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Articles

Antarctic krill (Euphausia superba; figure 1) is one
of the best-studied species of pelagic animal, yet there

are still considerable uncertainties about key elements of its
biology and of the forces that determine its distribution and
abundance (Nicol 2003). Early accounts of the life history of
krill provided a large amount of detail on its distribution and
basic biology, based largely on the results of collections made
with plankton nets, and many of the accepted concepts of krill
ecology stem from these studies (Marr 1962, Mackintosh
1972). More recently, a number of attempts have been made
to review information on krill biology (Ikeda 1985, Miller and
Hampton 1989, Siegel 2000), and conceptual models have
been put forward to account for the observed patterns of dis-
tribution and abundance of krill’s various life history stages
(Siegel 1988, 2000, Smetacek et al. 1990, Daly and Macaulay
1991). Over the last 25 years, a large research effort has been
devoted to better understanding the ecology of krill and its
distribution, and this has resulted in some changes in per-
spective. This period has been characterized by concerted
activity on two fronts: experimental krill biology (Mangel and
Nicol 2000, Kawaguchi and Nicol 2003) and biology relevant
to management of the krill fishery (Nicol 2000, Watkins et al.
2004). At the same time, attention has been devoted to un-
derstanding the ecology of the Southern Ocean in relation to
the prospect of rapid climate change, and this too has featured
krill research (Hofmann et al. 2004). Climate change research
has also vastly improved scientists’ understanding of the
physical environment of the Southern Ocean and its links to
global processes (Busalacchi 2004). These research efforts

have produced a wealth of information on krill distribution,
ecology, and biology, which is yet to be synthesized. This ar-
ticle attempts such a synthesis, focusing on recent informa-
tion that provides a perspective on krill ecology; it builds on
the findings of early research and brings in results from a wide
range of studies.

Despite findings that krill are active schooling animals
(Hamner and Hamner 2000) and evidence suggesting active
migrations (Siegel 1988), a predominant view among South-
ern Ocean ecologists is that krill are planktonic organisms
largely at the mercy of their physical environment (Hof-
mann and Murphy 2004). An alternative perspective, that the
distribution and abundance of krill can be explained by the
interaction between the animal’s evolved life cycle and the
physical environment, has not been articulated. This article
represents a conceptual model of how krill pursue their lives
in their challenging physical environment, and further de-
velops ideas put forward by other authors. It is presented as
a generalized case, accepting that there are exceptions and, as
in all models, oversimplifications. The purpose of this model
is to stimulate discussion and to provide a framework for fu-
ture research and Southern Ocean ecosystem modeling.
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Krill, Currents, and Sea Ice:
Euphausia superba and Its
Changing Environment
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Investigations of Antarctic krill (Euphausia superba) over the last 40 years have examined almost every aspect of the biology of these ecologically 
important animals. Various elements of krill biology have been brought together to provide concepts of how this species interacts with its environment,
but there have been few recent attempts to generate a generalized conceptual model of its life history. In this article I present such a model, based on
previous descriptions, observations, and recent data from the scientific literature. This model takes into account a range of findings on krill biology
and on the relationships between Antarctic krill and its biotic and abiotic environment. Krill life history is thus viewed as an evolved product of
interactions between the species and its environment. The model places particular emphasis on the different forces that act on the larval and adult
stages, and on the interaction between krill behavior, systems of ocean currents, and sea ice.
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The historical perspective
The traditional view of krill life history is that they are rela-
tively short-lived, with a life span between 2 and 3 years. They
reproduce in their second and third years; eggs are laid in the
surface layer, and the embryos sink, then hatch; the develop-
ing larvae actively swim upward, reaching the surface in au-
tumn. The larvae develop under the ice during the winter and
emerge as juveniles in the spring (Marr 1962). Krill have a cir-
cumpolar range, although they have an uneven distribution
both latitudinally and meridionally. Generally, all stages of krill
are found in higher numbers near the Antarctic or island
coasts, and they are also found in greater abundance in cer-
tain regions where putative stocks have been described (Mack-
intosh 1972).

