UNIVERSITY of
TASMANIA

University of Tasmania Open Access Repository

Cover sheet

Title
Environmental effects on the growth, maturation and physiology in antarctic krill (euphausia superba) over an
annual cycle : an experimental approach

Author
Brown, MEC

Bibliographic citation

Brown, MEC (2010). Environmental effects on the growth, maturation and physiology in antarctic krill
(euphausia superba) over an annual cycle : an experimental approach. University Of Tasmania. Thesis.
https://doi.org/10.25959/23210813.v1

Is published in:

Copyright information

This version of work is made accessible in the repository with the permission of the copyright holder/s under
the following,

Licence.

Rights statement: Copyright 2010 the Author Chapter 2 published as: Brown, M., Kawaguchi, S., Candy, S.
and Virtue, P. (2010). Temperature effects on the growth and maturation of Antarctic krill (Euphausia
superba). Deep-Sea Research Il. 57, 672-682. Chapters 3-6 submitted for publication in various journals at
time of thesis publication. See p. x of thesis for details. Chapter 4 finally published as: \Long-Term Effect of
Photoperiod Temperature and Feeding Regimes on the Respiration Rates of Antarctic Krill (Euphausia
superba)\" written by Matthew Brown So Kawaguchi Steven Candy Toshihiro Yoshida Patti Virtue Steve Nicol
published by Open Journal of Marine Science Vol.3 No.2A 2013."

If you believe that this work infringes copyright, please email details to: oa.repository@utas.edu.au

Downloaded from University of Tasmania Open Access Repository

Please do not remove this coversheet as it contains citation and copyright information.
University of Tasmania Open Access Repository

Library and Cultural Collections

University of Tasmania

Private Bag 3

Hobart, TAS 7005 Australia

E oa.repository@utas.edu.au CRICOS Provider Code 00586B | ABN 30 764 374 782 utas.edu.au


http://doi.org/
http://rightsstatements.org/vocab/InC/1.0/
mailto:oa.repository@utas.edu.au
https://figshare.utas.edu.au
https://utas.edu.au

Environmental Effects on the Growth,
Maturation and Physiology in Antarctic Krill
(Euphausia superba) Over an Annual
Cycle: An Experimental Approach

Source: R.King (2010)

Matthew Brown

Bachelor of Science
Bachelor of Antarctic Studies with Honours

(University of Tasmania)

Submitted in fulfilment of the requirements for the degree of Doctor of

Philosophy
Institute of Antarctic and Southern Ocean Studies

School of Mathematics and Physics

University of Tasmania

June 2010



Declaration

-- Declaration --

Declaration of Originality:

1. | hereby declare that this thesis contains no material that has been accepted for
a degree or diploma by the University of Tasmania or any other tertiary
institution, except by way of background information and is duly acknowledged
in the thesis.

2. To the best of my knowledge and belief this thesis contains no material
previously published or written by another person, except where due reference
is made in the text of the thesis, nor does this thesis contains any material that
infringes copyright.

3. This thesis may be made available for loan and limited copying in accordance
with the Copyright Act 1968.

Statement of Ethical Conduct:

The research associated with this thesis abides by the international and Australian
codes on human and animal experimentation, the guidelines by the Australian
Government’s Office of the Gene Technology Regulator and the rulings of the Safety,

Ethics and Institutional Biosafety Committees of the University.

Matthew Brown

June 2010




Abstract

-- Abstract --

Antarctic krill, Euphausia superba, is a keystone species in the Antarctic
ecosystem, being a major food source for most predators and the target of a
substantial fishery. Despite being a critical component in the Southern Ocean, limited
information exists on krill growth, maturation and physiology under various light, diet
and temperature regimes throughout a full year. Without a comprehensive
understanding of these factors, forecasting adaptations in a changing environment is
hampered. This study examines the effects of the key environmental parameters
(light, food availability and temperature) on growth, maturation and physiology in krill.

Krill were incubated for an annual cycle under natural light (emulating the field
environment), and constant food supply and temperature. Krill showed a clear
seasonal cycle of growth and maturity in all three temperature treatments (-1°C, 1°C,
3°C). Sex significantly affected the relationship with growth over a year. Overall,
females showed higher growth rates than males, and growth rapidly decreased after
the peak growth period towards the end of spring. Males peaked in growth and
matured earlier than females and decreased growth at a considerably slower rate.
Negative growth occurred towards the end of January for both sexes, coinciding with
the regression of external sexual characteristics. There was a significant decline in
intermoult period (IMP) with increasing temperature and some evidence to suggest
that 1°C was optimum for krill growth. The IMP was significantly lower at 1°C than at
-1°C, but the difference in growth increment (GI) between the two temperatures was
not significantly different, with all growth variables significantly lower at 3°C. For the
first time, this study has confirmed that compensation mechanisms do exist between
IMP and instantaneous growth rate (IGR) for krill, resulting in short IMP/small IGR to
long IMP/large IGR.

Based on external sexual characteristics (female — thelycum; male -
petasma), krill exposed to a natural Antarctic light cycle or a fixed light/dark regime,
progress under a natural maturation cycle of regression and re-maturation. However,
when krill were maintained in complete darkness during sexual regression, the rate of
regression accelerated and re-maturation occurred three months earlier in the
following season. This flexible maturation cycle in response to conditions of total
darkness at the time of regression means that krill can flexibly adjust their seasonal
physiological cycle. Overall, light (in this case darkness) appears to be one of the

most important factors influencing the krill maturation cycle.




Abstract

There was a strong significant increasing trend of respiration rates in krill with
month in all experimental conditions; natural light cycle versus complete darkness,
fed versus starved and different temperature regimes (-1°C, 1°C and 3°C). The
interaction of treatment with month, as well as generally the main effect of each
treatment, was non-significant. Overall, from this study, it appears that light, food
availability and temperature may not be the dominant environmental variables
influencing the observed seasonal changes in metabolic rates.

There was no significant difference throughout the year (except February) in
total lipid and fatty acid content and composition of immature krill, and also between
mature males and females in summer. The lipid and fatty acid concentrations were
near depletion in February for all krill, indicating these reserves were possibly used
for reproductive purposes rather than as an overwintering source. Mated females
were only observed at -1°C in November. Lipid and fatty acid levels were lower in
mated compared to un-mated females, indicating utilisation of lipids during the
mating process. There was no clear temperature effect on lipid and fatty acid content
and composition at the various time points sampled; however, krill at the lower
temperature, -1°C, generally contained higher lipid and fatty acid content.

This study has provided a solid basis for understanding the life history of krill
over an annual cycle, which will enable more robust modelling for accurate
assessments and management for the krill fishery. This research has further helped
elucidate the effects of key environmental parameters on the growth, maturation and
physiology in krill. It is crucial to expand on this knowledge so as to comprehend
seasonal adaptation and survival of krill in a changing habitat, in light of predicted

climatic change.
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Chapter one: General Introduction

-- Chapter one --

General Introduction

1.1. Overview of Antarctic krill

Euphausiids are small pelagic marine shrimp-like crustaceans that are
distributed throughout global oceans. There are 86 known species of euphausiids
(Baker et al. 1990), seven of which occur in Antarctic waters (Everson 2000).
Euphausiids are commonly known as “krill,” Norwegian for whale food, but more
frequently the name krill is confined to the dominant and most ecologically significant
Antarctic species, Euphausia superba Dana (Figure 1.1). For this thesis Antarctic krill

(Euphausia superba) will be referred to as krill.

Figure 1.1.The general morphology of Antarctic krill.

Krill is one of the largest species of euphausiids, growing to a maximum of
65mm in length (Nicol and Endo 1999) with a life span of four to seven years (Siegel
2000a). Although biomass estimates vary greatly, krill occur in vast numbers and has
by far the greatest biomass of all euphausiids. The most recent biomass estimate
ranges between 117-379 million tonnes (Atkinson et al. 2009), but this calculation still
holds uncertainty and possibly underestimates the actual total biomass. Estimating

an absolute krill biomass from net samples and acoustics is extremely difficult due
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mainly to the seasonal changes in sea-ice concentration, mobility and versatile
behaviour of krill, sampling problems, and the overall large area of the Southern
Ocean that krill inhabit (Watkins et al. 2000; Atkinson et al. 2009).

The geographical distribution of krill in the Southern Ocean is circumpolar and
is restricted to the extreme north by the Antarctic Polar Front. The distributional range
of krill has recently been suggested to span 19 x 10° km? in the Southern Ocean
(Atkinson et al. 2009), which is considerably higher than previous estimates; 8 x 10°
km? (Nicol et al. 2000) and 12 x 10° km? (Siegel 2005). Krill distribution is influenced
by the annual advance and retreat of sea-ice (Marr 1962; Mackintosh 1972, 1973)
and also by large-scale circulatory patterns, such as currents and gyres (Miller and
Hampton 1989; Quetin and Ross 1991). Furthermore, the distribution of krill is patchy
and is subject to temporal, spatial and inter-annual variability (Everson and Miller
1994; Siegel et al. 1997; Murphy et al. 1998), with some areas perennially exhibiting
large abundances of krill and others much less (Daly and Macaulay 1991). The
largest known concentrations of krill are located in the Atlantic sector of the Southern
Ocean (Laws 1985; Brierley et al. 1997; Murphy et al. 1998; Siegel 2000b; Atkinson
et al. 2004; Atkinson et al. 2009), with a predicted 70% of total krill stocks
concentrated between longitudes 0° and 90°W (Atkinson et al. 2008).

Krill is behaviourally complex and for much of their life cycle they swim
constantly in the upper 200m of the water column, forming densely packed social
aggregations, known as schools (Marr 1962; Mauchline 1980; Hamner et al. 1983).
These highly polarised schools can consist of densities as high as between 20,000
and 30,000 individuals per cubic metre (Nicol 2006), with school lengths ranging from
several metres to several kilometres (Quetin and Ross 1991; Hamner and Hamner
2000).

1.1.1. Food chain

Krill is a keystone species in the Antarctic ecosystem, playing a pivotal and
central role in the Southern Ocean food chain (Miller and Hampton 1989; Mangel and
Nicol 2000; Alonzo et al. 2003a) (Figure 1.2). Krill primarily feed on phytoplankton
and act as a major link in the transfer of energy between primary producers and
higher organisms such as fish, squid, seabirds, penguins, seals and baleen whales
(Ikeda and Dixon 1984; Laws 1985; Quetin and Ross 1991; Loeb et al. 1997). Most
vertebrates in the Antarctic ecosystem are either direct predators of krill, or just one
trophic level away from them (Mangel and Nicol 2000). However, this proposed short,
simple and linear food chain is an over-simplification, as it fails to take in account the

complex interaction of other invertebrates, such as salps and copepods, particularly
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in areas of low krill abundance (Clarke 1985). Furthermore, the microbial loop is also
considered to be a vital component in the Antarctic food web (Weber and EI-Sayed
1987). None the less, much of the energy to upper trophic levels flows through this
single species making much of the Southern Ocean a “wasp-waist” ecosystem
(Bakun 2006).
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Figure 1.2. A simplified representation of the Southern Ocean food chain showing the central
and important role of krill and the major groups of vertebrate predators.

Bacteria

Primary productivity throughout the Southern Ocean has large temporal and
spatial variability, and thus, the quality and quantity of phytoplankton are unevenly
distributed (Price et al. 1988). Even though krill is essentially a herbivore and
predominantly filter feeds on phytoplankton (Miller and Hampton 1989), they appear
to be able to utilise whatever food is available and have developed a variety of
feeding strategies to do so (Quetin and Ross 1991). Krill exploit whatever particulate
matter is in the water column including elements of the microbial loop and marine
snow (Clarke and Tyler 2008). It is now well established that krill is capable of
scraping ice-algae from under the sea-ice (Price et al. 1988, Stretch et al. 1988),
exploit and consume other zooplankton, such as copepods (Price et al. 1988; Daly
1990; Huntley et al. 1994; Atkinson and Snyder 1997) and undertake general
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omnivorous feeding such as on sea-floor detritus (Kawaguchi et al. 1986). There is
evidence of krill occupying a epibenthic habitat (Gutt and Siegel 1994) and they have
been observed nose-diving into sediment and feeding on sea-floor detritus at depths

of 3,500m in Marguerite Bay, west of Antarctic Peninsula (Clarke and Tyler 2008).

1.1.2. Krill fishery and management

Krill is important ecologically in the Antarctic ecosystem, and they are also
becoming increasingly important economically with the developing krill fishery
(Everson and Goss 1991; Nicol and Endo 1999; Nicol et al. 2000a). Commercial
fishing of krill began in the early 1970s and peaked in 1982 with reports of over
528,000 tonnes harvested, exceeding that of the Antarctic finfish catch (Nicol and
Endo 1999). Krill is harvested mainly for human consumption, as feed for
aquaculture, sport fishing bait and more recently for pharmaceutical benefits (Nicol et
al. 2000a). As these and other new commercially marketed krill products increase so
will the fishing pressure (Nicol and Foster 2003).

With a potentially very large annual catch there was a major concern that
harvesting krill in the Southern Ocean might have indirect effects on krill predators
(Laws 1985; Miller and Hampton 1989). In response to this pressure, the Convention
on the Conservation of Antarctic Marine Living Resources (CCAMLR) was negotiated
in 1980 and came into force in 1982 (Hewitt and Linen low 2000; Kock et al. 2007).
The aim of CCAMLR is to conserve and regulate harvesting of marine living
resources in the Southern Ocean and to protect the diversity and stability of target
species, as well as those species that are dependent upon krill (Constable et al.
2000; Kock et al. 2007). It is fundamental to this process to ensure that harvesting of
krill is conducted at a level which can be sustained over a long period of time
(Everson and de la Mare 1996).

With high operating costs, lack of demand, and marketing and processing
problems, such as rapid spoilage and high fluoride content in the exoskeleton (Nicol
and Foster 2003), the development of the krill fishery has been slower than originally
anticipated. The annual catch of krill for the last decade has stayed below 120,000
tonnes, all taken from the Atlantic Ocean sector (CCAMLR 2008). This catch level is
a small fraction of even the most conservative estimates of the total krill annual
production (Hewitt and Linen Low 2000; Nicol and Foster 2003; Kock et al. 2007),
and well below the current total precautionary catch limit of 6.56 million tonnes in all
CCAMLR statistical areas (CCAMLR 2008).

Over-exploitation of krill could have major effects on the whole Antarctic

ecosystem and it is therefore imperative to have sound management procedures in
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place before the krill fishery expands (Hewitt and Linen low 2000). A key to
adequately managing this important and expanding fishery is to understand the life
history traits of krill, particularly growth and reproduction (Ross and Quetin 2000),
which will be reviewed in sections 1.3 and 1.4, respectively. Despite the recognised
importance and extensive research on krill, current knowledge of the ecology and

biology is far from complete (Nicol 2003).

1.2. Methodology of past research

In the past, it has been difficult to make direct observations and sample live
krill, as they are an open ocean species with an extensive distribution, which is
coupled with the Southern Ocean being extremely vast, hostile and complex to work
in (Nicol 2003). Furthermore, it is complicated by the inter-annual variability in krill
abundance (Brierley et al. 1997), and the fact that krill are mobile and are capable of
swimming large distances (Kanda et al. 1982). Because research ship-time is
extremely expensive and logistically complicated it becomes problematic to search
and locate krill and to conduct long-term studies. Additionally, the ocean immediately
surrounding the Antarctic continent is covered in ice in winter, making it inaccessible
and difficult to actually collect and study krill, especially by net, as much of the krill
population is probably located under the sea-ice (lkeda 1987; Siegel et al. 1990).
Sampling and data collection has therefore been mostly restricted to the summer
months and to laboratory studies (Nicol 2000). The advent of newer and much
improved ice breaking research vessels ships has allowed greater access to more
regions in the Southern Ocean and during different seasons, as well as providing
facilities to allow on-board experimentation to improve knowledge of krill biology and

behaviour.

1.2.1. Field studies

Much of our previous knowledge on krill has come from demographic studies
on preserved specimens obtained from net sampling in the field (Nicol 2000). Even
though net collection is the most established field method to sample krill, nets are
thought to be selective on various maturity stages and sizes of krill. The degree to
which net surveys accurately represent the population remains questionable and are
not yet fully resolved (Nicol 2000). Research on krill has also been undertaken from
diet samples of predators, but this also has biases that are largely unquantified (Hill
et al. 1996; Reid 2001). Previous data from net catches has also focussed on actual
estimations of distribution and abundance of krill (Nicol 2003). More recently,

however, there have been technological advances, such as hydro-acoustic echo-
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sounders, which enable the density and vertical extent of krill aggregations to be
estimated, and thus, a more accurate biomass prediction over large scales of the
Southern Ocean (Nicol 2006). The deployment of nets is still utilised so that species
compositions, size, sex, and maturity stage of the specimens can be determined
during these surveys.

From preserved krill collected in net surveys, growth rates and subsequent
predictions of longevity and population dynamics have been most commonly derived
from field based sequential length-frequency analysis on cohorts taken throughout a
season (Quetin et al. 1994). This is based on estimates of the change in total mean
length of the population over time. A length-frequency histogram illustrates the range
of size classes within the sampled population graphed against how often this size
class appears in the population as a percentage of the entire sample. Peaks in the
modal size classes are interpreted as successive age classes. There is a
considerable variation when using this technique, as estimating age from modal size
groups can easily lead to misinterpretations because of the strongly overlapping size
classes of different age groups. Ettershank (1984) also discussed uncertainties with
this method and the validity of krill increasing in size with age (age is not clearly
related to size) after Ikeda and Dixon (1982) discovered evidence of krill shrinking in
captivity. Even though this method has been used consistently and provided
substantial knowledge in the past, this approach relies on assumptions that the same
population is repeatedly sampled and that mortality is not size dependent, which is
difficult to verify in the field (Nicol 2000; Arnold et al. 2004). Recovering
measurements on exactly the same krill population from one or more occasions is
unlikely, due to their high degree of patchiness, and their strong ability to swim and
travel large distances (Kanda et al. 1982). Also, length-frequency data may not be
consistently collected between locations in the Southern Ocean and it is difficult to
account for recruitment and mortality. Although length-frequency analysis is still
used, and a number of statistical techniques have been developed to identify year
classes (i.e. Reid et al. 2002), there remain problems with the underlying

assumptions.

