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ABSTRACT

Feeding ecology of the Antarctic krill, Euphausia superba: The role of

phytoplankton community composition in the krill's diet

by
Karen Lynn Haberman

Phytoplankton blooms in the austral spring and summer are
important food resources for the Antarctic krill. Major taxa comprising
these blooms include diatoms, prymnesiophytes and cryptophytes. The
relative contributions of these phytoplankton groups in the krill's diet
were examined, with an emphasis on the prymnesiophyte Phaeocystis.
Studies of grazing on Phaeocystis have produced conflicting results,
and little is known about the trophic link between Phaeocystis and
euphausiids.

Several approaches were included in this study. First, clearance and
ingestion rates by E. superba on unialgal cultures of Phaeocystis
antarctica and Thalassiosira antarctica were compared in the laboratory

(Chapter 1). Egestion rates were also measured, and carbon and



nitrogen assimilation efficiencies were calculated (Chapter 2). Next,
selectivity by krill for particular phytoplankton taxa was determined
from grazing by krill on phytoplankton mixtures, using high
performance liquid chromatography (HPLC) to track concentrations of
taxon-specific photopigments (Chapter 3). Finally, the degree of grazing
by krill on Phaeocystis was estimated with an immunochemical assay
of stomach extracts from field-collected krill (Chapter 4).

Clearance and ingestion rates by krill on small Phaeocystis antarctica
colonies (50-100 um) were similar to those on T. antarctica, whereas
rates on medium P. antarctica colonies (150-500 um) and single cell P.
antarctica were significantly lower than for T. antarctica. Mean carbon
and nitrogen assimilation efficiencies for P. antarctica were 85% and
94%, respectively. Diatoms were selected over both prymnesiophytes
(i.e. Phaeocystis) and cryptophytes in phytoplankton mixtures, even
when Phaeocystis occurred as small colonies. Finally, krill grazed
Phaeocystis at 20% of stations sampled, most of them nearshore.

My results suggest that Antarctic krill graze Phaeocystis, but to a
lesser extent than they graze diatoms. This result should be considered

when measuring and modeling food availability for Antarctic krill.
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CHAPTER 1

Grazing by the Antarctic krill, Euphausia superba, on Phaeocystis

antarctica and Thalassiosira antarctica



ABSTRACT

Diatoms and prymnesiophytes are major constituents of spring
phytoplankton blooms in the Antarctic. While diatoms are known to
be well-grazed by krill, the role of prymnesiophytes in the krill's diet is
unknown. Clearance and ingestion rates of E. superba grazing on
three size classes of Phaeocystis antarctica were compared to rates on
the diatom Thalassiosira antarctica in parallel, unialgal experiments.
Clearance rates were calculated from disappearance of chlorophyll a
during grazing, and converted to carbon and nitrogen ingestion rates
based on elemental (CHN) analysis of phytoplankton cultures.
Clearance and ingestion rates of krill on small P. antarctica colonies (50-
100 um) were similar to rates on T. antarctica, whereas rates on
medium P. antarctica colonies (150-500 um) and single cell P. antarctica
were significantly lower than for T. antarctica. Overall, clearance rates
on P. antarctica decreased with increasing colony size. Clearance rates
on T. antarctica were variable, and correlated with degree of chain
formation. These results suggest that E. superba effectively grazes

small colonies of P. antarctica, but not larger colonies or single cells.



INTRODUCTION

The Antarctic krill, Euphausia superba, is the primary prey for a
multitude of predators in Antarctic waters. In turn, phytoplankton is a
primary food resource for the Antarctic krill. While krill may also
consume zooplankton to an as yet unknown extent (Price et al., 1988;
Atkinson and Snyder, 1997; Pakhomov et al., 1997), growth and
reproductive success of adult krill are presumably directly tied to the
krill's ability to effectively graze spring phytoplankton blooms
associated with the marginal ice zone (Ross and Quetin, 1986; Quetin
and Ross, 1991). Diatoms are a major component of these blooms, and
are also recognized as an important food source for krill because they
are within the size range effectively grazed (Meyer and El-Sayed, 1983;
Ishii et al., 1985; Quetin and Ross, 1985). However, prymnesiophytes,
represented by the genus Phaeocystis, are also abundant in these
blooms (Fryxell et al., 1988). In fact, recent studies show that
Phaeocystis is often the dominant genus associated with spring ice edge
blooms along the Antarctic Peninsula (Bidigare et al., 1996), where E.

superba is abundant in shelf waters (Ross, et al., 1996). Furthermore,



Phaeocystis can also be a major component of near-shore, open water
phytoplankton blooms in the Palmer Station region in spring and
summer (Moline and Prézelin, 1996). Krill are frequently found in this
coastal habitat (Lascara, et al. in press) which may be an important
feeding ground for immature krill. On the basis of biomass and spatial
distribution, Phaeocystis is a potentially important food resource for E.
superba.

Two previous studies suggest that Phaeocystis is grazed by
Euphausia superba. Sieburth (1960) found Phaeocystis in the guts of
krill, providing qualitative evidence of grazing. More recently, Virtue
et al. (1993) studied the ability of Antarctic krill to assimilate lipids from
Phaeocystis pouchetii. Their data on lipid classes incorporated during
the five month study show that krill can graze and assimilate
Phaeocystis. However, no quantitative studies of grazing rate or
assimilation efficiency by E. superba on Phaeocystis currently exist.

Hansen et al. (1994) conducted the only study to date that measured
grazing rates of euphausiids on both Phaeocystis and diatoms.
Clearance rates by Thysanoessa sp. on field-collected Phaeocystis were
lower than its rate on cultured Thalassiosira nordenskioldii. The

euphausiid tended to fragment Phaeocystis colonies into smaller
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pieces, rather than ingesting them. However, mouthparts and feeding
appendages of Thysanoessa sp. differ from Euphausia sp. (McClatchie
and Boyd, 1983).

In contrast to the paucity of information on euphausiids, numerous
studies have quantitatively examined the ingestion of Phaeocystis by
other macro- or meso-zooplankton grazers, primarily copepods in
northern waters (reviewed in Davidson and Marchant, 1992; Weisse, et
al. 1994.) While these results were highly variable and method
dependent, even within a species, some conclusions of possible
relevance to Euphausia superba can be drawn. First, filter-feeding
copepods may have greater difficulty grazing Phaeocystis colonies than
do raptorially-feeding copepods (Miller and Hampton, 1989), and have
been found with Phaeocystis fragments adhering to their appendages
(Schnack, 1985). Krill may also have this problem, since they feed
primarily by compression-filtration (Hamner, 1988) and their feeding
basket is composed of fine setae (McClatchie and Boyd, 1983). Second,
these studies demonstrated the importance of measuring grazing rates
throughout the life cycle of Phaeocystis. Early in a Phaeocystis bloom,
the alga occurs as flagellated, motile cells between 3-8 pm in diameter.

