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Variation in the abundance and distribution ci zooplankton is an inherent characteristic ci pelagic ma
rine ecosystems. In this chapter, we discuss how patterns of abundance and distribution &JC affected by the 
life cycle characteristics c:I some rl the predominant macrowoplankton west c::l the Antarctic Peninsula . 
Because ci the importance of Antarctic krill, EuphausitJ Sllptrba. within this region, some aspects ci its 
ecoiolY ~ given special .uentian. Of particular relevance to rum:nt hypotheses is the association of 
krill and sea icc , and new evidence is presented for winter habilal Icgreg_tion between adult and larval 
Slages. Subsequent discussion focuses 00 strategies for winter survival, and variation in recruilmenl. 
Finally, we discuss the effects of abiotic facton such as frontal shifts, and biotic factors such as food com
position, as they ~late to abundance and distribution ci zooplankton. 

1. INTRODUCTION 

Processes underlying the temporal and spatial vanatton 
observed in abundance and distribution of zooplankton 
west of the Antarctic Peninsula [Ross el al., this volume] 
are not well understood. Total zooplankton biomass in the 
upper 2000 m of the Southern Ocean appears to be constant 
on large temporal and spatial scales (decadal, entire South
ern Ocean) [Foxron, 1956; Hopkins, 1971; Kawamura, 19-
86]. However, both biomass and community composition 
in the epipelagic zone varies significantly on smaller 
scales: within regions, with season. and with year [Kawa
mura, 1986; Ross el al., this volume]. Changes in the 
abundance of zooplankton may indicate a ttend, or may be 
part of a nanrral cycle. If we are to begin to understand the 
causal mechanisms underlying these differences. more in
formation will be necessary on how various processes 
operate on multiple scales and interact to impact distri
bution patterns. One process of particular interest is the 
seasonal advance and retreat of annual sea ice, a physical 
phenomena affecting large areas of the Soutem Ocean. 
Several current hypotheses suggest that interannual vari 
ability in me timing and extent of ice cover may either im
pact zooplankton populations directly or be an indicator of 
processes that cause changes in distribution patterns on the 
mesoscale. 

In this chapter we evaluate our current understanding of 
specific processes influencing the ecology and popUlation 
dynamics of some of the most abundant meso- and macro
zooplankton. A complete review of the ecophysiology and 
biological/physical interactions of these organisms and 
their oceanic environment is beyond the scope of this 
chapter. We have chosen to review a number of related 
topics identified as critical areas for future investigations. 
Antarctic krill , Euphausia superba. is the keystone species. 
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and often the most abundant macro zooplankton species 
within me Palmer LTER region. The role of annual sea ice 
in the ecology of E. superba has received particular atten
tion. and oW" understanding of this interaction is used al 
several points in this review to illustrate the processes in
volved. 

First. we discuss the impact of life cycle characteristics 
on seasonal patterns of distribution and abundances in 
some of the dominant zooplankton . Specific life cycle 
characteristics discussed are life span, ontogenetic migra
tion. and the reproductive cycle. This section ends with a 
discussion of the impact of life history stage on winter 
habitat and disttibution in Euphausia superba. Second, we 
review strategies used by zooplankters to survive the win
ter period of low food availability in the water column. and 
discuss variability in recruitment. Since many of the abun
dant zooplankton are thought to be primarily herbivores, 
low light levels and attendant low primary production in 
winter are environmental factors of importance to these 
species. We conclude with a discussion of abiotic and 
biotic factors that impact distribution and abundance. 
Abiotic factors include the Polar Front and the Southern 
Ocean Oscillation, biotic factors include food availability 
and composition. Our purpose here is to synthesize pre
viously published research. and reference several recent 
reviews for additional detail. 

2_ LIFE CYCLE CHARACTERISTICS 

There are genera] trends in the abundance and distribu
tion of meso- and macro zooplankton in the upper 300 m 
tluoughout the year that are primarily due to life cycle char
acteristics of specific zooplanklers. Timing and vertical 
extent of ontogenetic migration, and timing. duration and 
predictability of reproduction greatly impact seasonal pal-
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TABLE 1. Life cycle characteristics of four mesozooplanktonic copepods: life span, ontogenetic migration, timing and duration 
of spawning, and winter strategy and depth. Infonnation from ScJusQck·Schi~1 and Hagen [19941 unless otherwise indicated . 

• [Marin, 1988], b [Driu et aJ. t 1993], c [Zm1lewska. 1987J. d [Marin and SchntJck-Schiel, 1993], e [Atkinson, 1991]. 
f [Atkinson and Pule, 1988], g (HunJley and Escrj/or I 19921. h [Zmijewska and Yen, 19931. i [Lopez el 01., 1993) . 

• in shallow waler C. ocUlus winters near the surface 

Species 

Calanoidu acWlus 

Calonus propinquw 

RhincaianllJ gigas 
(largest) 

Metridia gtrlac~j 

Life span 

1 year 

1 a or 
2b 

I or 
2 a 

unknown 

Ontogenetic 
Migration 
strong 

partial 

partial 

no r 

terns in horizontal and vertical distribution. For e~ample, 
in several copepod species, ontogenetic migration dictates 
that specific larval stages inhabit both a different depth 
strata and a different temporal frame than the adults. 
Whereas for many of the euphausiids, both adults and larvae 
inhabit the upper layer and may overlap in space and time. 
Questions about the extent of the association of the life 
cycle of krill and sea ice have been asked since Marr [1962] 
first noticed the coincidence of the distributional range of 
E. superba and the area covered by the arumal advance and 

. retreat of the sea ice. In this section, winter distribution 
patterns of Antarctic krill are discussed in the conte~t of 
differences in the ecology of two life stages, adults and lar
vae .. 

Two seasonal surface maxima in total zooplankton, 
spring and late summer. have been observed in several 
areas [Smith and Schnack-Schiel, 1990], although the tim
ing varies in different geographical regions and with 
latitude. The spring abundance peak has been attributed to 
the migration of the overwintering populations of cope
pods to the upper water layers. The fall peak is explained 
by the appearance of the new generations of copepods and 
euphausiids in mid to late summer (Tables 1 and 2). 

2.1. Ontog~n~tic Migration and Lif~ Span 

For copepods, the timing and strength of ontogenetic 
migration varies (fable 1). Of the three calanoid copepods 
with documented ontogenetic vertical migrations, Cala
naides acUlus migrates to the deepest depths. and ascends 
first from depth in the spring. Both Calanus propi"'luus 
and Rhincalanus gigas exhibit a partial ontogenetic migra
tion. either dispersing throughout the midwater or in
habiting an intennediate depth. They ascend and descend 
sequential1y after C. aculus . . No ontogenetic migration is 
found in Melridia gerlachei. This species is found closer to 

Spawning 

early spring 
(Oct - Nov) 
short 

late spring ta early 
swnmer, e~tended 

rall a d 
spring & faU e 
Dc<c 

spring/su mmer, 
e~tended 
<Nav-Jan) c g 

Copepodite I 
appearance 
late spring (Dec) 

swnmer (Feb) 

raU 

summer/fall 

Winter 

diapause; 
as late stage 
copepodltes (CIY
CVI) 
>500m 
• 
active, na 
diapause; 
disperse <500 m h 

active, na 
diapause; 
mid-depth 

activ e: 
surface 

the surface in winter than in swnmer. Euphausiids as a 
group do not show ontogenetic migrations. 

