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Abstract

Our focus in this paper is the interaction between macrozooplanktonic grazers and primary producers, and the interannual
Ž .and seasonal variability in the Palmer Long-Term Ecological Research Palmer LTER study region from Anvers Island to

Ž .Adelaide Island. Short-term grazing estimates are calculated by integrating 1 theoretical and experimental estimates of
Ž .ingestion rates in response to the standing stock of phytoplankton, and 2 field measurements of phytoplankton standing

Ž .stock and grazer biomass. Field data come from three austral summer cruises JanuaryrFebruary of 1993, 1994, and 1995
Ž .and one sequence of seasonal cruises summer, fall and winter 1993 . The relative and absolute abundance of the dominant

macrozooplankton grazers, Euphausia superba and Salpa thompsoni, varied by at least an order of magnitude on the spatial
and temporal scales observed. Mean grazing rates ranged from 0.4 to 9.0 mg chlorophyll my2 hy1 for the Antarctic krill and
salp populations over the three summer cruises. This leads to variability in the flow of carbon from the primary producers
through the grazers on the same scales. Temporal and spatial variability in grazing impact and faecal pellet production are
high.

Resume´ ´

Le centre d’interet de cet article est l’interaction entre les brouteurs macroplanctoniques et les producteurs primaires,´ ˆ
´ainsi que la veriabilite interannuelle et saisonniere dans la zone d’etude du Projet Palmer de Recherche Ecologique a Long´ ` ´ `

Ž .Terme Palmer LTER , entre l’Ile Anvers et l’Ile Adelaıde. Les estimations de broutage a court terme sont obtenues en´ ¨ `
Ž .integrant: 1 des estimations theoriques et experimentales de taux d’ingestion en reponse au stock disponible de´ ´ ´ ´

Ž .phytoplancton, et 2 des mesures in situ du stock de phytoplancton et de la biomasse des brouteurs. Les donnees de terrain´
Ž .proviennent de trois campagnes en ete austral janvier–fevrier 1993, 1994 et 1995 et d’une sequence de campagnes´ ´ ´ ´

Ž .saisonnieres ete, automne et hiver 1993 . Les abondances absolue et relative des brouteurs macroplanctoniques dominants,` ´ ´
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Euphausia superba et Salpa thompsoni, varient d’au moins un ordre de grandeurs aux echelles spatiale et temporelle des´
observations. Sur trois campagnes estivales, les taux de broutage moyen varient de 0.4 a 0.9 mg chlorophyll my2 hy1 pour`
les populations de krill antarctique et de salpes. Il en decoule une variablite a la meme echelle du flux de carbone des´ ´ ` ˆ ´
producteurs primaires aux brouteurs. La variabilite spatiale et temporelle de l’impact du broutage et de la production de´
pelotes fecales est forte. q 1998 Elsevier Science B.V. All rights reserved.´
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1. Introduction

A primary objective of the Palmer Long-Term
Ž .Ecological Research project LTER is to investigate

seasonal and interannnual variability in the pelagic
marine ecosystem west of the Antarctic Peninsula,
particularly in relation to the timing and magnitude
of the seasonal sea–ice cycle. To help meet this
objective, at the inception of the Palmer LTER a
sampling grid was established with fixed geographic

Ž .station locations Waters and Smith, 1992 that would
be occupied repeatedly over decadal time scales. The
mesoscale grid extends alongshore from the southern
Bransfield Strait to south of Adelaide Island and 200
km offshore. Over the past several years repetitive

Ž .sampling of the same grid locations Fig. 1 has
provided a data base that allows us to discuss the
dominant macrozooplanktonic grazers and their ef-
fect on both the magnitude and variability in grazing
impact and carbon flux.

In the Southern Ocean, temporal variability in
particulate flux is extreme, and is correlated with the
seasonal ice cover and primary production cycles
Ž .Honjo, 1990 . The relative impact of micro-, meso-,
and macrozooplankton grazers on primary produc-

Žtion and particulate flux has yet to be tested Ander-
.son, 1993 . However, in the coastal continental shelf

areas within the Palmer LTER region, macrozoo-
plankton often dominate the zooplankton assem-
blage, and their role as grazers and producers of
particulate matter may be important.

