
Krill and the unity of biology
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Abstract: This supplement features some of the printed papers from the Second International Symposium on Krill
(Santa Cruz, Calif., August 1999). Krill have long been recognized as key prey species for fish, birds, and marine
mammals and as a target for fisheries in both hemispheres. However, the study of krill can contribute in many other ar-
eas of biology. Krill are an excellent model system for studies of growth and maturity, for connections between theory,
experiment, and observation, and for tests of evolutionary theory in the field. Krill are also ideal model organisms for
studying the interaction between environmental and organismal variability. Because they are widely distributed but only
moderately speciose, the study of krill can also shed light on the relationship between abundance and range. The study
of krill is an inherently interdisciplinary field, crossing boundaries and using a combination of oceanography, biochem-
istry, physiology, evolution, and ecology to understand krill and their role in the ecosystem.

Résumé: Ce supplément contient les textes de certaines présentations faites au Second symposium international sur le
krill (Second International Symposium on Krill) tenu à Santa Cruz, Calif., en août 1999. Depuis longtemps, on sait que
les espèces du krill sont des proies essentielles pour les poissons, les oiseaux et les mammifères marins et une res-
source convoitée par les pêches commerciales dans les deux hémisphères. L’étude du krill peut aussi faire progresser
plusieurs disciplines biologiques. C’est un système idéal pour analyser la croissance et la maturité, pour évaluer les
rapports entre la théorie, l’expérimentation et l’observation, ainsi que pour élaborer en nature des tests relatifs à la
théorie de l’évolution. Les organismes qui le composent sont aussi d’excellents modèles pour mettre en lumière les in-
teractions entre la variabilité de l’environnement et celle des organismes. Parce que le krill a une répartition géogra-
phique étendue et une richesse en espèces moyenne, il permet l’étude des relations entre l’abondance et l’aire de
distribution. Il s’agit essentiellement d’un domaine de recherche interdisciplinaire qui, à l’aide de l’océanographie, de
la biochimie, de la physiologie, de la biologie évolutive et de l’écologie, cherche à comprendre la nature du krill et son
rôle dans l’écosystème.
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Introduction

The papers in this supplement are the written versions of
some of the presentations at the Second International Sym-
posium on Krill held at the University of California Santa
Cruz in August 1999. The First International Krill Sympo-
sium (George 1984) was held in Wilmington, N.C., in 1982
and focused on Antarctic krill (Euphausia superba). The
second, 17 years later, included all species and covered a
wider range of topics (Table 1).

The purpose of the symposium was to review current
knowledge of krill (euphausiid) biology, to highlight gaps
and future areas for research, and to show how the study of a
range species of krill can illuminate more general problems
(e.g., krill flux, recruitment, swarming behaviour, age, and
growth). Here, we summarize the contents in a manner that

shows how the study of krill can contribute greatly to our
understanding of biology.

Conservation biology: krill are important

A number of superlatives have been attached to krill, par-
ticularly Antarctic krill; they are among the world’s most
abundant metazoan species (Nicol 1994), they are recorded
as forming the largest aggregation of marine life (Macauley
et al. 1984), they have the most powerful proteolytic en-
zymes yet found (Anheller et al. 1989), and they may have a
great untapped fisheries potential (Nicol and Endo 1997).
Krill (especially the southern ocean krillE. superba) are
central to pelagic marine food webs, in the sense that most
organisms are either directly predators of krill or are just one
trophic level removed from krill. For this reason alone, the
conservation biology of krill will always be a timely and im-
portant subject, since conservation biology provides the sci-
entific context for policy decisions. Furthermore, as fisheries
for krill continue to develop (e.g., Nicol and Endo 1997),
they will require more detailed information on the life his-
tory and ecology of the target species. Good fisheries man-
agement is underlain by good science; the study of krill
contributes to the management of krill fisheries, and many of
the papers in this supplement have their genesis in the quest
for information to assist management.

Because of the central role of krill in marine ecosystems,
innovative approaches to the management of harvesting of
krill have developed in the last 20 years. Agreements such as
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the Convention on the Conservation of Antarctic Marine
Living Resources (CCAMLR), emphasizing an “ecosystem
approach,” have pushed marine resource management into
new areas, both scientifically and politically. The study of
krill forces one to take an ecosystem perspective. Only now,
20 years after CCAMLR was negotiated, are other manage-
ment bodies coming to grips with issues such as ecologically
sustainable development and the precautionary approach —
ideas that were pioneered by CCAMLR and that have been
applied in the management of the Antarctic krill fishery.