There were some suggestions that krill stocks could be as-
sociated with oceanographic features such as the Weddell
gyre, and the relationship between the distribution of krill and
the area annually covered by sea ice was acknowledged, but
the exact role of sea ice in krill life history remained unexplored
because of the difficulties of sampling this habitat in winter
(Marr 1962, Mackintosh 1972). Adult and larval krill were
viewed as being largely at the mercy of the ocean currents,
although the ability of krill to form dense and highly local-
ized swarms was noted as something of a paradox. In his mon-
umental monograph on the species, Marr (1962) observed,
“Clearly then, by the time it is half grown, if not before, E.

superba far from remaining a passive drifter, has on the con-
trary become a creature of great agility, powers of locomotion,
purposeful intent and not a little awareness” (p. 156). How
such animals cope with a dynamic, fluid, and periodically ice-
covered environment is a critical area for study, but such re-
search is fraught with difficulties (Hamner and Hamner
2000). The ecological role of krill, in the traditional view, was
to consume phytoplankton, mainly diatoms, and to serve 
as the critical food source for fish, squid, and large air-
breathing mammals and birds (Miller and Hampton 1989).

Over the last 25 years, a number of findings have im-
proved researchers’ knowledge of krill life history, and vari-
ous events, described in table 1, have altered our perspective
on Antarctic krill. These findings include a far better under-
standing of the distribution patterns of krill on all scales
(Everson 2000), of the importance of the link between krill
and sea ice, and of the role of sea ice communities in the an-
nual cycle of krill (Smetacek et al. 1990, Daly and Macaulay
1991). Experimental investigations on living krill have also im-
proved scientists’ knowledge of the diet, physiology, behav-
ior, and growth rate of krill (Nicol 2003). We now know that
krill are long-lived, schooling animals with high energy de-
mands that are met through a varied diet, and with a com-
plicated life cycle that utilizes, in different phases, pelagic,
benthic, and sea ice environments. An updated view of krill
life history, therefore, has to take into account this wealth 
of information and present it in a form that is biologically 
realistic.

Distribution, abundance, and ocean currents
Early accounts of krill distribution and abundance relied on
the results of sampling surveys using plankton nets, although
such nets were acknowledged early on to be far from ideal for
capturing krill (Marr 1962). More recently, echo sounders have
been used to determine krill distribution and abundance,
which has greatly improved researchers’ understanding of
detailed patterns of abundance at all scales (Macaulay 2000).
Information from scientific nets has also been used to examine
questions of long-term change in krill populations (Atkinson
et al. 2004) and to provide critical data on krill demograph-
ics (Siegel 2000). Krill distribution patterns have been inten-
sively investigated on large scales (100,000 to 1,000,000 square
kilometers [km2]) (Nicol 2000, Watkins et al. 2004), on
smaller scales (1000 to 10,000 km2) (Brierley et al. 2000),
and at the level of the swarm (< 100 km2) (Hamner and
Hamner 2000).

The overall concept of krill distribution has changed little
since the early studies; krill are still viewed as a circumpolar
species, with their main centers of concentration around 
island groups and along the continental shelf break and slope.
Oceanic populations of adult krill are known to exist, par-
ticularly in the Southeast Atlantic, but have been little stud-
ied. Regionally, the South Atlantic has been confirmed as the
area where both the largest concentrations and the highest
densities are found (Atkinson et al. 2004), though the con-
ditions that allow this high abundance are not well defined
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Figure 1. “The ‘krill’ is a creature of delicate and feathery
beauty, reddish brown and glassily transparent. It swims
with that curiously intent purposefulness peculiar to
shrimps, all its feelers alert for a touch, tremulously sen-
sitive, its protruding black eyes set forward like lamps.
It moves forward slowly, deliberately, with its feathery
limbs working in rhythm and, at a touch of its feelers,
shoots backwards with stupefying rapidity to begin its
cautious forward progress once again” (Marr 1962,
p. 156, quoting Ommanney 1938).
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(Constable et al. 2003). Judging from comparable surveys,
using both nets and acoustics, it would appear that average
krill densities in the South Atlantic may be 10 times higher
than in East Antarctica (Nicol et al. 2000a). Also, because of
the more convoluted coastline and the proliferation of island
groups in the South Atlantic, the available habitat for krill in
this region is much greater.