Two macrozooplankton grazers with the potential
to influence vertical flux are the Antarctic krill,
Euphausia superba, and the salp, Salpa thompsoni.
Both occur in high densities in the Antarctic Penin-
sula region, but their distributions and periods of

Žhigh abundance do not often overlap reviewed in
.Ross et al., 1996 . Both produce faecal pellets with
Ž .high sinking rates Honjo, 1990 . Sediment traps in

the area are sometimes filled with krill faecal pellets,

suggesting that in certain regions and times, krill are
Žthe dominant source of sinking particles Wefer et

.al., 1988 . In addition, salps are able to consume
nearly the full range of phytoplankton, and aid in the
conversion of small, nonsinking particles into larger,

Ž .denser sinking particles Michaels and Silver, 1988 .
In contrast to salps, krill consume larger phytoplank-

Žton cells more efficiently than smaller cells Quetin
.and Ross, 1985 , although there may be an upper

Ž .size limit for effective ingestion Boyd et al., 1984 .
In this study we calculate grazing impact and

carbon flux for stations sampled consistently during
three seasons in 1993 and during the austral summer

Ž .for three consecutive years 1993, 1994, 1995 . The
results are discussed in terms of the levels and
patterns of variability among seasons and years,
distribution of impacts within the grid area, and
causes of the magnitude of change and variability
seen among years.

2. Materials and methods

2.1. Research cruises

This study examines results from five cruises:
austral summer, Januaryrearly February, 1993, 1994,
1995; fall, March–May, 1993; and late winter, Au-
gust–September, 1993. Stations along four transect

Ž .lines 600, 500, 400 and 300 lines , encompassing an
area of 60,000 km2, from Anvers Island to Adelaide

Ž .Island Fig. 1 , were sampled during all cruises.
Palmer LTER standard alongshore transects are 100
km apart, and standard stations on transects are
spaced 20 km apart from the coast to 200 km
offshore. Because the same stations were visited
during sequential cruises, we have been able to

Ždocument seasonal 1993, ns31 stations in com-
. Žmon and interannual variability ns32 stations in
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Ž . Ž .Fig. 1. Location in the LTER grid of station samples analyzed for seasonal ) and interannual ) plus star variability. Other stations in the
Ž .LTER grid are shown Ø . Islands are identified as: 1—Anvers, 2—Adelaide.

.common in this region. Ice cover limited geographi-
cal sampling range in AugustrSeptember 1993, as
net tows could not be done on the inshore stations of
the 300 and 400 lines. Data on krill and salp abun-

Ždance and phytoplankton standing stock Smith et al.
.b, this volume were collected concurrently. Primary

production was estimated with a bio-optical model
Ž .for the same cruises Smith et al. a, this volume .

Data on phytoplankton abundance throughout the
1992–1993 season at Station E, a time series station
near Palmer Station on Anvers Island, were from
Smith et al. b, this volume. In this study, chlorophyll
a concentrations were used as a proxy measure for
phytoplankton abundance. Consequently, species

composition and size distribution within the phyto-
plankton community were not considered.

2.2. Macrozooplankton grazer distribution and abun-
dance

Macrozooplankton were collected at each station
Žwith a 2-m square fixed-frame net 700 mm mesh,

.500 mm mesh cod end . The net was rigged with a
General Oceanics flowmeter to measure volume fil-
tered, and a time–depth recorder to record maximum
depth of tow. Standard tows were oblique from the
surface to 120 m and lasted for approximately 30
min at a ship speed of 3.5 km hy1. When flow
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Žmeters did not operate properly January 93 and 2
.weeks of March 93 , volume filtered was estimated

from tow duration and the relationship between tow
duration and volume filtered found in January 1994.

Trawl contents were analyzed for macrozooplank-
ton abundance either on board or from preserved

Žsubsamples. Total wet volumes of Antarctic krill E.
.superba and S. thompsoni were measured sepa-

rately with a graduated cylinder. For grazing esti-
mates, wet volume of krill was converted to wet
weight with a density of 1 g cmy3 based on data

Ž .from Ross and Quetin unpublished , and the effect
of size on the functional response curve assumed
negligible. For salp grazing estimates, numbers of
zooids within defined size categories were estimated
from numbers of zooids in a subsample. Zooid size

Ž .categories total length, oral–atrial distance in-
cluded: 10–20 mm, 20–30 mm, 30–40 mm, and
)40 mm. Stage 0–1 solitary zooids with eleoblasts
were generally -10 mm, and were not included in
the grazing estimates since they are still primarily

Ždependent on the eleoblast for nutrition Foxton,
.1966 .