As the bloom progresses, the proportion of the colonial form increases.
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These colonies are composed of non-flagellated cells imbedded in a
high carbohydrate "gelatinous” matrix (Verity et al., 1988).
Progressively larger colonies (up to several millimeters) develop as the
bloom continues. Ingestion of Phaeocystis by copepods appears to
depend upon the phase of its life cycle and upon the size range and
physiological state of the colonies (Estep et al., 1990; Weisse, et al., 1994).
For example, Estep et al. (1990) showed that three species of Calanus
were unable to graze actively growing Phaeocystis colonies, but
consumed senescent ones. Since E. superba is known to graze more
efficiently on larger phytoplankton (Meyer and El-Sayed, 1983; Quetin
and Ross, 1985; Ishii et al., 1985), their ability to graze Phaeocystis may
also depend upon its size and physiological state.

In summary, qualitative data from previous studies show that
Euphausia superba grazes Phaeocystis to some degree, but grazing rates
have not been quantified. Given the prominence of Phaeocystis in
regions of high krill biomass, it is important to quantify the role of
Phaeocystis as a food resource. Additionally, since the relative
proportions of Phaeocystis and diatoms in these regions vary between

seasons and years (Moline and Prézelin, 1996), studies of krill's ability



to graze Phaeocystis may help explain interannual variability in krill
growth and reproduction (Quetin et al., 1996).

The objective of this study was to determine whether Phaeocystis
antarctica in one or more of its forms is a significant food resource for
Euphausia superba. To accomplish this goal, clearance and ingestion
rates of E. superba on three size classes of Phaeocystis antarctica were
compared to rates on a common and highly palatable diatom species,

Thalassiosira antarctica.

METHODS

Collection and maintenance of krill. Experiments were conducted
during the austral spring and summer of 1993-94, 1994-95, and 1996-97
at Palmer station, Antarctica, located on Anvers Island, west of the
Antarctic Peninsula. Krill were collected either from a zodiac with a
meter net, or from the M/V Polar Duke with a 2-m square-framed net.
Mesh size was 1000-um for nets and 500-um for cod ends. All krill
were maintained in 2.5-m diameter flow-through seawater tanks at
Palmer Station. Ambient temperature in these tanks ranged from -0.5-

1.5 °C. Feeding conditions depended upon the ambient phytoplankton
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in the incoming seawater, and ranged from approximately 0.5-5.0 ug
chl ael. Krill were held in these tanks for a minimum of one week to
ensure that krill used were healthy. Highest mortality rates occurred in
the first few days after collection, presumably due to damage during
trawling. Experimental animals were chosen from the holding tank on
the basis of size (determined "by eye" to be 35-40 mm) and healthy
appearance. A krill was considered healthy if it was actively swimming
and/or feeding, displayed normal, wavelike pleopod movement
during swimming, had a transparent abdomen without white patches,
was not caught in the surface layer or lying on the bottom, and was not
missing eyes. In 1996-97, an additional criterion was added. Only krill
actively moving their feeding baskets were selected for experiments in
order to minimize variability caused by individual differences in

behavior.

Maintenance and assessment of phytoplankton cultures.
Phaeocystis antarctica and Thalassiosira antarctica cultures, both
initially isolated from the Palmer Station region, were grown in 20-1
clearboy containers at temperatures of 1.5-2.0 °C. Cool white

fluorescent lights were used for illumination, with a light regime of 18
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hours on, 6 hours off during the austral summer. Cultures were
aerated using Silent Giant pumps, with air filtered through Gelman
bacterial airvents to prevent contamination.

Thalassiosira antarctica was grown in f/2 media (Guillard and
Ryther, 1962). Phaeocystis antarctica was grown primarily in f/2 media.
However, specific media components were altered in the attempt to
grow large, colonial P. antarctica in 1993-94 and 1994-95. Changes
included: 1) alteration of media strength from f/2 to f/40 (Sieburth,
1960), 2) manipulation of relative manganese levels (Davidson and
Marchant, 1987), and 3) manipulation of relative phosphate
concentrations (Veldhuis and Admiraal, 1987). These variations in
media strength and relative nutrient concentrations did not have any
apparent effects on colony formation and size. In 1993-94, initial
cultures of P. antarctica were composed entirely of single cells, which
then developed into small, spherical or elliptical colonies
approximately 50-100 pm which were used for experiments (Table 1).
In 1994-95, all cultures of P. antarctica were composed entirely of single
cells.

In an effort to produce larger Phaeocystis antarctica colonies during

1996-97, air flow into the clearboys was reduced in order to minimize
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the degree of agitation inside the containers (Andrew Davidson,
personal communication). The clearboys were not aerated for the
initial 24 hours after culture inoculation, after which aeration levels
were controlled by a bleed valve, so that air entered the clearboy at the
rate of approximately 1 bubble/sec. This method produced medium-
sized colonies with dimensions primarily between 100-500 um (Table
1). Often the largest colonies had both a spherical and an elongate
component and resembled volumetric flasks in shape. This low-level
aeration technique also resulted in a sheet of P. antarctica on the
bottom which would periodically dislodge and fragment. Sheet
fragments produced this way were screened out with either a 500 um or
1000 um mesh prior to the experiment so that only true colonies were
used in experiments.

Cultures were assessed bi-weekly. Cell and colony size and shape
were evaluated microscopically. Cells were measured using either a
Unitron inverted microscope or a Zeiss compound microscope.
Preserved phytoplankton was sampled with a 1.0 ml Hensen-Stempel
wide-bore syringe and transferred to a Sedgewick-Rafter counting
chamber. For both phytoplankton species, 100 random particles

(colonies of Phaeocystis antarctica, cells or chains of Thalassiosira
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antarctica) were measured at their minimum and maximum
dimensions. For T. antarctica, cell dimensions, and number and length
of chains, were also quantified. Cultures were also checked for
contamination by other phytoplankton species. In addition, duplicate
samples of 10-50 ml were filtered onto GF/C filters, frozen, and
analyzed for chlorophyll a (chl a) using a Turner Designs Model AU-
005 digital fluorometer and the methods of Smith et al. (1981). During
the 1996-97 season, additional samples of P. antarctica cultures that
were mixtures of single cells and colonies were fractionated using a 20
um filter which allowed single cells (3-8 pm diameter) to pass through.
This allowed for measurement of chl a present in colonies only. These
periodic chl a checks were used to determine growth rates of the
phytoplankton.

Cultures were also sampled one day prior to each experiment for
cell and colony measurements, chl a concentration and elemental
analysis (Table 1). Subsamples of 100 ml from each culture were
preserved in 0.35% glutaraldehyde/Lugol's solution (Rousseau et al.,
1990) for microscopic analysis. Five replicate samples (10-50 ml
depending upon estimated chl a concentration) were taken for chl a

analysis as described above. Also, four subsamples, each of a different

11



volume, were filtered onto pre-combusted (500 °C, 1 hour) A/E filters.
These filters were placed into pre-combusted (450 °C, 24 hours)
aluminum sleeves and plates, stored in a 60 °C isotemp oven, and later
analyzed for organic carbon (C) and nitrogen (N) on a Leeman
Laboratories AE 440 CHN Analyzer. Linear regressions of C and N mass
versus sample volume were calculated, and the slopes used to
determine C and N concentrations of a culture. Values for chl a, C and
N concentrations obtained in these analyses were used to calculate
ratios of C:chl a, N:chl a and C:N (Table 1).