Along most of the Antarctic coastline, the center of distri-
bution of the adult krill population is near the continental shelf
break, where current flows are complex (Ichii et al. 1998,
Lascara et al. 1999, Nicol et al. 2000b, Klinck et al. 2004).
Juveniles are found in inshore waters with a general westward
drift (Trathan et al. 1993, Siegel 2000), and the eggs and lar-
vae are found offshore in waters with an eastward drift (Siegel
2000). Modeling studies of the relationship between krill
and currents have assumed that krill are passive particles in
the geostrophic flow field, and that the dominant current sys-
tem in their life cycle is the Antarctic Circumpolar Current
(ACC; Hofmann and Murphy 2004). Other studies have sug-
gested that advection by the ACC may play a lesser role and
that smaller-scale circulation patterns on the shelf-slope re-
gions, coupled with active vertical and horizontal migrations
by the krill population, may better explain regional krill dis-

tribution and abundance (Ichii et al. 1998, Lascara et al. 1999,
Nicol et al. 2000c).

The systems of ocean currents around Antarctica are not
simple. Although the Southern Ocean is dominated by the
eastward flow of the ACC, the environment within the range
of krill is far more complex, with the ACC interacting with
the Antarctic Coastal Current in a series of fronts and eddies.
Around the Antarctic continent, a series of gyres link the
westward-flowing Coastal Current and the ACC (Amos 1984,
Pakhomov 2000). Over the years, a number of studies have
indicated that there are areas around the perimeter of the con-
tinent where krill are more abundant and other areas where
they are scarce, and these variations in abundance have been
linked to the gyral circulation patterns (Mackintosh 1972,
Amos 1984). Krill concentrations appear to track gyral sys-
tems off East Antarctica, where they have recently been
mapped in the regions between 30 degrees (°) and 90° east
(E) (Pakhomov 2000) and between 80° and 115° E (Nicol et
al. 2000c), and this association may well hold for other areas
too (Klinck et al. 2004). There are very few large-scale stud-
ies in which direct measurements of current systems have been
combined with in situ observations of krill distribution, but
historical krill distributions overlaid on maps of known cur-
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Table 1. Events that have resulted in significant changes in scientists’ views of the life history of Antarctic krill.

Date Event Significance Reference

1936 First experimental study on living Antarctic krill First reported attempt to work with living krill Fraser 1936

1962 Publication of Marr’s monograph on krill Laid the foundation for later studies on krill: Marr 1962
described krill distribution; laid out theory of 
developmental ascent of larvae; and proposed 
a 2-year life cycle

1964 First physiological experiments Demonstrated the feasibility and usefulness McWhinnie and Marciniak 
of experimental research on living krill 1964

1972 Publication of account of krill distribution  Linked the overall distribution of krill to the  Mackintosh 1972
in relation to sea ice physical environment

Commercial krill fishery commences Led to concerns for the Southern Ocean Nicol and Endo 1999
ecosystem and spurred international scientific 
and diplomatic efforts to understand and 
manage krill

1981 First international BIOMASS (Biological International multiship survey of Southern El-Sayed 1994
Investigations on Marine Antarctic System Ocean to determine krill abundance using 
and stocks) expedition scientific echo sounders

Signing of the Convention on the Conservation CCAMLR has been called the “krill convention” Nicol and Endo 1999
of Antarctic Marine Living Resources (CCAMLR) because it was designed to ensure the sustainable

harvesting of krill in the Southern Ocean

1982 Demonstration that krill shrink and sexually Questioned all previous studies on krill age Ikeda and Dixon 1982
regress when starved and growth

1983 Report of krill feeding on ice algae Reopened the question of how krill overwinter Hamner et al. 1983

Evidence that krill can lay several batches of eggs Increased estimates of production, which had Ross and Quetin 1983
been based on single lifetime spawning episode

First acoustically detected “superswarm” Krill can be found in massive aggregations Macaulay et al. 1984
(1 million metric tons) that can affect the 
biological and chemical environment

1986 Evidence of benthic swarms of krill Krill can utilize the entire water column and Kawaguchi et al. 1986
can seasonally migrate Gutt and Siegel 1994

1987 Demonstration that krill longevity could exceed Changed perception of krill from short lived Ikeda and Thomas 1987
9 years and fast growing to long lived and slow growing

1988 Suggestion of ontogenetic spawning migrations Provided evidence that krill behavior can affect Siegel 1988
their location 

1992 First quantitative life history models for krill Formalized the life history of krill Hofmann et al. 1992

1995 Recruitment of krill is linked to annual variation Recruitment to the krill population is highly variable, Siegel and Loeb 1995
in sea ice and the variability is related to the physical 

environment
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rent features suggest that krill concentrations may be related
to  surface circulation (figure 2).Whether these concentrations
constitute genetically distinct stocks is uncertain, because no
study to date has used sensitive enough methods with an
appropriate sampling regime to discriminate between pop-
ulations (Jarman and Nicol 2002).