2.3. Grazing model for Antarctic krill

Grazing rates as a function of phytoplankton con-
centration were measured in laboratory experiments
at Palmer Station during two austral summers,
1990–1991 and 1991–1992. Experiments were run
for two sequential 6-hour periods. During the first 6
Ž .h control period , the experimental tub contained no

krill. During this time krill were acclimated in other
tubs to experimental conditions. After the 6-h control
period krill were transferred from the acclimation to
the experimental tubs and allowed to graze the fol-

Ž .lowing 6 h. The experimental tubs 50-l volume
were sampled for chlorophyll a concentration at 2-h
intervals throughout the control and experimental
periods. Five replicate water samples from each sam-
pling period were analyzed for chlorophyll a as

Ž .described by Smith et al. 1981 . Fourteen to eigh-
Ž .teen krill average wet weight 0.5 mg were used in

each experiment.
The results of these experiments were used to

formulate functional response curves for E. superba
that describe the relationship between ingestion and
chlorophyll a concentration. Two potential models

for a functional response curve were fitted to the
Ž .data from these 15 experiments Fig. 2a . Data from

12 experiments with either of two phytoplankton

Ž .Fig. 2. a Functional response relationships for Antarctic krill, E.
superba. Experiments: food, Thalassiosira antarcticum, nine ex-

Žperiments, and Phaeocystis sp. colonies 185-mm average diame-
. Žter , six experiments; experimental volumes about 50 l Price et

. Žal., 1988 . Grazing rates for each 2-h experimental period mg
y1 y1.chlorophyll a g , wet weight, h were calculated as in Marin

Ž . Ž .et al. 1986 . In all cases, C initial concentration was less thano

C , the critical concentration for maximum ingestion. With a fewc

exceptions, the algal growth rate was 0. Linear functional re-
Žsponse solid squares, T. antarcticum, three experiments, 1991–

. Ž y1 . Ž 21992 : ingestions1.218= chlorophyll a, mg l y0.435 r s
. Ž0.999 . Maximum rate functional response curve open squares T.

antarcticum, six experiments in 1990–1991 and all Phaeocystis
. Ž y1 .sp. experiments. : ingestions1.257=ln chlorophyll a, mg l q

Ž 2 . Ž .830 r s0.444 . b Maximum and minimum filtration rates as a
function of zooid length assumed for S. thompsoni from literature

Ž . Ž . Ž y1 .relationships for Pegea confederata. 1 log F ml h smax
Ž . Ž . Ž . Ž y1 .1.843=log zooid length q0.271, and 2 log F ml h smin
Ž .3.85=log zooid length y3.724.
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species, T. antarcticum or Phaeocystis sp., fit a
Ž 2 .maximum ingestion rate model r s 0.444 .

Ž .Among-experiment variability three 2-h periods in
ingestion rate was high, particularly at low concen-
trations. The three experiments on T. antarcticum in

Ž .1991–1992 nine ingestion rate estimates , yielded
Ž 2 .data that fit a linear model well r s0.999 . The

linear functional response curve supports experi-
Ž .ments reported by Price et al. 1988 where maxi-

mum ingestion rates by E. superba were not achieved
even at phytoplankton concentrations of 10–12 mg

y1 Ž .chlorophyll a l , and also by McClatchie 1988 ,
who report a similar linear model for grazing by
Thysanoessa raschii. In addition, the two functional

Žresponse curves for estimated grazing impact Fig.
.2a coincide within the environmental ranges of

chlorophyll a concentrations found in this study,
generally between 0 and 4 mg chlorophyll a ly1.
Thus, to calculate the grazing impact of krill we used
the linear model of ingestion exclusively throughout
subsequent analysis of the data:

Ingestion mg chlorophyll a g wet wty1 hy1Ž .

s1.218 mg chlorophyll a ly1Ž .

y0.435 r 2 s0.999 .Ž .

For each station, grazing impact was estimated
from ingestion rate as calculated from the linear
functional response curve and with field data on

Žchlorophyll a concentrations average in top 50 m,
.Smith et al. b, this volume , krill wet weight, and the

depth of the water column sampled:

Grazing impact, mg chlorophyll a my2 hy1

s krill, g wet wt my3Ž .

= mg chlorophyll a g wet wty1 hy1Ž .

= 120 m .Ž .