Salps (Tunicata: Salipidae) do show a distinct and deep 
ontogenetic migration. In general, the solitary form, not 
the aggregate fonn, is found in the deeper layers of the 
water column [Foxton , 1966]. One possible scenario is 
that the ontogenetic vertical migration occurs after sexual 
reproduction (Figure 1), and is undertaken by the solitary 
fonn to depths from 250 to 1500 m in the fall [Foxton, 
1966; Ainley et al" 1991], leaving the aggregate fonn in 
the surface waters. The observation of aggregate forms 
under the ice by SCUBA divers in both early and later 
winter (T. Frazer, L. Quetin, personal communication) and 
the widespread presence of Sa/pa Ihompsoni in low num
bers across the Palmer LTER region in winter 1993 [Ross et 
al., this volume] supports the suggestion that only solitary 
forms, and not the total population, participate in the 
ontogenetic migration. Timing in the reproductive cycle is 
thus going to determine when the vertical maximum in the 
salp population moves from the upper 250 m to below 250 
m. The wide vertical distribution of S. Ihompsoni found in 
the Scotia Sea in austral spring and in the Weddell Sea in 
austral fall [Lancraj't et aI., 1989], for example, may result 
from sampling during times of year when both solitary and 
aggregate forms are present and ontogenetic migration is 
anticipated. Unfortunately in most studies the aggregate 
and solitary forms have not been distinguished. 

Within taxonomic groups, the strength of the sea
sonal peak(s) in abundance varies widely, partially as a 
function of whether a species has an arumal, biannual or 
longer life cycle (fables 1. 2). Seasonal abundances in the 
surface layer are expected to fluctuate less in longer-lived 
organisms that do not undergo an ontogenetic vertical 
migration and have multiple age groups within the popu
lation, such as euphausiids. than in shorter lived organ
isms, such as copepods with annual or biannual life cycles, 
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TABLE 2. Life span. timing of spawning. larval occurrence, and lolallength al about I yr for euphausiid species found west of the 
Antarctic Peninsula. Reference number in parentheses: ( I) [H~mp'!l and Morscho/f. 1980J; (2) [Brinton, 1984J; (3) [Makarov, 1977); 
(4)(8.ur, 1959); (5) ISi'gtl, 19861; (6) IHarri.glo. and Thomas, 1981); (7) I F,vo/d,., 1980) (Weddell); (8) IH,mptf " af_, 19791 

(Bnnsfield); (9) [StepniA:, 1982) (mu: gravids); (10) [Makarov, 1980]; (11) (Brinlon and Towns~nd, 1991). 

Species 
Oile span, yr) 

E. suptrba 
(6-7yrJ 

E. crytallorophias 
(4 yr males; S yr females) 

E_frigida 
(l )'T) 

E. Iriaamlha 
(3 yr) 

T.mocrwa 
(4 yr) 

Spawn 

1 Nov 
(6,7,8, II) 

I Oct (5) 

I Sep< (4) 

I Sept (9) 

Calyptopis 

Ian 

Ian (II) 

Nov/Dec (I) 

Det (10) 

especially those which do migrate ontogenetically [Ross el 
al., this volume]. However, the duration of the repro
ductive season in annual or biannual organisms will also 
affecl the strength of the seasonal peale In M_ gerlachei 
and R. gigas, for example, most stages are found in the 
surface waters all summer long [Marin , 1988; Zmijewska 
and Yen, 1993], spreading out the peak: in abundance over 
time. 

2.2. Reproductive Cycle 

2.2.1. Copepods. Timing of the seasonal peak in 
abundance due to the new generation will be affected by 
variability in both initiation and duration of the repro· 
ductive cycle. For example, different species of copepods 
have different patterns of reproduction (Table I) that lead to 
broader or sharper peaks in abundance. Three of the four 
macrozooplanktonic calanoid copepods in the LTER region 
reproduce in the late spring or early summer, but one does 
not reproduce until late swnmer or early fall . C. aculus 
spawns over a relatively brief period in December, creating 
a well -defmed cohort [Schnack-Schiel and Mujica, 1994J _ 
Although lhe major spawning period for C. propinquus is 
also in December. this species can spawn as early as Oct· 
ober/November, and continues spawning longer than C . 
OCUlUS [Schnack-Schiel and Hagen, 1994J _ Thus the new 
generation of C. propinquus appears ovcr a broadcr tcm-

- 'p(nal range. M. gerlachei, an omnivore, also has a pro
tracted spawning period, beginning in November and con
linuing through Januasy [Hunlley and E.eri.or, 1992J, R, 
gigas does not spawn until March [Marin and SchnacJc.
Schiel, 1993; Schnack-Schiel and Mujica, 1994J , 

The energy source for reproduction can be winter 
slores (see 3 .1 Slralegies for Winter Survival) or food from 
that spring and summer season. Egg production of C . 
acullLf does not appear to depend on surrounding food con
centrations; this suggests that egg production is fueled 

Furcilia Total Length 
at 1 yr (nun) 

late Feb 20-24 
(Jan) 

Mar 12_6 
early furcilia (Oct) 
& F3 (7 , II) 

lale Nov, first (2) 127 
Dec/Jan, most (3) (winter ll) 

Nov (4) 197 (5) 
6.2mm (winter) 

Feb 1,6_3 mm (Oct) 
f1. 5 mm 9 mm (Nov) (9) 

primarily by winter stores [HunJley and Escri/or, 1992J, 
Thus, for C. acUllLf, timing and duration of the reproductive 
season will be a function of the previous summer's food 
intake, and the appearance of the next generation will be 
more predictable than for species whose egg production 
depends on availability of food in the spring. C. propin
quus, on the other hand, continues to feed in summer, fall 
and winter [Schnack-Schiel and Hagen, 1994J, supplying 
the energy for a longer spawning period. 

2.2.2. Euphausiids. Initiation of spawning and 
timing of appearance of larval stages for most euphausiids 
west of the Antarctic Peninsula occurs earlier than for cope
pods. Herbivorous euphausiids appear [0 spawn later than 
either omnivores or carnivores (Table 2). For example, 
Thysanoessa macrura spawns in early austral spring 
[Nordhausen, 1994J, well before the phytoplankton 
bloom. E. superba feeds primarily as an herbivore, and is 
lhe last of the euphausiids to spawn; initiation of its 
spawning season can vary by a month (early December to 
early January), and last from 1.5 to 3.5 months depending 
on the year [Fraser, 1936; Ross and Quefin, 1986J, a period 
that encompasses the period of reproduction for most cope
pods. Initiation of spawning for E. superba of len co-occurs 
with a phytoplankton bloom. 