1.2.2. Laboratory studies

Laboratory studies on krill biology have been intensively undertaken since
the 1970s, particularly during the past 30 years at the Australian Antarctic Division,
using live krill transported from Antarctica. Krill have been successfully maintained,
experimentally examined, and even grown from eggs and larvae, with the data

contributing to many remarkable new insights and important outcomes. |keda and
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Dixon (1982) showed the first evidence that krill undergo shrinkage or negative
growth during food deprivation, which was later confirmed by Nicol et al. (1992) from
the field. Additionally, under laboratory conditions, lkeda and Thomas (1987)
maintained krill for over three years, concluding that krill can potentially live for at
least five years in the field and even showed krill living for 11 years in captivity. At the
time, this result was highly significant considering the fact that previous length-
frequency analysis from the field suggested that krill only lived between two (Ruud
1932; Bargmann 1945; Marr 1962; Mackintosh 1972) and four (lvanov 1970) years
and possibly only spawned once and died. Fecundity estimates have therefore
increased substantially now with the hypothesis that spawning can occur more than
once with the longer life spans observed in captivity (Quetin et al. 1994). Thomas and
lkeda (1987) further demonstrated that female krill underwent a regression of
external sexual characteristics after spawning, which was accompanied by negative
growth and an increase in intermoult period (a process described further in the next
section), in both starved and fed krill.

While it is acknowledged that the natural behaviour of krill is affected by
maintenance conditions and can cause some stress, the methods used to maintain
live krill in laboratories are now improving significantly with the advent of
sophisticated climate-controlled aquaria facilities. Under these conditions, krill can be
observed behaving in a reasonably natural fashion exhibiting schooling and
successful breeding (Kawaguchi et al. 2010). As a consequence, recent laboratory
studies are providing valuable information on krill to broaden our knowledge on life
history over a full life cycle and to improve our understanding on the fundamental
ecological parameters such as longevity, fecundity, recruitment, mortality, maturation,
growth and physiology. Overall, it is still difficult to simulate natural conditions and to
mimic exact food concentrations and quality available in the field, but important
information is still obtained from such captive studies and can be used to validate

and test hypotheses derived from field studies.

1.3. Krill growth

Krill possess a rigid and chitinous exoskeleton that provides protection for
their soft interior tissues and facilitates basic functions of movement (Horst and
Freeman 1993). Like all crustaceans, krill are required to shed this toughened outer
layer in order to change size, which is a step-wise process. This periodic shedding of
the exoskeleton is termed moulting or ecdysis, a process that has been observed to
last between 10 and 20 seconds (Buchholz 1991). Unlike other crustaceans, krill do

not have a terminal moult (Rosenberg et al. 1986) and can continue to moult
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throughout their lifetime. Therefore, adults have the ability to adapt their body size to
the changing environmental conditions. The period between successful moults is
known as the intermoult period (IMP), which can range from approximately 10 to 40
days (i.e. Buchholz 1991). Temperature is the major influence on the rate of
moulting, but food availability, light regime, body length, sex and maturity stage and
parasite infection also play a role (Clarke 1976; Murano et al. 1979; Poleck and
Denys 1982; Morris and Keck 1984; lkeda et al. 1985; Thomas and lkeda 1987;
Buchholz 1991; Quetin et al. 1994; Ross et al. 2000; Kawaguchi et al. 2006;
Kawaguchi et al. 2007a).

Growth rates have been most commonly derived from traditional field based
length-frequency distributions (Quetin et al. 1994). Growth rates have also been
estimated from repeated acoustic surveys (Miller and Hampton 1989; El-Sayed
1994), quantifying DNA:RNA ratios (Shin et al. 2003), monitoring changes in size of
krill in the diet of predators (Reid 2001) and rearing populations in captive studies
(Murano et al. 1979; Poleck and Denys 1982; lkeda and Dixon 1982; Buchholz 1985;
Ikeda et al. 1985; lkeda and Thomas 1987; Buchholz 1991). To examine growth in
the laboratory, krill need to be maintained for sufficient time to measure both IMP and
growth increment (GIl) at moult. However, it is difficult to relate laboratory derived
growth rates to those derived from field studies. This led to the instantaneous growth
rate method (IGR) being developed, which is an alternative approach to overcome
problems associated with long-term laboratory studies and the underlying
assumptions involved in length-frequency analysis (Quetin and Ross 1991; Nicol et
al. 1992).

IGR is a laboratory based technique to monitor the change in size of freshly
collected animals, by directly measuring growth using the size difference between the
post-moult animal and its moulted exoskeleton on short time scales (Quetin and
Ross 1991). Krill retain no structural records of growth, and the only indication of
previous size is lost with the moulted exoskeleton (Clarke and Morris 1983). The IGR
method is now considered as the most reliable representation of in situ growth. The
IGR technique was later modified by Nicol et al. (1992) so as to provide a large
amount of data on various sizes of krill from a single population. Although the IGR
method was developed for use on research vessels, it can also be used on individual
krill in laboratory populations (i.e. Ikeda et al. 1985; Buchholz 1991; Buchholz et al.
1996). Another advantage of this method is that it can be modelled on an individual
level, and thus, growth rates can easily be transferred to other locations and times.
This allows assessment of seasonal and regional variations in growth, when growth

is directly related to ambient environmental conditions such as temperature, food
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availability and size (Ross et al. 2000). Recently, statistical models have also been
developed using large amounts of IGR data to predict average population growth
from various regions of the Southern Ocean (Candy and Kawaguchi 2006; Atkinson
et al. 2006; Kawaguchi et al. 2006; Tarling et al. 2006).

Krill growth rates can be determined by the Gl at moult and the length of the
IMP (Ross et al. 2000). Growth rate has been reported to be governed by the
nutritional and physiological condition of the krill during the previous moult cycle
(Shin 2000). Initially, under IGR experimental conditions, only those krill that moulted
within the first five days of capture were used to represent the natural growth rates
(Nicol et al. 1992). Beyond this time period, krill are affected by the confinement and
maintenance conditions causing a decline in growth (Nicol et al. 1992; Kawaguchi et
al. 2006). However, Tarling et al. (2006) found that the Gl of krill declined
immediately and rapidly after capture, particularly when growth was initially high.
Tarling et al. (2006) therefore concluded that the conditions at time of moulting also
influence the Gl. Such apparent differences can be investigated by modifying the IGR
technique within the laboratory. For example, in order to better understand daily
growth rates and IMP, krill can be incubated under IGR conditions in longer term
experiments, which is not possible to duplicate in the field.

Daily growth rates (DGR) of krill have recently been estimated by using
extensive datasets of field IGR experiments employing two different approaches.
One study estimated DGR from IGR data and IMP (Kawaguchi et al. 2006). In this
study, IMP was predicted from temperature using published data on direct
observations of IMP, and IGR was modelled as a function of sex, length, season and
region (Kawaguchi et al. 2006). This approach allowed the generation of lifetime
growth trajectories using seasonal temperature trends to determine IMP and monthly
trends in average IGR by length class (Candy and Kawaguchi 2006), but was not
able to quantify the direct effect of some seasonal variables that determine growth
such as food availability and quality. The other approach estimated IMP from
proportions of observed moulting events during IGR experiments using data from
individual moults that were classified by sex, maturity status, length and temperature
variables (Tarling et al. 2006). Combining IGR with predicted IMP, DGR was
modelled as a function of length, temperature and food concentration (Atkinson et al.
2006). This approach focussed on detailed evaluation of environmental effects on
growth including chlorophyll and temperature as well as maturity stages (Atkinson et
al. 2006), but was not used to generate growth trajectories.

Many experimental studies have related krill growth to environmental factors

such as food availability and temperature, as well as examining factors that influence
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growth, including IMP and GIl. Temperature is the major influence on the rate of
moulting and a rise in temperature has resulted in a reduction of the IMP (Hartnoll
2001). Temperature has been used as the common predictor variable of IMP to
model seasonal trends in IGR of krill (Kawaguchi et al. 2006). However, this
approach has been limited by a lack of studies examining growth over the entire
year, as assumptions have had to be made concerning the winter period. For
example, Candy and Kawaguchi (2006) used growth increments measured from
December through to April and Atkinson et al. (2006) modelled measurements from
January to February. Predicting growth during winter is problematic and data is
limited. As a result, the major focus of this thesis was the investigation of the factors
that affect krill growth during a full seasonal cycle under controlled experimental
conditions.

IMP can also be affected by many other factors other than temperature such
as size, sex, maturity and food supply (Kawaguchi et al. 2006). Therefore, this study
also examined interactions between IGR and IMP with the effects of size, sex and
maturity stage on growth, and incorporated these interactions into existing
temperature driven models. This undertaking identified key factors that affect
moulting and growth. This obtained information made it possible to quantify the
degree of compensation at both the between- and within-animal level. Compensation
effects of faster moult times corresponding to slower growth increments have been
observed for crustaceans in general (Hartnoll 2001), but has never been examined in
krill. By understanding the compensation effects of krill, this study will facilitate
modelling of growth trajectories in the wild to quantify the distribution of length given
age, and overall, enable more accurate, improved and robust model predictions for

temperature-dependent growth of krill.

1.4. Maturation and reproduction of krill

Krill have separate sexes which can easily be distinguished in adults by their
secondary sexual organs (Everson 2000). In males, the endopodites on the first pair
of pleopods are modified to form a copulatory organ, known as the petasma
(Appendix A). The petasma is a complex and swollen structure that is used to
transfer spermatophores to the female. The external reproductive organ of females is
known as the thelycum, which is an external opening to the reproductive tract. The
thelycum is a tri-lobed structure that is situated on the ventral surface between the
last two pairs of thoracic appendages. The thelycum consists of projections known as
holdfasts, which are thought to anchor the spermatophores in the thelycum (Makarov
and Denys 1980; Baker et al. 1990; Cuzin-Roudy and Amsler 1991; Gibbons et al.
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1999; Everson 2000). Other external differences between mature males and females
include males having smaller cephalothoraxes, and bigger and more robust
appendages compared to similarly sized females (Figure 1.3) (Makarov and Denys
1980).
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Figure 1.3. External morphology of mature female and male krill. Source of photo: R. King.

Reproduction in krill is an energetically demanding process that is limited to a
short period during the Antarctic summer when conditions are favourable. The ovary
of female krill generally begins to mature in spring, September to October, which is
fuelled by the phytoplankton bloom. During the reproductive summer, krill undergo
successive cycles of vitellogenesis, maturation and spawning (Ross and Quetin
2000). The ovaries undergo a cyclic egg production (Cuzin-Roudy 2000), which
enables krill to lay up to 3,500 eggs in a single batch and are capable of recycling
their ovary and repeating this up to nine times in a season (Ross and Quetin 2000).
Gravid females release their batch of eggs into the open ocean, and the negatively
buoyant eggs sink and hatch at approximate depths of 850 to 1,000m after four to six
days (Quetin and Ross 1984; Hofmann et al. 1992). However, since most net tows
occur in the upper 200m of the water column, there is minimal information on larval

krill below this depth. The depth of hatching will depend on water column structure
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such as density. Upon hatching, the larvae develop to juvenile through 12 stages,
including Nauplius |, Il and Matanauplius (non-feeding stages), and then the following
feeding stages of Calyptopis I-lll and Furcilia I-VI (Frazer 1936). The nauplius larvae
ascend rapidly to the surface and metamorphose into calyptopis where
phytoplankton levels are abundant (lkeda 1984a). This generally begins to occur in
January, but the first feeding stages of larvae have been observed until about April
(Quetin et al. 1996). Larvae have low lipid levels (Hagen et al. 2001) and thus need
adequate food levels within 10 to 14 days to survive, grow and develop through
winter (Yoshida et al. 2009). They primarily feed on phytoplankton in the water
column when available, but during the winter period furcilia also rely on ice-algae
(Quetin et al. 2003). Not only is sea-ice a concentrated food source for overwintering
larvae, but also provides an important nursery area and refuge from predators during
a vital period of its life cycle (Daly 1990). Following winter, larval krill develop into
juveniles to make the most of the phytoplankton blooms in spring/summer, about 200
days after hatching (Quetin and Ross 1991), and in turn, krill will begin spawning in
their third summer of existence (Miller and Hampton 1989; Cuzin-Roudy 2000).

Previous field and laboratory studies have described the seasonal maturation
cycle of krill (Denys and McWhinnie 1982; Poleck and Denys 1982; lkeda 1985;
Thomas and lkeda 1987; Siegel et al. 2004; Kawaguchi et al. 2007a). Following
summer spawning, females undergo a long gonadal resting period and re-
organisation of the ovary throughout winter. During the same period, the female
external reproductive organ, thelycum, regresses to an immature stage, before a
progression and re-maturation of sexual characteristics again during spring, which is
in time for the more favourable reproductive season (Thomas and lkeda 1987;
Kawaguchi et al. 2007a). Much less is known about the maturation of males, but it is
thought that it occurs before the females and happens at a much faster rate (Ross
and Quetin 2000; Kawaguchi et al. 2007b).

1.4.1. Environmental effects on reproductive processes

With such a large biomass in the Southern Ocean and the predicted high
fecundities and multiple spawning events, krill require a large energy input (Miller and
Hampton 1989; Nicol et al. 1995; Quetin and Ross 2001). The major energetic cost
of reproduction for females is the accumulation of lipidic yolk for the mature oocytes
in ovaries (Clarke 1980). The costs for males include spermatophore production and
affixation to females (Pond et al. 1995; Virtue et al. 1996). Therefore, the
energetically demanding reproductive processes, and thus, the strength of the whole

population, are reliant on receiving enough energy, which is influenced by
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environmental conditions such as food availability, sea-ice extent, photoperiod and
temperature (Kawaguchi et al. 2007a).

The population size of krill seems to be driven by recruitment, rather than
predation pressure, and recruitment is related to seasonal sea-ice dynamics (Siegel
and Loeb 1995; Atkinson et al. 2004). The seasonal advance and retreat of sea-ice
has a profound influence on the Antarctic ecosystem, affecting the productivity, food
availability and the life cycle of krill, including larval survival and spawning success
(Nicol and Allison 1997). The extent of sea-ice and the process of melting or retreat in
spring influences the timing of the phytoplankton bloom, and consequently, the overall
reproduction of krill (Quetin et al. 1994). An extensive sea-ice cover and extended
duration during the preceding winter promotes early spawning, a longer spawning
season, higher fecundities, multiple spawning events, increased larval survival and
favours overall successful recruitment (Siegel and Loeb 1995; Loeb et al. 1997). On
the other hand, delayed spawning and overall poor recruitment are correlated to years
with low sea-ice extent (Loeb et al. 1997). Furthermore, a decline in sea-ice extent and
in regions of warmer and low chlorophyll oceanic water, the abundance of the pelagic
tunicate Salpa thompsoni (salps) increases (Loeb et al. 1997). Salps are opportunistic
feeders and may compete with krill for limited food, and thus, have an adverse effect
on krill abundance and their recruitment for the following year (Siegel 2000b).

From laboratory studies, it has been shown that krill undergo a winter
regression in maturity stage followed by re-maturation in spring (Thomas and lkeda
1987; Kawaguchi et al. 2007a). The Southern Ocean is dominated by extreme
seasonal changes in day length and light intensity. Hirano et al. (2003) demonstrated
that the initiation of maturation and spawning of krill can be controlled by
photoperiod. However, the results of Thomas and lkeda (1987) and Kawaguchi et al.
(2007a) suggest that light is not an important factor and have experimentally induced
krill maturation under conditions of constant food, temperature and darkness. This
indicates that the seasonal cycle of maturation is controlled by an annual
endogenous rhythm apparently not controlled by a changing photoperiod or food
supply (Thomas and lkeda 1987) and this rhythm is primarily driven by energy
accumulation of krill (Kawaguchi et al. 2007a). Over a short 12-week experimental
period, Teschke et al. (2008) showed sexual maturity of female krill advancing in a
range of light conditions (continuous light - 200 lux max and 12 hrs light and 12 hrs
dark - 50 lux max), while, in contrast, krill exposed to continuous darkness showed
no changes in maturity. They conclude that maturity development of krill was affected
either directly or indirectly by differing simulated light regimes. The influence of

seasonal variation in light conditions on the seasonal maturation cycle could result
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from one or a combination of the following scenarios from Teschke et al. (2008): (1)
direct response: the onset of krill maturation is governed directly by changes of the
absolute intensity of light, and reproduction may start when they are exposed to a
certain level of light intensity, (2) signal response: the krill maturity cycle is triggered
directly by changes of the light:dark ratio, (3) circannual rhythm: reproduction
appears independent of direct control of light conditions and is driven by an
endogenous clock, which is synchronised by an environmental factor, mainly the
annual course of the photoperiod.

There is an obvious need to reconcile the conflicting theories about the
relationship between maturity and photoperiod. This relationship was investigated
further in this thesis considering a longer time frame, providing essential data to define

further the krill maturation cycle.

1.5. Overwintering processes

The overall condition, recruitment and high biomass of krill are due to their
ability to adapt to extreme seasonal changes in their environment, mainly food
availability, sea-ice extent and light intensity and duration (Quetin and Ross 1991;
Siegel and Loeb 1995). Currently, the physiological mechanisms which enable adult
krill to survive during winter are relatively unknown, and have resulted in various
theories and much speculation. This is mainly due to the limited research that has
been undertaken during winter (i.e. Quetin and Ross 1991; Hagen et al. 2001, 2007).
The reduced oceanic primary productivity, for up to eight months of the year, requires
krill to adopt a range of strategies to survive or avoid periods of starvation (Quetin
and Ross 1991; Virtue et al. 1993a; Hagen et al. 2001, 2007). Such strategies
include overall body shrinkage and protein catabolism (Ikeda and Dixon 1982, Nicol
et al. 1992), utilisation of lipid reserves (Clarke 1984; Quetin and Ross 1991; Virtue
et al. 1996; Hagen et al. 1996, 2001), switching to a more omnivorous (Clarke 1980;
Mauchline 1980; Price et al. 1988) and/or carnivorous (Huntley et al. 1994; Atkinson
et al. 2002; Hagen et al. 2007) diet, as well feeding on ice-algae (Marschall 1988;
Stretch et al. 1988) and sea-floor detritus (Kawaguchi et al. 1986), and suppression
of metabolism (Kawaguchi et al. 1986; Quetin and Ross 1991; Torres et al. 1994).

Quetin and Ross (1991) concluded that a reduction in metabolic rate and low
feeding activity are the most effective energy-saving mechanisms for adult krill during
the ice covered winter, a theory also supported by Kawaguchi et al. (1986) and
Torres et al. (1994). Overall, the physiological status of krill varies seasonally with
high metabolic and feeding rates in summer and low and/or reduced rates in winter.

A major question that is still debated is whether the observed decrease in
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metabolism in winter is caused simply by reduced food concentration or whether
there are other environmental factors involved such as photoperiod, temperature, or
more complicated, an endogenous annual rhythm that is affected by a strong
seasonal cue in the Southern Ocean. For example, an annual internal rhythm would
allow krill to allocate metabolic capacity to the times of the year when food is
abundant, while switching to an energy-saving mode in winter.