2.4. Grazing model for S. thompsoni

Salps are nonselective feeders with respect to both
Žsize and type of particles Harbison and McAlister,

.1979; Kremer and Madin, 1992; Madin, 1974 . Un-
like many crustaceans, filtration rate for salps is
dependent on body size and not phytoplankton con-
centration. Since no information on grazing rates
from S. thompsoni is available, maximum and mini-
mum filtration rates were calculated with relation-
ships between total length and filtration rate for P.
confederata, a slow-swimming oceanic salp that
ranges in size from 20–70 mm, the same size range
as S. thompsoni. This approach is supported by
recent data on S. thompsoni in the Southern Ocean.
Ingestion rates of salps calculated with the ‘maxi-
mum rate’ equation and ambient chlorophyll are
comparable to maximum ingestion rates recently ob-
tained for S. thompsoni based on pigment analysis

Ž .techniques Perissinotto and Pakhomov, this volume .
In addition, ingestion rates for salps based on the
‘minimum rate’ equation are close to the average

Žingestion rates obtained by Perissinotto and Pakho-
. Ž Ž ..mov, this volume . Maximum rates used Eq. 1

assumed no temperature response and were calcu-
lated with the relationship found at ambient tempera-
tures in the south Atlantic with a pigment analysis

Ž . Ž .technique Madin and Cetta, 1984 Fig. 2b :

log F ml hy1 s1.843 log zooid lengthŽ . Ž . Ž .max

q0.271 1Ž .

Ž Ž ..Minimum rates Eq. 2 were derived by apply-
ing a temperature response to laboratory experiments

Ž .of Harbison and Gilmer 1976 at 258–298C. A Q10
Žthe factor by which measured response changes

.with a temperature change of 108C of 2 was applied
to the equation of Harbison and Gilmer for high
filtration rates for a temperature decrease of 238C. In

Ž Ž ..this resulting relationship Eq. 2 , minimum rates
were lower for small zooids, and a factor of 3 lower

Ž .for the largest salps Fig. 2b :

log F ml hy1 s3.85 log zooid lengthŽ . Ž . Ž .min

y3.724 2Ž .

Filtration rates for each size category of salps
found at a station were calculated from these rela-
tionships, multiplied by the number of salps and the
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average chlorophyll a concentration in the top 50 m
at that station to estimate grazing impact:

Grazing impact mg chlorophyll a my2 hy1Ž .

s number zooids my3 = l hy1Ž . Ž .

= mg chlorophyll a ly1 = 120 m .Ž .Ž .
Grazing impacts for each size category of salps

were summed to calculate the total grazing impact at
a station. The grazing impact of salps was only
analyzed for the March 1993 and January 1994
cruises. These were the only cruises with more than
incidental catches of salps, )18 ml 1000 my3.

2.5. Egestion rates

Faecal pellet production for both macrozooplank-
Ž .tonic grazers was estimated with 1 grazing impact

Ž .as described above, 2 an assumed 85% assimilation
Ž .efficiency, and 3 a carbon:chlorophyll a ratio of 50

Ž .Mitchell and Holm-Hansen, 1991 . Carbon assimila-
tion efficiencies of 85% have been measured for

Ž .Euphausia pacifica Ross, 1982 and for E. superba
Ž .Quetin and Ross, unpublished data . Assimilation
efficiencies for salps, including S. thompsoni, are
unknown, so we assume the same assimilation effi-
ciency for both grazers. We estimate a maximal
faecal pellet flux by assuming all faecal pellets will
sink.

2.6. Percentage of net primary production grazed

In addition to calculating grazing impact as an
hourly rate of chlorophyll a loss, we also calculated

Ž .the percentage of net primary production %NPP
grazed by both krill and salps. NPP values were

Ž .obtained from Smith et al. a, this volume . Grazing
impact values in the equation are described above.

%NPPs100= Grazing impact,Ž
mg chlorophyll a my2 dayy1 .

= 50 C:chlorophyll ay1Ž .
r NPP, mg C my2 dayy1Ž .

Also, a krill energetics model, using a krill ration
y1 y1 Žof 281 mg chlorophyll a krill day Ross and

.Quetin, 1986 and based on an average krill of 600
mg wet weight, was used to calculate %NPP grazed:

%NPPs100

= 281 mg chlorophyll a krilly1 dayy1Ž .
= 50 C chlorophyll ay1Ž .
= krill density, g my2Ž .
r 0.6 g krilly1Ž .Ž
= NPP, mg C my2 dayy1Ž . .

The average percentage of net primary production
Ž .grazed %NPP was calculated for ‘inner’ stations

Ž .up to 100 km offshore from the Antarctic Peninsula
Žand ‘outer’ stations from 100 to 200 km offshore of

.the Antarctic Peninsula .

3. Results

3.1. Seasonal Õariability

During 1993 krill concentrations in the Palmer
LTER region differed by a factor of 6 between
January to March, with similar concentrations in

Ž .March and August Fig. 3 . Salps were present only

Ž y3 .Fig. 3. Seasonal variability in grazer concentration ml 1000 m
Ž y1 .and chlorophyll a concentration mg l , bar with diagonal stripes

throughout 1993, with 95% confidence intervals. Grazers: krill,
black bars; salps, white bars. Ns31 matched stations for January
and March, Ns27 in August.
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in March, but the total concentration of grazers still
did not reach January levels. Chlorophyll a concen-
trations in the water column decreased from January

Žto August, but by a factor of 3 Smith et al. b, this
. Ž .volume Fig. 3 .