The vertical ocean circulation also plays an important role
in the successful maintenance of krill populations (Hofmann
and Husrevoglu 2003). Intrusions of the relatively warm Up-
per Circumpolar Deep Water (UCDW) onto the continental
shelf provide not only nutrients for phytoplankton growth,
and hence improved feeding conditions, but also warmer
water, which accelerates embryonic development, and a trans-
port path for larvae from deep water to the continental shelf.
Such intrusions of UCDW occur unevenly around the con-
tinent; they are related to bathymetry and horizontal circu-
lation, and thus may play a critical role in the development
of regional krill populations (Hofmann and Husrevoglu
2003).

Antarctic krill thus have a habitat that encompasses a
number of physical features, but the boundaries to this habi-

tat are a product of the interactions between the bi-
ology of this species and its physical and biological
environment. The distribution pattern of each life
history stage is a product of evolution, behavior
(e.g., vertical migration, ontogenetic migrations),
water currents, and ice drift; it is not merely a prod-
uct of immediate physical forcing.

Sea ice and krill
Early studies noted that the overall distribution of
krill matched the distribution of winter sea ice quite
well (Mackintosh 1972), but not until the 1990s
were conceptual models developed, based on win-
ter studies, that viewed the seasonal presence of ice
as being vital in the life history of krill (Smetacek et
al. 1990). Investigating the processes that link krill dis-
tribution to sea ice cover required not only techno-
logical advances but also time-series data. The advent
of satellite remote sensing in the late 1970s allowed
a much clearer examination of annual sea ice extents
and properties, and their variability with time and
space (Parkinson 2004). Since the 1980s, mesoscale
(approximately 10,000 km2) acoustic krill surveys
have been carried out regularly in the South 
Atlantic, and these have stimulated the examina-
tion of time series of regional krill abundance along
with sea ice records (Hewitt et al. 2003). The picture
that has emerged for the South Atlantic is that re-
gional krill abundance in summer is positively related
to the extent of sea ice the previous winter (Brierley
et al. 2000, Hewitt et al. 2003), and that historically
there is a relationship between the extent of winter
sea ice and overall krill abundance in the South At-
lantic (Atkinson et al. 2004). The mechanism pro-
posed for this relationship is twofold: The community

of microorganisms growing on the underside of the ice pro-
vides food for overwintering adult and larval krill, and this 
under-ice community seeds the surface waters with algae in
spring when the sea ice melts. Thus, larger extents of sea ice
result in more extensive sea ice communities and, conse-
quently, in more favorable grazing conditions both in winter
and in spring, when more algal biomass is released into the
surface waters (Smetacek et al. 1990). It should be noted,
however, that the relationship between sea ice extent and the
biomass of the sea ice community, though logical, has not yet
been empirically verified (Brierley and Thomas 2002).

There is now considerable evidence that krill, both adults
and larvae, feed on under-ice communities, particularly dur-
ing late winter (Hamner et al. 1983, Marschall 1988), and ex-
perimental studies have indicated that they do so efficiently
(Stretch et al. 1988). Krill are also known to be capable of om-
nivory, prolonged starvation, metabolic reduction, and ben-
thic detritivory, all of which can support the adult population
through the winter (Atkinson et al. 2002). Krill most likely use
different overwintering strategies, depending on their bio-
logical condition and on the local environmental conditions.
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Figure 2. The overall distribution of krill from Marr (1962), overlaid
with surface ocean circulation patterns. Red gyres are well documented;
blue ones are more speculative.
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Furthermore, adult krill are robust and can withstand con-
siderable deprivation, whereas larvae require food to grow and
develop during their first winter (Quetin et al. 1996). Because
the requirements of adults and larvae differ, it is likely that they
will behave quite differently, and exhibit different distribution
patterns, when food is most scarce. There is increasing in-
formation to suggest that populations of adult krill may
overwinter in deep water, often close to the Antarctic coast
(Gutt and Siegel 1994, Lawson et al. 2004), while larvae are
closely associated with sea ice. Autumn and winter are under-
sampled seasons in the Antarctic, and it is uncertain how krill
adults or larvae survive the period between autumn and late
winter, when sea ice communities are poorly developed and
unable to sustain large populations of grazers.