Experimental design. Grazing experiments were primarily
conducted as paired comparisons between Thalassiosira antarctica and
Phaeocystis antarctica. The purpose of this paired design was to
minimize the confounding effects of krill feeding history, time of year,
and subtle changes in experimental conditions which could contribute
to differences in feeding rates unrelated to the phytoplankton type.
While the major focus of this study was on the paired comparisons
between T. antarctica and P. antarctica, results of additional, unpaired
experiments with these species have been included in some analyses.

The range of phytoplankton concentrations used in these

experiments was an important consideration. Both chl a and estimated
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carbon concentrations were kept below the critical concentration as
defined by Frost (1972, Fig. 1) above which the clearance rate decreases.
These critical concentrations were estimated from previcus studies of
grazing by Euphausia superba (Price et al., 1988, Ross et al., 1998). Since
clearance rates are at their maximum and relatively constant within
this range, this choice allowed for paired comparisons of clearance rates
even when chl a and/or carbon concentrations in the paired containers
were similar but not equal.

A related question was which phytoplankton variable should be
standardized for the different phytoplankton species. As the building
block atom of organic molecules, carbon is roughly proportional to the
total mass/energy of an organic substance, and would be the logical
choice for this variable. In addition, carbon also appears to be a
relevant parameter from the perspective of the functional response of a
filter-feeder (Frost, 1972). However, it was not possible to measure
carbon in the field, so chl a concentration was used as a proxy for
phytoplankton concentration. During the 1993-94 and 1994-95 season,
target chl a concentrations were equal for the paired containers.
However, analyses from the first two years showed that C:chl a ratios

for single cell and small, colonial Phaeocystis antarctica were
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approximately double the C:chl a ratios for Thalassiosira antarctica
(Tables 1 and 2). In an attempt to equalize carbon and keep P. antarctica
concentrations within the range of maximum clearance rate, the initial
chl a concentrations for P. antarctica treatments in 1996-97 were

planned as half the values for T. antarctica treatments.

Experimental set-up and sampling. Experimental containers (47 cm
diameter x 53 cm height) were filled with 40-45 1 of filtered (0.45 pm)
seawater and moved into the environmental room approximately 24
hours prior to the experiment to allow for temperature equilibration.
The measured volume of phytoplankton required for each container,
as calculated from the chl a measurements and the estimated growth
rate of each culture, was added to the containers approximately 10
hours prior to the experiment. Additional filtered seawater was then
added to the containers so that all containers held equivalent volumes
(50-60 1 depending upon the experiment). The phytoplankton was then
mixed continuously with a plunger-type stirring system modified from
Frost (1972). The containers were left in the stirring apparatus
overnight to equilibrate to experimental temperature and light

conditions (0.5 0.3 °C, dim light). Simultaneously, krill for the
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experiments were removed from the maintenance tanks to the
environmental room and kept overnight in two 20-1 buckets of filtered
seawater to acclimate to the physical environment prior to the
experiment.

Each experiment lasted 12 hours, and was divided into two
consecutive feeding periods of 6 hours (6-h) each. Identical, replicate
containers were used for each feeding period, making four containers
total for each paired experiment. The first feeding period was
considered to be an acclimation period, since previous studies on filter-
feeding copepods have found initial feeding rates to be abnormally
high, presumably due to starvation and handling (Mullin, 1963). The
first 6-h period was also used to monitor the phytoplankton
concentration over time in the two containers without krill, which
were subsequently used during the second feeding period as the
experimental containers (Fig. 2).

During the first 6-h period, five 100-ml water samples were collected
at 2-h intervals (hours 0, 2, 4 and 6) from the control containers (no
krill), and at hours 0 and 6 from the containers with krill (Fig. 2).
During the second six hour feeding period (hours 6-12), five 100 ml

water samples were collected at 2-h intervals (hours 8, 10 and 12) from
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the containers with krill. These samples were filtered and frozen for
later chlorophyll analysis. In addition, a 100 ml sample was taken at
hours 0, 6, and 12 from each container used for the control/second
feeding period, and preserved in 0.35% glutaraldehyde/Lugols's for
subsequent counts and measurements of cells and colonies. Krill were
measured and weighed after the experiment.

For some experiments in 1996-97, there was only one pair of
containers, and only a single feeding period. The first 6-h period was
used as the control for phytoplankton growth with no krill grazing.
During this time, krill remained in the 20-1 buckets and were not
acclimated to food levels as in the other experiments. Krill were
transferred into the experimental containers at the beginning of the
second 6-h period. Water samples were collected at 2-h intervals
throughout the 12-h experiment.

Grazing rate calculations. Phytoplankton growth and grazing rates
were calculated with best fit exponential regressions of time (t) and
chlorophyll a concentration [chl a], based on the equations of Frost
(1972). The [chl a] used was the average of the five replicates taken at

each time period.
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The phytoplankton growth coefficient (k) (Frost, 1972) was

calculated from the control containers with no krill, where [chl a]g is
the initial chlorophyll concentration and [chl a]; is the chlorophyll

concentration at time t (in hours).

(1) k = In([chl a];/[chl a]g)*t"

The experimental phytoplankton loss coefficient, b, defined as rate of

change in phytoplankton due to both growth and grazing, was

calculated from the containers with krill, both with and without

acclimation to the food.

(2) b = In([chl a];/[chl a]g)*t"

The grazing coefficient (g) (Frost, 1972) was calculated from the

phytoplankton growth coefficient and phytoplankton loss coefficients:

@) g=kb
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Grazing coefficients were then converted to clearance rates (F in log
wet wt'eh), i.e. the wet-weight specific rate at which a given volume

of seawater is swept clear of phytoplankton by krill (Frost, 1972).

(4) F=g+V/W.

V is the volume of the phytoplankton mixture in the experimental
containers and W is the wet weight of krill per container.

Carbon ingestion rates (Ic) and nitrogen ingestion rates (In) were
calculated from these clearance rates with the equations of Marin et al.
(1986) and the C:chl a ratios and N:chl a ratios determined for the

cultures:

(6) Ic = F*[chl a]*(C:chl a)

(7) Iy = F[chl alp*(N:chl a)

The above calculations assumed: 1) F did not change during each 6

h feeding period, 2) entire cells and colonies were ingested, and 3) C:chl

a ratios and N:chl a ratios remained constant during the experiment.
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The first assumption was tested with data from 1996-97 experiments by
calculating F for each 2-h interval during the first feeding period with
equations 1-4, and testing for differences in clearance rates among
intervals.