From laboratory experiments, lkeda and Dixon (1984) concluded that
respiration rates of non-feeding adult krill were 62.5% of those rates recorded from
krill that were feeding at realistic food concentrations. Atkinson et al. (2002) showed
that respiration rates of krill in April were 60% of those in summer and declined
further during a starvation experiment. Additionally, ingestion and clearance rates
were approximately one-third of those measured in summer and these rates failed to
increase after 11 days of abundant food conditions. From the same experiment
during summer, the metabolic activity of krill did respond positively to high
concentrations of food (Atkinson and Snyder 1997).

From starvation experiments, under constant temperature and continuous dim
light, lkeda and Dixon (1982) demonstrated a significant reduction in body size
(32.1-56.1%, of initial wet weight) and oxygen consumption, compared to fed
animals. They showed that krill can survive for 211 days without food and were the
first to suggest shrinkage and utilisation of body protein as an alternative method of
conserving energy and surviving the winter without food. Rapid growth occurs during
spring and summer, when there is high food availability and the overall conditions are
favourable (Atkinson et al. 2006; Kawaguchi et al. 2006), with growth rates observed
above 5% in length per moult (Nicol et al. 1992).

Utilisation of stored lipid, in the form of triacylglycerols (TAG), has been
examined in several studies in relation to winter survival (Clarke 1984; Quetin and
Ross 1991; Quetin et al. 1994; Virtue et al. 1996; Hagen et al. 1996, 2001). It has
been shown that the accumulation of lipid is maximal in autumn, while there is
depletion of lipid during winter, before there are substantial phytoplankton blooms in
the spring and summer (Clarke 1984; Hagen et al. 1996, 2001). Lipid reserves have
also been shown to be utilised for important reproductive purposes during summer
(Virtue et al. 1996).

Adult krill exploit many types of food resources and have a flexible diet in the
wild so they may rarely actually encounter prolonged food shortages. This has led to
speculation on the overwintering strategies of krill, and whether krill actually starve,
undergo shrinkage, reduce metabolism or utilise lipid resources. This is considered

by Huntley et al. (1994) who concluded that during times of reduced primary
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productivity, krill can derive energy from other resources (i.e. undertaking carnivory)
to sustain growth and even maintain metabolic rates during winter, which is contrary
to the findings of Quetin and Ross (1991) in a similar region. With the use of new
techniques, estimating growth rates in the field is improving substantially (as
discussed in section 1.3) and analysis has shown small or negative growth across all
length classes by autumn, confirming that shrinkage does occur in krill under natural
conditions, particularly in winter (Candy and Kawaguchi 2006; Kawaguchi et al.
2006). Shrinkage is also accompanied by a regression of sexual characteristics
(Thomas and lkeda 1987), which further complicates the description of growth and
ageing of krill.

Other environmental factors that have been shown to influence and reduce
metabolism of krill during winter are temperature and light. McWhinnie and Marciniak
(1964), Rakusa-Suszczewski and Opalinski (1978) and Segawa et al. (1979) have all
concluded that temperature affects metabolic activity of krill, with respiration rates
increasing at higher temperatures. As a result, a decrease in metabolic rates occurs
during the cooler winter months. A study completed by Teschke et al. (2007)
exposed krill to variable light intensities and duration to simulate the Southern Ocean
in summer, autumn and winter to examine different light regimes on feeding activity
and oxygen consumption in a short-term experiment. Respiration rates and feeding
activity of krill increased during the experiment for krill exposed to summer and
autumn light regimes. However, krill in the dark recorded no change, with significantly
lower respiration rates than those under light conditions. Overall, irrespective of
feeding conditions, Teschke et al. (2007) revealed that the Antarctic light cycle most
likely triggers the changes in metabolic rates of krill, and thus, photoperiod (light
duration, rather than actual intensity) is possibly the most important effect on the
physiological parameters of krill.

All of these overwintering mechanisms are direct observations and have all
been recorded at different times and places. This indicates that krill have an
extremely flexible and versatile behaviour and can utilise a variety of strategies to
cope with the winter and various environmental conditions (Atkinson et al. 2002).
This may explain why krill have such a large biomass and are so successful in the
Antarctic ecosystem. However, the relative importance of each overwintering strategy
in the natural environment is yet to be determined, and thus, it is vital to understand
when krill use one strategy opposed to another. This has led to a number of
questions that have been addressed in this study:

e When a constant food supply is provided, do krill still undergo

shrinkage and sexual regression during the winter period?
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¢ At what time of year are growth and maturity resumed?

e Are metabolic rates and general energy requirements of krill reduced
during the winter?

o Do krill utilise lipid reserves, even if there is constant food available?

e What are the key environmental variables that cue cycles of growth,

maturation and general metabolic rates under controlled conditions?

1.6. Climatic change

The Southern Ocean is characterised by low and seasonally stable
temperatures (Whitehouse et al. 2008) with slightly higher temperatures observed in
the austral summer. Krill is considered to be stenothermal, with life cycles potentially
sensitive to slight shifts in temperature (Wiedenmann et al. 2008). Temperature has
been shown to influence the frequency of moulting in krill, and thus, affects the
overall growth rates, which can vary considerably, even within the narrow
temperature range observed in the Southern Ocean (Nicol 2000). Respiration rates
have also been reported to be influenced by an increasing temperature (McWhinnie
and Marciniak 1964; Rakusa-Suszczewski and Opalinski 1978; Segawa et al. 1979).

The Antarctic Peninsula is experiencing one of the fastest rates of regional
climate change on Earth, resulting in the collapse of ice-shelves, the retreat of
glaciers and the exposure of new terrestrial habitat (Clarke et al. 2007). Over the past
50 years there has been a significant warming trend over Antarctica, with surface air
temperatures increasing by 5-6°C west of the Antarctic Peninsula during winter
(Vaughan et al. 2003). In terms of the Southern Ocean, Meredith and King (2005)
concluded rapid warming (>1°C) of summer surface waters west of the Antarctic
Peninsula, but little to no warming to the east. In the ocean around South Georgia,
Whitehouse et al. (2008) concluded that there had been rapid warming during the
20™ Century, with a mean increase of ~0.9°C in January and ~2.3°C in August in the
upper 100m of the water column. It is therefore clear that there is substantial
evidence for long-term warming of the surface layer, the habitat of krill, in the
Southern Ocean.

The warming climate in Antarctica is changing sea-ice dynamics in the region
west of the Antarctic Peninsula, with sea-ice advance and retreat occurring earlier,
shortening the duration of ice covered waters (Quetin et al. 2007). These
environmental factors heavily impact the life cycle of krill, as reproduction and
recruitment success is highly correlated with good sea-ice years (Siegel and Loeb

1995). As global warming continues, sea-ice cover is predicted to decrease (Arrigo
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and Thomas 2004), which in turn, will likely have a negative impact on krill
recruitment (Siegel and Loeb 1995; Wiedenmann et al. 2008). Whitehouse et al.
(2008) concluded a significant negative relationship occurred between summer South
Georgia water temperatures and mean summer density of krill across the south-west
Atlantic sector of the Southern Ocean. This is also confirmed by Atkinson et al.
(2004) who suggested that stocks of krill have declined significantly since the 1970s
in the south-west Atlantic, which has been accompanied by an increase in water
temperature, a decrease in sea-ice cover and a consequent lack of food for larvae
during winter.

In areas of regional warming, phytoplankton communities may change from a
diatom-dominated food for krill to phytoplankton species that are much less nutritious
and smaller in size such as cryptophytes (Moline et al. 2004). As a consequence, this
warming trend might favour competing macro- and mesozooplankton species, and
may have a profound effect on the production and structure of the Southern Ocean
food web (Atkinson et al. 2004; Whitehouse et al. 2008). Atkinson et al. (2006)
examined the effects of food, temperature and sex on growth rates of krill in the
south-west Atlantic and concluded that growth actually decreased above a
temperature optimum of 0.5°C, which suggests that krill most likely experience
thermal stress and may struggle to cope with predicted future warming at this
location. However, krill are a versatile and flexible species, showing the ability to
occupy a range of habitats, for example, the deep ocean, under the sea-ice and
throughout the water column (Clarke and Tyler 2008). To date there has been limited
long-term research on the effects of temperature on the physiological and
biochemical parameters of krill such as lipid and fatty acid content and composition,
metabolic rates, maturation and growth.

The vulnerability of krill to global warming amplifies the importance of
understanding key aspects of their life history and biology. The research in this thesis
examined krill growth, maturation and other physiological and biochemical
parameters under controlled experimental conditions at varying temperatures. The
main aim of this research was to better understand temperature-dependent growth,
adaptability and survival of krill. These findings will assist in developing accurate

model predictions of krill response to future climatic change.
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1.7. Aims and objectives
The main purpose of this thesis was to test hypotheses brought about from
key questions raised in field studies (sections 1.3 - 1.6) through a long-term

laboratory experiment. Specifically, the key objectives of this thesis were:

1) To investigate the effects of temperature and sex on growth, physiology and

maturity status over an annual cycle.

2) To investigate whether or not shrinkage and sexual regression occurs during

the winter, even with a constant food supply.

3) To evaluate and reconcile conflicting theories pertaining to photoperiod

control of maturity.

4) To test the effects of key environmental factors (light, food availability and

temperature) on the metabolic activity of krill.

5) To examine seasonal respiration rates and lipid metabolism of krill incubated

under a constant food supply.

1.8. Research approach
To achieve the objectives set out in this thesis, a series of experiments were
conducted. Chapters 2 to 6 outline these experiments and are stand alone chapters,

which have been published in, or submitted to, international scientific journals.

Chapter 2 explores the growth and maturation of individually maintained krill
over a complete annual cycle. The growth increment, instantaneous growth rate,
daily growth rate, intermoult period and maturity scores were determined over 14
months for male and female krill in three temperature treatments (-1°C, 1°C and
3°C). This chapter addresses the first and second objective.

Chapter 3 examines the third objective addressing whether light (timing,
intensity and duration) is an important environmental cue for maturation.

Chapter 4 investigates the fourth and fifth objective evaluating the effects of
light, diet and temperature on respiration rates of krill at various time points between
the maturation and regression process.

Effects of temperature on total lipid, lipid class, fatty acid content and

composition of krill are investigated in Chapters 5 and 6 (objectives one and five).
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Chapter 5 examines lipid and fatty acid content of immature krill over a full year and
addresses the question of lipid utilisation during the winter period, under constant
food supply and different temperature regimes. Chapter 6 examines lipid and fatty
acid content and composition of krill in summer with respect to temperature. Various
tissue fractions are analysed and sex and maturity status are considered.

Finally, chapter 7 presents an overall integration of results. Major findings are
discussed in the context of our current state of knowledge of krill biology and

physiology. Recommendations for future research are also highlighted.

20



Chapter two: Temperature effects on growth and maturation

-- Chapter two --

Temperature effects on the growth and
maturation of Antarctic krill (Euphausia

superba)

Matthew Brown'??3, So Kawaguchi?®, Steven Candy?, Patti Virtue'

1 Institute of Antarctic and Southern Ocean Studies, University of Tasmania, Private Bag
77, Hobart, Tasmania 7001, Australia

2 Australian Antarctic Division, 203 Channel Highway, Kingston, Tasmania 7050, Australia

3 Antarctic Climate and Ecosystems Cooperative Research Centre, Private Bag 80, Hobart,

Tasmania, 7001

Deep-Sea Research Il. 57, 672-682. (2010)

2.1. Abstract

This study describes growth and maturation of individual Antarctic krill for a
complete annual cycle in an artificially controlled environment. Antarctic krill were
kept individually and maintained under temperature regimes of -1°C, 1°C and 3°C,
while light conditions simulated natural seasonal conditions for the 14 months of the
experiment starting in April. The growth increment (Gl), instantaneous growth rate
(IGR), daily growth rate (DGR), intermoult period (IMP) and maturity scores (MS)
were tracked by measuring the consecutively moulted exoskeletons and modelled
using linear mixed models (LMMs). There was a clear seasonal trend in growth and
maturity in the three different temperature treatments. Males generally reached peak
growth rates and matured earlier than females, but females showed higher growth
rates overall. Negative growth occurred towards the end of January for both males
and females, coinciding with the regression of external sexual characteristics. There
was, as expected, a significant decline in IMP with increasing temperature, which
was moderated by increasing trends with total length (TL) and month for the -1°C

treatment. For the 1°C and 3°C treatments there was no relationship with TL and the
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season effect declined after October and December, respectively. For krill with a TL
of 40mm in October, the predicted mean IMP values at -1°C, 1°C and 3°C were 28
days, 24 days and 19 days, respectively. There was some evidence to suggest that
1°C was optimum for growth, as the IMP was significantly lower than at -1°C, but the
difference in Gl between the two temperatures was not significantly different, while all
growth variables were significantly lower at 3°C. For the first time, this study has
been able to confirm, by fitting a bivariate LMM, that compensation mechanisms do
exist between IMP and IGR and to quantify the degree of compensation at both the
between- and within-animal levels. This will allow modelling of growth trajectories in

the wild to quantify the distribution of length given age.

2.2, Introduction

Antarctic krill (Euphausia superba, hereafter krill) has been widely studied and
recognised extensively as a primary prey species in the Antarctic marine ecosystem.
Not only do krill play a major role in the food web (Mauchline and Fisher 1969; Miller
and Hampton 1989; Everson 2000; Mangel and Nicol 2000; Alonzo et al. 2003a), but
they are also attracting increasing interest as a target for commercial fishing
(Everson and Goss 1991; Nicol and Endo 1999; Kawaguchi and Nicol 2007).
Understanding characteristics of krill life history parameters, especially growth and
reproduction, are essential to the development of an adequate management regime
for its fishery under the Commission for the Conservation of Antarctic Marine Living
Resources (CCAMLR) (Constable and de la Mare 1996).

In the past, growth rates have been most commonly determined with field
based length-frequency analysis on cohorts (Quetin et al. 1994). However, this
method has uncertainties, relying on assumptions that the same population is
repeatedly sampled and that mortality is not size dependent (Nicol 2000; Arnold et al.
2004). Also, length frequency data may not be transferable to other locations in the
Southern Ocean and it is difficult to account for recruitment and mortality.

The instantaneous growth rate (IGR) technique measures growth directly
from changes in length of uropods from individual live krill which have moulted
(Quetin and Ross 1991). The IGR technique was later modified by Nicol et al. (1992)
so as to provide a large amount of data on various sizes of krill from the whole single
population. Another advantage of this method is that it can be modelled at an
individual level and thus growth rates can easily be transferred to other locations and
times, when growth is directly related to temperature, food availability and size (Ross
et al. 2000).
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Recently, krill daily growth rates (DGR) were estimated by using extensive
datasets of field IGR experiments employing two different approaches. One
estimating DGR from IGR and intermoult period (IMP), where IMP was predicted
from temperature using published data on direct observations of IMP, and IGR was
modelled as a function of sex, length, season and region (Kawaguchi et al. 2006).
The other approach estimated IMP from proportions of observed moulting events
during IGR experiments using data on individual moults that were classified by sex,
maturity status, length and temperature variables (Tarling et al. 2006). Combining
IGR with predicted IMP, DGR was modelled as a function of length, temperature and
food concentration (Atkinson et al. 2006). The former approach allowed the
generation of lifetime growth trajectories using seasonal temperature trends to
determine IMP and monthly trends in average IGR by length class (Candy and
Kawaguchi 2006). However, this approach was not able to quantify the direct effect
of some seasonal variables that determine growth such as food availability and
quality. The latter approach focussed on detailed evaluation of environmental effects
on growth including chlorophyll and temperature as well as maturity stages (Atkinson
et al. 2006), but was not used to generate growth trajectories.

Previous field and laboratory studies have revealed that the growth and
maturation of krill undergo a seasonal cycle (Denys and McWhinnie 1982; Poleck
and Denys 1982; |lkeda 1985; Thomas and lkeda 1987; Siegel et al. 2004;
Kawaguchi et al. 2007a) that are influenced by environmental conditions such as
temperature and food availability (Kawaguchi et al. 2007a). However, it is not
possible to delineate and understand the relative magnitudes of these effects by
solely relying on field experiments. There are also mixed views as to whether or not
krill show differential growth rates between sexes (e.g. Atkinson et al. 2006;
Kawaguchi et al. 2007b).

In the present investigation, a long-term experiment was conducted using krill
that were incubated in tanks subjected to different temperature regimes (-1°C, 1°C
and 3°C) for 14-months under laboratory conditions. The purpose of this study was to
investigate the effect of temperature on the growth and maturation of individual krill

by measuring their consecutively moulted exoskeletons.
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2.3. Materials and Methods
2.3.1. Sampling and experimental setup

Live Antarctic krill were collected on 3™ March 2006 (66°02'S, 79°32'E) using
a rectangular mid-water trawl net (RMT 8) (Baker et al. 1973) on board the RSV
Aurora Australis. The water temperature during krill capture was -1°C. Krill were
transferred into 200-L tanks and maintained with a continuous supply of seawater in
a cold laboratory (0°C, dim light and no food) on board the ship. Once north of the
Polar Front, the continuous water supply was cut off and 50% of the tank water was
exchanged with freshly pre-chilled seawater each day.

On return to the research aquarium at the Australian Antarctic Division in
Kingston, Tasmania, krill were evenly distributed into three 600-L tanks (Appendix B)
and acclimated to the aquarium conditions (King et al. 2003) on 30" March 2006.
These stock populations of krill were maintained at temperatures of -1°C, 1°C and
3°C, under light conditions that were adjusted throughout the experimental period to
mimic the natural Antarctic seasonal light cycle. Lighting was provided by twin
fluorescent tubes. A personal computer controlled-timer system was used to set a
natural photoperiod corresponding to that for the Southern Ocean (66°S at 30m
depth). Continuous light and a maximum of 100 lux light intensity at the surface of the
tank (assuming 1% light penetration to 30m depth) during summer midday
(December), a sinusoidal annual cycle with monthly variations of photoperiod and
daily variation of light intensity was calculated (Appendix C). At the start of each
month, a new photoperiod was simulated by adjusting the timer system (Kawaguchi
et al. 2010).