The strong association between larval krill and sea ice
means that the larvae would drift with the sea ice during win-
ter, and it has become apparent that the movements of sea ice
are complex and variable (figure 3). The primary factor dri-
ving the drift of sea ice is the wind field, but underlying this
is the surface ocean circulation; the resultant drift pattern can
be highly dynamic, but it does have some general features that
reflect the dominant circulation patterns of the region. The
ice, which is formed inshore, tends to drift in a series of cy-
clonic gyres as it is moved offshore by the winds and is trans-
ported from the coastal current regime to the oceanic
environment dominated by the ACC (Heil and Allison 1999).

On an oceanwide scale, there are some inconsistencies if sea
ice alone is seen as the dominant factor in determining krill
distribution and abundance. Krill abundance is highest in the
area where sea ice extent is minimal (off the western Antarc-
tic Peninsula) or nonexistent (South Georgia; Atkinson et al.
2004), and is thought to be relatively low in areas where sea
ice extent is at its greatest (Nicol et al. 2000a). At South Geor-
gia, the large krill population in the shelf-slope area is thought
to be a product of transport in the ACC, although direct ob-
servations of krill transport are rare (Nicol 2003, Hofmann
and Murphy 2004). There are also suggestions that perhaps
sea ice and krill abundance are both reacting to either regional
or temporal variations in circulation patterns, rather than be-
ing in a simple cause-and-effect relationship (Nicol et al.
2000c). It may well be that in areas where winter sea ice cover
is minimal, such as off the Antarctic Peninsula, small year-to-
year changes in ice cover may have an amplified effect on pro-
ductivity, whereas in areas with considerable ice cover, the
effect of small changes is proportionally less.

The trophic role of krill
The traditional view of krill as mainly diatom feeders has
changed in light of research showing that all life history
stages can adapt to locally available food. Larvae are proba-
bly highly dependent on ice algae and on the under-ice 
microbial community (Quetin and Ross 2001). Adults may
consume detritus and heterotrophic material in winter (Peris-
sonotto et al. 2000), and are less associated with the under-
side of the ice than are the younger stages (Quetin et al.
1996). All stages utilize pelagic food sources throughout the

year; adults are probably less discriminating than the smaller
stages, but adults are probably inefficient at consuming items
smaller than 5 micrometers (Quetin and Ross 1985).

Krill swarms can extend over kilometers and can contain
many billions of individuals, each with a considerable re-
quirement for food (Nicol 2003). Individual krill may be se-
lective feeders, but it is difficult to see how an individual
embedded within a large swarm can afford to be anything but
an indiscriminate consumer of whatever particulate matter
it encounters. Other pelagic organisms are often absent in the
surface layer when krill are dense (Atkinson et al. 1999, Peris-
sonotto et al. 2000), which may be because krill in large
swarms are capable of sweeping the water clean. Most ex-
periments on krill feeding have been conducted on individ-
uals or on small groups, and so have been unable to simulate
the effect of high densities and large numbers of krill. The
powerful effect of krill in the pelagic zone comes about be-
cause they have a very large biomass concentrated in a lim-
ited area, and they have a high requirement for food in a
restricted time period (Perissonotto et al. 2000). Within their
range, which has been estimated to be only one-quarter of the
Southern Ocean (Nicol et al. 2000c), krill are undoubtedly the
dominant species of macroherbivore. Although there is evi-
dence that krill are most abundant in those areas within their
range where production is highest (Atkinson et al. 2004),
there is no simple correlation between productivity in the
Southern Ocean and krill abundance (Constable et al. 2003).
The coastal zone is highly productive and yet supports pop-
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Figure 3. 1979–1997 Antarctic sea ice drift velocities
recorded by special sensor microwave/imager (SSMI) for
the month of July (winter). Gridded fields are interpo-
lated from SSMI point data, with arrows showing drift.
Source: Schmitt and colleagues (2004).
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ulations of another species of krill (Euphausia crystallorophias),
so factors other than food concentration must combine to de-
termine the extent of krill habitat.

