and varied
with a 10-90% range of 0.22-0.93 (Landry et al. 2002). The ratio of heterotrophic
microplankton (20-200 um) biomass to autotroph biomass in Terra Nova Bay in
summer was c¢. 0.2 (Fonda Umani et al. 1998). See the section on “Heterotrophic
microplankton” for more details of this work. These results together suggest a ratio of
heterotrophic flagellate biomass to autotroph biomass of 0.3.

We take our best estimate of the ratio of heterotrophic flagellate biomass to autotroph biomass to
be an average of these three values (0.24, 0.16, and 0.31), i.e. 0.24. With an estimated average
annual phytoplankton biomass for the study area of 1.1 gC m? we hence estimate a mean
heterotrophic flagellate biomass of 0.26 gC m™. This is very similar to the value estimated based
on data of Dennett et al. (2001) of 0.30 gC m™ An average of the two values is 0.36 gC m?
which we use here. This values lies within the spring range of heterotrophic nannoplankton
biomass in the western Ross Sea of 0.003-0.39 gC m™ (Vanucci & Bruni 1998). If we assume
heterotrophic flagellate biomass is approximately uniformly distributed between the surface and
100 m (Fonda Umani et al. 1998), this is equivalent to an average heterotrophic flagellate surface
concentration of 3.6 mgC m™. This is within the range of found by Becquevort (1997) which
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noted a biomass of nanoprotozooplankton of c. 2 mgC m™ (ranging from 1-5 mgC m™) in ice-
covered waters of the Atlantic sector of the Antarctic in early spring.

7.2 Diet

Heterotrophic flagellates are part of the “microbial loop”, usually feeding almost exclusively on
the small fraction of primary producers such as cyanobacteria, other heterotrophic
nanoflagellates, and bacteria (Caron et al. 2000). Flagellates less than 5 um in size are principally
bactivorous while heterotrophic dinoflagellates feed on bacteria and autotrophic flagellates
(Becquevort 1997). Initially, we estimate the diet of heterotrophic flagellates to be: 78%
phytoplankton, 15% bacteria, and 7% other heterotrophic flagellates (from Becquevort 1997).
Bacteria are considered to be a slightly more important component of the diet of heterotrophic
flagellates in the Ross Sea than in subantarctic waters, where Bradford-Grieve et al. (2003)
estimated the diet proportions to be: 7% heterotrophic flagellates; 78% phytoplankton; 15% water
column bacteria.

7.3  Production, P/B

We have not been able to find any measurements of the growth rate of heterotrophic flagellates in
the Ross Sea. We propose to estimate this quantity using assumed values for the growth
efficiency of heterotrophic flagellates (P/Q) and measurements of Q/B in the Ross Sea. The
values given below (Q/B=180 y™*, P/Q=0.5) lead to estimates of P/B of 62 y*.

There is a wide range of growth values in other cold waters reported in the scientific literature.
The value estimated here is towards the extreme low end of these values. Mean production of
heterotrophic flagellates in subantarctic waters off New Zealand in August and January—February
was P/B=290 y, calculated from dilution grazing experiments (Dr J. Hall. NIWA, pers. comm.).
Growth rates of heterotrophic microflagellates of P/B >700 y* have been measured when
conditions are not limited by iron (Chase & Price 1997), but are or 255-424 y™* (Chase & Price
1997) for subarctic Pacific in low iron conditions. Values of P/B <360 y™ have been observed in
other regions when prey concentrations are low (e.g. see Tortell et al. 1996).

7.4  Consumption, Q/B

Becquevort (1997) records maximum ingestion rates of various prey items by various
heterotrophic flagellates (flagellates <5 pm, flagellates >5 um, and dinoflagellates) as a
proportion of body weight. In the data of Becquevort (1997), dinoflagellates tend to have much
higher consumption rates than flagellates, but comprise only a minor part of the biomass of
heterotrophic flagellates (c. 4%). Based on data given by Becquevort (1997) we calculate that the
maximum rate of ingestion of bacteria by the heterotrophic flagellates, in the marginal ice zone of
the Ross Sea was 0.0030 pgC™ h™. Similarly, the maximum rate of ingestion of autotrophic
flagellates by heterotrophic flagellates was 0.016 pgC™ h™'. We assume that maximum ingestion
rate of heterotrophic flagellates by heterotrophic flagellates is approximately equal to the
ingestion rates of autotrophic flagellates by heterotrophic flagellates. Combined with information
on the relative biomass of flagellates and dinoflagellates biomass in the nanoplankton, these
values give an estimate of consumption rate of 0.021 pgC™ h™. If the feeding rates measured by
Becquevort (1997) between October and November were maintained through the year, the annual
Q/B would be 177 y™. It is likely that consumption rates of heterotrophic flagellates will vary
with the availability of food items. The abundance of food items (bacteria and autotrophic

22



flagellates) will probably decrease from those at the time of the study of Becquevort (1997), and
hence it is likely that the annual average Q/B for heterotrophic flagellates will be lower than the
value of 177 y* estimated here.