The experimental period ran from April 2006 to May 2007. A further two 600-L
tanks were included in the experiment on 30" August 2006 to duplicate the -1°C and
3°C treatments. The stock population were fed daily throughout the experimental
period (April 2006 to May 2007) with the following algal mixture; the cultured pennate
diatom Phaeodactylum tricornutum, at a final concentration of approximately 4.3 x
10* cells mL™, and the diatom Thallasasira sp (1.8 x 10° cells mL™"), the flagellate
Pavlova sp. (6.7 x 10°cells mL™")and the flagellate Isochrysis sp. (2.6 x 10* cells mL"
"), which are a concentrated bulk feed of instant algae mixed with seawater. Water
flow in the tank was closed for two hours per day to enable the krill to feed as much
as possible, before the risk of disease and fouling. Minced clam, purchased from a
local supplier, was also fed to the stock population (approximately 1g per 250 krill)
when water was flowing into the system. Clam meat has successfully been used in
previous laboratory experiments, providing krill with an additional protein source
(Hirano et al. 2003).
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2.3.2. Experimental procedure

Within each 600-L incubation tank, 14 individually isolated krill were contained
in 750mL perforated jars to track their growth and maturity (a total of 70 jars
throughout the temperature settings, Appendix B). All jars were checked for moults
daily, and if observed, the moult was placed in a cryotube with 10% formalin
seawater. Dead krill were replaced with similar sized animals from the stock
population. Overall, 142 krill were replaced during the 14-month seasonal cycle, from
either missing krill that “jumped” out of the jars or mortalities. This equates to about
two krill being replaced a week, with a reasonable even distribution of mortalities
across the three temperatures and individual jars. Of the original 70 individual krill,
two individuals were observed for the entire experimental period, both of which were
in the 1°C tank. Each krill was fed 15mL of the same mixture of algae made up for
the stock population daily. The final concentrations were approximately 2.6 x 10°cells
mL™ of Phaeodactylum tricornutum, 10.8 x 10* cells mL"of Thallasasira sp., 4.0 x 10*
cells mL™" of Pavlova sp., 1.5 x 10° cells mL™ of Isochrysis sp., and minced clam meat
(approximately 1g per 70 krill) each day. The amount of food given was at saturating
levels for both the stock population and individual krill, and it was calculated to be
similar concentrations of food per krill for the varying volumes between the tanks and
individual jars. The excess food remaining in the 600-L tanks and individual jars were
flushed out of the system after 2 hours of feeding. Since food was in excess in both
experimental setups, and approximately the same growth and maturity trends were
observed between the stock populations and individually maintained krill
(unpublished data, Appendix D) the replacement of krill from the stock population to
an individual jar after mortality/escapement was justified.

The uropod growth increment was derived from the differences in length of
both the left and right uropods from consecutively moulted exoskeletons using the
Sigma Scan Pro 5.0° image analysis software. The uropod exopodite is measured
from the distal tip to its external intersection with the basipodite (Appendix E). The
measurement is made parallel to the axis of the uropod rather than from point to
point. If one of the moulted uropods was damaged, then the measurement was only
taken from the undamaged uropod. On occasions where both uropods were
damaged, the moult was excluded from the analysis. There were 218 (30%) moulted
exoskeletons that were measured using only one uropod, and in total, 50 moults
were excluded from the analysis as both uropods were damaged. Total length (TL)
(standard length 1, Appendix F) was calculated from the moulted uropod length (UL)
using the following equation from Hollander (2001):

TL = (moulted UL — 0.1051)/0.1407
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The daily growth rate (DGR, mm day™') was then calculated by dividing the
mean growth increment in TL (GI, mm) by the intermoult period (IMP, days). The
instantaneous growth rate (IGR, %) was determined by dividing the mean Gl by the
original calculated TL of the krill and multiplying it by 100.

Maturity stage (MS) was assigned a value between 1 and 5 for both males
(M) and females (F), corresponding to the stages: 1=Juvenile; 2=2MA, 2FB; 3=2MB,
2FC; 4=2MC, 2FD; 5= 3M, 3FA. Higher numbers represent greater maturity. The
maturity of males and females were staged according to the technique developed by
Bargmann (1945), which was later modified by Makarov and Denys (1980) and
Thomas and lkeda (1987). The maturity staging system with corresponding scores is
summarised in Appendix A. Since there is a transition between MS, there was often
difficulty in determining whether the animal had progressed fully to the next stage or

not. In these instances, the krill was identified as a 0.5 value (e.g. stage 3.5 or 4.5).

2.3.3. Statistical analysis

A total of 150 individual krill (83 females, 67 males) that were observed for at
least two consecutive moults, in order to allow at least one observation of growth
increment and IMP per animal, were used in this study. This corresponded to 735
exoskeletons overall. The continuous variable “month” used in the statistical analyses
corresponds to integer values of 4 to 17, representing consecutive months starting
from April 2006. The three temperature regimes were treated as a 3-level factor.

Since the data involved repeated observations of individual animals, each of
the response variables; Gl, IGR, DGR, IMP and MS were analysed using a linear
mixed model (LMM) (Diggle et al. 1994), with random animal effects using the SAMM
package (Butler et al. 2002) within Splus (Insightful 2002). In addition, IMP and IGR
were analysed as a bivariate LMM by estimating the cross-correlation between IMP
and IGR at both the between- and within-animal level, while simultaneously fitting the
fixed effects. A LMM scheme was chosen above other alternatives, particularly
circular statistics where time is categorised according to the sine or cosine of the
data, is because the means plotted against month do not demonstrate a full cycle.
Given the observed trends, the range of months observed were well fitted by the
quadratic functions used in the LMM and there is little we can infer on the cyclical
nature of these biological parameters of maturity score, growth rate and IMP.
However, given the artificial rearing conditions, it could be argued that the true nature
of any seasonal, and thus, cyclical variation in these parameters might not have been

fully expressed under these experimental conditions.
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Three fixed effects formulations were used. The first LMM excluded TL as a
predictor variable and fitted all combinations of temperature by sex by month. This
LMM was used to summarise that data in terms of these three factors and is called
the “summary” LMM. In the second formulation, continuous values of TL and month,
using linear terms in TL and both linear and quadratic terms in month, were fitted.
Interactions of these “parametric” terms with sex and temperature, as well as the
main effects and the interaction of these last two terms completed the fixed effect
model. This “parametric’ LMM was used to examine any smooth trends of the
various response variables with TL and month and only included fixed effect terms
that were statistically significant. To determine if these parametric terms and their
interactions adequately modelled the data, the final “non-parametric’ LMM
formulation included, TL and month as factors (TL.f and month.f, respectively, where
“.f” denotes the factor representation) with TL.f classes of <31,31-33,33-35,35-37,37-
39, >39mm and the set of integer values for the month.f. The mean values of TL for
the above TL.f classes were very close to 30, 32, 34, 36, 38, and 41mm,
respectively, with corresponding numbers of observations in each class of 24, 63, 79,
72, 122, and 375, respectively. These values of class mean TL were used to
compare predictions from the “parametric’ LMM to the “non-parametric’ LMM. The
maximum level of interaction included in the LMMs was third order (e.g.
sex:temperature:TL, sex:temperature:TL.f) and no interactions between month.f and
TL.f were included due to the large number of degrees of freedom involved, and the
high degree of imbalance in the number of observations in the TL.f classes. The
bivariate LMM for IMP and IGR was constructed by linking these two variables and
specifying separate fixed effect terms for each combination with covariance matrices
at the between- and within-animal level. Significance levels were judged using
sequential Wald tests (Welham and Thompson 1997) combined with t-statistics for
individual parameter estimates. Normality of random effects and within-animal

residuals was assessed using quantile-quantile plots.

2.4. Results

Means and ranges are summarised in Tables 2.1 and 2.2 for intermoult
period (IMP), instantaneous growth rate (IGR), daily growth rate (DGR) and maturity
stage (MS) for males and females in the three different temperature treatments within
the main growth period (August to December) and also the non-growth period
(January to July), respectively. There was a significant difference (P<0.01) between
the means of all variables between the two periods, except for the IMP of both males

and females in the -1°C treatment (Table 2.3).
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2.4.1. Seasonal growth cycle

A clear pattern of seasonal growth was observed in the three different
temperature treatments (Figure 2.1a and 2.1b), which was particularly evident for
females. Krill generally showed low growth during the autumn and winter period, after
which mean growth was positive in males during July and August, while female
growth began later in August and September. The maximum mean growth rates
occurred in September for males and October for females, with females generally
showing slightly higher growth. Growth started to decrease after the main peak
growth period in spring, and both males and females commenced shrinkage towards

the end of January and February.

2.4.2. Seasonal maturity cycle

There was a general progression of the mean maturity score (MS) for all
temperatures, with males reaching peak sexual maturity (October/November) before
the females (November/December) (Figure 2.1c). MS was constant from October to
January (~5) after which both sexes regressed. Even though general relationships
were visually observed in the graphs between males and females throughout the 14-
month cycle, there were no significant differences in the timing of maturity (P>0.1). A
comparison of Figure 2.1a and 2.1b shows that under the three temperature
treatments, all krill reached their peak growth rate as a sub-adult, and then growth
decreased after a period of time once fully mature. Krill generally started to display

negative growth when they were regressing in maturity.
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Table 2.1. Mean and range values observed for intermoult period (IMP, days), instantaneous growth rates (IGR, %), daily growth rates (DGR, mm day'1) and
maturity stages (MS) for male and female krill in each of the three temperature -1°C, 1°C and 3°C treatments during the main growth period (August to

December).

Growth Season (August to December)

-1°C Male Female Male and Females
N Range Mean N Range Mean N Range Mean
IMP (days) 33 1910 35 28 64 20 to 34 28 97 19to 35 28
IGR (%) 33 -1.33t04.39 1.21 64 -4.21 10 8.30 2.45 97 -4.21108.30 2.03
DGR (mmday”) | 33 -0.02t00.07 0.02 64 -0.06 t0 0.10 0.03 97 -0.06100.10 0.03
Maturity Stage 32 3t05 4.52 64 3t05 4.58 96 3t05 4.56
1°C Male Female Male and Females
N Range Mean N Range Mean N Range Mean
IMP (days) 45 18 to 29 24 28 20 to 28 23 73 18 to 29 24
IGR (%) 45 -2.88108.09 1.49 28 -1.97 10 5.73 2.22 73 -2.88108.09 1.77
DGR (mmday”) | 45 -0.05t00.13 0.02 28 -0.03 t0 0.08 0.03 73 -0.051t00.13 0.03
Maturity Stage 45 3to5 4.67 28 3t05 4.36 73 3to05 4.55
3°C Male Female Male and Females
N Range Mean N Range Mean N Range Mean
IMP (days) 72 14 to 26 19 79 15 to 28 19 151 14 to 28 19
IGR (%) 71 -5.85t05.85 0.96 79 -3.28 10 6.82 1.36 | 150 -5.85106.82 1.17
DGR (mmday”) | 72 -0.12t0 0.11 0.02 79 -0.07t0 0.13 0.03 (151 -0.12t00.13 0.02
Maturity Stage 73 3to5 4.92 79 3to5 4.74 | 152 3to5 4.83




Table 2.2. Mean and range values observed for intermoult period (IMP, days), instantaneous growth rates (IGR, %), daily growth rates (DGR, mm day'1) and
maturity stages (MS) for male and female krill in each of the three temperature -1°C, 1°C and 3°C treatments during the non-growth period (January to July).

Non-Growth Season (January to July)

-1°C Male Female Male and Females
N Range Mean N Range Mean N Range Mean
IMP (days) 55 18 to 39 29 84 20 to 37 29 139 18 to 39 29
IGR (%) 55 -5.5810 5.15 0.01 84 -3.33105.40 0.08 139 -5.58 10 5.40 0.05
DGR (mm day™) 55 -0.09 to 0.06 0.00 84 -0.05t0 0.07 0.00 139 -0.06 to 0.07 0.00
Maturity Stage 54 2105 3.99 83 2t05 4.22 137 2105 4.13
1°C Male Female Male and Females
N Range Mean N Range Mean N Range Mean
IMP (days) 63 17 to 24 21 46 18 to 23 21 109 17 to 24 21
IGR (%) 62 -6.50 to 6.53 0.44 46 -2.31 to 3.91 0.41 108 -6.51 t0 6.53 0.43
DGR (mm day™) 63 -0.13100.10 0.01 46 -0.05 to 0.06 0.01 109 -0.1310 0.10 0.01
Maturity Stage 63 2105 3.67 45 2105 3.69 108 2105 3.68
3°C Male Female Male and Females
N Range Mean N Range Mean N Range Mean
IMP (days) 82 11 to 26 18 89 111025 17 171 11 to 26 17
IGR (%) 81 -6.80 to 4.50 -0.70 87 -11.551t0 2.77 -0.95 168  -11.551t04.50 -0.83
DGR (mm day™) 82 -0.1910 0.09 -0.02 89 -0.23 to 0.07 -0.02 171 -0.23 t0 0.09 -0.02
Maturity Stage 80 2t05 4.18 89 2t0 5 4.08 169 2t05 4.12
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Table 2.3. Tests of differences for metrics calculated for the main growth period (August to
December) and the non-growth period (January to July). T-values for intermoult period (IMP,
days), instantaneous growth rate (IGR, %), daily growth rates (DGR, mm day"') and maturity
stages (MS) for male and female krill in each of the three temperatures -1°C, 1°C and 3°C
treatments. The corresponding degrees of freedom is shown within the brackets (" represents a
non-significant difference, all other values are significant to at least the P=0.01 level).

-1°C 1°C 3°C
Male Female Male Female Male Female
IMP (days) 1.64" (234) | 1.89™ (234) | 6.01 (180) | 6.53 (180) | 3.31(320) | 4.03 (320)
IGR (%) 3.27 (234) 7.17 (234) 2.67 (179) | 4.19 (179) | 5.07 (316) | 7.52 (316)
DGR (mm day'1) 3.30 (234) 7.09 (234) 2.83 (180) | 4.20 (180) | 5.30 (320) | 7.84 (320)
Maturity Stage 2.68 (232) 3.17 (232) 6.11 (179) | 3.46 (179) | 6.42(319) | 5.85 (319)
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Figure 2.1. Predicted mean monthly (+1 SE) values for (a) instantaneous growth rate (IGR, %),
(b) daily growth rate (DGR, mm day™) and (c) maturity score (MS) for males (triangles) and
females (circles) obtained from the summary Linear Mixed Model (LMM) for each combination of
temperature (-1°C, 1°C and 3°C), month and sex (MS: 1=Juvenile; 2=2MA, 2FB; 3=2MB, 2FC;
4=2MC, 2FD; 5= 3M, 3FA, refer to Appendix A). Points for males and females have been slightly
offset to improve clarity.
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2.4.3. Linear mixed model predictions

Predictions from the LMMs were used in this study to compare means, trends
and variability for each of the response variables (Gl, IGR, DGR, IMP and MS). For all
response variables, all third order interactions in the parametric LMM were not significant
(P>0.1) so these terms were dropped. The set of graphs of predictions for each variable
obtained from the parametric and non-parametric LMMs demonstrate significant

(P<0.01) second order interactions.

2.4.3.1. Effect of temperature and total length

The predicted mean values for Gl, IGR and DGR, respectively, were obtained
from the fit of the parametric (lines) and non-parametric (points) LMMs for the three
temperatures (-1°C, 1°C and 3°C) across a range of total lengths (TL) of 30-41mm with
month adjusted to October 06 (Figure 2.2). There were no significant differences in the
slope of the regression on TL between each of the three temperatures or either sex for
the growth variables (Gl, IGR and DGR) (P>0.1). The standard errors of the predicted
means were large for the lower TL classes, which consisted of considerably less data
compared to the larger TL classes. When all terms involving interactions with TL were
dropped from the parametric LMM, which allowed a simple comparison of temperature
treatments, the -1°C and 1°C treatments were not significantly different for all growth
variables (P>0.1). However, the predicted mean for the 3°C treatment was significantly
lower than the -1°C treatment in each case (P<0.01), with a difference of 0.36mm
(SE=0.06, t-value=5.53), 0.95% (SE=0.18, t-value=5.40) and 0.014mm day™ (SE=0.003,
t-value=4.37) for Gl, IGR and DGR, respectively. The corresponding values for the
difference calculated as the predicted mean for the -1°C treatment minus that of the 1°C
treatment were 0.05mm (SE=0.08, t-value=0.61), 0.09% (SE=0.21, t-value=0.42) and
0.0002mm day™ (SE=0.0086, t-value=0.06) for Gl, IGR and DGR, respectively. The TL
slope coefficients obtained from this reduced parametric LMM were -0.012 (SE=0.006, t-
value=-2.12) for GI, -0.037 (SE=0.016, t-value=-2.33) for IGR, and -0.00063
(SE=0.0003, t-value=-2.09) for DGR.
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Figure 2.2. Linear mixed model (LMM) predictions of male (triangles) and female (circles) (a)
growth increment (Gl, mm), (b) instantaneous growth rate (IGR, %) and (c) daily growth rates
(DGR, mm day'1) versus total length (TL) at three temperatures (-1°C, 1°C and 3°C). SE bars are
shown for the predicted mean values and the fitted regression lines (solid for females; dot-dash
for males) with one SE upper and lower bound (dotted lines) obtained from the parametric LMM.

The LMM for IMP, on the other hand, did show a significant difference between
the three temperatures in the regression on TL (P<0.01) (Figure 2.3), however, sex did
not significantly (P>0.1) affect the regression within temperature treatments. A strong
positive relationship between IMP and TL was only observed for the -1°C treatment with
a slope estimate of 0.299 (SE=0.095, t-value=3.15) for females and a slope for males
obtained by adding 0.086 (SE=0.047, t-value=1.840) to the estimate for females. In other
words, indicating a non-significant difference in the slopes between sexes for the -1°C
treatment. For a TL of 40mm, when month was adjusted to October 06 and when
averaged across levels of sex, predictions of the mean IMP values for -1°C, 1°C and 3°C
were 28.1 days (SE=0.4), 23.6 days (SE=0.4) and 19.0 days (SE=0.3), respectively. For
a TL of 30mm and month adjusted to June, the corresponding values were 23.4 days
(SE=0.6), 20.3 days (SE=0.5) and 14.4 days (SE=0.4).
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Figure 2.3. Linear mixed model (LMM) prediction of male (triangles) and female (circles)
intermoult period (IMP, days) versus total length (TL) at three temperatures (-1°C, 1°C and 3°C)
(adjusted to October). SE bars are shown for the predicted mean values and the fitted regression
lines (solid for females; dot-dash for males) with one SE upper and lower bound (dotted lines)
obtained from the parametric LMM.

2.4.3.2. Effect of month

LMMs were also used to show predictions of Gl, IGR and DGR (Figure 2.4) for
sexes (adjusted to 40mm and -1°C) across months. All the growth variables showed
similar trends with month and, in each case, sex significantly (P<0.01) affected the
shape of this relationship. In contrast, the effect of temperature on the relationship with
month was not significant (P>0.1) (graph not shown). Females reached higher Gl, IGR
and DGR compared to the males, and then growth rapidly decreased after the peak
growth period, towards the end of spring. The decrease in male growth rate was slightly

slower than females.
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Figure 2.4. Linear mixed model (LMM) prediction of (a) growth increment (GlI, mm) (b)
instantaneous growth rate (IGR, %) and (c) daily growth rate (DGR, mm day™) for males and
females against month (adjusted to -1°C, 40mm). SE bars are also shown for the predicted mean
values and the solid line is the fitted regression line showing single SE upper and lower bounds
(dotted lines) obtained from the parametric LMM.