These calculated ingestion rates were considered as initial rates of
grazing and used to compare grazing on different phytoplankton types,
not to calculate actual grazing loss over the course of the experiment,
which was measured directly. Such a calculation would overestimate
ingestion rates for containers which had substantial (>14%) decreases in

phytoplankton over the 6-h feeding period (Marin, et al., 1986).

RESULTS

Comparison of clearance rates for the first and second feeding periods.

Clearance rates during the first and second feeding periods of each
experiment were compared with a Wilcoxon signed rank test. The
purpose of this test was to determine whether the two periods could be
treated as duplicate experiments, even though krill had been

acclimated to food conditions prior to the second, but not the first,
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feeding period. When experiments for all years were included,
clearance rates by Euphausia superba on Thalassiosira antarctica were
significantly higher for the first feeding period than the second feeding
period (Wilcoxon signed rank test, p=0.035). When individual years
were considered, two of the three years followed this pattern.
However, in 1993-94 the pattern was reversed: E. superba had lower
clearance rates on T. antarctica for the first feeding period in 75% of the
experiments. dearmce rates on Phaeocystis antarctica were
significantly higher for the first feeding period in all years combined
(WSRT, p=0.002), and this result was consistent among years. These
analyses showed that the two feeding periods were not equivalent. The
first feeding period was used in all further analyses presented here,
since some experiments included only the first feeding period.
However, results for the second feeding period were generally
qualitatively consistent with these results (Haberman, unpublished
data).

Given the differences between clearance rates for the first and
second feeding periods, it was important to test whether clearance rates
were consistent during the entire 6-h period. Accordingly, clearance

rates for the three 2-h intervals within the first feeding period were
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compared. These data were available only for the 1996-97 experiments
(n=7). Clearance rates among the three 2-h intervals were not
significantly different from each other for either Thalassiosira
antarctica (Friedman 2-way ANOVA, p=1.0) or Phaeocystis antarctica
(p=0.15). Therefore, the 6-h period was appropriate to use for

comparing clearance rates in these experiments.

Pairwise comparisons of clearance rates between Thalassiosira

antarctica and Phaeocystis antarctica.

Experiments were analyzed as paired comparisons of clearance rates
by Euphausia superba on Thalassiosira antarctica and Phaeocystis
antarctica. Since the size of P. antarctica was relatively consistent
within a year, experimental pairs were grouped by year to compare
clearance rates for each size category of P. antarctica (small colonies,
medium colonies, and single cells) with T. antarctica. A Wilcoxon
signed rank test was used to test for differences in clearance rates

between T. antarctica and P. antarctica, and p<0.05 was considered

significant.

21



Single cell Phaeocystis antarctica. Clearance rates by krill on single
cell Phaeocystis antarctica were significantly lower than on
Thalassiosira antarctica (p=0.03, Fig. 3a, Table 3). The mean clearance
rate for P. antarctica was nearly an order of magnitude less than the

mean rate for T. antarctica.

Colonial Phaeocystis antarctica. Clearance rates by Euphausia
superba on small Phaeocystis antarctica colonies were lower than on
Thalassiosira antarctica in four out of five pairings (Fig. 3b). However,
these differences were not significant (p=0.23, Table 3). The mean
clearance rate for P. antarctica was approximately 70% of the mean for
T. antarctica (Table 3).

Clearance rates by krill on medium Phaeocystis antarctica colonies
were significantly less than on Thalassiosira antarctica (Fig. 3c and
Table 3, p=0.02). The mean clearance rate for P. antarctica was less than

30% of the mean rate for T. antarctica.

Spearman rank correlation coefficient. In addition to testing for

differences between Thalassiosira antarctica and Phaeocystis antarctica
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clearance rates in paired experiments, correlations between T. antarctica
and P. antarctica clearance rates were also calculated using the
Spearman rank correlation (Siegel, 1956). This correlation is indicative
of the effects of individual experimental conditions on clearance rates,
independent of phytoplankton type. This correlation was found to be
highly significant for the 1996-97 paired experiments (p<0.01,Table 3).
However, there were no significant correlations for the 1993-94 or 1994~

95 seasons.

Interannual comparisons of clearance rates

Clearance rates were first analyzed as a function of initial carbon
concentrations to test the assumption that initial phytoplankton
concentrations were below the critical concentration. These tests were
necessary to determine the appropriate method for comparing
experiments with different initial concentrations.

Clearance rates on Thalassiosira antarctica were not a function of
initial carbon concentration for any of the three years (regression
analysis, p>0.20 all years). Clearance rates on Phaeocystis antarctica were

also not a function of initial carbon concentration (regression analysis,
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p>0.20 all years). These results suggest that the attempt to make initial
chl a concentrations below the critical concentration for all experiments
was successful. Clearance rates among years for T. antarctica, and
among different size categories of P. antarctica, were compared with

Tukey HSD multiple comparison tests.

Thalassiosira antarctica. Clearance rates by Euphausia superba on
Thalassiosira antarctica were compared between years in order to assess
interannual variability in clearance rates independent of
phytoplankton type. Clearance rates during the 1993-94 season and the
1996-97 season were similar. However, clearance rates differed
significantly between the 1993-94 and 1994-95 seasons (Tukey HSD
multiple comparisons, Table 4). The mean clearance rate for T.
antarctica in 1993-94 was nearly double the mean clearance rate in 1994-
95 (Table 4).

Thalassiosira antarctica cultures were grown under similar
conditions within and between years; however, the precise
characteristics of the T. antarctica cultures were variable. The clearest
interannual differences were in cell size and chain formation (Table 1).

During 1993-94, cells were primarily small (20-30 um) and occurred in
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mixtures of single cells and two-cell chains. During 1994-95, cells were
either mostly large (50-60 pm) and single or mostly small and single,
depending upon the specific culture and experiment. During 1996-97,
cells were primarily small and single. There was no significant
correlation between clearance rates and cell size for either of the two
feeding periods during 1994-95, the only year when significant numbers
of large cells were grown. In contrast, degree of chain formation was
significantly correlated with clearance rates for the first feeding periods
during both 1993-94 and 1996-97, and weakly correlated with clearance
rates during 1994-95 (Fig. 4). These results suggest that degree of chain
formation may affect clearance rates.

Although cultures in exponential growth phase were used for
experiments, specific phytoplankton growth rates varied among
cultures. However, no correlation was found between specific growth
rates and clearance rates (regression, r’=0.03, p=0.59) in 1994-95, the year
with highest variability for both these rates. Finally, there were no
significant differences among years for either C:N or C:chl a (Table 2) so
these factors were apparently not linked with interannual variability in

T. antarctica clearance rates.
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Phaeocystis antarctica. Clearance rates by Euphausia superba on
small Phaeocystis antarctica colonies were significantly greater than
clearance rates on both medium P. antarctica colonies and single cell P.
antarctica (Tukey HSD multiple comparisons, Table 5). The mean
clearance rate for small colonies was three times the rate for medium
colonies, and ten times the rate for single cells. The outlier for 1996-97
(Expt 6-02) was not included in this analysis because its size was
intermediate between the small and medium colony size categories
(Table 1).