Seasonal grazing impact showed high variability
with maximal impact in January and zero impact in

Ž .August Fig. 4, Table 1 . Although krill volumes in
March 1993 and August 1993 were not very differ-
ent, in August 1993 grazing impact was zero
throughout the grid because the average chlorophyll
a concentrations, 0.24 mg chlorophyll a ly1, were
less than the threshold for ingestion, 0.36 mg chloro-

y1 Ž .phyll a l , in the linear model Figs. 2a and 3 . The
range in estimated grazing impact also decreases,
with fewer high values in March 1993 than in Jan-

Ž .uary 1993 Table 1 . Grazing impact throughout the
Palmer LTER grid is not homogeneous in any sea-
son, and is higher onshore and south for krill, and

Fig. 4. Distribution of krill and salp grazing impact during the
1993 series of cruises. Axis values correspond to LTER grid
locations. The size of the bubble is an index of grazing impact
Ž y2 y1. Ž .mg chlorophyll m h . q indicates stations with zero
grazing impact.

Table 1
Seasonal and interannual variation in macrozooplankton grazing
rates on five cruises in the Palmer LTER study region, 1993–1995

Grazing rate

Jan 1993 Mar 1993 Aug 1993 Jan 1994 Jan 1995

KR
mean 9.01 1.06 0.00 2.32 0.42
sd 26.95 3.62 3.80 0.72
CV% 299% 342% 164% 171%

( )SA max
mean 2.32 5.66
sd 6.94 9.14
CV% 300% 162%

( )SA min
mean 0.11 1.27
sd 0.34 2.19
CV% 317% 173%

Ž .Total grazing pressure krill plus salps

( )KR – SA max
mean 9.01 3.38 0.0 7.97 0.42
sd 26.95 7.51 10.02 0.72
CV% 299% 222% 126% 171%

( )KR – SA min
mean 1.17 3.58
sd 3.61 4.53
CV% 309% 127%

Ž . Ž .Mean, standard deviation sd , and coefficient of variation CV %
Ž y2 y1.of short-term grazing estimates mg chlorophyll a m h for

Ž .Antarctic krill KR, linear functional response curve and salps
Ž .SA, maximum and minimum estimates .

Ž .offshore and north for salps Fig. 4 . The coefficient
of variation in krill grazing rate is greater in March
1993 than in January 1993 due to fewer zero esti-

Ž .mates in January Table 1 .
A plot of cumulative grazing impact in the area

Žsum of 31 matched stations in the grid, going from
.the lowest to highest in rank order illustrates sea-

sonal differences in both total grazing impact and the
Ž .relative influence of individual stations Fig. 5 . If all

stations experienced equal grazing impacts, the cu-
mulative line would be linear. The greater the degree
of concavity, the greater the influence of a few
stations. For the cruises in 1993, grazing impact was
negligible in over half the stations in January and
March, and all stations in August, and a few high

Ž .stations dominated the total impact Fig. 4 . For
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Fig. 5. Cumulative grazing impact of both krill and salps with
rank order of grazing impact estimates, i.e., the cumulative sum of
the grazing impact estimates from low to high. August is not

Ž .plotted because grazing was 0. Maximum dotted line and mini-
Ž .mum dashed line cumulative grazing impact curves for March

indicate the sum of krill and salp grazing with the maximum and
minimum models of filtration rate for salps respectively.

March, the difference in the maximum and minimum
Ž .salp estimates is a factor of 3 Table 1 , but the

maximum cumulative impact is still only about one-
Žthird of the estimate for the previous January Fig.

.5 .
Temporal variability within a single springr

Ž .summer season is also high Fig. 6 , as illustrated

Ž y2 y1.Fig. 6. Grazing impact mg chlorophyll m h at a time series
station during 1992–1993, calculated with krill densities at station
600.040 in January, 1993, and weekly estimates of chlorophyll

Žstanding stock from Station E of the Palmer nearshore grid Smith
.et al. b, this volume . Station 600.040 was chosen for its proxim-

ity to the nearshore grid.

Ž y2 y1.Fig. 7. Seasonal variability in carbon flux mg carbon m h
from the upper 120 m of the water column derived from faecal
pellet production during 1993, with 95% confidence intervals.
Black bars are krill. White bars are salps. Ns31.

with estimates of grazing impact calculated at Sta-
tion E in the 1992–1993 season. Short term grazing
impact ranged from 0–120 mg chlorophyll my2 hy1,
with peaks in December and February. Rates at
Station E during January, i.e., during the January
1993 cruise, were among the lowest of the season.