Like copepods, herbivorous euphausiids that spawn in 
late spring before the swnmer phytoplankton bloom must 
either depend on energy stores laid down the previous 
summer or exploit alternative food sources like ice algae or 
the early ice-edge blooms in spring. The correspondence 
of minimum lipid content and thc beginning of spawning 
in E. cryslallorophias suggests that this herbivorc depends 
primarily on lipid Slores from lhe previous sununer to fucl 
gonadogenesis [Clarke, 1985; Lilliepage, 1964J_ For E _ 
superba the minimum in lipid occurs in September (L. 
Quelin, R. Ross, personal communication), several months 
before spawning, implying thai Antarctic krill depend on 
spring and summer food supplies for reproduction. 
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sexual reproduction 

Fig. 1. Conceptual life cycle r:1 salps, with alternating genera
tions of solillry and aggregate forms. Based on seasonal data of 
Foxlon 11966], 

2.2.3. Salps. The life cycle of the Salpidae is 
complex, and consists of alternating sexual (production of 
embryos) and asexual (budding) generations (Figure I ). In 
the solitary fonn, chains of the aggregate Conn are produced 
by budding from the stolon. Individuals (blastozooids) in a 
recently released aggregate chain are only 4-5 nun long . 
These hennaphroditic individuals continue to grow. Once 
they are about 25-30 nun long. each individual releases a 
fertilized embryo (oozooid) 3-4 nun in total length, and 
then functions as a male. The seasonal pattern of these 
alternating generations is understood on broad scales [Fox. 
lon, 1966]. Budding. release of aggregates and swarm pro· 
duction are zero in winter, and the aggregate form is at 
minimum abundance. In winter, solitary individuals are 
also generally small, but some growth can occur. In the 
spring, there is an increase in the relative proportion of 
aggregate forms, with a maximum in summer or fall. The 
aggregate form dominates when swarms are found. Sexual 
reproduction occurs at the end of a salp bloom. Foxlon 
[1966} originally described an aggregate maximum in 
February. However, S. lhompsoni can clearly dominate the 
zooplankton assemblage during other monlhs. For exam· 
pie, in the Antarctic spring/summer season, S. lhomp soni 
was numerically dominant in the Scotia Sea in November
December 1983 [Laneraft et al .• 1989). in the Pabner LTER 
region in January 1994 [Ross eJ al., this volume], and 
sometimes in the fall, as found in the Palmer LTER region 
in 1993 [Ross eJ al., this volume]. There also appears to 
be a latitudinal gradient, with blooms of salps occuring 
earlier at more northern latitudes [Ross el 01., this volume]. 

Under favorable environmental conditions, salps can 
rapidly reproduce by asexual budding (Figure I). Environ
mental conditions that favor salp swarm development are 

not well understood. although low chlorophyll concen· 
trations and small. rather than large food, particles appear 
to foster blooms [Harbison et al .• 1986). The feeding 
apparatus of salps may become irreversibly clogged at 
phytoplankton concentrations at or above 3 .... 8 1.1 (calcu
lated from Harbison (1986) with a carbon:chlorophyll ratio 
of 50:1), with potential consequences for growth and 
survival. In at least one case, a rapid increase in the num
ber of S. thompsoni. was followed by a collapse in Iheir 
population in conjunction with a phytoplankton bloom 
[Perissinotto and Pakhomov, 1995; E. Pakhomov, per
sonal communication, 19951. 

2.3. Antarctic Krill : Adult and Larval Habitat 
Segregation in Winter 

The association of Antarctic krill with sea ice has been 
inferred by the coincidence of the distributional range of 
this species with the area covered by the seasonal advance 
and retreat of sea ice [Marr , 1962; Laws, 1985). but details 
of this association and variation with life stage are not well 
known. Smelacek el 01. [19901 discussed early qualitative 
observations with a remotely operated vehicle (ROY) 
[Marschall. 1988) with respect to the association of Ant
arctic krill with sea ice during its life cycle, and suggested 
that adult krill rea-eat to the ice habitat during winter. 
Since then, however, observations from other geo
graphical regions dlD'ing the winter. and both qualitative 
and quantitative observations of the under ice popUlation 
by SCUBA divers have become available. The view that 
both adult and larval krill are closely linked to the sea ice 
during the entire winter must be revised in light of this new 
information. 

2.3.1. Spatial and temporal scale of new 
observations. Our understanding of the association of 
Antarctic krill wilh sea ice west of the Antarctic Peninsula 
is based on observations between 1985 and 1994 during a 
series of cruises that occurred from late May to late 
September (Figure 2). From 1985-1989. areas surveyed 
were in the northern region of Ihe Palmer LTER Peninsula 
grid [lVaters and Smith, 1992) and immediately north of the 
grid (from 50 km south of Anvers Island to the northern 
Shetland Islands and Bransfield Strait). Since 1991 the 
research effort has focused on the area south of Anvers 
Island and north of Marguerite Bay. Early observations by 
SCUBA divers established that under-ice diving is essential 
for sampling the larval krill population in winter (Win
Cruise I. 1985. WinCruise II . 1987) [Kottmeier and 
Sullivan, 1987; QUeJin and Ross, 1988). On subsequent 
cruises (1991-1993), standardized, quantitative surveys 
were ~ to estimate krill abundances (see Frazer el al. 
(1995) for larval abundances). 

2.3.2. Obserpalions by SCUBA dipers. Dur
ing WinCruise ill (1989), ice cover within the sampling 
area was extremely low, and diving under ice was only 
possible in some of the bays close to the Antarctic 
Peninsula. Neither adults nor larvae were found associated 
with the ice. In winter 1992, Nordhausen (1994) inspected 
the underside of the ice in nearby bays with a video camera 
on an ROV, and also found no krill associated with the ice. 
Six cruises, (n=136 dives), oc-cwred during winters with 
adequate ice·cover 10 allow for a reasonable number of 
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1085 
WCIBnnStr 

'''7 WCDBran 
Str II: Pal B 

... 9 
wcmUnn 
Str '" Pal B 

1991 
M.,. Adel 
WC[V Add 

1993 
we V Add 
LTER Pen grid 

199. 
we VI Adcl 

Fall Winter Spri" 

Fig. 2. Tuning ci ~earch cruises 00 winter ecology ci Antarctic 
krill welt ci the Antarctic PeninluLa on the RN Polar Duke . we = 
WinCruise. with year. Cruise locations arc BrmI Slt (Bransfield 
Strait), Pal Sasin (palmer Basin, 20 km south ci Anven Island), 
off Adel (Adelaide Island), and L'I'm. grid (palmer L'roR Peninsula 
Grid transect lines from Anvers Island to south or Adelaide Island 
(600, 500, 400, 300, and 2(0) fW.,,,, .od Smilh, 19921. 

under-ice observations; pre-senee or absence of larval and 
adult krill within 1 m of the ice surface, and aggregation 
size(s) were nOled. Larvae were generally less than 15 mm 
in LOtal length; juveniles were rarely found during the win
ter; adults were generally greater than 26 mm in total 
length (L. Quetin. R. Ross, personal communication). 