The LMM for IMP and MS showed no significant differences in the trend with
month between males and females (graph not shown), but IMP did significantly differ
(P<0.01) between temperature treatments. Predictions for IMP and MS versus month for
each temperature treatment, averaged across the two sexes are shown in Figure 2.5.
There was a general progression of IMP and MS throughout the year until November
(11) to December (12) for 1°C and about December to January (13) for 3°C, in which
IMP started to decrease. However, in the -1°C treatment, the IMP increased after
December. The peak in MS was predicted to be between November and January for all
temperatures. However, for the 3°C treatment the mean MS score was closer to 5 for
these months than those for the 1°C treatment, while these means were lower again for
the -1°C treatment (Figure 2.5b). There were no significant MS differences between

temperatures (P>0.1).
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Figure 2.5. Linear mixed model (LMM) prediction of (a) intermoult period (IMP, days) and (b)
maturity stage (MS) for the three temperature treatments (-1°C, 1°C and 3°C) against month,
averaged across the two sexes and for total length (TL) = 40mm. SE bars are also shown for the
predicted mean values and the solid line is the fitted regression line showing single SE upper and
lower bounds (dotted lines) obtained from the parametric LMM (1=Juvenile; 2=2MA, 2FB; 3=2MB,
2FC; 4=2MC, 2FD; 5= 3M, 3FA, refer to Appendix A).

39



Chapter two: Temperature effects on growth and maturation

2.4.3.3 Between- and within-animal variance

The between-animal variance (BAV) relative to the within-animal variance (WAV)
was estimated to be small for the growth variables (i.e. Gl: BAV=0.14, WAV=3.13; IGR:
BAV=0.02, WAV= 0.42; DGR: BAV=0.05x10"°, WAV=1.10x10"), but had a much higher
relative value for IMP (BAV=4.11, WAV=3.16) and MS (BAV=0.07, WAV=0.21). The
bivariate LMM estimates of individual animal random effects of IMP and IGR were
obtained by fitting the model with fixed effects of sex, TL, temperature and month (Figure
2.6). This simultaneous estimation of fixed and random effects gives estimates of the
between- and within-animal correlations that correspond to correlations obtained if all
animals were of the same size and sex, were kept under the same temperature, and
were observed within the same month. The between-animal correlation was estimated to
be 0.52 (SE=0.25), while the within-animal correlation was weaker, but more precisely
estimated as 0.15 (SE=0.04). Both male and female predicted means plus estimates of
the random effects gave a range of short IMP/small IGR to long IMP/large IGR and

similarly for the three temperature treatments (Figure 2.6).

IMP animal re

» >DeomRO

-0.4 -0.2 0.0 0.2 0.4

IGR animal re

Figure 2.6. Multivariate linear mixed model (LMM) estimates of individual animal random effects
for intermoult period (IMP, days) and instantaneous growth rate (IGR, %) showing the animal’s
sex and the temperature treatment. The line is the regression line fitted to the random effects
estimates, with the IMP random effect as the response variable. Note that the correlation estimate
of 0.52 was not obtained from this regression but from the fit of the LMM.
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2.4.3.4. Assessment of tank effect

The parametric LMM was fitted with the extra fixed effect of tank as a factor to
see whether there was any differential effect of the tanks for a given temperature on any
of the variables. The data for krill from the 1°C temperature treatment were excluded
from this analysis since there was only a single tank for this temperature. There was no
significant effect (P>0.1) of tank in addition to temperature for any of the growth
variables. However, the IMP for krill in the -1°C tank installed at the end of August had a
predicted IMP significantly longer (P<0.01) than those in the other tank by 3.22 days
(SE=0.651, t-value=4.95). Krill from the 3°C tank installed in late-August had a predicted
IMP significantly shorter (P<0.01) than the other by 1.36 days (SE=0.56, t-value=2.48).
This does not invalidate the conclusions about the effect of temperature on IMP since
these differences are consistent with the effect of temperature on IMP. This can be
concluded since the shorter of the predicted mean IMPs for the -1°C tanks (27.29 days,
SE=0.43) was still significantly longer than the longer of the predicted mean IMPs for the
3°C tanks (18.87 days, SE=0.37), where these predictions are adjusted for October 06
and TL of 40mm. Removing the IMP data for the late installed -1°C tank resulted in little
change to the trend with TL shown in Figure 2.3. However, the trend with month was
flatter than that in Figure 2.5a, but still quite different to the trends for the 1°C and 3°C
treatments (graphs not shown). Therefore, despite the detection of a small but
statistically significant effect of tank within temperature treatment for IMP, pooling the

tanks was still considered justified.

2.4.3.5. Normality

Normal quantile-quantile plots for each variable and for each of the animal-level
random effects estimates and within-animal residuals showed that these were well
approximated by a normal distribution with this approximation worst, as expected, for the
MS variable. A more statistically rigorous approach for the MS variable would be to treat
the maturity scores as ordinal scale measurements, which would require analysis of
numbers of individual moults for each integer score using a multinomial distribution.
Given the small multinomial sample sizes for some combinations of the factors studied
and the extra complexity of modelling random effects in this context, it was considered
that the approach of considering the scores as a simple metric scale was adequate.
However, confidence bounds for means, which go below 1 or exceed 5 obviously, in

theory, should be truncated to 1 and 5, respectively. Very good approximations to
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normality for both random effects and residuals were obtained for each of IMP and IGR
from the fit of the bivariate LMM.

2.5. Discussion
2.5.1. Intermoult period

The mean intermoult period (IMP) of 28.1 days (-1°C), 23.6 days (1°C) and 19.0
days (3°C) for combined males and females for October and at a total length (TL) of
40mm, were all significantly different between the three temperature regimes.
Additionally, for a TL of 30mm the corresponding IMP values for June were 23.4 days (-
1°C), 20.2 days (1°C) and 14.4 days (3°C). In comparison, the predicted IMP derived
from a model used by Kawaguchi et al. (2006) for krill in temperatures at -1°C, 1°C and
3°C (with 95% confidence bounds in brackets) were 34.4 days (28.5, 41.4), 19.1 days
(17.8, 20.5), and 14.5 days (13.2, 16.0), respectively. The lowest temperature used in
the model by Kawaguchi et al. (2006) was -0.5°C so there is uncertainty using this
prediction for IMP of krill in the current study at -1°C. Other than the -1°C treatment for
which the predicted IMP is just below the lowest value in the confidence bound, the
predicted IMP values from this experimental study fit within the confidence bounds for
1°C and 3°C for a 30mm krill.

Overall the IMP reported in the present study ranged from a minimum of 11 days
(3°C) to a maximum of 39 days (-1°C) during the whole 14-month cycle, which covers
the range of IMP estimates concluded from other laboratory studies and field based
predictions using various temperatures (Clarke 1976; Murano et al. 1979; Poleck and
Denys 1982; Morris and Keck 1984; lkeda et al. 1985; Thomas and |keda 1987;
Buchholz 1991; Quetin et al. 1994; Kawaguchi et al. 2006; Kawaguchi et al. 2007a).
Interestingly, using a linear mixed model (LMM) to control for the effect of factors outside
those in particular comparisons of interest involving a single factor or a two-factor
interaction, the analysis revealed strong effect of month (generally longer IMP during
summer) and temperature (shorter IMP in higher temperature) (Figure 2.5a), but no
significant difference between sexes was observed throughout the 14-month seasonal
cycle since the sex by month.f interaction was non-significant (P>0.1).

Tarling et al. (2006) concluded that the common pattern of decreasing IMP with
increasing temperature was far from regular and may be influenced more by maturity-
and sex-specific selective pressures. They predicted that the IMP decreased as

temperature increased from -1°C to 2°C (using a logistic regression model fitted to field-
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measured moult frequencies), however, this trend reversed above 2°C, with IMP
increasing considerably as temperature increased. Tarling et al. (2006) further predicted
that male IMP was 50% longer than those of equivalently sized females. Implementing
the IMP model of Tarling et al. (2006) for 40mm animals at -1°C, 1°C and 3°C gives
respective IMPs for male and females of 12 and 13 days, 16 and 11 days and 18 and 13
days. These values are much lower than those plotted in Figure 2.5 which, for January
and February (the field season of Tarling et al. 2006), gives ~28 days, ~24 days and ~19
days, respectively. It appears therefore that IMP is comparatively higher in the
incubations in this study. However, Tarling et al. (2006) did not give standard errors or
confidence bounds on their predictions so it is difficult to compare results to those from
the present study. Buchholz et al. (1996) also reported that gravid females moulted
significantly less frequently than mature males and related this to the energy expenditure
of reproduction. Although, they noted that such large differences between gender have
not been observed from other laboratory studies.

Through previous studies, IMP has been demonstrated to be affected by
temperature, as well as the seasonal maturity cycle for female krill (Thomas and Ikeda
1987: Kawaguchi et al. 2007a); however, to date no such information is available for
males. As demonstrated in the present study, there was no significant difference in IMP
between sexes. The pattern of IMP with standardised temperature showed a general
increasing progression for all temperatures until around December and then IMP started
to decrease. Since the maturity increased to November and December and then
decreased after a summer plateau, a similar trend to IMP, it could be suggested that IMP
depends directly on the state of maturity and only indirectly on season. The only
exception was for krill in the -1°C treatment in which IMP kept increasing after
December. This may have been due to the extra data points and longer mean IMP (by
3.22 days) towards the end of the seasonal cycle, resulting from the duplicate -1°C tank
being installed in late-August. Since a LMM Scheme was chosen to analyse the data, we
can only focus within the boundaries of our results (between April 06 and May 07). In
April and May 2007 there was limited data causing the variability between the means to
increase. It is expected that IMP would decrease again at a later date in the -1°C
treatment and not increase with time indefinitely.

As indicated, in many of the field observations, krill have a longer IMP in winter
(resting period) compared to the summer (reproductive period), and this is regarded as

the effect of the seasonal temperature cycle (e.g. Siegel et al. 2004; Atkinson et al.
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2006; Kawaguchi et al. 2006; Tarling et al. 2006). There are mixed views about krill's
ability to reduce metabolism during winter. The increase in IMP during winter may be a
consequence of krill entering an arrested state (Torres et al. 1994) or simply may be due
to the effects of low temperature and low food availability, resulting in reduced feeding
activity (Quetin et al. 1994). Our results indicated that if the temperature and food
conditions are constant, krill have a relatively shorter IMP (higher moulting frequency)
during the winter months compared to field observations. The reason for shorter IMP
during the resting period is probably because they have minimal energy requirements
(no reproduction and less growth). Therefore, if krill are supplied with the same amount
of food as the summer season, then they might divert excess energy to driving the
moulting cycle. A possible benefit for having a longer IMP in summer is that it will be
advantageous for males to retain their spermatophores for an extended time to reduce
the energy requirements to continually produce extra when they moult. As discussed
further in section 2.5.5, krill can therefore compensate their growth with longer IMP and
a higher growth increment. Immature krill moult more frequently, whereas IMP lengthens
for mature krill. This underlines the importance of studying the energy budget and

physiology in order to understand the process of krill growth.

2.5.2. Daily growth rates

2.5.2.1. Temperature effect

The minimum and maximum rates of daily growth (DGR) ranged from -0.06 to
0.1mm day™ (-1°C), -0.05 to 0.13mm day™ (1°C) and -0.12 to 0.13mm day™ (3°C) for
males and females combined during the peak growth season (August to December).
Despite food being plentiful, during the non-growth season (January to July) the growth
was significantly lower compared to the growth season for both males and females in the
three different temperatures (P<0.01). The maximum DGR in this study was similar to
those reported in the literature of 0.14mm day™” at 3°C (Morris and Keck 1984) and
0.13mm day” at 2°C (Buchholz 1991). These rates, however, are two to three times
higher than other reported growth rates from laboratory studies (e.g. Murano et al. 1979;
Poleck and Denys 1982; Ikeda et al. 1985; Ikeda 1987; lkeda and Thomas 1987), and in
the present study, there were only a small number of krill that actually approached this
maximum DGR. The actual mean values for each temperature in the growth period
(Aug-Dec) (Table 2.1) of the present study were considerably lower for combined males
and females, 0.03mm day™ (-1°C), 0.03mm day™' (1°C) and 0.02mm day™ (3°C).
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In general, data from laboratory studies on krill growth rates are considerably
lower compared to those derived from field studies (Buchholz 1991). This is generally
thought to be due to sub-optimal and unnatural laboratory conditions, and such effects
on krill are difficult to assess (Morris and Keck 1984; Buchholz 1991). The overall mean
DGR values are considerably lower in this study compared to various types of field
based research (e.g. Clarke and Morris 1983; Rosenberg et al. 1986; Quetin and Ross
1991; Ross et al. 2000; Reid 2001; Atkinson et al. 2006; Kawaguchi et al. 2006). For
example, the mean krill DGRs reported by Kawaguchi et al. (2006) for December for a
40mm krill were 0.13mm day™ (SE=0.03) for females and 0.14mm day” (SE=0.03) for
males, whereas in the present study, DGR rarely exceeded half these values, with peak
mean values being in the order of 0.04mm day™ (Figures 2.1b, 2.2c and 2.4c).

Differences in growth and overall condition and energy expenditure of krill can
also be explained by possible variation in the size of the experimental chamber in the
laboratory, with smaller chambers causing additional stress (Clarke and Morris 1983).
However, in our study, similar growth and maturity trends were observed in both male
and female krill between the stock population tanks (600-L) and individual 750mL
experimental jars over the annual cycle (unpublished data, Appendix D).

In the present study, no significant differences were found in growth increment
(Gl) between krill from the -1°C and 1°C treatments, however, the IMP was significantly
shorter in krill at 1°C compared to -1°C. This would suggest that the DGR will be higher
in krill from the 1°C treatment, but due to the high degree of variability in DGR between
moults within animals, this difference was not statistically significant. Krill in the 3°C
treatment had a significantly lower IMP compared to those at -1°C and 1°C, and it
appears that growth (Gl) was also lower for these krill. The predicted mean DGR for krill
at 3°C was significantly lower than that at -1°C. The substantially lower IMP for 1°C
compared to the -1°C treatment, with both these treatments having a similar Gl,
combined with the lower DGR for the 3°C treatment, suggests that a 1°C temperature
regime is possibly optimal for growth under the current experimental condition. This may
show a dome shape relationship, but this still has to be confirmed and for this reason we
still do not have a good handle on how and what kind of temperature-growth relationship
krill generally have. This supports the findings by Atkinson et al. (2006), who suggested
the existence of an optimal temperature (0.5°C) for krill growth in the south-west Atlantic
sector of the Southern Ocean. The declining relationship of growth with total length (TL),

an important feature of the IGR/IMP growth model of Candy and Kawaguchi (2006), was
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evident in this study, but was weak. For example, the reduction in IGR from 30 to 40mm
TL is only 0.37%. This is largely due to low growth rates and the inability to model the
change in the slope of the relationship with TL across months (i.e. see Figure 1 of Candy
and Kawaguchi 2006), due to the limited range in TL which was greatly intensified when

disaggregated by month.

2.5.2.2. Effect of season and sex

The seasonal cycle of growth and maturation throughout this 14-month experiment
may have been cued by the simulated light conditions. Light mimicked the natural
seasonal pattern and all other environmental conditions were constant, including
temperature and food. In the past, change in controlled photoperiod has been shown to
induce maturation and spawning of krill (Hirano et al. 2003), as well as affecting feeding
and metabolism (Teschke et al. 2007). In contrast, Thomas and lkeda (1987) and
Kawaguchi et al. (2007a) concluded that light is not necessary for maturation in krill and
showed a seasonal cycle under constant darkness. As a consequence, the debate on
whether the Antarctic light cycle is important for possibly triggering physiological
parameters of krill, such as maturation, is still unclear. However, it underlines the
importance of further developing an understanding on environmental influences,
particularly the light conditions.

The growth in all temperature treatments was variable, but it appears males
reached peak DGR slightly earlier than females (Figures 2.1b and 2.4c), which coincided
with the period when krill were rapidly maturing corresponding mostly to the month of
October (i.e. month 10, Figures 2.1c and 2.5b). The parametric LMM predicted that
month and sex significantly (P<0.01) affected the shape of this relationship for each of
the growth variables (Figure 2.4). Overall, females reached a higher Gl, IGR and DGR
compared to males, and then growth rapidly decreased after the peak growth period,
towards the end of spring. Growth in males decreased at a considerably slower rate, but
during a slightly earlier period. Both sexes commenced shrinkage in late January and
February.

2.5.3. Differential growth rates between sexes

Currently there are alternative views about the growth rate between sexes. The
parametric LMM in this study predicted higher Gl, IGR and DGR in females compared to
males. This is due to significantly higher peak growth for females (Figure 2.4) with no
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significant IMP difference observed between sexes. Atkinson et al. (2006) predicted that
there was no significant difference in DGR between males and females in the South
Georgia and Scotia Sea regions by predicting DGR for males and females using Gl and
IMP derived from field IGR experiments during summer. Their conclusion was that lower
Gl in females compared to males tended to be compensated by shorter IMP, which led
to DGR being similar between sexes. On the other hand, Kawaguchi et al. (2006)
suggested higher growth rates in males by estimating DGR using IGR measurements
together with published IMP-temperature functions. Further, recent analysis of the sex
ratio using comprehensive length frequency data, model simulation, and the inter-annual
pattern in sex ratio, concluded male krill generally grow fast and die young compared to
females (Kawaguchi et al. 2007b).

It is difficult to reconcile the reported trends in differential growth rate between
sexes. In fact, in each of the above studies, results appear to disagree. It is highly likely
that this could be due to conclusions being made from data that were obtained on
different timescales and from different environmental conditions. For example, the result
by Atkinson et al. (2006) may represent the growth pattern during high summer. On the
other hand, the result by Kawaguchi et al. (2007b) may represent the overall annual

growth pattern.