Colony size varied among experiments within each category. To
more closely examine the factor of colony size, clearance rate was
plotted as a function of the median value of the maximum colony
dimension (Table 1) for all experiments with colonial Phaeocystis
antarctica (Fig. 5). Clearance rate significantly decreased with increasing
colony size (y = -0.004x + 1.11, r’=0.71, P<0.001).

Since Phaeocystis colony size is sometimes correlated with C:N
and/or C:chl a (Davies et al., 1992), additional analyses were conducted
to test whether the significant relationship between colony size and

clearance rate was confounded by these factors. Regression analysis
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found no significant correlation between colony size and either C:N

(p=0.63) or C:Chl a (p=0.70).

Interannual comparison of carbon and nitrogen ingestion rates

Thalassiosira antarctica. Carbon and nitrogen ingestion rates by
Euphausia superba on Thalassiosira antarctica during the first feeding
period were plotted as functions of initial carbon concentration in each
of the three experiment years (Fig. 6). Both carbon and nitrogen
ingestion between years showed considerable overlap; the slopes were
homogenous and there were no significant differences in the
regression between years for either carbon ingestion rates (ANCOVA,

=0.19) or nitrogen ingestion rates (p=0.42). Overall, there was a highly
significant correlation between carbon ingestion rates and initial carbon
concentration (y = 1.1 x - 42, I = 0.67, P<0.001, Fig. 6a), as well as
between nitrogen ingestion rates and initial carbon concentration (y =

0.29 x - 16, r* = 0.63, P<0.001, Fig. 6b).

Phaeocystis antarctica. Carbon and nitrogen ingestion rates for each

size category of Phaeocystis antarctica were analyzed a functions of
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initial carbon concentration. In contrast to T. antarctica, neither carbon
nor nitrogen ingestion rates for P. antarctica were significantly
correlated with initial carbon concentration for any size category of P.
antarctica. Both carbon and nitrogen ingestion rates for small P.
antarctica colonies were significantly higher than for either medium P.
antarctica colonies or single cell P. antarctica (Tukey HSD multiple
comparisons, Table 6). While carbon and nitrogen ingestion rates for
all size categories of P. antarctica overlap with T. antarctica rates at low
initial carbon concentrations (Fig. 7), lack of significant correlation of
ingestion rate and initial carbon concentration for P. antarctica leads to
an increasing divergence of the rates for the two species as carbon
concentrations increase, especially for medium colonies and single

cells.
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DISCUSSION

Pairwise comparison of clearance rates.

Pairwise comparisons showed that clearance rates on Phaeocystis
antarctica were generally lower than on Thalassiosira antarctica, and
dependent upon size. Pairwise comparisons directly compared the two
phytoplankton species, and minimized the effects of variables such as
behavior, health of the krill and seasonal changes, which could not be
controlled during the experiments. The actual utility of this paired
design was tested with the Spearman rank correlation coefficient. The
highly significant Spearman correlation for 1996-97 implied that some
aspect of the experimental conditions common to both containers was
variable and strongly affected the clearance rate. During 1996-97, the
temperature-controlled room experienced a greater degree of human
activity than in previous years. This increased activity, coupled with
brief, accidental changes in light levels may have influenced the krills’

behavior.
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One important aspect of the paired design was the requirement to
match the two phytoplankton species in a relevant way. This was
difficult to accomplish for several reasons. 1) The most relevant
variable is not clear (Rapport, 1981). 2) The most conservative variable
to match, carbon, could not be measured in the field. 3) The easiest
variable to measure, chl a, is not necessarily correlated with available
energy or some other aspect of food value. While Cowles (1988) used
chl a to determine food value within a species, based on the correlation
between chl a per cell and growth rate, there is no clear reason for it to
reflect food value between species. 4) The two phytoplankton types
had significantly different C:chl a ratios. Chl a was reasonably well-
matched for the pairings of T. antarctica and both the small P. antarctica
colonies and single cell P. antarctica (Table 1), but differences in their
C:chl a ratios created a mismatch for carbon. Attempts were made to
take C:chl a ratios into account and match carbon more closely for
pairings between T. antarctica and medium P. antarctica colonies.
These attempts were not always successful, due to the high variability
of C:chl a ratios.

The use of clearance rate, rather than ingestion rate, for these paired

experiments circumvented the need to precisely match the
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phytoplankton concentrations. Since clearance rates were not
correlated with initial carbon concentration over the range of values in
the paired containers, the results for these paired experiments are valid
even in cases where there were significant concentration differences for
relevant variables between paired tubs. Also, evaluation of the 2-h
intervals for 1996-97 showed the consistency of clearance rates
throughout the 6-h feeding period, even as phytoplankton

concentration dropped over time.

Interannual comparisons of clearance and ingestion rates.

Interannual comparisons of krill's clearance, carbon ingestion and
nitrogen ingestion rates on Phaeocystis antarctica showed that krill
grazed small colonies at significantly greater rates than either medium
colonies or single cells. However, Thalassiosira antarctica was
considered the standard phytoplankton species against which P.
antarctica was compared; therefore, the P. antarctica results should be
examined in light of the T. antarctica results. Accordingly, the first part

of this section is devoted to interannual comparisons of grazing on T.
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antarctica, after which the different size categories of P. antarctica are

discussed.

Thalassiosira antarctica. Significant interannual differences were
found for clearance rates on Thalassiosira antarctica. Possibly, these
differences were a result of differences in chain formation between
years. The strongest correlations between chain formation and
clearance rates were found during 1993-94 and 1996-97, the two seasons
when T. antarctica was comprised of small cells (20-30 pm diameter)
almost exclusively. For those years, a higher percentage of cells in
chains meant more relatively large particles (maximum dimension 50-
60 um for two cell chains), consistent with the relationships between
size and clearance found in other studies (Quetin and Ross, 1985). On
the other hand, cultures of predominantly 2-cell chains in 1993-94 were
grazed at higher rates than large, single T. antarctica cells grown in
1994-95, even though the linear dimensions of the 2-cell chains and the
large, solitary cells were similar. Furthermore, there was no difference
between clearance rates for single T. antarctica cells of different sizes but
the same overall shape. Perhaps, chains were more effectively retained

within the feeding basket, due to their geometry. In two previous
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studies, Euphausia spp. also exhibited higher clearance rates on chain-
forming diatoms than on solitary cells (Stuart, 1989; Meyer and El-
Sayed, 1993).

Food quality, measured as relative concentrations of carbon,
nitrogen, and chl a, did not appear to be a factor. C:N and C:chl a ratios
for Thalassiosira antarctica were quite similar among years (Table 2).
Possibly, a more subtle aspect of food quality, such as lipid or protein
composition, varied between years.

Factors other than phytoplankton variability may have played a
role. For example, some aspect of krill health or feeding history may

have reduced grazing rates during 1994-95.