Observations of adult krill associated with sea ice, 
either as individuals or in aggregations, are relatively rare 
compared to larvae (fable 3). The distinction between life 
stages made during the cruises is important, since dif· 
ferences in the physiology of adults and larvae may under
lie differences in distribution patterns [Ross and Quetin, 
1991]. Larvae were observed on every cruise and during the 
majority of the dives (52 to 93% of the dives per cruise). In 
contrast, adults were observed on only one early winter 
cruise. Adults were sighted only 11 to 47% of the time in 
late winter (September) and their numbers were low. When 
adults were sighted, larvae were also present in the ice habi
tal. 

Both larvae and adults occurred in aggregations, but 
adults Wlder the ice were primarily secn either as indi
viduals or in small groups « 10) mixed with larval aggre
gations (56% of total observations of adults). Large num
bers (aggregations of 100-2(0) of adult krill were seen 
only on 4 dives. all in closed pack and 40-60 km seaward of 
Adelaide Island. Larvae were frequently found in much larA 
ger aggregations, i.e., 100s to looos of individuals. Very 
large aggregations, with 10,000 larvac or marc, were secn 

only on one late winter cruise. lndividual larvae and aggre
gations of less than 10 were only a small proportion of the 
larval aggregations seen in winter. 

2.1.1. Winter distribution patterns in adult 
and larval k.rill. Our observations suggest that adult 
krill are not tightly coupled to the undersides of the sea ice 
during winter. This lack of close association with the 
under·ice surface does not mean, however, that adult krill 
were not in the region. During several winter cruises 
(WinCruise I-ill) (1985-1989) , adult krill were deteclCd 
with acoustics and conceted with nets from the water 
column in ice-covered regions [Ross el al., this volume). 
Adult krill have also been detected with acoustics and nets 
in the water column below sea ice in the Weddell Sea [Daly 
and Macaulay, 1991; Lancraft eI al ., 1991J. However, 
adults were concentrated near the ice edge in winter, not 
under the ice [Daly and Macaulay , 1991J. Comparable win
ter surveys with direct observations by divers have not 
becn reporlCd for the Weddell Sea area, although aggrega
tions of adults have been seen with an ROV closely 
associated with sea ice in the Weddell Sea during spring 
(October/November) [Marschall, 1988J . 

If adult krill are not coupled to the under surface of sea 
ice, where are they during the winter west of the Antarctic 
Peninsula? Adults may: (1) migrate downward seasonally 
and assume a benthopelagic existence; (2) maintain 
schools in the water column, either under the ice or away 
from the ice and the ice edge; (3) disperse into aggregations 
too small to detect acoustically; and (4) migrate hori
zontally out of the region. Winter distributions may in
clude all of the above. 

Under some circumstances adult krill have been seen 
either with remotely operated video cameras on the bottom 
[GUll and Siegel, 1994J or collected in light traps 
[Kawaguchi e/ al., 1986J near the bollom in a shallow shelf 
region. These findings emphasize that krill occupy habi
tats other than the water column in winter, but the impor
tance of a benthopelagic existence to the population as a 
whole and whether it is a re-sponse to only winter can· 
ditions has not been thoroughly evaluated. [n summer, 
krill aggregations have been detected with acoustics in 
depressions within Arthur Harbor, near Palmer Station on 
Anvers Island (R . Ross, L. Quetin, T. Newberger, personal 
communication, 1993, 1994). Krill aggregations also 
have been observed with an ROY near the glacier face at the 
back of Arthur Harbor (G . Ashley, personal communi
cation, 1994). These observations , coupled with those of 
krill in the stomachs of starfish [FraJl and Dearborn, 
1984), suggest that some portion of the krill population 
may occupy a benthopelagic habitat at all times of year . 
Krill may more often exist benthopelagically where their 
preferred depth in the water column intersects with the bot· 
lorn, such as inner shelf locations < 100m deep. 

West of the Antarctic Peninsula, adult krill are often 
fOWld in aggregations in the water column ncar the MIZ 
during winter [Guzman, 1983; Ross el 01., this volume]. 
Adults have presumably migrated inshore in the fall 
[Siegel, 1989]. leaving the opcn water beyond the con
tinental slope void of post-larval krill. This pattern ap· 
pears to change with the onset of spring. In late winter or 
early spring, Hunlley el 01. [1994] suggest that krill move 
toward the marginal ice zone and take advantage of both the 
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TABLE 3. Under-ice observations of larval and adult Antarctic 
k.rill , E. $~"ba. in winter. Cruises ordered by time in season. 

Number of dives per cruise, and percent of dives larvae and .dulu 
observed. ·WinCruise m was Wlusual .s the dives were on smooth 

rast ice in the bays, versus pack ice with a degree of overraCting 
IS 00 other cruises. 

Crui.e, dates &: No. % % 
Location Dive dives dives 

lM ,old 

May 1991 6 83 0 
WinCruise V 20 95 25 
WinCruise VI 21 52 0 
WinCruise IT 12 67 0 
WinCruise m 4 0 0 
LTER Aug 1993 45 93 47 
WinCrujse IV 27 93 II 

algae in the ice and released by melting ice to supply 
energy for growth. By Deloher. both in the Weddell Sea 
[Marschall. 1988] and weSl of the Anlarclic Peninsula ('1'. 
Frazer. L. Quetin. and R. Ross, personal communication. 
1988. 1990). adulls can he found in the waler column bOlh 
in the open ocean and under the icc. and sometimes closely 
linked with the ice surface. During a late spring (December) 
cruise on the RN Po/arslern in the Weddell Sea, a pro
gression in krill school size and depth was seen moving 
from ice to open water. Few schools were detected in the 
water column Wlder ice. small shallow schools occurred in 
the MIZ. and large schools were detected at greater depths 
in open waler [Cuzin-Roudy and Schalk. 1989]. 

The sum of these observations suggests that although 
the distribution of both adults and larvae is linked with sea 
ice. larval populations are more closely coupled to the 
under·ice surface. This pattern is consistent with the hy
pothesis that the degree of association with the under· ice 
surface and its ice biota (food source) is a balance between 
the need to acquire energy and the need to avoid predation 
[Quetin and Ross. 1991; Quetin et al .• 1994]. The differing 
balance between the two life stages. i.e .• adults and larvae. 
is a result of differences in starvation tolerance and vulner
ability to predation. Most vertebrate predators ingest prj· 
marily adullS [Lowryet al .• 1988; Croxall et al .• 1985] . 
The smaller size of the larvae likely provides a 'refuge in 
size' [Hamner el al .• 1989]. and aHows them to inhabit the 
underside of the ice and encounter relatively little predation 
from the large vertebrates compared to adults. Ad6lie pen
guins, for example. spend the winter on the seasonal pack 
ice with access to the under ice habitat through leads [Fraser 
and Trivelpiece. this volume1. and crabeater seals and 
Minke whales are also associated with pack icc in winter 
[Ribic eJ al., 1991]. Since these predators are important 
consumers of adult laill during the summer. predation pres
sure is expected to be high in winter as well. Of greater 
importance to the larvae. however. may be the availability 
of ice·associated algae for food. Young larval stages can 
survive only a matler of weeks wilhout food [Elics. 1990]; 
adults have survived over 211 days [Ikeda and Dixon. 19· 
82]. We suggest these differences lead to the observed 
habitat segregation between larval and adult krill during 
winter. 