Krill as a model system

Krill have proved to be quite good experimental animals
(Nicol 2000), informative of basic biology as well as krill-
specific problems. They are more robust than many pelagic
organisms and can survive quite well in captivity. They pass
through a broad size range in their life cycle. For example,
E. superbalarvae are planktonic at 2–3 mm long, yet the

adults are truly micronektonic at up to 60 mm long. As
adults, they are of a size that makes them good candidates
for laboratory research. They can be maintained in large
numbers, yet are large enough to be individually manipu-
lated. Because of their large size as adults, their biochemis-
try and physiology can be examined in detail, even at the
level of individual organs.

Understanding the linkage across different levels of bio-
logical organization will continue to be one of the great
challenges in biology in the new century. The basic principle
is that the structure of the organism constrains the response
to natural selection and that natural selection acts on the
structure of the organism. For example, krill use lipids for
both reproduction and dealing with periods of food shortage.
The different krill species allocate and use the different
lipids (e.g., wax esters and triglycerides) in different ways
and show different winter reductions in metabolic rates
(Cuzin-Roudy 2000). It should be possible to understand the
patterns of allocation in terms of the timing of reproduction
(e.g., the spring plankton bloom) and food availability over
the winter (Virtue et al. 2000). Falk-Petersen et al. (2000)
suggests that lipid biochemistry is a crucial force in
speciation, since different lipid biochemistries will lead to
different patterns of allocation, use, and reproduction. These
may ultimately lead to reproductive isolation, and thus, krill
can be used for study of sympatric speciation in open sys-
tems.

Krill also allow us to take evolutionary thinking back into
the field. For example, it is proposed that some of the pe-
lagic teleost fish have evolved large egg size as an anti-
predator mechanism because krill are a plentiful and
voracious predator (Y. Hirano, Port of Nagoya Public Aquar-
ium, Nagoya, Japan, personal communication). This hypoth-
esis suggests a clear field experiment, especially suitable for
a project such as Southern Ocean GLOBEC.

Krill of many species form dense and extensive swarms
and schools (Hamner and Hamner 2000). These aggregations
provide model systems for studying the evolutionary and be-
havioural ecology of group formation. Here, the great chal-
lenge is to understand what causes optimal group size
(Fig. 1), what sets the limit on evolutionarily stable group
size, and what prevents large groups from splintering (Ritz
2000). Krill aggregations also provide challenges for the
study of marine ecology; because of their size and their den-
sity, they can have major modifying effects on their local en-
vironment. The study of the relationship between
aggregations of krill, the local oceanographic characteristics,
and water movements will also provide insights into how pe-
lagic organisms cope with a fluid environment and, on a
larger scale, into the study of marine biogeography.

Finally, the study of krill can provide considerable insight
into questions concerning aging and maturity. Krill show
what might be considered “standard” patterns of aging, with
increasing mortality rates at later ages (Fig. 2), but their pat-
terns of maturation and reproduction are exceedingly com-
plex. Indeed, krill are an ideal study species (Cuzin-Roudy
1993, 2000) to show that maturation and reproduction are
coupled but distinct processes. For example, in Antarctic
krill, the reproductive cycle involves 10 stages; eight of
these lead to ovarian development and egg production and
two to sexual regression and reorganization after spawning
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Topic
No. of
papers

No. of experimental
studies

1999
Oceanography 11
Acoustics 4
Demography 6
Schooling/swarming 5 1
Feeding 7 3
Respiration/excretion/metabolism
Energetics/physiology 4 3
Genetics 3
Development/growth 7 6
Vertical distribution 5 1
Lipids 8
Enzymes 3
Parasites 2 1
Behaviour 2 1
Swimming 1 1
Aging
Life history 1
Modelling 1
Reproduction 4 2
UV 1
Larvae 2
1982
Oceanography 2
Acoustics 1
Demography 2
Schooling/swarming 3 1
Feeding 4 3
Respiration/excretion/metabolism 3 2
Energetics 1
Genetics 1
Development/growth 1 1
Vertical distribution 1
Lipids 1
Aging 1

Table 1. Comparison of topics and approaches at the first (1982)
and second (1999) symposia on krill.
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periods. Different species of krill have adapted their repro-
ductive cycles for the different habitats in which they are
found through physiological flexibility in gonad develop-
ment (Cuzin-Roudy 1993, 2000). That is, maturation can oc-
cur in the absence of reproduction, with profound
implications for how we view the connections between
growth rate, mortality rate, size, and maturity (Stamps et al.
1998).