7.5 P/Q, Respiration, Assimilation efficiency

Gross growth efficiencies (i.e. P/Q) of heterotrophic flagellates are typically assumed to be 0.35
(Laws et al. 2000) which we use here, although we note that Becquevort (1997) assumes a gross
growth efficiency for heterotrophic flagellates of 30% in the marginal ice zone, i.e. P/Q=0.30.
Respiration/consumption for microzooplankton is given as ~0.3 (Laws et al. 2000). Assimilation
efficiency [(ingestion — excretion) / ingestion] of heterotrophic flagellates in low iron conditions
is given as 0.84 be Chase & Price (1997) which give U=0.16 used here.

7.6  Ecotrophic efficiency

Ecotrophic efficiciency (E) for heterotrophic flagellates in the Ross Sea is not known, and is
assumed to be 0.99 on the basis that the vast majority of the annual production of this species is
likely to be consumed by direct predation.

8 Summary of parameters

Parameters  for  krill, non-krill macrozooplankton, mesozooplankton, heterotrophic
microzooplankton and heterotrophic flagellates are given below in Table 1 and Table 2. Where
required in the model, parameters are combined by combining these parameters in appropriate
proportions according to biomass.

Table 1. Summary of parameters for zooplankton in the trophic model. Wet weight biomasses, in addition
to average carbon densities used in the model, are also given for krill and macrozooplankton.

B B P/B Q/B P/Q U

gCm? tWwW gCm?y? | gCm?y?
Euphausia crystallorophias 0.041 682 369 1.8 13 0.14 0.20
Euphausia superba 0.092 | 1541097 1.1 8.3 0.13 0.20
Other macrozooplankton 0.037 623 421 2.0 15 0.13 0.20
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 model.

Predator (proportions in 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
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Appendix 1: Biomass estimation from Barkhatov data

Dr Vladislav Barkhatov (TINRO, Vladivostok) kindly provided unpublished macrozooplankton
and mesozooplankton data that was collected between 5 February — 26 March 1982 from the
research vessel “Mys Junony”, using an Isaacs-Kidd midwater trawl and Juday Net, respectively.
1982 was a year when there was extensive open water in the Ross Sea. Twenty-five stations were
sampled from 0-100, 100-200 and often 200-500m (Figure 3). At a number stations, samples
were taken from near the sea floor, but 7 stations had a depth between 700 more than 1000 m.

Figure 3. Stations at which Barkhatov data are available and used here (red circles).

The more conspicuous species found in these samples were: Coelenterata (Dipulmaris antarctica,
Calycopsis borchgrevinki, Nausithoe sp.), Pteropoda (Clione limacina, Limacina helica),
Amphipoda (Hyperiella dilatata, H. macronyx, Cyllopus lucasii), Euphausiacea (Euphausia
superba, E. crystallorophias, Thysanaessa macrura), Chaetognatha (Sagitta gazellae, Eukrohnia
hamata), and Salpidae (Salpa gerlachei).

Integrated non-salp macrozooplankton wet weight was converted to carbon biomass using an
average of the relationships of Weibe (1988) and Ikeda & Kirkwood (1989). Salp wet weight was
converted to units of carbon using the observations of Dubischar et al. (2006) which indicate that
for Salpa dry weight is about 4% of wet weight and carbon content about 8.5% of dryweight.
Mesozooplankton wet weight was converted to carbon biomass using the relationship of Weibe
(1988).

Integrated biomass from the surface to the sea floor is estimated from the 1982 data assuming that

decreases in macrozooplankton biomass decreases linearly with depth from the deepest
measurement to 200 m. We use the same approach for mesozooplankton, assuming negligible
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biomass of mesozooplankton below 200 m consistent with acoustic data in the region (O’Driscoll
2006; O’Driscoll & Macaulay 2003).
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