Interannual, interregional and within life cycle dif
ferences in this balance could affect the degree of habitat 
segregation. For example, energy requirements for repro
duction in krill are high [Ross twi Quetin. 1986]. 
Although food is not necessary for winter survival in 
adults, initiation of the reproductive cycle in September 
does require energy at a time when phytoplankton concen
trations in the water column are low. The change in energy 
requirements with the coming of spring may be the reason 
adults are sometimes found in closer association with the 
under-ice habitat in the spring. or perhaps predation 
presswe is less near the ice in spring. If the requirement for 
food or the ease of getting food outweighs the risk. we 
would predict that even large adults would be associated 
with the under-ice environment. "Risk.balancing" such as 
hypothesized above has been demonstrated for minnows in 
the laboratory. Minnows avoided areas where predators had 
previously been encountered when food was equal. but 
risked predator encounters for higher food rewards [Pitcher 
et al .• 1988]. 

3. ECOPHYSIOLOGY OF MESO- AND 
MACROZOOPLANKTON 

Polar zooplankton exhibit several physiological char
acteristics that appear to be adaptations to or conse
quences of the cold water and extreme seasonality in food 
availability [Clarke and Peck, 1991]. For Antarctic crus .. -
ceans these characteristics include: low metabolic rates, 
low annual growth rates. high lipid stores. long life spans. 
and delayed reproductive maturity. In contrast, low lipid 
stores in carnivores (cteno-phores. chaetognaths and poly
chaeles) [Smith twi Schnack-Schiel. 1990] may he a con
sequence of their zooplankton food source which is less 
seasonal than phYloplanklon. Although annual growlh 
rates of polar zooplankton are low. in areas of high pri
mary productivity the instantaneous growth rates of herbi
vores can he seasonally high [Clarke and Peck. 1991]. An 
additional aspect of growth in both cuphausiids and some 
gelatinous zooplankton is that they can use their bo~y tis
sues during periods of low food availability. resulting in 
shrinkage or 'degrowth'. 

Clarke twi Peck [1991] nOle lhal gel.linous zoo
plankton occupy a special niche in the pelagic ecosystem. 
Because gelatinous zooplankton are nearly neutrally 
buoyant, their metabolic costs are generally less than 
those for crustaceans. Thus when food conditions are 
favorable. populations of some gelatinous zooplankton 
can grow and reproduce very rapidly. Peaks in abundance 
for gelatinous zooplankton, such as salps, will be higher 
and occur on shorter time scales than those for crustaceans. 
It is important to realize, however. that 'blooms' of gela
tinous zooplankton are interspersed with longer periods of 
low population abundance. 

The advance and retreat of pack ice each year is often 
discussed as affecting food availability for macrolOO
plankton. whether directly as a source of ice biota or in
directly by creating conditions suitable for ice·edge 
blooms [Ross and Quetin. 1986; Smetacek et al.. 1990] _ 
However, quantitative information on the relative impor
tance of various food sources for polar macrozooplankton 



f
It 
)-

]. 
n 
or 
)-

" 

r-

,
n. 
Iy 
In 

re 
lO 

ce 
er 
<S. 
a
of 

,n 
o
n
ge 
I]. 
,r
,n 

QUETIN ET AL.: FACTORS AFFECTING DISTRmUTION OF ZOOPLANKTON 363 

Bualn .... as ususl 0---, ___ ""':"''::'':'''':'':''::'''''':'''--, Olapause Compromise o 

100 

Bulkot 
zooplanldon 

300 bJomass below 
300 m In winter 

No 
reduction 

In 
molabollsm 

Upld 
accumulaHon 

Reduced 
mo1abol1sm 

Combustion of 
body substance 

Some 
opportunistic 

feeding 

100 

200 

300 

• Decapod. • Calanold 
Copepoda 

• EuphauaiJds 

• Myalda 

-Gammarld 
Amphlpod. 

• HyperUd 
Amphlpod. 

Fig. 3. Winter-over strategies for pelagic crustaceans in the Southern Ocean. Drawn from description in 
Torrtserol. (1994]. 

is generally scarce and more infonnation is needed, par
ticularly in the context of winter-over mechanisms, 

3.1. Strategies for Winter Survival 

Several strategies for winter survival have been pro
posed for Antarctic zooplankton and evaluated for several 
groups, including Antarctic krill and copepods [Quelin and 
Ross, 1991; Schnack-Schiel and Hagen, 1994; Torres eI 

01., 1994] (Figure 3). Identification of the strategy used by 
anyone species is based on the following: (1) seasonal 
changes in metabolic rates, (2) type and amount of lipid 
reserve, (3) seasonal changes in water and lipid content 
indicating mobilization of internal tissues. (4) indicators 
of net production such as growth and reproduction. and (5) 
indicators of ingestion such as stomach fullness and con
tents and rates of ingestion in the field. 

3.1.1. 'Business-as-usual'. Torres el al, [1994] 
suggest that one extreme for zooplankton would be a 
'business-as-usual' strategy where metabolic activity 
remains the same and the energy requirement during the 
winter months would be satisfied by opportunistic feeding 
combined with some combustion of tissue. This option is 
open to carnivores and omni-vores. Winter survival strate
gies may not be as essential for carnivores and omnivores 
because the presence of zooplankton provides a year-round 
food source. One species known to use this strategy is M. 
gerlachei, an omnivorous copepod that feeds actively in 
the winter in the upper layers of the water column, has a 
moderate lipid content (both wax esters and lriacylgJy
·cerols). and does not enter a period of diapause [Schnack-

Schiel and Hagen, 1994]. Such a strategy is also used by 
species that live below the epipelagic zone, such as gam
marid amphipods, decapods, and mysids [Torres el al., 19-
94] where the food supply is not significantly affected by 
season. In winter these crustaceans have access to the bulk 
of the zooplankton biomass which is generally deeper than 
300 m, particularly in those areas where the water is deep. 
e.g., the MIZ of the Scotia Sea [Hopkins et 01., 1993]. 

3.1.2. Lipid stores and diapause. One stra
tegy used by herbivorous copepods is to accumulate a large 
lipid reserve, generally wax esters, and in winter enler a 
diapause or dormant state triggered by photoperiod [Hagen, 
1988]. In the Antarctic, one copeped, C. OCUlUS, clearly 
follows this strategy, with a strong ontogenetic migration 
downward in winter. high stores of wax esters and a definite 
diapause [Schnack-Schiel and Hagen, 1994]. R. gigas may 
follow this same strategy, although the evidence is not 
definitive [Schnack-Schiel and Hagen, 1994]. 