Based on our assumptions, seasonal variability in
estimated carbon flux from faecal pellet production
during the cruises follows the pattern seen in grazing
impact—highest in January, both krill and salps
contributing to total flux in March, and negligible

Ž .flux in AugustrSeptember Fig. 7 . Similarly faecal
pellet production during the springrsummer seasons
Ž .1992–1993 follows the pattern of grazing impact
shown in Fig. 6.

3.2. Interannual Õariability

Interannual variability in grazing impact and car-
bon flux was examined for three successive January
cruises. Abundance of Antarctic krill, expressed as
sample volume, varied by a factor larger than 20
among years, whereas chlorophyll a concentrations

Ž .varied by less than a factor of 2 Fig. 8 . Only in
January 1994 were both krill and salps present, with
a combined volume about two-thirds that of January
1993. Grazer volume varied more than chlorophyll a
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ŽFig. 8. Interannual variability in grazer concentration ml 1000
y3 . Ž y1m and chlorophyll a concentration mg l , bar with diagonal

.stripes for JanuaryrFebruary cruises from 1993–1995, with 95%
confidence intervals. Grazers: krill, black bars; salps,white bars.
Ns32.

Fig. 9. Distribution of krill and salp grazing impact during three
successive January cruises, 1993–1995. Axis values correspond to
LTER grid locations. The size of the bubble is an index of grazing

Ž y2 y1. Ž .impact mg chlorophyll a m h . q indicates stations with
zero grazing impact.

Fig. 10. Cumulative grazing impact of both krill and salps for
three JanuaryrFebruary cruises, 1993–1995, with rank order of
grazing estimates, i.e., the cumulative sum of the grazing impact

Ž .estimates from low to high. Maximum dotted line and minimum
Ž .dashed line cumulative grazing impact curves for January 1994
indicate the sum of krill and salp grazing with the maximum and
minimum models of filtration rate for salps respectively.

concentration, and decreased as chlorophyll a con-
centrations increased.

The distribution and magnitude of estimated krill
and salp grazing impact within the Palmer LTER
region varied in several aspects. Grazing impact and
associated flux were much greater during January
1993 than in January 1995, and intermediate in
January 1994. In January 1994, grazers included
both krill and salps, with both occurring at multiple

Ž y2 y1.Fig. 11. Interannual variability in carbon flux mg C m h
from the upper 120 m of the water column derived from faecal
pellet production estimates in January, 1993–95, with 95% confi-
dence intervlas. Dark bars are krill. Light bars are salps. Ns32.
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Table 2
Ž .Percent net primary production NPP grazed, based on grazing models for krill and salps, and an energetic model for krill

Range Krill Krill Salp Salp
Ž . Ž . Ž . Ž .grazed energetic max grazed min grazed

Jan 1993 0–55 0–4265 na na
Ž . Ž .Inner stations 6.0 15 421 1147
Ž . Ž .Outer stations 0.4 0.9 38 102

Jan 1994 0–4.2 0–127 0–7.8 0–2.4
Ž . Ž . Ž . Ž .Inner stations 1.0 1.3 23 37 1.6 2.0 0.2 0.2
Ž . Ž . Ž . Ž .Outer stations 0.4 0.4 14 16 1.4 2.4 0.2 0.3

Jan 1995 0–0.6 0–36 na na
Ž . Ž .Inner stations 0.1 0.1 0.7 0.9
Ž . Ž .Outer stations 0.1 0.2 7.9 11

Mar 1993 0–76 0–3910 0–37 0–0.013
Ž . Ž . Ž . Ž .Inner stations 2.6 5.9 228 517 0.6 1.1 0.0 0
Ž . Ž . Ž . Ž .Outer stations 0.0 0 5.3 12 4.4 10 0.0 0

Aug 1993 0 0–15,465 na na
Ž . Ž .Inner stations 0.0 0 1763 5139
Ž . Ž .Outer stations 0.0 0 325 1112

Ž .Range for all stations, and average and standard deviation in parentheses for inner and outer stations, are given for each cruise.
nasno salps.

Ž .stations Fig. 9 . In January 1994 and 1995, the
distribution of the grazing impact was more homoge-
neous than in 1993, with much lower coefficients of

Ž .variation Table 1 . There were 6–8 stations with no
krill grazing in both 1993 and 1995, but only 1 in

Ž .1994 Fig. 9 . A greater range appears to be associ-
ated with higher average impacts.