2.5.4. Consideration of experimental effect

The field based model using data from krill in the south-west Atlantic sector
showed there was a strong correlation between Chl a and growth (Atkinson et al. 2006).
Not only is quantity, but food quality is also thought to be an important factor for growth
(Schmidt et al. 1998). For example, diatoms supported higher growth rates for krill in
comparison to Phaeocycstis species (Ross et al. 2000). Under laboratory conditions, it is
impossible to reproduce the same diet as krill obtained in the field and it is certain that
food quality is poorer. Inadequate diet may have caused the considerably lower growth
rates towards the end of the experiment in April/May 2007 in the present study,
compared to the start of the experiment in April 2006, which was approximately only a
month after the krill were collected from the field, and therefore, still reflecting a more

‘natural’ condition.
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2.5.5. Variance and compensation of growth

Kawaguchi et al. (2006) obtained an estimate of the sum of the between- and
within-animal variance (since they observed a single moult per animal) for IGR on the log
scale of 0.063. To compare this to the results here, taking a maximum mean IGR of 4%
(Figure 2.1a), the Kawaguchi et al. (2006) estimate of variance of 0.063x4? (i.e.
approximately 1) can be compared to the corresponding value obtained here of 3.26. It
appears from this comparison that the growth rates have been more variable under the
experimental conditions in this study than those obtained from krill in the wild. Most of
this extra variability has occurred between moults within animals. Unfortunately, the
relative size of the between- to within-animal variance for IGR in the wild cannot be
determined from the data described in Kawaguchi et al. (2006).

By increasing the Gl, as IMP lengthens, an equivalent DGR can be obtained to
that given by decreasing Gl as IMP shortens (Buchholz et al. 1996; Atkinson et al. 2006;
Kawaguchi et al. 2006), with this equivalence known as ‘compensation.” The
compensation between IMP and IGR shown by the random effects estimates in Figure
2.6 indicates that animals that tend to have longer IMPs compensate absolute growth by
producing larger IGRs, and vice versa for animals that tend to have shorter IMPs, as
quantified by the estimated correlation of 0.52. The correlation at the within-animal level
was weaker, but more precisely estimated at 0.15 and indicates that this compensation
effect can operate at different moults within the same animal.

The compensation effect of faster moult times corresponding to slower growth
increments has been observed for crustaceans in general (Hartnoll 2001), but has never
been examined for krill (Kawaguchi et al. 2006). This study has, for the first time, been
able to confirm that there is such a compensation mechanism that operates at the
between- and within-animal level in krill. Candy and Kawaguchi (2006) noted that
confirmation and quantification of this compensation effect is required to generalise their
IMP/IGR-based growth trajectory to allow length distributions at given ages (and
seasons) to be predicted in addition to the mean trajectory they obtained.

2.6. Conclusion

The findings of this study further the integration between laboratory studies and
field based investigations on the growth and maturation of krill. Generally, krill are
difficult to maintain in close to natural conditions for long periods in a laboratory system.

Due to the well acclimated aquarium conditions and evidence of krill behaving

48



Chapter two: Temperature effects on growth and maturation

reasonably naturally (Kawaguchi et al. 2010), this study provides important information
on the seasonal cycle of growth and maturity, particularly during the relatively unknown
winter and spring period, which enables these results to complement modelling work
completed in the field. In addition, for the first time, this study has been able to confirm
that compensation mechanisms do exist between IMP and IGR in individual krill and to
quantify the degree of compensation at both the between- and within-animal levels. This
will allow modelling of growth trajectories in the wild to quantify the distribution of length
given age. Improved growth modelling of length trajectories with age and season,
especially in relation to temperature, is critical for the work of the Commission for the
Conservation of Antarctic Marine Living Resources (CCAMLR) for setting the
precautionary catch limits for the krill fishery (Candy and Kawaguchi, 2006). Future
studies will involve examining the energy budget and other physiological parameters to
understand the in situ effect of temperature on growth and reproduction. Additionally,
there is a need for improving the quality and/or quantity of food used in experiments so

as to come up with growth rates that are closer to those observed in the field.
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3.1. Abstract

A long-term experiment was conducted under controlled laboratory conditions to
investigate the influence of various light regimes on the maturation cycle of Antarctic krill
(Euphausia superba). Based on external sexual characteristics (female - thelycum and
male - petasma), krill exposed to a natural Antarctic light cycle, or to a fixed light/dark
regime, progress through a natural maturation cycle. However, when krill were
maintained in complete darkness following late summer light, at the timing of their sexual
regression, the rate of regression accelerated, and as a result, re-maturation occurred
three months earlier the following season. The ecological implications of this flexible
maturation cycle in response to darkness means that krill can flexibly adjust their
seasonal physiological cycle. Overall, krill must use a hierarchy of signals to help
coordinate its biological cycles, but it appears that light is possibly one of the most

important factors influencing the krill maturation cycle.
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3.2. Introduction

Antarctic krill (Euphausia superba, hereafter krill) is a keystone species of the
Antarctic ecosystem by playing a central role in the food chain and providing several top
order predators a major food source (Mangel and Nicol 2000; Alonzo et al. 2003a).
Despite this recognised importance and extensive research on krill, current knowledge of
the ecology and biology is far from complete and much still remains to be studied (Nicol
2003). Reproduction of krill is one of the most important characteristics to understand, as
reproductive output is a key factor influencing the overall population size. With such a
large biomass in the Southern Ocean and the predicted high fecundities and multiple
spawning events to support this population, krill require a large energy input (Miller and
Hampton 1989; Nicol et al. 1995; Quetin and Ross 2001). The major energetic cost of
reproduction for females is the accumulation of lipidic yolk for the mature oocytes in the
ovaries (Clarke 1980), and for males, are the processes of spermatophore production
and affixation to females (Pond et al. 1995; Virtue et al. 1996). Therefore, the
energetically demanding reproductive processes and the strength of the whole
population are reliant on receiving enough energy. This is thought to be influenced and
regulated by environmental parameters such as food availability, sea-ice extent,
photoperiod and temperature (Kawaguchi et al. 2007a).

Seasonal cycles of maturity in krill are apparently synchronised with seasonal
cycles of food, sea-ice and light in the Antarctic environment (Quetin and Ross 1991).
For example, following a summer spawning, females undergo a long gonadal resting
period and re-organisation of their ovary throughout winter (Denys and McWhinnie 1982;
Poleck and Denys 1982; Ikeda 1985; Thomas and lkeda 1987; Siegel et al. 2004;
Kawaguchi et al. 2007a). During the same period, the female external reproductive
organ, thelycum, regresses to an immature stage, before a progression and re-
maturation of sexual characteristics again during spring. This occurs in time for the
spring and summer phytoplankton blooms (Thomas and lkeda 1987; Kawaguchi et al.
2007a). Much less is known about the maturation of males, but it is thought that it occurs
before the females and it happens at a faster rate (Ross and Quetin 2000).

Understanding the flexibility of the krill maturation cycle is highly important,
particularly in relation to the adjustment and synchronisation to local environments, as
krill are believed to travel great distances, both latitudinally and longitudinally, within their
lifetime (Thorpe et al. 2007). However, to date there are a limited number of long-term

studies that have examined maturation under controlled laboratory conditions, and the
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mechanisms causing synchronisation between the seasonal development of krill maturity
and the seasonal cycles of environmental parameters are still subject to speculation
(Teschke et al. 2008).

The relationship between maturity development and environmental parameters is
uncertain in many crustaceans (Hartnoll 1985; Nelson 1991), especially pelagic species
because environmental factors are difficult to control for. The reproductive cycle of the
ovary in most crustaceans, including krill, has a period of vitellogenesis and undergo
spawning during favourable conditions, followed by a recovery period during low
productivity (Nelson 1991). Understanding the factors, particularly environmental, that
influence the timing and synchronisation of the reproductive cycles is a key area of
research in crustacean biology.

Previous laboratory studies have shown the influence of different simulated light
regimes on the maturation of krill (Hirano et al. 2003; Teschke et al. 2008). Both Hirano
et al. (2003) and Teschke et al. (2008) observed maturation of krill shortly after an
increase in photoperiod, demonstrating that maturity development of krill was either
directly or indirectly affected by differing simulated light regimes, which cue their overall
seasonal physiological cycle. Photoperiod has also been shown to influence the maturity
cycle of the lobster Homarus americanus. A short-day photoperiod appears to promote
primary maturation, but prevents secondary vitellogenisis, whereas, a long-day light
regime can cue vitellogenic initiation at any time in the lobster moult cycle (Nelson 1986).
However, Thomas and lkeda (1987) and Kawaguchi et al. (2007a) experimentally
induced krill maturation under conditions of constant food, temperature and darkness
and suggested that light is not an important factor. Thus, the seasonal cycle of krill
maturation may be controlled by an annual endogenous rhythm and not cued by a
changing photoperiod or food supply.

This experiment was designed as a first step to reconcile the previous conflicting
theories pertaining to photoperiod control of krill maturity under long-term laboratory
conditions. This study particularly helps understand the importance of the timing of
darkness to regulating their maturity/regression cycle and to provide further insights into

the flexibility of krill maturation and how it may be seasonally adjustable.

52



Chapter three: Maturation cycle of krill

3.3. Materials and methods
3.3.1 Collection of krill

Live Antarctic krill were collected on 3™ March 2006 (66°02'S, 79°32'E) using a
rectangular mid-water trawl net (RMT 8) (Baker et al. 1973) on board the RSV Aurora
Australis. Krill were transferred into 200-L tanks and maintained with a continuous supply
of seawater in a cold laboratory (0°C, dim light and no food) on board the ship. Once
north of the Polar Front, the continuous water supply was cut off and 50% of the tank

water was exchanged with freshly pre-chilled seawater each day.

3.3.2. Aquaria conditions

On return to the research aquarium at the Australian Antarctic Division in
Kingston, Tasmania, krill were kept in 1,170-L and 1,670-L holding tanks and acclimated
to the aquarium conditions (King et al. 2003) on 12" March 2006. The tanks were
maintained at 0.5°C, under light conditions that were adjusted to mimic the natural
Antarctic seasonal light cycle. Lighting was provided by twin fluorescent tubes. A
personal computer controlled-timer system was used to set a natural photoperiod
corresponding to that for the Southern Ocean (66°S at 30m depth). Continuous light and
a maximum of 100 lux light intensity at the surface of the tank (assuming 1% light
penetration to 30m depth) during summer midday (December), a sinusoidal annual cycle
with monthly variations of photoperiod and daily variation of light intensity was calculated
(Appendix C). At the start of each month, a new photoperiod was simulated by adjusting
the timer system (Kawaguchi et al. 2010).

For approximately two years after collection (March 2006 to February 2008), krill
were maintained in good condition under a natural light regime. Feeding regimes varied
during this time and between the two holding tanks. An algae mixture of the cultured
pennate diatom Phaeodactylum tricornutum, the cultured flagellates Gemingera sp. and
Pyramimonas geldicola, as well as Pavlova sp., Isochrysis sp. and Thallasasira sp.,
which are concentrated bulk feeds of instant algae mixed with seawater (Reed
Mariculture, California), and a commercial larval food (EZ-Larva mixed with seawater)
were fed to the krill daily with concentrations summarised in Table 3.1. Water flow into
the tanks was closed for two hours per day to enable the krill to feed as much as
possible, but avoid the risk of disease and fouling. During the two years of maintenance

prior to the experiment, krill maintained a maturity cycle that was expected of a wild
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population, i.e. maturation in spring/summer, regression in autumn and recovery and

early maturation in winter (R. King, personal observation).

Table 3.1. A table summarising the experimental food concentrations.

Cultured algae Instant algae
Phaeodactylum Gemingera  Pyramimonas | Thallasasira Pavlova Isochrysis EZ-larva
(cells mL™) (cells mL™) (cells mL™") (cells mL™")  (cellsmL™)  (cells mL™) (mLL™
Before 1,170-L Tank 4.4x10° 6.7 x 107 1.7x10° 3.2x10° 1.2x 10 4.7x10* 0.04
Experimentation
(Mar 06 - Feb 08) | 1,580-L Tank 3.3x 10 4.9 x 10 1.2x10° 2.4 x10° 8.9x10° 3.5x 10" 0.04
During Without light 1.3x10° 1.9x10° 49x10°
Experimentation
(Feb 08 - Jan 09) With light 1.3x10° 1.9x10° 49x10° 7.6x10° 2.8 x 10 1.1x10° 0.04

3.3.3. Experimental procedure

Approximately 300 krill of mixed sex were distributed into three cylindrical 100-L
tanks (~100 krill in each) situated within one 1,000-L rectangular container on February
15" 2008. An additional ~800 krill of mixed sex were distributed into a further four 100-L
tanks (~200 krill in each) on May 31% 2008. The entire system was connected to a
5,000-L chilled seawater recirculation system with a variety of filtration devices,
guaranteeing identical water quality and temperature (0.5°C) throughout the experiment.

Each tank was covered with a black lightproof plastic container with a sliding door
at the front to create a separate light compartment (Appendix G). Lighting was provided
by fluorescent tubes (Osram L18W/640 Cool White) covered with a filter film around the
outside (ARRI, Marine Blue 131) to reproduce a light spectrum close to an underwater
environment. Photoperiod and light intensity were controlled by a PC-controlled timer
system. The tanks were divided into three groups (Light 1, Light 2 and Dark) and
exposed to the following light regimes (Table 3.2; Appendix C).

The group ‘Light 1’ was comprised of three tanks starting on February 15™ with
complete darkness until the end of March, before the light intensity and duration
increased to mid-summer conditions, which concluded at the end of August and then
decreased until the end of the experiment in mid January 2009. The group ‘Light 2’ was
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comprised of two tanks starting on May 31 2008 with complete darkness until the end of
September and then a light regime that simulated October in the Southern Ocean was
exposed to the krill until the end of the experiment. Finally, the krill in group ‘Dark’ was
kept in two tanks, which originated from the same population as ‘Light 2’ and kept under
natural light regime in the stock population tank, and were then exposed to complete
darkness from the start of the experiment on May 31% 2008 until mid January 2009. For
one of the tanks in groups ‘Light 2’ and ‘Dark,” night vision equipment were used during
periods of complete darkness when the sliding door was opened. The use of night vision
equipment allowed all experimental procedures to be undertaken in complete darkness.
The reason for using night vision equipment on one tank was to check whether the light
from the use of torches affect the maturity of krill compared to a tank which gets no light
at all.

During periods of complete darkness, or when the light regime was simulated to
June in the Southern Ocean, the krill in all three experimental groups were fed daily with
Phaeodactylum tricornutum, Gemingera sp. and Pyramimonas geldicola. As soon as krill
were exposed to experimental light, the daily ration was increased with the addition of
instant algae; Thallasasira sp., Pavlova sp. and Isochrysis sp., as well as the commercial
larval food (EZ-Larva, approx. 0.04mL L) to the cultured algae diet with concentrations
summarised in Table 3.1. This was to reproduce minimum food availability in mid winter
in the field.

3.3.3.1 Rationale of light regimes

This experiment was designed to help understand the effects of light on krill
maturation cycles, especially the importance of the timing of darkness for regulating their
maturity/regression cycles. The photoperiod treatments were arbitrarily chosen and were
based on conflicting studies that have suggested the cyclic maturation of krill is directly
or indirectly induced by light (Hirano et al. 2003; Teschke et al. 2008), or light is not an
important factor to experimentally induce krill maturation (Thomas and lkeda 1987,
Kawaguchi et al. 2007a). Due to large logistical demands, a wider range of photoperiodic
regimes could not be implemented in further experiments and a gap between
experiments starting in February and June was unfortunate, but could not be avoided.
However, the krill that remained in the holding systems between February and June
under a natural photoperiod would have likely maintained a maturity cycle that was

expected of a wild population, i.e. a gradual regression that has been consistently
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observed in the aquarium conditions at the Australian Antarctic Division (R. King,
personal observation).

Table 3.2. A table showing the light regimes for the actual and perceived months for the three
experimental groups of krill: ‘Light 1’ (krill from 1,170-L holding tank), ‘Light 2’ (krill from 1,580-L
tank) and ‘Dark’ (krill from 1,580-L tank). In brackets is the maximum light intensity for that month,
measured in lux, or whether the tanks were in complete darkness. NVE: use of night vision
equipment on one of the tanks in ‘Light 2’ and ‘Dark’.

‘Light 1’ ‘Light 2’ ‘Dark’
(x 3 100-L tanks) (x 2 100-L tanks; (x 2 100-L tanks;
1 with NVE) 1 with NVE)
Actual Month Perceived Month Perceived Month Perceived Month
January Natural Antarctic light cycle Natural Natural
February June (dark) Antarctic Antarctic
March June (dark) Light Light
April October (60 lux) Cycle Cycle
May October (60 lux)
June November (80 lux) June (dark) June (dark)
July December (100 lux) June (dark) June (dark)
August December (100 lux) June (dark) June (dark)
September January (80 lux) June (dark) June (dark)
October February (60 lux) October (60 lux) June (dark)
November March (40 lux) October (60 lux ) June (dark)
December April (20 lux) October (60 lux) June (dark)
January April (20 lux) October (60 lux) June (dark)

3.3.4. Determination of sexual maturity stages

The tanks were checked daily for moults and mortality, and if observed, they
were collected, grouped into each week and preserved in 70mL jars with 10% formalin
seawater. The sexual maturity stages of males and females were determined by
assessing the degree of the petasma or thelycum development according to the
technique developed by Bargmann (1945), which was later modified by Makarov and
Denys (1980) and Thomas and lkeda (1987). Maturity stage was assigned a value
between 1 and 5 for both males and females corresponding to the stages: 1=Juvenile;
2=2MA, 2FB; 3=2MB, 2FC; 4=2MC, 2FD; 5=3M, 3FA. Higher numbers represent greater
maturity. The maturity staging system with corresponding scores is summarised in

Appendix A. Since there is a transition between maturity scores, there was often difficulty

56



Chapter three: Maturation cycle of krill

in determining whether the animal had progressed fully to the next stage or not. In these
instances, the krill was identified as a 0.5 value (i.e. stage 3.5 or 4.5).

3.4. Results

There was no significant difference (P>0.1) in the maturation of krill between the
tanks with or without the use of night vision equipment, which suggests the effect of
exposure to torch lights during daily experimental handlings for the dark treatments is
negligible. Therefore, the data were pooled together for each individual treatment. The
mean maturity scores (xSD) of the individual light experiments are shown in Figure 3.1,
which are plotted against the time of year for (a) female and (b) male krill. In total, 1,289
individual moulted exoskeletons were measured from all experimental treatments. The
percentage of males was generally lower (29%) when compared to female krill (71%).

Female krill in experimental treatment ‘Light 1° showed a sharp regression in
maturity (Figure 3.1a), from full sexual maturity at stage 5 to a mean immature stage 3,
when the photoperiod was changed from late summer conditions to complete darkness.
After a short period of complete darkness, female krill in ‘Light 1’ were then provided with
an increasing light regime (starting with October — 60 lux) in April 2008, and then re-
maturation commenced, with overall full sexual maturity reached in June. Regression of
maturity occurred in September 2008, after the mid-summer light conditions ceased at
the end of August, and the strength and duration of light gradually declined until the end
of the experiment. A similar trend was also observed for males in ‘Light 1’ (Figure 3.1b),
however, the regression and re-maturation was not as pronounced.