Phaeocystis antarctica. Single cell Phaeocystis antarctica (1994-95)
was both cleared and ingested at significantly lower rates than small P.
antarctica colonies (1993-94) (Tables 5 and 6). However, the significant
difference between Thalassiosira antarctica clearance rates for the same
years suggests that the P. antarctica differences could be due to lower
grazing rates overall in 1994-95, rather than a real difference between
the two P. antarctica size categories. The paired analyses can be used to

clarify this result. During 1994-95, single P. antarctica was cleared at a
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rate nearly an order of magnitude below the T. antarctica for the first
feeding period, whereas during 1993-94, clearance rates on small P.
antarctica colonies could not be distinguished from T. antarctica (Table
3). Therefore, the clearance rate differences between single cell and
small, colonial P. antarctica are likely due to differences in the P.
antarctica, and not to interannual differences in clearance rates. These
results are consistent with previous studies on phytoplankton size and
ingestion. Cells in the size class of single cell Phaeocystis (<10 um) are
less effectively grazed, probably due to reduced sieving efficiency of the
feeding basket for these small particles (McClatchie and Boyd, 1983;
Quetin and Ross, 1985; Ishii, 1985).

Medium Phaeocystis antarctica colonies (1996-97) were also cleared
and ingested at lower rates than small P. antarctica colonies (Tables 5
and 6). Since clearance rates on Thalassiosira antarctica for 1993-94 and
1996-97 were similar, these results were presumably due to some
physical or physiological difference between small and medium
colonies.

Why did the krill clear and ingest the medium Phaeocystis
antarctica colonies at lower rates than the small ones? Based on the

regression of clearance rate and colony size (Fig. 5), the relevant factor
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may be size itself. However, krill are certainly capable of ingesting
much larger particles. For example, Price et al. (1988) showed successful
grazing by krill on copepods, a larger food item than the colonial P.
antarctica used in this study. When preying on copepods, the krill
appeared to feed raptorially rather than by filtering. Possibly, the
medium colonies in this experiment are between the size that krill can
efficiently capture through either raptorial feeding or filtration.

Food quality is another important factor which influences grazing
rates. For example, Cowles (1988) demonstrated that the copepod
Acartia tonsa grazed fast-growing cells with relatively low C:N and
C:chl a ratios at higher rates than slow growing cells of the same species
with higher C:N and C:chl a ratios. In this study, neither C:chl a nor
C:N ratios were correlated with Phaeocystis antarctica colony size.
Verity et al. (1988) also found that extracellular:cellular ratios of carbon
were not strictly tied to colony size for nutrient replete colonies. Van
Rijssel et al. (1997) showed that Phaeocystis globosa was a hollow ball
with a thin layer of cells and mucopolysaccharide matrix, rather than a
solid sphere filled with mucopolysaccharides as other studies had
indicated (Rousseau, 1990). This structural characteristic explains why

C:chl a and C:N were not strictly tied to colony size. On the other hand,
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the relatively large coefficient of variation of C:N ratios for medium
colonies suggests that their quality was more variable than small
colonies.

Optimally foraging animals spend more time searching than
feeding if food quality is poor (MacArthur and Pianka, 1966). In the
field, C:N ratios of Phaeocystis blooms often increase when large
colonies predominate (Davies et al., 1992). If the nutritional value of
larger Phaeocystis colonies is more variable than small colonies and
clearly lower than diatoms, it may be advantageous for the krill to limit
their intake of larger Phaeocystis and instead search for more
consistently nutritional food resources.

It is also possible that the medium Phaeocystis antarctica colonies
clogged the krill's feeding basket, as has been found for other filter
feeding invertebrates (Pieters et al., 1980; Schnack, 1985). Microscopic
examination of the krill's feeding basket for P. antarctica particles
adhering to the setae would help answer this question. This could be
coupled with TEP techniques (Alldredge et al., 1993) to detect
transparent polysaccharide particles which might also interfere with
feeding.
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The role of Phaeocystis spp. in the krill's diet

In these experiments, small colonial Phaeocystis antarctica was
cleared and ingested at rates similar to Thalassiosira antarctica. Thus, it
appears possible for krill to benefit from Phaeocystis blooms when
Phaeocystis exists primarily as small colonies. However, these results
do not necessarily mean that Phaeocystis colonies are nutritionally
equivalent to diatoms.

In particular, the nature of the carbon which comprises Phaeocystis
colonies is different than diatoms. The C:chl a ratios of the small
Phaeocystis antarctica colonies were approximately 40% higher than for
single cell P. antarctica, with the extra carbon presumably extracellular,
and composed of mucopolysaccharides which are probably low in
nutritional value compared to diatom carbon (Sargent, 1985). Also,
since C:N ratios are similar for P. antarctica single cells and colonies, a
significant proportion of the nitrogen in colonies is probably associated
with the extracellular matrix. The form of this nitrogen is not known
(Verity et. al, 1988) nor is its ability to be assimilated by the krill.

Furthermore, overall C:N ratios were greater in all three size categories
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of P. antarctica than in Thalassiosira antarctica (Table 2). This may be
indicative of low food quality relative to diatoms. Assimilation and
growth studies would help elucidate the ability for Phaeocystis carbon
and nitrogen to be effectively utilized by krill.

Another factor to consider is the low lipid level of Phaeocystis. In
particular, P. pouchetii is low in essential fatty acids (Nichols et al.,
1991). Virtue (1993) fed Antarctic krill diets of P. pouchetii or
Phaeodactylum tricornutum and found the krill's lipid percentage and
composition to be equivalent for the two food sources. However,
Phaeodactylum sp. is known to be a poor food source for crustacean
grazers in comparison to diatoms (Brown et. al, 1989 as cited in Virtue
et al., 1993), and lipid values for the fed krill in the Virtue study were
similar to winter field-collected animals which presumably had not fed
(Ross and Quetin, unpublished data).

Finally, this study did not address selectivity by krill on mixtures of
Phaeocystis and diatoms, even though they commonly co-occur at ice-
edge blooms (Fryxell et al., 1988). Such studies are necessary to assess
the relative utilization of prymnesiophytes and diatoms by krill in

Antarctic waters.
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CONCLUSION

Consistent and significant differences between grazing rates by krill
on Thalassiosira antarctica and Phaeocystis antarctica, as well as among
the different size classes of P. antarctica, were found in this study.

These differences were seen alongside high variability in grazing rates
on T. antarctica. Grazing on P. antarctica was dependent upon size:
while small P. antarctica colonies were cleared and ingested at rates
roughly equivalent to T. antarctica, medium colonies and single cells of
P. antarctica were cleared and ingested at relatively low rates. These
results suggest that krill can take advantage of P. antarctica blooms in
the field, when they are primarily comprised of small colonies.
However, as colony size increases, or if single cells comprise a large
proportion of the bloom, the role of Phaeocystis as a food source for
krill would be markedly reduced.