Variability

Krill are also ideal model organisms for studying the inter-
action between environmental and organismal variability
(Siegel 2000a, 2000b). Krill face variation and uncertainty
on a number of scales: (i) unpredictable short-term variation,
(ii ) seasonal meso- and large-scale variation, (iii ) interannual
variability, and (iv) regime shifts. Biological variation is not
noise; indeed, “variation is the core of biology” (Berry
1989). The studies of krill swarms, schools, and aggrega-
tions and their causes and response to environmental varia-
tion will surely increase our understanding of biological
variability and will lead to the recognition that organisms are
variable, do have variable responses to the environment, and
that much of this variation can be understood.

Krill and the fundamental problem of ecology

In a very real sense, understanding the relationship be-
tween abundance and range is the fundamental problem of
ecology (Ney-Nifle and Mangel 2000), and krill are an ideal
organism for understanding this problem. The euphausiids
are enormously successful, with a worldwide distribution but

not speciose. Understanding the causes of their success and
wide-ranging distributions will thus allow us deeper under-
standing of the fundamental problem of ecology (Jarman et
al. 2000).

But this understanding will require methodological devel-
opment. Quantifying the abundance and defining the range
of pelagic animals such as krill are fraught with problems.
All too often the results of ecological investigations depend
on the tools used to study and collect the organisms in ques-
tion. This problem has long been recognized in marine biol-
ogy, and in his classic monograph on krill, Marr (1962)
lamented that “for too long we have been putting too much
trust in what seems to be revealed by apparatus, and not
enough in what we can actually see.” Hamner and Hamner
(2000) muse on the mismatch between the observations of
density in krill schools and the density estimated by echo-
sounders and ponder why the echosounders are believed and
the observations ignored. The problems of estimating krill
abundance were acknowledged at the first krill symposium
in 1982, and the mismatches between visually observed den-
sities and those estimated by nets and by echosounders,
which themselves fail to agree, remain. Even more con-
founding are the differences between the estimates of krill
consumption by predators and the estimates of krill abun-
dance obtained from acoustic surveys. We look forward to
the solution of this problem.

Links between theory and observation

Marine science is a global science, and of all the biologi-
cal sciences, it was among the earliest to recognize the im-
portance of theory and quantitative methods (Smith 1994;
Quinn and Deriso 1999). The study of krill provides excel-
lent opportunities to link theory and observation in the field
or laboratory. Observation raises questions, structures mod-
els, and provides parameters. Theory, which allows us to
move beyond the data (Peters 1992), complements observa-
tion by providing predictions and leading to deeper under-
standing.
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Fig. 1. Feeding rate in groups of hypothetical euphausiids. The
optimal group size is that which provides the highest feeding
rate. The evolutionarily stable group size is that which provides
the same feeding rate as a single individual. Study of krill group
formation will allow us a deeper understanding of the origins
and maintenance of optimal and evolutionarily stable group size.

Fig. 2. Annual mortality rate of krill as a function of year of life
showing the standard pattern of increasing mortality with in-
creasing age (based on Pakhomov 1995).
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Conclusion

The papers in this supplement provide evidence of the vi-
brancy of the field of krill research, with evidence of theo-
retical developments (Tarling et al. 2000), field research
(Brierley and Watkins 2000; Cripps and Atkinson 2000;
Nicol 2000; Pakhomov 2000; Zane and Patarnello 2000),
and laboratory investigations (Buchholz and Saborowski
2000; Mayzaud et al. 2000; Nicol 2000). The study of krill
is an inherently interdisciplinary field, crossing boundaries
and using a combination of oceanography, biochemistry,
physiology, evolution, and ecology to understand krill and
its role in the ecosystem. Participants at the symposium
came from 17 different countries, and a wide range of spe-
cies from various ocean regions were discussed, illustrating
the global importance of krill. Understanding of the biology
and ecology of krill has advanced markedly since the first
krill symposium in 1982, but there was a definite feeling that
theoretical and practical tools were improving at such a rate
that it would be unwise to wait another 17 years before the
next symposium.
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