3.1.3. Comprom;se between 'business~as
usuaJF and 'shut-down'. The third alternative is a mix
ture of the above strategies. Metabolic activity decreases 
to some degree either because of starvation or an environ
mental cue, and energy requirements are met through a com
bination of opportunistic feeding and mobilization of body 
tissue. This strategy is made possible by the metabolic 
flexibility of some taxonomic groups, and is not U"ue dor
mancy. As groups. both hyperiid amphipods and 
euphausiids appear to follow this compromise strategy. 
Both show evidence of compositional depletion during 
winter [Torres et al., 1994] . C. propinquus has been 
observed feeding during summer, fall and winter [Schnack-
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Schiel and Hagen, 1994], is active in winter and does not 
enler a period of diapause. The lack of phytoplankton as a 
food source in winter, however, leads us to suggest that C . 
propinquws may follow the compromise strategy. 

For antarctic krill, Euphausia superba. the species for 
which we have the most complete energetic information 
[Quelin and Ross, 1991; Quetin el al., 1994; Ross and 
Quetin, 1991; Torres el al .. 19941. the winter-over strategy 
for larvae and adults appears to differ. Larvae shift their 
habitat from the water column to the ice to take advantage 
of ice biota. algae in particular. as a food source, and adults 
use a suite of winter-over mechanisms that allow them to 
compromise between completely 'shut-down' and 'business 
as usual'. 

Winter-over strategies documented for Euphausia 
superOO include shrinkage [Ikeda and Dixon , 1982; Quelin 
and Ross, 1991], metabolic reduction [Kawaguchi el al., 
1986; Quelin and Ross, 1991; Torres el al ., 1994], and 
lipid storage and depletion [Quelin and Ross. 1991; Torres 
el al., 1994]. HUNley el al. [1994] are the only investi
gators to suggest that adult kril1 follow the 'business as 
usual' rather than the 'compromise' strategy, These authors 
conclude that adult krill feed carnivorously during winter. 
The conclusions of HUNley el al. [1994] are based, in part, 
on measurements (C:N and N:P ratios, rates of anunonia and 
phosphate excretion) that do not differ statistically among 
groups of laboratory starved and fed krill [Ikeda and Dixon. 
19821. and their imerpretation warrants caution. Beuer 
measures, with more direct interpretations for looking at 
winter-over strategies, would be oxygen consumption as a 
measure of total metabolism. and growth as an indication 
of net production. Unfortunately, HUNley el al. [1994] 
may have been partly mislead by a typographical error in 
the legend of Figure 6 in Quelin and Ross [1991] that com
pares winter and summer metabolic rates (VOV with krill 
length (fL). Though the lines representing the data in the 
figure are correct, the equation describing winter metab
olism should be changed from: 

log V~ (ml h·l ) = 0.0285 TL (mm) . 2.2258 10 

log V~ (m1 h·l ) = 0.0285 TL (mm) - 2.7873. 

The correct equation gives the winter metabolic rates that 
are approximately one-third of summer rates based on total 
length, as described in Quelin and Ross [1991]. These win
ter rates are similar to those found by others [Kawaguchi et 
aI., 1986; Torres el al., 1994] and would have led the 
authors to very different conclusions. 

3.2. Interannual Variability in Abundance 

Interannual variation in recruitment for annual and 
long-lived species will impact their respective population 
sizes differently. In organisms with an annual life cycle, 
the impact of a recruitment failure should be immediately 
apparent. but in long-lived species such as E. superba, 
several year class failures in succession will be necessary 
to create a similar and detectable difference in absolute 
ablD1dance [Pridd/e el al., 1988]. Recruitment depends on 
the number of embryos spawned. referred to as recruitment 
potential. and their subsequent survival lhroughout larval 

development to maturity, referred to as larval survival. 
Recruitment potential depends on conditions that promote 
the abundance of the spawning population and its fecun
dity. whereas larval survival depends on conditions that 
promote growth and development of larval stages with 
minimal mortality. Conditions that promote recruitment 
potential and larval survival are not always the same, and 
maximal recruitment success may depend on a succession of 
optimal conditions. Recruitment for annual species de
pends on a succession of conditions within a single year, 
but for long-lived species. the best recruitment years will 
be the culmination of a succession of optimal conditions 
over many years. 

E. superba provides a good example of how processes 
involved in . interannual variability in recruitment can lead 
to changes in patterns of distribution and abundance. Ob
servations from the winter cruise series prior to 1990 were 
key to the development of the following initial Pahner 
LTER hypotheses on the winter strategy for Euphausia 
superOO (L. Quetin, R. Ross, 1990; [Ross and Quelin, 
1991]). 

Hypothesis 1: In winters with a greater extent in 
pack ice cover, larval and juvenile krill (young-of
the-year) in waters west of the Antarctic Pen-insula 
will be in better physiological condition. have 
higher growth and development rates. and higher 
winter-over survival than in winters of low ice 
cover. The greater ice extent implies availability of 
ice biota and food for development and growth, 
whereas larvae in the water column will experience 
near-starvation conditions. and are predicted to have 
lower survival rates . 

Hypothesis 2: In years with greater food avail
ability, reproductive output of adult krill will be 
higher. Abundance and duration of food availability 
will be greater after winters with a greater extent in 
pack ice cover than after winters of low ice cover. 

There are distinct times when critical interactions with 
the environment occur during the life cycle of Antarctic 
krill -(Figure 4), influencing both recruitment potential and 
larval survival. The spawning sesson for Antarctic krill 
west of the Antarctic Peninsula normally begins in mid
December and lasts through pan of March [Ross and 
Quelin, 1986; Quelin el al., 1994]. Depending on growth 
rates during the previous two years. a small proportion of 
female krill will reproduce during their third growing 
season (AC2). Minimum size at spawning is about 33 mm 
[Cuzin-Roudy, 1987]. although most spawning individuals 
are 38 10 50 mm [Ross and Quelin, 1983]. Age classes 3 
through 6 are characterized as sexually mature (Figure 4), 
since individuals in this size range (35 to 60 mm) have 
developed gonads and will reproduce under favorable en
vironmental conditions. Oocytes begin to develop in 
September. with rates of development dependent on spring 
and sununer food sources. Food intake required for 
fecundities observed west of the Antarctic Peninsula is high 
[Ross and Qu.etin., 19861, suggesting that a combination of 
ice biota, ice-edge blooms and open water phytoplankton 
blooms may be necessary to meet the spring and sununer 
food requirements of reproducing female krill. Food avail
ability is a factor not only in the timing of reproduction. 
but also in the proportion of the population that reproduces 
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and the number of broods per female [Quelin el al .• 1994]. 
Calculations of the energetic cost of egg production based 
on direct measurements of gravid and spent female krill 
support the premise that mUltiple spawning requires above 
average phytoplankton concentrations (Nicol el al., 19-
95]. 