Reproduction and development
Krill reproduction is an energetically demanding process, but
under the right environmental conditions female krill can
produce continuous batches of eggs throughout the four-
month summer period (Ross and Quetin 1983). This is far in
excess of earlier estimates, which assumed only a single spawn-
ing in a 2-year life span (Clarke 1980). Female krill have been
observed to lay up to 3588 eggs in a single batch and may be
capable of producing nine batches in a season (Ross and
Quetin 2000). There is now considerable information on the
importance of where krill would have to lay their eggs for the
greatest hatching success (Hofmann and Husrevoglu 2003,Hof-
mann and Murphy 2004) and on the conditions that must be
present for the success of the larvae once they have hatched
(Ross et al. 1988). Generally, gravid krill are found offshore of
the rest of the adult population, in deeper water (Trathan et
al. 1993, Nicol et al. 2000b), and this would place the embryos
in suitable waters for their development (Siegel 1988).

Antarctic krill eggs sink, which is probably a key feature in
their life history. The eggs of some other euphausiid species
float, and some species brood eggs (Ross and Quetin 2000),
so sinking eggs are an adaptation that allows this species of
krill to produce successful offspring in its natural environment.
The general assumption, though not empirically verified, is
that if krill embryos reach the sea floor, their survival will be
impaired. Thus eggs laid on the continental shelf are un-
likely to develop, and those laid in deep water are more likely
to survive (Hofmann and Murphy 2004). Female krill seem
to undertake spawning migrations to deeper waters, which
would enhance the survival chances of their larvae (Siegel
1988, Trathan et al. 1993, Nicol et al. 2000b, Quetin and Ross
2001). The requirement for access to deep water for spawn-
ing may separate Antarctic krill, with a deep-sinking egg,
from the coastal species of krill, E. crystallorophias, which
produces a neutrally buoyant egg. If krill have evolved a sink-
ing egg and a spawning migration, then what advantage 
accrues to the population from having the eggs and developing
larvae laid offshore from the main body of the krill popula-
tion? Krill swarms are the dominant consumers of suspended
particulate material within their habitat, so separating the
small, food-sized eggs and larvae from the juveniles and
adults must enhance their chances of survival (Siegel 1988,
Quetin and Ross 2001).

Eggs (or, more correctly, embryos) are laid in December–
March, and larvae develop from these eggs in offshore 
waters, performing a “developmental ascent”(Marr 1962). The
embryos hatch into free-swimming larvae at depths of 700 to
1000 meters. The larvae swim upward, developing as they
swim, and reach the surface some 30 days after the eggs were
laid. The first feeding stage (the first calyptopis) is reached 
after 30 days, and it is critical for survival that the larvae find
food within 6 days. Temperature and pressure affect larval

growth and development, and the location of spawning and
the temperature of the underlying water masses and their
movements play a large part in determining the rate of de-
velopment (Ross et al. 1988, Hofmann and Lascara 2000). In
late winter through early spring, the larvae metamorphose into
juveniles, and they grow through the summer and the fol-
lowing autumn and winter to emerge the following spring as
adults.

Eggs laid offshore in deep water result in the embryos and
larvae developing in the eastward-flowing waters of the ACC
and in the warmer water layers of the UCDW (Hofmann and
Husrevoglu 2003). In winter, the larval habitat becomes cov-
ered with pack ice, and the larvae, which have risen to the sur-
face, drift with the movement of the pack.As the pack ice drifts
in a series of cyclonic gyres (Heil and Allison 1999), larvae as-
sociated with the pack ice can be transported from the offshore
waters, where they are spawned to the inshore waters where
the juveniles are found.