January 1993 was a year with high variability
Ž . Ž300% in station estimates of grazing impact Fig.
.10 . The steep curve reflects the distribution, with

many low and a few high grazing impact stations.
Although both January 1993 and 1995 show low
impacts at about two-thirds of the stations, the cumu-
lative impacts are over an order of magnitude apart.
In January 1994, the shallower slope indicated that a
higher proportion of the stations contributed measur-
ably to the cumulative impact, whether calculated
with the salp minimum or salp maximum equations.
The cumulative impact for both krill and salp maxi-
mum was close to that for krill alone in January
1993.

As we saw for seasonal carbon flux, the interan-
nual variability in carbon flux from faecal pellet

Ž .production mimicked grazing impact Fig. 11 . For
example, krill and salp maximum together generate
nearly as much carbon flux as krill alone in January
1993. January 1995, however, had low grazing im-
pact and carbon flux, the result of low krill volume
and no salps.

3.3. Percentage of net primary production grazed

The %NPP grazed calculated from the grazing
models for krill and salps was 6% or less in all areas

Ž .for all cruises Table 2 . For all cruises except
January 1995, the average %NPP grazed by krill was
greater at the inner stations. Our estimates from the
krill energetic model of %NPP grazed for January 94
and 95 were 23% and 0.7%, respectively, in contrast

Ž .to estimates for January 93 of 421% Table 2 .

4. Discussion

During the series of cruises over the past several
years, we have documented striking variability in
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short-term grazing impacts by macrozooplankton.
There was a substantial decrease from summer to
winter, and between January 1993 and January 1995,
within the area sampled regularly by the Palmer
LTER. In addition, clear spatial variability was ob-
served, with high grazing impacts found at only a
few stations during the time periods sampled.

Other major patterns were seen in the nature of
grazing impact. For example, either krill or a mixture
of salps and krill dominate the macrozooplanktonic
grazer community. To date we have not within the
Palmer LTER region experienced a situation where
salps dominate the macrozooplanktonic grazer com-
munity, unlike in regions to the north such as around

Ž .Elephant Island Ross et al., 1996 . Also, there is a
tendency for high grazing impact from krill to occur
in onshore and southern parts of the region, and if
salps are present, for higher rates to occur at offshore
stations and northern transects. However, during Jan-
uary 1994, krill and salps co-occurred at many sta-
tions, making the pattern less clear.

Variability in grazing impact can stem from either
variations in grazer biomass, chlorophyll a concen-
tration, or both. A contour plot of grazing impact
with varying conditions of chlorophyll a concentra-
tions and krill biomass illustrates the relative impor-

Ž .tance of the two major factors Fig. 11 . In this
study, while average krill abundance changed more
than an order of magnitude in both seasonal and
interannual comparisons, average chlorophyll a con-
centrations varied by factors of -3. Thus, the inter-
annual difference in grazing impact was primarily
due to changes in grazer biomass. Seasonal differ-
ences were due to both a decrease in krill abundance
and a seasonal decline in chlorophyll a concentration
below the feeding threshold.

In contrast to these cruise results, grazing impact
in one location can increase several fold with the
same abundance levels of krill under bloom condi-
tions. While high levels of phytoplankton were not
common during the January cruises, chlorophyll a
levels of up to 10 mg ly1 were found in samples
from the nearshore stations of the Palmer grid earlier

Ž .in the season Smith et al. b, this volume . Grazing
impact at these stations follows phytoplankton levels

Ž .throughout the season near Palmer Fig. 6 , and is an
order of magnitude higher during the December
bloom than during January. This pattern emphasizes

the importance of understanding where cruise results
belong in the seasonal succession of events.

The biological response of krill to ambient food
levels suggests that there will be short-term variabil-
ity in both grazing impact and vertical flux. The
timerspace variability found in sediment traps
moored in the Palmer LTER region in 1992–1993 is

Žon the same scales found in this study Karl et al.,
.1994 . Highest flux was in NovemberrDecember,

coinciding with blooms detected on the nearshore
grid which would result in relatively high grazing

Ž .impact with a constant krill population Fig. 12 .
Also, among-trap variability was high, consistent
with the spatial patchiness of grazing impact found
in this study.