There are several critical periods for larval survival 
(Figure 4). The first feeding stage. calyptopis 1. initially 
appears in the surface waters in January, and may continue 
to appear for the next 4 10 5 months (Table 2). Imme
diately after reaching the surface. there is a critical period 
when the calyptopis Is (Cis) must fmd adequate food 
within 10 to 14 days or die [Ross and Quelin. 1989]. The 
first winter in the life cycle of krill is another critical 
period because larvae cannot survive the prolonged winter 
period of very low food availability in the water column 
without an alternate food source [Ross and Quetin, 1991]. 
Larvae grow from 1 to 6 mm in average total length during 
lheir first summer and fall [Frase,., 1936]. In winters with 
extensive sea ice cover larvae continue to grow. reaching 
an average of 12 mm by September [Fraser. 1936] (see 
Figure 4) with maximum lengths of 16 mm (Table I). In 
winters with no sea ice cover. larval growth rates are zero 
or negative [Ross and Quelin. 1991]. Larval krill feed pri
marily as herbivores in the water column prior to 
exploiting ice.algae throughout the winter. as is evidenced 
by stable nitrogen isotope ratios in animals collected 
during winter sampling periods (f. Frazer. personal com· 
munication. 1995). If we think of the seasonal ice cover as 
winter pasrure for krill larvae. then winters when pack ice 
covers a large spatial area for a long period of time will 
provide an extensive food source for larvae during a critical 
period, enabling a higher percentage of the original re· 
cruits to continue to grow and survive. Growth rates of 
krill during their second growing season (end of ACO, and 
ACl, Figure 4) are generally rapid, and average total 
lengths increase from approximately 12 mm in September 
to 26 mm the following fan [Siegel. 1987] (R. Ross. L. 
Quetin. personal communication. 1993. 1994). After the 
first two growing seasons, immature and mature adult krill 
do not grow throughout the winter, but either shrink or stay 
the same size, using a suite of winter·over mechanisms to 
survive the period of low food av ailability [Quetin and 
Ross, 1991]. Their nutritional history and growth rates 
during the spring and summer will be an imponant factor in 
whether or not they first join the spawning stock in their 
third or fourth summer. 

When the Palmer LTER was first established and the 
hypotheses proposed, evidence existed for both signifi. 
cant interannual variability in recruitment pOlential [Brin. 
ton et al., 1986; Brinton et al., 1987] and for differences in 
recruiunent success after the winter [Siegel. 1988] for E. 
superba in the region west of the Antarctic Peninsula. Ross 
and QlUtin [19911 suggested that both recruitment poten
tial and the critical period of larval survival during winter 
varied from year to year, and that both are dependent on ice 
conditions during the winter and early spring. However. 
the two factors affecting recruitment are not always in 
phase because recruitment potential reflects environmental 
conditions before the spawning season, and winter survival 
reflects conditions the following winter (Ross and Quetin, 
1991]. 

Recently Siegel and Loeb [1995] analyzed historical 
data on krill stocks and length frequencies, and concurrent 
environmental data from 1977-1994 just north of the Ant
arctic Peninsula, from a perspective similar to the Pahner 
LTER hypotheses. For the fourteen years of data. sig· 
nificant differences exist in recruitment. and in general 
'good' and 'bad' years prior to 1985 correspond to years of 
low recruitment potential as identified previously by Bdn
Ion .r al. [1986. 1987]. 

Siegel 0IId Loeb [1995] found a positive correlation 
between recruiunent and roth the duration and extent of ice 
cover. In addition, they found a positive correlation be
tween the proportion of females in an advanced stage of 
maturity in mid·swruner and mean ice cover the previous 
winter. Their suggestion that the long duration of heavy 
sea ice cover leads to an earlier start to the spawning 
season should be considered in the context of evidence 
presented in this paper and in Quelin and Ross [1991] that 
adult krill do not depend on ice algae in winter for survival 
or reproduction. It may be more likely that greater values 
for mean ice cover in winter will result in greater spatial 
distribution and temporal duration of ice algae released 
from melting ice and of possible areas where ice-edge 
blooms can develop, providing more food in spring to fuel 
reproduction, as stated in Hypothesis 2 above. 

4. ABIOTIC AND BIOTIC FACTORS 
AFFECTING DISTRIBUTION PATTERNS 

4.1. Abiotic Factors 

Interannual mesoscale shifts in environmental con· 
ditions may impact patterns of distribution or abundance of 
meso- and macrozooplankton over longer temporal and 
larger spatial scales. Of particular relevance to macrozoo
plankton within the LTER study area is variation in the 
location of the Polar Front. This feature may move 100s of 
kilometers north or south over a period of weeks [Whit. 
worth, 1980], and shift with it populations associated with 
frontal systems. This movement primarily affects the sur· 
face layers [Whitworth, 19801. Smaller features such as 
gyres, both permanent and temporary. meanders and eddies 
[Hofmann et al., this volume] also may serve 10 redistribute 
populations of macrozooplankton in a particular geo
graphical location over shorter time periods. 

Some species are not permanent members of the 
macrozooplanktonic community in high latitudes. For 
example, ZmijewsJca and Yen [19931 suggest that seasonal 
pulses of R. gigas in the shelf waters west of the Antarctic 
Peninsula are a function of the interaction of ontogenetic 
migration in this species and seasonal changes in ocean 
circulation patterns. Thus some changes in macrozoo· 
plankton distribution and abundance are not caused by 
population changes. but by circulation acting directly on 
individuals in the population. On a larger scale. meteo
rological conditions worldwide, such as the Southern Ocean 
Oscillation. may also affect oceanic conditions and change 
patterns of macrozooplankton populations. 

Various authors have suggested that variations in at· 
mospheric circulation can lead to changes in the Weddell 
Sea Confluence, and that these changes could explain the 
paucity of krill around South Georgia in certain years, e .g., 
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Sahrhage [1988]. Carlelon (in Sahrhage [1988]) found a 
relationship between summer ice anomalies and antecedent 
regional atmospheric circulation. linking atmospheric cir
culation. oceanic circulation and ice anomalies. Thus fluc
tuations in the mesoscale abundance of Antarctic krill 
which occur on the order of twice per decade are usually 
attributed to redistribution of krill by physical forces, not 
'" inlrinsic fealUres of krill biology [Sahrhage, 1988] . 
Years of low krill abundance and coincident poor breeding 
success in the land-based predators often follow strong 
ENSO events, for example in 1977n8 and 1983/84 
(Croxall el al., 1988] or winters of low ice cover [Rakusa
Suszczewski, 1988]. Although kril1 abundance was low in 
northern waters, krill were still found near Anvers Island 
(L. Quetin. R. Ross, personal communication, 1983-
1984), suggeSling a soulbward displacemenl of lbe popu
lation. Rakusa·Suszczewski [1988] indicated that krill are 
more abundant at01md the South Shetland Islands and in the 
northern Bransfield Strait after winters of heavy ice cover. 