Mechanisms underlying size selectivity for Phaeocystis antarctica
colonies should be more fully examined. Differences in handling time,
feeding basket blockage, nutritional quality of phytoplankton, and

behavior of krill may all result in low clearance and ingestion rates,
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and distinguishing between these differences would lead to a further

understanding of the krill's ability to exploit different food resources in
the field. Additionally, studies of assimilation and nutrition, as well as
selectivity by the krill in mixed blooms, are necessary to clarify the role

of Phaeocystis as a food source for Antarctic krill.
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Table 1. Initial experimental conditions. T.a.: Thalassiosira antarctica, P.a.. Phaeocystis antarctica. Phytoplankton size and elemental ratios
(C:N, C:chl a) were obtained from culture assessments one day prior to the experiment. T. a. cell size refers to the diameter range of the
dominant cell type. S: 20-30 um, L: 50-60 pm. % chains: percent of T.a. particles which are chains, not individual cells. Initial chlorophyll
concentrations (jg/l) were measured at the beginning of the experiment, and initial carbon concentrations (j1g/1) were calculated from intial
chlorophyl concentration and C:chl a. Numbers in bold indicate values for paired experiments, while others are additional, unpaired experiments.
Expt. 6-01 was run as a paired experiment but not evaluated as one; due to the extremely high carbon values for P. a., P.a. was eliminated from

all analyses, but T.a. was used in "additional" analyses as described in the text. An * indicates experiments where one T. a. container was paired
with two P. a. containers. The T.a is listed twice in those cases.

YEAR EXPT |MIN DIMENSION | MAX DIMENSION | ADDITIONAL INFO C:N
(median value) (median value) T. a.
T.aa Pa | Ta. P.a. cell size % chains| T.a. P.a. P.a.

1993.94 3.08 28 58 30 67 S 50 10.1 6.6 46 125] 2.9 2.8]134 344
1993.94 3.08 24 86 45 106 S 56 4.0 4.5 25 451 4.6 3.7]114 165
1993.94 3.09 17 48 28 58 ] 32 4.4 5.4 26 £5513.5 3.9192 216
1993.94 3.11 25 48 46 58 [} 71 4.6 6.2 24 941 5.0 4.1)121 383
1993.94 3.12 25 67 43 77 ] 83 4.8 6.7 24 801 6.5 5.7]1155 456
1993.94 310 24 47 S 66 4.4 25 4.7 119
1993.94 3-14(1) 25 44 S 53 5.2 29 8.3 239
1993-94 3-14(2 25 47 S 55 4.7 30 5.8 174
1994-95 4.02 15 7 20 7 S 0 4.3 5.0 40 431 2.6 2.9]101 124
1994-95 4-04 23 7 52 7 L s 4.3 4.7 31 66 14.1 4.7]128 313
1994-95 4-09 16 7 21 7 S 5 4.7 §.1 21 §0)1 5.6 5.1]119 254
1994.95 4.10 18 7 20 7 S 8 4.7 §.1 24 §0]6.8 5.1]162 251
1994-95 4-11 17 7 20 7 S 4 5.0 5.4 25 43]1 6.2 5.8]154 248
1994-.95 4-15 16 7 21 7 S 17 4.8 7.4 27 $3]16.9 581185 364
1994-95 4-01 7 7 5.1 43 2.8 121
1994-95 4-05(1) 23 50 L 11 4.6 49 6.8 333
1994.95 4-05(2) 23 51 L 5 4.9 22 4.9 110
1994.95 4-07(1) 20 52 L 8 4.4 25 6.2 153
1994.95 4-07(2) 21 52 L 6 4.3 25 5.4 131
1994-95 4-12 15 19 S 5 6.3 38 5.6 209
1994-95 4-14(1) 16 19 S 2 5.3 30 6.9 206
1994-95  4-14(2) L 6
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Table 1 (continued)

YEAR EXPT |MIN DIMENSION | MAX DIMENSION ] ADDITIONAL INFO C:N C:chla Chla Carbon
(median value) | (median value) T.a. Initial, pug/l |Initial, pg/l
1996-97 6-02 17 106 3 128 S 26 3.9 5.2 26 78 |17.4 11.4| 458 884
1996-97 6-05 19 96 29 173 S 2 4.4 14.0] 28 124]17.9 4.5]501 552
1996-97 606 A 18 144 29 192 S 5 4.2 15.2] 27 126] 8.2 3.3]1226 415
1996-97 6-06 B*] 18 154 29 259 s 5 4.2 6.0 27 65]18.2 3.01226 196
1996-97 6-07 18 144 29 192 ] 5 4.2 6.0 217 65 110.8 2.61297 172
1996-97 6-08 A 19 173 28 298 S 6 4.3 5.8 24 67]9.5 7.8)1231 8§17
1996-97 6-08 B*} 19 173 28 298 S 6 4.3 5.8 24 671]19.5 3.6]231 241
1996-97 6-01 17 106 31 106 S 12 3.7 63 26 173 ] 20.1 25.7}] 525 4435
1996-97 6-04 25 63 S 16 5.1 49 10.6 518
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Table 2. a) C:N statistics and b) C:Chl a statistics for all phytoplankton, including means,
standard deviation (SD), coefficient of variation (SD/mean) and Tukey HSD Multiple
Comparison probabilities. P-values are listed in matrix; p<0.05 was considered signficant
and indicated with an asterisk (*). T.a.= Thalassiosira antarctica. P.a.=Phaeocystis antarctica.
sm col=small colonies, m col=medium colonies, single=single cells.

a) MEAN SD C.V. T.a. T.a. T.a. P.a. Pa. P.a.
93-94 94-95 9697 single smcol m col

T.a. 9394 460 037 0.08 | 1.000

T.a. 94-95 481 054 0.11 1.000  1.000

T.a. 96-97 426 1045 0.11 0999 098  1.000

P.a,, single 538 1089 0.16 0960 0982 0.838 1.000

Pa,sm.col 586 1094 0.16 0824 0866 0635 0997  1.000

P.a., m col 834 429 0.51 0.004* 0.002* 0.001* 0.034* 0177 1.000

b MEAN D C.V. | Ta. T.a  Ta  Pa Pa. Pa
9394 9495 9697 single smcol m col

T.a. 93-94 287 %73 025 | 1.000

T.a. 94-95 29.1 183 0.29 1.000 1.000

T.a. 96-97 298 184 0.28 1.000 1.000  1.000

P.a., single 509 £10.0 0.16 0002 0220 0385 1.000

Pa,sm.col 797 1319 040 0.001* 0.000* 0.002* 0.172  1.000

P.a., m col 99.7 1420 042 0.000* 0.000* 0.000* 0.001* 0.548 1.000
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Table 3. Clearance rate (log wet wt'eh) values and statistics for paired experiments. P.a.:
Phaeocystis antarctica. T.a.: Thalassiosira antarctica. P.a. size categories: SM COL:small
colonies, MCOL:medium colonies, SINGLE: single cells. See text and Table 1 for further
size information.WSRT: P-values for Wilcoxon's signed ranked test; an * indicates a
signficant difference (p<0.05) in clearance rates. All signficant values indicate a lower
Spearman's corr. coef: Spearman rank correlation coefficient, rho.
The ** indicates p<0.01, based on Table P in Siegel, 1956. Test statistics are not given for M
COL, feeding period 2, because there were too few pairs.

clearance rate for P.a..