Toward a holistic view of Antarctic
krill in its environment
Krill have evolved a life history that is obviously highly suc-
cessful at exploiting their seasonally variable environment. In
viewing the life history of krill, various elements, such as
feeding behavior, distribution, and reproductive activity, have
often been treated separately. In the model presented below,
the various life history traits outlined in the previous sections
are part of an overall system that allows Antarctic krill to sur-
vive in a highly seasonal fluid environment. For the pur-
poses of this model, krill are divided into developmental
stages: larvae, juveniles, and adults. A secondary division sep-
arates the gravid females from the rest of the adult popula-
tion. These groupings are thought to remain geographically
separate (Siegel 2000). A simple seasonal representation of
these life history stages is shown in figures 4 and 5. In sum-
mer, the adult krill population is centered close to the shelf
break, which allows access to pelagic food supplies but also
places the populations within a counter-current circulation
system with the ACC to the north and the Coastal Current to
the south. Small movements within this region can have ma-
jor effects on the horizontal distribution of individuals and
populations. Krill females that move offshore to spawn place
their young into the eastward-flowing waters of the ACC, but
the developing young are not lost to the system, because of
the gyral circulation patterns that link the ACC to the Coastal
Current and because of the vertical circulation patterns near
the shelf break (figure 4a). These currents will also bring the
larvae back inshore to the shelf regions where juveniles are en-
countered the following summer. Sea ice communities are es-
sential for larval krill in winter, and their movement is linked
to that of the ice (figure 4b).Adult krill are robust and can uti-
lize food resources other than the under-ice community, or
they can starve and shrink; in either case, they would not need
to compete with the larvae that must feed, develop, and grow
over the winter months. Adult krill thus can be found deeper
in winter, and may also move inshore in deep troughs or

Articles

116 BioScience  •  February 2006 / Vol. 56 No. 2 www.biosciencemag.org
Downloaded From: https://bioone.org/journals/BioScience on 25 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



canyons. In spring, the adults feed on the phytoplank-
ton bloom at the ice edge (Brierley et al. 2002), but may
remain vertically or horizontally separated from the
larvae in the decaying sea ice zone, which retreats onto
the shelf (figure 4c). In summer, the juvenile krill are
found inshore of the adults, which again make their on-
togenetic migration to the shelf break. The effect of
these differential distribution patterns is that the krill
in younger stages are separated from the adults. This re-
duces competition for food resources and also reduces
the risk of the adults’ predation on the younger stages
(Siegel 1988).

Around the Antarctic, krill populations are likely to
persist where the females can find enough food to re-
produce and then can reach deep water for spawning.
These conditions may not occur uniformly. To grow and
survive, the larvae resulting from this spawning must
be able to find sufficient food when they reach the sur-
face, and they must be where a sea ice community is
available for their use as an overwinter food source. The
circulation pattern of the area must also be such that,
by spring, the newly developed juveniles are in their pre-
ferred habitat, inshore of the shelf break (figure 5).

Alternative views of krill life history
Other descriptions of krill life history have included
some of the elements described here. Siegel (1988) laid
out the concept of ontogenetic migrations of krill to ex-
plain the observed distribution of life history stages,
which was confirmed in subsequent studies (Trathan et
al. 1993). The role of sea ice in the life cycle of krill has
been explored (Smetacek et al. 1990, Daly and Macaulay
1991). Quetin and colleagues (1996) introduced the
concept of a krill population that is much more reac-
tive to its physical and biological environment than
had previously been assumed, and brought together
year-round observations to assemble an overall picture
of the krill life cycle. The relationship between local krill
populations and gyres has been suggested before (Mack-
intosh 1972, Amos 1984, Pakhomov 2000). The con-
ceptual model outlined here has incorporated many
diverse findings from the published literature and has
developed a framework built around the concept of krill
being more than passive players in their environment.
Krill are a species with a long and complex life cycle that
has evolved to exploit a highly seasonal environment;
hence the complete life history of krill and its distrib-
ution cannot be explained without invoking known be-
haviors and observed adaptations to its environment.

The life history of krill remains unresolved because
of the uncertainties surrounding the forces that deter-
mine the distribution of the species at all scales. Krill have been
viewed as particles in a generally eastward-flowing current
field, which means that the clues to determining the success
of any particular life history stage most likely lie in waters to
the west, not in local events (Hofmann and Murphy 2004).

This makes the population dynamics of krill at a single lo-
cation difficult to interpret, because the factors that are
thought to affect observed processes, such as recruitment
and growth, are remote from the site of the observations. The
concept of teleconnections between areas—larger-scale
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Figure 4. Simplified seasonal representation of the vertical and hori-
zontal distribution of krill from offshore (left) to onshore (right): (a)
summer, (b) autumn–winter, and (c) spring.

a

c
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processes that affect population dynamics on a regionwide
scale (Brierley et al. 2000)—addresses this problem, but lit-
tle attention has been devoted to the alternative concept of
largely local stocks of krill within which biological and phys-
ical processes interact (Mackintosh 1972, Nicol 2003). The con-
struction of models that look at whether local population
processes in krill can be explained by local effects would be
a useful alternative to the more mechanistic models that have
been put forward to date.