In contrast, years when sa1ps are abundant appear to 
follow strong ENSO evenlS [Hofmann and Humley, 1991], 
creating an alternating dominance between krill and salps. 
The 1983/84 season of high salp abundance [Humley el al .. 
1989; Mujica and Asencio, 1985; NaSI, 1986; Rakusa
Suszczewski. 1988; Witek et 01., 1985] followed the in
lense 1982/83 EI Nino. The 1992/93 and 1993/94 seasons 
of high salp abundance in lite Elephanl Island area [Loeb 
and Siegel, 1993; Loeb and Siegel, 1994] also followed a 
very long ENSO evenllbal began in 1991/92. Coincide", 
with abundant salp years is a change in the distribution of 
the other macrozooplankton taxa [Mujica and Asencio, 
1985], resulting in a change in community composition. 
This change in community composition can be visualized 
partially as a shift in dominance between the 'oceanic' com
munity as represented by salps. and the shelf and shelf
break community as dominated by Antarctic krill. This 
shift in community composition demonstrably affects the 
apex predalors in lite sYSlem [Croxall el al., 1988] (W. 
Fraser and W. Trivelpiece, personal communication. 19-
95), and will affecl olber aspeclS of trophic dynamics, in
cluding the dominant pathways for carbon transfer 
throughout the food web and carbon flux to the benthos . 

4.2. Biotic Factors - Food A vailabiCity and 
Composition 

While hydrographic conditions clearly influence krill 
distribution, adult E. superba is able to move horizontally 
against currents and to form aggregations independent of 
hydrography [Kanda et al .. 1982; Tralhan el al .. 1993]. 
Patterns of krill distribution may reflect their ability to 
detect and exploit patchy phytoplankton resources [An
lezana. et al., 1982; Hamner et aJ .• 19831. Movement of 
euphausiids toward concentrations of phytoplankton on 
the order of a few meters has been demonstrated in the 
laboralory [Price, 1989; Slrand and Hamner, 1990]; 
however. the ability of krill to effectively locate phyto
plBllkton at larger spatial scales is not known. 

Comparisons of phytoplankton and krill distribution 
throughout the Antarctic have yielded both positive and 
negative correlations, depending upon sampling methods. 
spatial scale. types of analyses and time of year. Studies 

employing discontinuous sampling at widely spaced stat
ions tend to show a negative relationship between adult E. 
superba and nel phYloplanklon [Kopczynska , 1992; Witek 
et al., 1982] or chlorophyll a [Hosie and Cochran, 1994]. 
In contrast. in a study where lxlth krill and surface chloro
phyll a were sampled continuously along a transect. Weber 
and El-Sayed [1985] found a positive correlation between 
maximum swarm biomass and phytoplankton biomass. 
Weber and EI-Sayed [1985] also found an overall posilive 
correlation between mean krill density and chlorophyll a, 
but these were negatively correlated when temperature and 
water column stability were taken into account in multi
variate analysis. Using the same data. but applying spec
tral analysis lechniques, Weber el al. [1986] found Ihe 
strongest positive correlation between phytoplankton and 
krill on scales between 2-5 kilometers. 

Interpretation of distribution data is severely limited 
without additional temporal information. Positive associa
tions between laill and phytoplankton could reflect the 
influence of the physical environment. For example, a 
particular set of hydrographic conditions might promote 
phytoplankton growth. and at the same time, facilitate 
krill aggregation. Alternatively. these positive associa
tions could indicate active movement of krill into areas 
with phytoplankton. Negative associations might indicate 
the inability of krill to find rich phytoplankton sources, 
and could also indicate that phytoplankton (or a specific 
group of phytoplankton) and krill tend to be concentrated 
in different hydrographic regimes. Low phytoplankton 
levels in krill-dominated areas might also reflect the 
ability of krill to quickly and effectively exploit the food 
resource. In support of this hypothesis. Anlezana and Ray 
[1984] recorded a sharp chlorophyll gradienl coinciding 
with actively feeding E. superba. Monitoring krill and 
phytoplankton in one region over time. at spatial scales 
corresponding to krill schools and algal patches. is 
necessary for elucidating these phytoplankton-krill inter
actions. 

In addition to the potential influence of phytoplank
ton biomass on zooplankton distribution patterns. phyto
plankton community composition may also affect these 
patterns. Differences in size and nutritional worth of 
various taxonomic groups such as diatoms and prymnesio
phytes may impact distribution directly for mobile 
organisms that can search out food patches, and indirectly 
through effects on population dynamics and recruitment 
success for non-mobile organisms. Even small species 
may alter their vertical distributions in response to phyto
plankton community composition. Schnack et al. (1985] 
sampled the top 100m of the Bransfield Strait in an area 
dominated by Phaeocystis sp. (a prymnesiophyte). and 
found low copepod biomass. But in an adjacent region near 
10inville Island, in an area dominated by diatoms. they 
found relatively high copepod biomass. The investigators 
suggested that copepods in the Phaeocystis sp.-dominated 
area migrated vertically to deeper water to avoid Phae· 
ocystis sp. 

The majority of studies which address grazing by cope
pods on Phaeocyslis sp. suggest that Phaeocysl;s is not a 
suitable food source for herbivorous copcpods. although 
there is much conflicting evidence (reviewed by Davidson 
and Marchant [1992]). Phaeocystis sp. has several different 
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forms, including single cells and a wide range of colony 
sizes and shapes, and these Canns should be considered 
separately when assessing grazing on Phaeocyslis. 
Schnack et 01. [1985] found fragments of Phaeocyslis 
colonies attached to the feeding appendages of cope pods, 
and suggested that grazing would be inhibited by these ob
structions. The physiological state of phytoplankton cells 
may be another factor affecting consumption or ingestion 
by zooplankton. For example, in preliminary studies of 
grazing by E. superba on Phaeocyslis, krill ingested 100-
J..ln1 diameter colonies that were actively dividing, but did 
not ingest similar-sized colonies in stationary phase 
[Haberman et 01., 1993, K. Haberman, personal com
munication, 1995]. Given the abundance of Phaeocystis in 
the Southern Ocean [Bidigare el al .• this volume1, its 
edibility and influence on grazers merits further study. 

S, SUMMARY 

Several important factors, both biotic and abiotic, 
that affect the patterns of distribution and abundance in the 
zooplankton west of the Antarctic Peninsula have been 
identified. Life history characteristics such as ontogenetic 
migration, life span, and timing and duration of the repro
ductive cycle affect the population dynamics of zoo
plankton, and can explain much of the observed seasonal 
variability. Winter-over strategies have been discussed 
from an ecophysiological perspective to illustrate the 
various mechanisms used by zooplankton groups to adapt 
to the long polar winter. Interannual variability in recruit
ment influences patterns of abundance and distribution of 
zooplankton, and can be caused by interactions of bio
logical and physical processes. Recruiunent variation in 
E. superba provides insight into the complexities of these 
interactions. Other abiotic and biotic factors also affect 
patterns of zooplankton distribution and abundance, e.g., 
variability in oceanic circulation features like the Polar 
Front and in differences in food availability and food com
position, but our understanding of their combined effects is 
still in its infancy. 
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