Krill in experimental treatments ‘Light 2° and ‘Dark’ began in complete darkness
in June 2008, after being maintained under natural photoperiod. Krill maturity scores
were predominantly 3 in June, which means that krill were still at a low maturity score
compared to fully matured females and mostly matured males in the ‘Light 1’ treatment
at the same time. Female and male krill in both ‘Light 2° and ‘Dark’ progressed in
maturity regardless of light conditions. Krill reached full maturation in approximately

September 2008 and remained so until the end of the experiment in mid January 2009.
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Figure 3.1. Mean maturity scores (+SD) for a) female and b) male krill in the individual light
experiments across months (refer to Table 3.2 and Appendix C for detailed information about the
actual light treatments for Light 1, Light 2 and Dark).

3.5. Discussion

The results from this current study exposed one of a number of mechanisms that
are likely to link photoperiod to maturation cycles. In particular, this study demonstrated
that complete darkness at the period when krill commence sexual regression rapidly
accelerated the rate of maturity regression in both males and females (‘Light 1°). This
was followed by earlier re-maturation the following reproductive season compared to
other groups of krill maintained in a fixed light regime (‘Light 2’ and ‘Dark’) or even under
a natural Antarctic light cycle (Chapter 2). On the other hand, continuous darkness did

not have any effect on the rate of progression in krill maturity. This strongly suggests that
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the timing of specific light regimes, in this case the timing of darkness, is playing an
important role in governing the rates of the krill maturation cycle and that krill can flexibly
adjust their seasonal physiological cycle. These results are further presented in a
conceptual model (Figure 3.2), which shows krill maturity scores under the various light

regimes for each experimental treatment.
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Figure 3.2. A schematic showing female maturity scores under the various light regimes across
months; Light 1, Light 2 and Dark (Maturity scores: 1= Juvenile; 2=2FB; 3=2FC; 4=2FD; 5=3FA,
sexually mature). Note the dotted line for the maturity scores in the Light 2 and Dark treatments
represents the assumed maturity scores before commencement of experiment. A similar
representation is expected for male maturation.
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The seasonal maturation of krill involves a short summer spawning period when
environmental conditions are favourable (Ross and Quetin 2000). During this period,
females undergo successful cycles of maturation, vitellogenesis and spawning to
produce multiple egg batches until the end of the reproductive season (Cuzin-Roudy
2000). Following the summer reproductive season, krill enter a long period of gonadal
rest and ovary re-organisation, as well as a regression of external sexual characteristics
for both females (thelycum) and males (petasma) during autumn and winter. At the
beginning of the next reproductive season, the secondary sexual characteristics
progressively develop into a fully mature form once again to repeat the reproductive
processes (Thomas and Ikeda 1987; Kawaguchi et al. 2007a).

The habitat of krill is dominated by extreme seasonal changes in sea-ice extent,
food availability and photoperiod, and thus, the timing of this maturation cycle is very
important for krill's overall reproductive success (Kawaguchi et al. 2007a). The re-
maturation process especially needs to be coupled with the spring phytoplankton blooms
and overall higher food availability to satisfy the energetic demands for successful
reproduction (Ross and Quetin 2000).

To help coordinate its maturation cycle, krill must use a hierarchy of signals. For
example, day length and mean water temperature varies with latitude in the Southern
Ocean (Figure 3.3). Krill inhabiting areas further south in the Southern Ocean experience
a shorter summer period, as well as cooler water temperatures, due to longer-dark days
occurring sooner compared to lower latitudes (Knox 1994). Since krill are capable of
travelling great distances across many degrees of latitudes within a single season
(Thorpe et al. 2007), an individual krill may receive different photoperiodic signals from
one year to the next. Therefore, krill must synchronise its reproductive activity to spawn
in periods of greatest productivity wherever it is. In higher latitudes, midwinter provides
complete darkness and krill may need to rely on an internal clock system to be set so
that physiologically processes can be performed at the correct time (Thomas and Ikeda
1987; Kawaguchi et al. 2007a; Teschke et al. 2007, 2008). On the other hand, krill need
to adapt to a reduced mid-winter light at lower latitudes to control physiological
processes. As a result, krill exhibit flexible physiological cycles to cope with varying
environmental conditions, which need to be synchronised.

This experiment has shown that the timing of the krill maturation cycle is flexible
and can be manipulated by inducing rapid regression with a period of darkness, and the

overall seasonal maturational cycle can be re-scheduled. Previous laboratory studies
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have shown the influence of different simulated light regimes on the maturation of krill
(Hirano et al. 2003; Teschke et al. 2008). Both Hirano et al. (2003) and Teschke et al.
(2008) observed maturation of krill shortly after an increase in photoperiod,
demonstrating that maturity development of krill was either directly or indirectly affected
by differing simulated light regimes, which cue their overall seasonal physiological cycle.
The timing of photoperiod has also been shown to influence the maturation and moult
cycles of the lobster Homarus americanus, and thus, photoperiod can cue whether or not
lobsters commit to reproduction in that season (Nelson 1991). However, in our study,
whether acceleration in regression was due to increased moulting frequency or larger
increments of reduction per moulting event is yet to be solved. Overall, it appears that
photoperiod is a key factor in controlling the timing of maturity development in all

crustaceans.
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Figure 3.3. Latitudinal variation in day length and mean water temperature during the year
between 50° and 70°S. Source of data (approximate) from: Knox (1994), Nicol et al. (2000) and
Whitehouse et al. (2008).
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3.6. Conclusion

Our findings demonstrated that an accelerated rate of maturity regression occurs
when krill commence sexual regression under complete darkness. As a result, this
experiment has exposed one of a number of mechanisms that are likely to link
photoperiod to maturation cycles. Krill are capable of adjusting their seasonal biological
cycles to cope with varying environmental conditions. To do so successfully, krill must be
flexible and use a hierarchy of signals to help coordinate its physiology, and it appears
the timing of specific light regimes, particularly the timing of darkness, plays an important

role in the krill maturation cycle.
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4.1. Abstract

Antarctic krill is thought to undergo an annual cycle of biological processes to
cope with seasonal changes in their environment. The question of whether, and to what
degree, seasonal environmental parameters such as photoperiod, food availability and
temperature govern metabolism in krill is not clear. In this long-term laboratory study,
respiration rates were determined in krill incubated under simulated natural light cycle or
total darkness, subjected to fed or starved conditions and in krill kept at different
temperatures (-1°C, 1°C and 3°C). There was a strong and significant increasing trend of

respiration rates with month in all experimental treatments. In August (late winter), the
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mean respiration rates ranged between 0.22 — 0.35 yL O, mg DW™ hr! for krill in both
simulated seasonal light and complete darkness, and 0.25 — 0.26 yL O,mg DW™" hr™ for
both fed and starved krill. Mean maximal respiration rates were recorded in October and
December for all light and feeding treatments (0.46 — 0.56 pyL O, mg DW™ hr). Mean
respiration rates for krill in the temperature treatments ranged between 0.24 — 0.30 uL
0O, mg DW" hr' in September reaching mean maximal rates in November and February
(0.60 — 0.71 pyL O, mg DW™" hr"). The covariate total length of krill was found to be non-
significant and there was no significant interaction of experimental treatment with month
or generally the main effect of each treatment. Results here suggest that light, food
availability and temperature may not be the dominant environmental variables to cue

seasonal changes in metabolic activity.

4.2. Introduction

Antarctic krill, Euphausia superba (hereafter krill), is a dominant pelagic species
in the Southern Ocean and has significant economic and ecological importance (Miller
and Hampton 1989; Mangel and Nicol 2000; Alonzo et al. 2003a). Their overall success
and high biomass is due to their ability to adapt to large seasonal changes in their
environment; mainly sea-ice extent, food availability and light intensity and duration
(Quetin and Ross 1991). Currently, there are various theories on the overwintering
strategies of krill (Quetin and Ross 1991). The reduced primary productivity in the ocean,
for up to eight months of the year, requires krill to adopt a range of strategies to survive
and avoid periods of starvation (Quetin and Ross 1991; Virtue et al. 1993a; Hagen et al.
2001, 2007). Such strategies include overall body shrinkage and protein catabolism
(Ikeda and Dixon 1982, Nicol et al. 1992), utilisation of lipid reserves (Clarke 1984;
Quetin and Ross 1991; Hagen et al. 1996; Virtue et al. 1996; Hagen et al. 2001),
switching to a more omnivorous (Clarke 1980; Mauchline 1980; Price et al. 1988) and/or
carnivorous (Huntley et al. 1994; Atkinson et al. 2002; Hagen et al. 2007) diet, as well as
feeding on ice-algae (Marschall 1988; Stretch et al. 1988) and sea-floor detritus
(Kawaguchi et al. 1986), and suppression of metabolism (Kawaguchi et al. 1986; Quetin
and Ross 1991; Torres et al. 1994).

Respiration rates of krill have been extensively studied in the past (i.e. Rakusa-
Suszczewski and Opalinski 1978; Segawa et al. 1979, 1982; lkeda and Mitchell 1982,
Hirche 1983; Ikeda 1984b; lkeda and Dixon 1984; Kawaguchi et al. 1986; Opalinski
1991; Quetin and Ross 1991; Atkinson et al. 2002; Swadling et al. 2005; Teschke et al.
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2007), but understanding the physiological responses of krill to a changing environment
is scarce. Information on respiration rates over a long period, spanning a complete
maturity cycle, is therefore essential for a greater understanding of krill metabolism. A
major question that is still unanswered is whether the observed decrease in metabolism
in winter is caused simply by reduced food availability. Other important influential
environmental factors may include photoperiod, temperature, or more complicated, an
endogenous annual rhythm that is affected by a strong seasonal cue in the Southern
Ocean.

Reduced metabolic rate and feeding activity are suggested to be the most
effective energy-saving mechanisms for adult krill during the less productive months
(Quetin and Ross 1991). Nevertheless, Huntley et al. (1994) suggests that starvation,
body shrinkage and reduced metabolism are not common for krill in winter given they
found winter krill feeding carnivorously and excreting at summer rates. This contrasts
with Atkinson et al. (2002) who demonstrated that respiration and clearance rates of
juvenile and adult krill during autumn were only one-third of summer rates, which even
failed to increase after 11 days of abundant food. Whereas, during the summer season
of the same study, Atkinson and Snyder (1997) concluded that the metabolic and
feeding activity of krill did respond positively to periods of high food concentrations.
Irrespective of feeding conditions, Teschke et al. (2007) revealed for the first time that
the environmental light regime triggers the changes in metabolic rates of krill, suggesting
the Antarctic light cycle is possibly the most important effect on the physiological
parameters of krill.

One of the main characteristics of the Southern Ocean is that water temperatures
remain within a narrow range, with an annual variation rarely exceeding 5°C (Knox
1994). An increase in temperature increases growth rate and metabolic activity in
crustaceans (Hartnoll 2001). Studies by McWhinnie and Marciniak (1964), Rakusa-
Suszczewski and Opalinski (1978) and Segawa et al. (1979) all conclude that respiration
rate increased with increasing temperature for krill. However, to date, no study has
examined the effects of this narrow temperature range on krill physiology within the
context of other environmental factors varying over a long-term.

In the present investigation, a long-term controlled experiment was conducted in
the laboratory using krill that were incubated under different light, food and temperature

regimes. The objectives were to test, and to determine, which of these key
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environmental factors dictate krill respiration rates between the critical period of

maturation in late winter/early spring and sexual regression in late summer/early autumn.

4.3. Materials and Methods
4.3.1. Collection of krill

Live Antarctic krill were collected on 7™ February 2005 (66°15'S, 74°45'E) and 3"
March 2006 (66°02'S, 79°32'E) using a rectangular mid-water trawl net (RMT 8) (Baker
et al. 1973) on board the RSV Aurora Australis. The water temperature during krill
capture was -1°C. Krill were transferred into 200-L tanks and maintained with a
continuous supply of seawater in a cold laboratory (0°C, dim light and no food) on board
the ship. Once north of the Polar Front, the continuous water supply was cut off and 50%

of the tank water was exchanged with freshly pre-chilled seawater each day.

4.3.2. Aquaria conditions

On return to the research aquarium at the Australian Antarctic Division in
Kingston, Tasmania, krill were acclimated to the aquarium conditions (King et al. 2003).
Krill were maintained under light conditions that were adjusted throughout the
experimental period to mimic the natural Antarctic seasonal light cycle. Lighting was
provided by twin fluorescent tubes. A personal computer controlled-timer system was
used to set a natural photoperiod corresponding to that for the Southern Ocean (66°S at
30m depth). Continuous light and a maximum of 100 lux light intensity at the surface of
the tank (assuming 1% light penetration to 30m depth) during summer midday
(December), a sinusoidal annual cycle with monthly variations of photoperiod and daily
variation of light intensity was calculated (Appendix C). At the start of each month, a new
photoperiod was simulated by adjusting the timer system (Kawaguchi et al. 2010).

Krill were kept in eight different experimental conditions (natural light cycle or
complete darkness, fed or starved conditions and temperatures ranging between -1°C
and 3°C), as outlined in Table 4.1. An algae mixture of the cultured pennate diatom
Phaeodactylum tricornutum, and the flagellates Pavlova sp. and Isochrysis sp., and
diatom Thallasasira sp., which are concentrated bulk feeds of instant algae mixed with
seawater (Reed Mariculture, California), and minced clam meat were fed at various

regimes summarised in Table 4.1.
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Table 4.1. Summary of the experimental conditions.

Tank Experimental Tank Photoperiod Temperature Diet Measurement dates and
Period Size (L) (°C) (Feeding regime below) Symbols in Figure 4.4
H1 Feb-05 to Apr-06 1,670 Darkness 0.5 Phytoplankton + clam Aug-05, Sept-05, Oct-05, Dec-05
u u | |
H2 Feb-05 to Apr-06 1,670 Natural 0.5 Phytoplankton + clam Aug-05, Sept-05, Oct-05, Dec-05
A A A
Jul-05 to Apr-06 100 Natural 0.5 Phytoplankton Aug-05, Sept-05, Oct-05, Dec-05, Mar-06
] [ ] L ] ®
Jul-05 to Apr-06 100 Natural 05 Phytoplankton + clam Aug-05, Sept-05, Oct-05, Dec-05, Mar-06
* +* * *
c Jul-05 to Apr-06 100 Natural 0.5 Starved Aug-05, Sept-05, Oct-05, Dec-05, Mar-06
X X X X
-1 Mar-06 to May-07 600 Natural -1 Phytoplankton + clam Sept-06, Nov-06, Feb-07, Apr-07
A A A
1 Mar-06 to May-07 600 Natural 1 Phytoplankton + clam Sept-06, Nov-06, Feb-07, Apr-07
| | =
3 Mar-06 to May-07 600 Natural 3 Phytoplankton + clam Sept-06, Nov-06, Feb-07, Apr-07
[ ] [ ]

Feeding regime (Approx. cells/ml)

Tank Phaeodactylum  Thallasasira  Pavlova Isochrysis Clam
H1 1.3x10* 3x10¢ 3x 104 3Ix 104 ~ 1g per 200 krill
H2 1.3 x 104 3Ix 104 3Ix 104 3Ix104 ~1g per 200 krill
1.3 x10¢ 3x 104 3x 104 3x104 ~ 1g per 200 krill
B 1.3x10% Ix 104 Ix104 3Ix 104 ~ 1g per 200 krill

c Starved™ Starved™™ Starved™ Starved** Starved™
-1 4.3 x 104 1.8x10°% 6.7 x10° 2.6x10% ~ 1g per 250 krill
1 4.3 x 10* 1.8x10% 6.7 x 10° 26x104 ~ 1g per 250 krill
3 4.3 x10° 1.8x 10 6.7 x 102 26x 104 ~ 1g per 250 krill

** Although no food was given to Tank C, the entire tank system was setup in a single water circulation system, so we could not establish a
completely food-free environment, and therefore, they may have been exposed to a low level of food.



Chapter four: Respiration rates of Antarctic krill

4.3.3. Measurement of respiration rates

Respiration measurements were conducted in filtered seawater (0.1um pore
size). From each of the experimental tanks, four random krill were selected and
incubated individually in 1.2-L glass reagent bottles filled with filtered seawater at the
various time points. Krill were rinsed with filtered water that was acclimated to the correct
temperature and added to the bottle. Two controls of the same volume without krill were
also taken for each experimental treatment. The krill and control bottles were incubated
for 24 hours. At the end of the incubation period, oxygen concentrations were measured
after immediate fixing for Winkler titrations, as described in Omori and lkeda (1984) and
Meyer et al. (2002) by the use of a titrator; 716 DMS Titrino (METROHM). The total
length (TL) of krill was measured (Standard Length 1, Appendix F) and the dry weight
(DW) was calculated using the following equation:
DW = (POWER(1.082,TL))*4.009

4.3.4. Statistical analysis

The data was analysed using the GenStat package (Lawes Agricultural Trust
2007) to provide an ANOVA for each dataset and for the corresponding treatment
applied in each. Initially, the TL was also included as a covariate in each ANOVA. A
trend analysis with month was also determined by using a decomposition of the month
factor sums of squares into linear and quadratic orthogonal polynomial components with
the remainder degrees of freedom used to obtain a lack-of-fit statistic. To do this, a
continuous version of the month factor was created as a variable using integers 1
(August) through to 9 (April), even though for each treatment only some of these months
were measured. For the temperature treatment a similar orthogonal polynomial
decomposition was applied, but restricted to linear and lack-of-fit terms since there were
only three temperature levels tested. Residual plots and histograms combined with
normal quantile-quantile plots for each variable were used to examine whether or not the
assumptions of homogeneous variance and normal distribution for the residuals were

reasonable.