_____Experiment information Clearance rates Test statistics
Pa. Year Total pairs Feeding T.a. P.a. WSRT Spearman
size catego: riod |[Mean SE Mean SE -value corr. coef.
SINGLE 1994-95 068 018 | 009 0.04 0.03* 0.12
SMCOL 1993-94 5 1 127 028 | 091 0.12 0.23 -0.67
MCOL  1996-97 7 1 110 044 | 030 007 | 0.02* 0.93**
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Table 4. Clearance rates (leg wet wt'+h™) for
Euphausia superba on Thalassiosira antarctica (T.a.)
Included are mean, standard deviation (SD) and
Tukey HSD Multiple Comparison probabilities
listed as p-values; p<0.05 was considered signficant
and indicated with an asterisk (*).

Year MEAN #SD T.a. T.a. T.a.
93-94 94-95 96-97

93-94 1.23 #0050 1.000

94-95 0.69 +037{ 0.035* 1.000

96-97 092 0541 0.440 0.547 1.000
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Table 5. Clearance rates (leg wet wt'eh™) forEuphausia
superba on Phaeocystis antarctica (P.a.) small colonies (sm
col), medium colonies (m col) and single cells (single).
Included are mean, standard deviation (SD) and Tukey
HSD Multiple Comparison probabilities listed as p-values;
p<0.05 was considered signficant and indicated with an
asterisk (*).

Phytoplankton MEAN 1SD | Pa Pa. Pa.
Type single sm col m col

P.a. single 0.08 009§ 1.000

P.a. sm col 090 1026 § 0.000* 1.000

P.a. m col 030 0.19§ 0.095 0.000* 1.000
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Table 6. a) Carbon ingestion rates (g Ceg wet wt'+h) and
b) Nitrogen ingestion rates (g N+g wet wt'sh™)
forEuphausia superba on Phaeocystis antarctica (P.a.) small
colonies (sm col), medium colonies (m col) and single cells
(single). during the first feeding period. Included are mean,
standard deviation (SD) and Tukey HSD Multiple
Comparison probabilities listed as p-values; p<0.05 was
considered signficant and indicated with an asterisk (*).

a)

Phytoplankton MEAN +SD Pa. P.a. Pa.
type single sm col m col

P.a. single 21 17 | 1.000

P.a. sm col 266 71 J 0.000* 1.000

P.a. m col 128 +121 § 0.070 0.030* 1.000

b)

Phytoplankton MEAN "Pa. Pa.
type sm col m col

P.a. single 43

P.a. sm col 45.0 1.000

P.a. m col 18.9 0.030*  1.000
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Fig. 1. Modified figure 6 from Frost (1972) depicting the theoretical
functional response curve for filter feeding copepods. The dark bar on
x-axis is the carbon concentrations for which clearance rates are
maximum. The arrow points to the critical carbon concentration,

above which clearance rates decline.
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Fig. 2. Experimental design and sampling protocol.

56



TIME (h)

6-12

PAIR 1 PAIR 2

CONTROL FEEDING PERIOD
(No krill) (Krill in at 0 h)

Water sampled at 0, 2, 4 Water sampled at 0 h
and 6 h for chl a (5x100 ml) and 6 h for chl a

Water sampled and preserved
at 0 and 6 h (1x100 ml)

FEEDING PERIOD 2 (NO ACTIVITY)
(Krill tranferred
from Pair 2 to Pair 1)

Water sampled at
8,10 and 12 h for chl a

Water sampled and preserved
at 12 h (1x100 ml)

Krill removed at 12 h
Measured, weighed and frozen
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Fig. 3. Paired comparisons of clearance rates (1°g wet wt'eh™) between
Thalassiosira antarctica (black bars) and small Phaeocystis antarctica
colonies (gray bars) for:

a) single cell P. antarctica (1994-95)

b) small P. antarctica colonies (1993-94) and

¢) medium P. antarctica colonies (1996-97). See Table 3 for statistical

treatments.
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Fig. 4. Clearance rates (1°g wet wt'*h™) for Euphausia superba on
Thalassiosira antarctica were plotted as a function of the percent of T.
antarctica particles which were chains of 2 or more cells for each
individual years. OPEN SQUARES with SOLID regression line: 1993-94
(y=2.8x-0.43, r’=0.77, p=0.004); OPEN DIAMONDS with DOTTED
regression line: 1994-95 (y=3.9x+0.44, =0.20, p=0.13); GRAY
TRIANGLES with DASHED regression line: 1996-97 (y=5.2x+0.34,

’=0.75, p=0.02).
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Fig. 5. Clearance rates (1°g wet wt"*h™) for Euphausia superba on
Phaeocystis antarctica colonies were plotted as a function of initial
colony size (um) using the median value of the maximum dimension

(Table 1). y=-0.004+1.11 *=0.72, p<0.001.
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Fig. 6. Ingestion rates of carbon and nitrogen by Euphausia superba
grazing on Thalassiosira antarctica for all years, plotted as a function of
initial carbon concentration (ugel?). (OPEN SQUARES: 93-94, FILLED

DIAMONDS:94-95, TRIANGLES: 96-97)

a) Regressions of carbon ingestion with initial carbon concentration
among years were homogenous (p=0.99), and not significantly different
from each other (ANCOVA, p=0.52). Overall regression (BLACK

LINE): y=1.15x-42. £=0.67, p<0.001.

b) Regressions of nitrogen ingestion with initial carbon concentration
among years were homogenous (p=0.45), and not significantly different
from each other (ANCOVA, p=0.422). Overall regression (BLACK

LINE): y=0.29x-15.8, r’=0.63, p<0.001.
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Fig. 7. Ingestion rates of carbon and nitrogen by Euphausia superba
grazing on Phaeocystis antarctica for all years, plotted as a function of
initial carbon concentration (ugel™). (FILLED SQUARES: sm col, 93-94;
FILLED TRIANGLES: m col, 96-97; X: single cell, 94-95). Ingestion rates
on Thalassiosira antarctica are included for comparison (GRAY
CIRCLES). GRAY LINE indicates the regression for T. antarctica,

inclusive for all years.
a) Regression of carbon ingestion with initial carbon concentration for
was not significant for any year. The one outlier was excluded from

analyses (see text).

b) Regression of nitrogen ingestion with initial carbon concentration was not

significant for any year. The one outlier was excluded from analyses (see text).
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CHAPTER 2

Assimilation of Phaeocystis -derived carbon and nitrogen by the

Antarctic krill, Euphausia superba
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