Our values of krill grazing impact are probably
underestimates. Grazing rates obtained in laboratory
experiments are likely lower than actual field inges-

Žtion rates, due to experimental container effects Price
.et al., 1988 and animal handling. In addition, graz-

ing impact calculations are based on average concen-
trations of both krill and phytoplankton, and there is
evidence that euphausiids are capable of actively
locating and concentrating in small scale phytoplank-

Ž y2 y1.Fig. 12. Contours of grazing impact mg chlorophyll a m h
as a function of chlorophyll a concentration and krill concentra-

Ž .tion, linear model Fig. 2a . Dotted line indicates threshold con-
centrations below which grazing impact is zero.
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Ž .ton patches Price, 1989 . This behavior would in-
crease grazing impact as a result of grazing in areas
of increased phytoplankton abundance.

To further refine our approach and flux calcula-
tion, additional experiments measuring assimilation
efficiency and differences in faecal pellet sinking
rates for different phytoplankton types are needed for
both grazers. Also needed are experiments at lower
phytoplankton concentrations to confirm the thresh-
old for ingestion. Better estimates of krill abundance
and size distribution, combined with the weight de-
pendence of ingestion rate, would also improve these
short-term grazing impact and carbon flux estimates.
However, such refinements would primarily affect
the estimates of absolute grazing impact, not the
patterns of seasonal and interannual variability we
observed.

In addition to calculating grazing impact as an
hourly rate of chlorophyll loss, we have also calcu-
lated the percentage of net primary production
Ž . Ž .%NPP grazed for both krill and salps Table 2 .
%NPP grazed by krill is estimated both from the
linear grazing equation and from energetic require-
ments of krill for metabolism and modest growth
Ž .Ross and Quetin, 1986 . For all cruises except
January 1995, the %NPP grazed by krill was greater
at the inner stations.

Calculations of %NPP based on grazing rates
provide a short-term measure of impacts in the area.
Since each station was only occupied for a few
hours, without a time history of both the chlorophyll
a concentrations and grazer abundance, the data can-
not be used to calculate estimates on longer time
scales. However, it is grazing impacts on these short
time scales that are essential for understanding the
balance between growth and the various loss factors
Ž .grazing, sinking and advection that drive changes
in phytoplankton stock at any specific location.

The %NPP estimates for krill based on energetics
depend upon average daily requirements for an entire
season, and can be used to show whether primary
production in a region is adequate to support the krill
population. Previous estimates of %NPP grazed by
krill based on energetics were 2.5–3.5% NPP during

ŽJanuary–March 1981 in the Scotia Sea Holm-Han-
.sen and Huntley, 1984 , and 3% during February–

ŽMarch 1981 in the Southern Indian Ocean Miller et
.al., 1985 . Their numbers suggest that plenty of food

was available for the krill, even when the krill’s
preference for larger cells was taken into account
Ž .Holm-Hansen and Huntley, 1984 . Our estimates for
January 1994 and January 1995, 23% and 0.7%
respectively, also indicate that phytoplankton re-
sources were adequate. In contrast, average %NPP
grazed for January 1993, 421%, indicates phyto-
plankton resources in the region during this time
were inadequate to meet energetic needs. However,
the energetic approach is based upon annual require-
ments averaged over the season, and does not incor-
porate the known response of the grazers to varying
food concentrations throughout the season. January
1993 was a time of low phytoplankton levels during
the austral summer of 1992–1993, and thus esti-
mated grazing rates were low. Phytoplankton levels

Ž .during that year peaked in December Fig. 6 , and
higher grazing during spring may have balanced the
low January levels.

West of the Antarctic Peninsula, 97% of the flux
occurs in December and January, with faecal pellets

Ž .a significant fraction Wefer et al., 1988 . The effect
of herbivorous zooplankton on vertical particulate
carbon flux depends upon the amount of primary
production consumed, the phytoplankton assem-
blage, and the identity and abundance of the grazers.
Grazing by protozoans on small phytoplankton cells
is clearly important in oceanic areas where small
cells dominate, but the resulting small faecal pellets
sink slowly and will contribute little to flux. The role

Ž .of copepods mesozooplankton is less clear, and
Ž .variable. Schnack et al. 1985 found copepod graz-

ing was 55% of daily primary production in the
Drake Passage, but only 1% of daily primary produc-
tion close to the Antarctic Peninsula in austral spring.
Our results show that grazing by macrozooplankton,
and its impact on carbon flux west of the Antarctic
Peninsula, varies on large temporal and spatial scales.

In summary, this study documents strong spatial,
interannual and seasonal variability in grazing im-
pact, vertical flux, and %NPP grazed for both krill
and salps. The high degree of seasonal variability
underscores the importance of monitoring changes in
grazer and phytoplankton biomass throughout the
season, while the striking interannual variability sug-
gests that a long term approach will be an important
part of understanding the mechanisms underlying
these patterns.
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