Some of the elements presented here have been developed
by studying krill population processes in the waters off East
Antarctica. In this region, the biogeographic zones are widely
spread, and regional differences allow the examination of
key physical determinants of krill distribution (Nicol et al.
2000c). Much of the biology of krill, however, is known from
studies off the Antarctic Peninsula, where the tightly con-
strained current systems, sea ice at its circumpolar mini-
mum, and the convoluted coastline and many island groups
constitute a complicated physical environment from which
it is more difficult to draw generalizations. South Georgia is
a particular anomaly because large krill populations are found
there in the absence of sea ice. It is supposed that krill do not
reproduce successfully at South Georgia, because first-year krill
are rarely found in the surrounding waters. Gravid female krill
are, however, frequently encountered around South Georgia,
so it is likely that spawning does occur there; it is the fate of
the larvae that is in question. If the Weddell Gyre is viewed
as a magnified version of the gyres that link the current sys-
tems in other areas, then spawning at South Georgia may re-
sult in larvae that overwinter far to the south in the Weddell
Sea, and recruitment to the South Georgia population may

occur only after the larvae have circumnavi-
gated the gyre. Owing to the size of the gyre, this
would take twice as long as in other retention sys-
tems, and thus the krill would return as 2-year-
olds, not 1-year-olds. This conjecture accords
with observations on the size structure of krill
populations at South Georgia and their inter-
annual variability (Reid et al. 2002).

Krill inhabit the Southern Ocean, which is
subject to major cyclical environmental fluctu-
ations, and has also been considerably affected
by human-induced changes (Smetacek and Nicol
2005). Harvesting of seals, whales, fish, and krill
has had effects on the ecosystems of the South-
ern Ocean both at a global scale (e.g., whaling)
and at a more local level (e.g., fishing). The krill
fishery has been the largest in the Southern
Ocean for more than 25 years, although it re-
mains small relative to the overall stock size
(Nicol and Foster 2003). Projected increases in
harvesting could result in the krill fishery be-
coming a globally important supplier of aqua-
culture meal, which in turn could have
significant ecological impacts if not managed
carefully. The changing physical environment of

the Southern Ocean affects features that are known to be
critical to the life history of krill: sea ice extent and concen-
tration, water temperatures, and circulation patterns. The
combined effects of all these changes on the circumpolar
population of krill are difficult to predict (Smetacek and
Nicol 2005), but there have been indications that changes in
distribution and abundance are occurring (Atkinson et al.
2004). Detecting responses to future change will require ef-
ficient monitoring of krill stocks and the populations of their
predators.

This conceptual model of the life history of Antarctic krill
brings together what is known about the biology of krill and
their environment into a cohesive account that views their bi-
ology as part of a successful system. The concept of krill as ac-
tive players in their own life cycle generates some features that
can be examined experimentally or through surveys at a
number of scales. In particular, the model highlights the
need for studies into the detailed relationship between the life
history stages and hydrography at appropriate scales. Coupling
new technology such as multibeam sonar with acoustic
Doppler current profilers will allow three-dimensional imag-
ing of krill and currents. Whether concentrations of krill
constitute genetically distinct stocks will be determined by con-
ducting appropriately designed population genetic studies. A
better understanding of the behavior of krill as individuals and
in their normally aggregated state will come from both field
and laboratory investigations (Nicol 2003). There is also an
obvious need to better understand the early life history stages
of krill and the forces that shape recruitment into the adult
population. Accomplishing this will require further studies
during autumn, winter, and spring. A better understanding
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Figure 5. Seasonal ontogenetic migration pattern of Antarctic krill, showing
how the krill utilize the gyral circulation patterns that link the two major
current systems.
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of the biology of Antarctic krill, one that incorporates all
the known features of the life history of krill, can only lead
to an improved understanding of the ecosystem of the South-
ern Ocean. Such an understanding will, in turn, enhance sci-
entists’ ability to forecast changes that may be caused by
increased fishing pressure and environmental change.
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