4.4. Results
Respiration rates were not significantly different (P>0.05) between the randomly
selected males and females at each of the measured time points so the data was

combined for sex in all experimental conditions. There was a significant and strong
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increasing trend with month, which showed an increase in respiration rate from late
winter to summer in all experimental treatments (Table 4.2, Figures 4.1, 4.2 and 4.3).
Mean respiration rates for krill on a DW basis in the treatments natural light versus
complete darkness were 0.22 and 0.35 pyL O, mg DW™" hr', respectively, in August
(Figure 4.1) and gradually increased to December (0.46 and 0.56 pyL O, mg DW™ hr”,
respectively). Mean respiration rates for krill in the treatments fed versus starved in
August ranged between 0.25 — 0.26 yL O, mg DW™ hr (Figure 4.2), showing a gradual
increase into summer. Krill in Tank A (phytoplankton plus clam) reached mean maximal
rates in December (0.51 yL O, mg DW™ hr'"), with similar rates measured at the end of
the experiment in March. Krill in Tank B (phytoplankton only) reached mean maximal
respiration rates in October (0.51 yL O, mg DW™ hr'), and the mean respiration was
stabilised at approximately these rates throughout summer until March. Kirill in Tank C
(starved), however, reached maximal respiration rates in October (0.53 uL O, mg DWW
hr'"), which then decreased in December and March (0.39 and 0.43 yL O,mg DW™" hr”,
respectively). Under natural photoperiod, mean respiration rates of krill under varying
temperature regimes (-1°C, 1°C and 3°C) increased from September (means ranging
between 0.24 — 0.30 yL O, mg DW™ hr'') to reach mean maximal rates in November and
February (0.60 — 0.71 uL O, mg DW™" hr'"), before a slight decrease in April (0.50 — 0.57
uL O, mg DW ™" hr"), under constant food conditions (Figure 4.3).
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Table 4.2. ANOVA table for each of the experimental treatments with the linear and quadratic
orthogonal polynomial decomposition. The covariate total length (TL) was non-significant and
therefore not included in this table.

Photoperiod Treatment

Source of

Variation d.f. S.S. m.s. V.I. F pr.
Month 3 0.223508 0.074503 8.85 <.001

Lin 1 0.216683 0.216683 25.75 <.001

Quad 1 0.006545 0.006545 0.78 0.387

Deviations 1 0.00028 0.00028 0.03 0.857
Treat 1 0.076238 0.076238 9.06 0.006
Month.Treat 3 0.005521  0.00184 0.22 0.882

Lin.Treat 1 0.000176  0.000176 0.02 0.886

Quad.Treat 1 0.000735 0.000735 0.09 0.77

Deviations 1 0.00461 0.00461 0.55 0.466
Residual 24 0.201966 0.008415
Total 31 0.507233

Feeding Treatment

Source of

Variation d.f. S.S. m.s. V.I. F pr.
Month 4 0.471441  0.11786 27.84 <.001

Lin 1 0.284949  0.284949 67.3 <.001

Quad 1 0.13034 0.13034 30.78 <.001

Deviations 2 0.056152  0.028076 6.63 0.003
Treat 2 0.007535 0.003767 0.89 0.418
Month.Treat 8 0.116958  0.01462 3.45 0.126

Lin.Treat 2 0.018341  0.00917 217 0.768

Quad.Treat 2 0.002251 0.001126 0.27 0.77

Deviations 4 0.096366  0.024092 5.69 <.001
Residual 45 0.190528 0.004234

Total 59  0.786462
Temperature Treatment

Source of
Variation d.f. S.S. m.s. V.I. F pr.
Month 3 1.098843 0.366281 88.34 <.001
Lin 1 0.339628 0.339628 81.91 <.001
Quad 1 0.679799 0.679799 163.96 <.001
Deviations 1 0.079415 0.079415 19.15 <.001
Treat 2 0.012389 0.006195 1.49 0.238
Lin 1 0.011074 0.011074 2.67 0.111
Deviations 1 0.001315 0.001315 0.32 0.577
Month.Treat 6 0.036872 0.006145 1.48 0.212
Lin.Lin 1 0.000287 0.000287 0.07 0.794
Quad.Lin 1 0.00015 0.00015 0.04 0.85
Lin.Dev 1 0.004281 0.004281 1.03 0.316
Dev.Lin 1 0.17545 0.17545 4.23 0.047
Quad.Dev 1 0.010527 0.010527 2.54 0.12
Deviations 1 0.004082 0.004082 0.98 0.328
Residual 36 0.149261 0.004146
Total 47  1.297366
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Figure 4.1. Mean respiration rates on a dry weight (DW) basis (uL O, mg DW’ hr'1) for the
photoperiod treatment (natural light versus complete darkness). The Standard Error of Difference
bar (s.e.d) is based on the residual mean square (m.s.) given in Table 4.2 and the sample of four
krill in each treatment by month combination and gives the standard error of the pairwise
differences in means for a given month. Any differences that are more than twice the length of the
s.e.d. bar based on a t-statistic of 2.0 can be considered significant at the 95% level.
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Figure 4.2. Mean respiration rates on a dry weight (DW) basis (uL O, mg DW’ hr'1) for the
feeding regime treatment (fed versus starved krill). The Standard Error of Difference bar (s.e.d) is
based on the residual mean square (m.s.) given in Table 4.2 and the sample of four krill in each
treatment by month combination and gives the standard error of the pairwise differences in
means for a given month. Any differences that are more than twice the length of the s.e.d. bar
based on a t-statistic of 2.0 can be considered significant at the 95% level.
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Figure 4.3. Mean respiration rates on a dry weight (DW) basis (uL O, mg DW hr'1) for the
temperature treatment (-1°C, 1°C and 3°C). The Standard Error of Difference bar (s.e.d) is based
on the residual mean square (m.s.) given in Table 4.2 and the sample of four krill in each
treatment by month combination and gives the standard error of the pairwise differences in
means for a given month. Any differences that are more than twice the length of the s.e.d. bar
based on a t-statistic of 2.0 can be considered significant at the 95% level.

The covariate TL was non-significant and there was no significant interaction of
treatments with the above trend of month. Residual plots and histograms combined with
normal quantile-quantile plots (graphs not shown) showed that the assumptions of
homogeneous variance and normal distribution for the residuals were reasonable for
each dataset. The mean respiration rates were lower in the natural light treatment
compared to complete darkness, and the same trend with month was evident for both
treatments (Figure 4.1). This was determined from the ANOVA since a significant
interaction between treatments in this trend was not detected. However, the main effect
of treatment was significant (P<0.01) (Table 4.2), as expressed in the lower respiration
rates for the natural light regime (Figure 4.1). The corresponding mean difference
detected by the main effect term (i.e. averaged over months) was 0.097 with SE of 0.023.

For the food treatments, despite the general increasing trend in respiration rate
with month for all treatments (significant “lin” and “quad” terms in Table 4.2, Figure 4.2),

there was a somewhat strange result for the food treatments in October, which showed

73



Chapter four: Respiration rates of Antarctic krill

respiration rates for animals fed with phytoplankton and clam were significantly lower
than those krill fed with phytoplankton only and the starved treatment (Figure 4.2). This
caused the trend analysis (lin+quad) to have a significant lack-of-fit (“Deviations” terms
in Table 4.2) for both the month main effects and month by treatment interaction.
However, there is little in the way of useful inferences that can be drawn from this since,
overall, there was no significant interaction of month with treatment or main effect of
treatment (Table 4.2).

There was a general increasing trend in respiration rate with month for all
temperature treatments, but no significant interaction with treatment or main effect of
treatment (Table 4.2). The significant lack-of-fit term (i.e. “Deviations”) for the month
decomposition for the temperature treatment is due to the very sharp increase in
respiration rate between September and November, which is difficult to model using a
2" degree polynomial. The “Dev.Lin” term in the decomposition of the month by
treatment interaction represents the difference in the linear trend with temperature of
each month’s deviations from the fitted 2" degree polynomial and is only just significant
at the 5% probability level. This is due to the reversal of the order of treatments with
respect to respiration rate for September for which the 1°C regime gave the highest rate
which was not the case for the other months. However, considering the length of the
S.E.D bar in Figure 4.3 relative to the differences between temperatures for each month
considered separately indicates a lack of statistical significance and combined with this,
the marginally significant “Dev.Lin” term, makes any strong inferences drawn from the
significance of this term unjustified.

Individual respiration rates, as a function of total length, were compared to a field
based study by Quetin and Ross (1991) (Figure 4.4). Laboratory data from this study
was generally observed to fall between Quetin and Ross’ (1991) winter (July -1.5°C —
not feeding) and summer (January 2°C — feeding) trend lines, which represented the
relationship between total length and oxygen consumption from the wild in Bransfield
Strait.
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Figure 4.4. Laboratory and field measurements of respiration rates (UL O, ind” hr', on a logarithmic scale) of Antarctic krill as a function of total
length (mm). The two trend lines are an approximate representation of Quetin and Ross (1991) field respiration measurements in the summer
(January 2°C) and winter (July -1.5°C) at Bransfield Strait for krill between 30 and 55mm in length. Laboratory measurements are represented by

the coloured symbols at various time points (combined sex) and experimental conditions (natural light versus complete darkness, fed versus
starved krill and temperatures between -1°C and 3°C). Refer to Table 4.1 for details on experimental conditions.
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4.5. Discussion

There was a strong increasing trend of respiration rate with month, with
respiration increasing from late winter/early spring to late summer/early autumn,
during the important and energy consuming maturation and regression process of
krill, under all experimental conditions; natural Antarctic light cycle versus complete
darkness, fed versus starved krill and krill subjected to different temperature regimes
(-1°C, 1°C and 3°C). The covariate total length of krill was found to be non-significant
and there was no significant interaction of experimental treatment with month or main
effect of each treatment. Overall, although the power to detect a difference was low,
the results from this study indicate that the three experimental parameters (light, food

and temperature) were not directly involved in governing the respiration rates of krill.

4.5.1. Food availability

Recruitment and population size of krill are strongly influenced and dictated
by the survival success during the dark and less productive winter (Quetin and Ross
1991; Siegel and Loeb 1995; Siegel 2000b; Atkinson et al. 2002). Krill undertake a
variety of strategies to avoid starvation during reduced primary productivity. Krill are
known to exploit many types of food resources in the wild so the chances they will
actually encounter overall food shortages may be small (Siegel and Nicol 2000). Krill
almost certainly exploit whatever particulate matter is in the water column including
elements of the microbial loop and marine snow (Clarke and Tyler 2008), as well as
ice-algae (Marschall 1988; Stretch et al. 1988) and sea-floor detritus (Kawaguchi et
al. 1986). Krill also feed carnivorously (Huntley et al. 1994; Atkinson et al. 2002;
Hagen et al. 2007). Lowering overall feeding activity and metabolism are also
suggested as overwintering strategies (Kawaguchi et al. 1986; Quetin and Ross
1991; Torres et al. 1994). It is difficult to recognize and interpret whether metabolic
rates are the result of changes in feeding activity, or vice versa, feeding activity is
reflected by the changes in metabolic rates (Teschke et al. 2007). According to lkeda
and Dixon (1984), an increase in metabolic activity in krill was reported to follow the
ingestion of food.

Quetin and Ross (1991) showed that oxygen consumption in a large size
range of adult krill from Bransfield Strait was 33% higher in a summer experimental
setup (January, 2°C) compared to winter (July, -1.5°C). They suggested that adult
krill do not feed in winter, and have considerably lowered metabolic rates and
negative or zero growth rates. Huntley et al. (1994) examined krill west of the
Antarctic Peninsula during winter (July-August) and the preceding summer

(December-January) in a region similar to that of Quetin and Ross (1991). Huntley et
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al. (1994) demonstrated that krill fed on a carnivorous diet during winter, particularly
copepods, which enabled them to sustain growth comparable to that of summer.
They further suggested that starvation, body shrinkage and reduced metabolism is
not common for krill during winter, but instead, carnivory is sufficient for growth and
to meet energy requirements until phytoplankton blooms occur in spring.

Under constant food supply in this study, krill were observed to be feeding
year round. The digestive glands were dark green and healthy looking during the
experiment (personal observations), indicating that krill were continuously feeding
(Kawaguchi et al. 1999; Nicol et al. 2004). Total lipid and fatty acid content and
composition analysis of the digestive gland (Chapter 6) and the whole body of krill
(Chapter 5) also showed that krill were actively feeding year round.

Our results may help interpret respirations rates reported in winter krill by
Quetin and Ross (1991). Despite constant year round feeding, a reduction in
respiration rates was observed in the current study in all experimental krill during the
non-summer months on a dry weight basis. Respiration rates also increased in krill
with month in both fed and starved krill. At an individual level, the recorded
respiration from krill in the laboratory was distributed fully within the whole range of
those measured from summer (feeding) and winter (non-feeding) field experiments
by Quetin and Ross (1991), as shown in Figure 4.4. This demonstrated the fact that
respiration rates of well fed krill under simulated winter conditions were similar to
those non-feeding winter observations from the field. These krill in Bransfield Strait,
despite the fact there may be limited sea-ice, may in fact be feeding to some extent
and not starving as it has been suggested (Quetin and Ross 1991). Their conclusions
came about from observing that both the faecal pellet production and ingestion of
phytoplankton in winter were less than 3% of summer rates, suggesting that adult krill
did not derive a large proportion of their energy from carnivory. From our
observations, we conclude that when food density is low, krill tend to retain their gut
content and do not excrete at the same rate as when they are fully fed, which could

have also been the case in wild krill from Quetin and Ross (1991).

4.5.2. Temperature

Krill is considered to be stenothermal and is sensitive to slight changes in
temperature and even other environmental change (Wiedenmann et al. 2008).
Temperature has been shown to influence the frequency of moulting in krill, and thus,
affect overall growth rates, which can vary considerably, even within a narrow annual
temperature range that is observed in the Southern Ocean (Nicol 2000; Chapter 2).
McWhinnie and Marciniak (1964), Rakusa-Suszczewski and Opalinski (1978) and
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Segawa et al. (1979) have also suggested that temperature is a key environmental
factor influencing the metabolism of krill, with increasing respiration rates with
increasing temperature (0°C to 5°C, -1°C to 2.4°C, and -1.5°C to 5°C, respectively).
This is generally true up to 5°C, but above this temperature, krill are probably
thermally stressed (Mayzaud et al. 2000; Atkinson et al. 2006). This relationship
between temperature and respiration has been reported for another euphausiid
species. Respiration rates in Thysanoessa longipes in the Japan Sea increased
exponentially with an increase of temperature from 0°C to 8°C (lguchi and lkeda
2005).

In our study, however, there was no significant interaction with the
temperature treatments (-1°C to 3°C) and month or main effect of temperature,
indicating that temperature was not a key environmental variable to cue changes in

metabolic activity.

4.5.3. Photoperiod

Light intensity and duration has strong seasonality in the Southern Ocean,
from near-constant light in December to near-constant darkness in June. Photoperiod
has been suggested as the likely trigger and possibly has the most important effect
on the changes in metabolic activity of krill (Teschke et al. 2007). The respiration of
krill in the starved and fed treatments, as well as krill in the various temperature
regimes in our study, increased with month during the stages of maturation and
sexual regression under a natural light period. These results may suggest that
photoperiod also has a significant influence on krill metabolic rates. However, the
respiration rates of krill were higher in the complete darkness compared to a natural
light treatment, with the same increasing trend with month. There was no significant
interaction between treatments, but when all data was pooled, to increase the power
of the test, the main effect of treatment was significantly different (P<0.01). These
results oppose those by Teschke et al. (2007) who reported a significant decrease in
respiration rates in krill incubated under complete darkness compared to light.
Experimental conditions were different between these studies, with a tank size of
100-L used by Teschke et al. (2007), and 1,670-L in the present study. A larger tank
may have facilitated an increase in swimming activity inducing higher respiration
rates in this study. Additionally, the abrupt changes in the light regime, and also
variation in timing and duration of the experiments in Teschke et al. (2007), may
account for the differences observed. Our study is closer to “natural” conditions in the

wild.
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4.5.4. Endogenous annual rhythm

It is becoming more apparent that krill possibly have a more complicated
endogenous annual rhythm, an internal clock, to control biological cycles, which is
influenced by photoperiod or independent of direct control (Teschke et al. 2007,
2008). However, this concept of an internal clock mechanism is still not fully proven
yet and it is far from clear whether krill enter a state of winter quiescence in the wild.
There is evidence on the one hand of continuous feeding throughout the year
(Huntley et al. 1994) and, on the other, of reduced respiration and lack of response to
increase food (Atkinson et al. 2002). The different conditions experienced by
sampled populations undoubtedly underlie these contrasting observations.
Published winter based respiration measurements from the field (i.e. Kawaguchi et
al. 1986; Quetin and Ross 1991; Huntley et al. 1994) and long-term controlled
experiments in the laboratory (this study), were completed during the late winter/early
spring months so the seasonal timings of krill were in a winter state and comparable.
Therefore, reductions in respiration levels were irrespective of effects of photoperiod
and feeding conditions during this period. The increasing respiration rates observed
from winter to summer in this study, even in starved krill and those kept in complete
darkness, were possibly caused by krill changing endogenously to a summer state.
This idea of an endogenous annual rhythm is also evident from the growth and
maturation results in Chapter 2. A clear seasonal cycle of growth and maturation for
both males and females in the three temperature treatments (-1°C, 1°C and 3°C)
were observed under constant and high food concentrations. This is also in
agreement with Thomas and lkeda (1987) who showed female krill underwent a
regression of external sexual characteristics after spawning, which was accompanied
by negative growth and an increase in intermoult period, in both starved and fed krill.

Many biological cycles operate through a combination of endogenous cycles
and external environmental cues. If devoid of any external stimuli, free-running
endogenous cycles eventually become unsynchronised from the ideal cycle since the
mechanism that provide the periodicity are often imperfect (Gaten et al. 2008). A
coordinating cue, or zeitgeber, is required to resynchronise the endogenous cycle.
For example, it is believed that Northern krill (Meganyctiphanes norvegica) receive a
zeitgeber from the dawn sun immediately prior to their descent to depths that are
devoid of any further light cues (Tarling et al. 1999). Although the results from our
study show that the three experimental parameters (light, food and temperature)
were not directly involved in dictating the respiration rates of krill, there is still no solid
evidence to suggest that an endogenous annual rhythm was actually at work. Future

experiments will need to incorporate measurements over a whole cycle (over one
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year) to determine when an observed respiration cycle starts to become

unsynchronised from the ideal annual pattern.

4.6. Conclusion

Krill use a variety of strategies to survive the less productive winter, which
highlights the fact that krill is a versatile species and is a contributing explanation for
its high biomass in the Southern Ocean (Hagen 1999). It has been widely accepted
that a reduction in metabolic activity can occur during winter, with varying
environmental variables considered to be responsible, which can differ between
different regions of the Southern Ocean. Under controlled conditions, this long-term
study has shown that the environmental variables; light, food availability and
temperature, may not necessarily be the major cues in governing the metabolic
cycles. Although it is suspected that an endogenous rhythm was operating in krill, the
existence cannot be confirmed in this study. The significance of an ‘internal clock’
mechanism is still relatively unknown and warrants further investigation, particularly

examining photoperiod as the possible cue for dictating internal processes.
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5.1. Abstract

Changes in total lipid and fatty acid content and composition of immature
Antarctic krill over a full year were examined. Krill were maintained in controlled
laboratory conditions under temperature regimes of -1°C, 1°C and 3°C, with a
constant food supply and a photoperiod simulating the natural Antarctic light cycle.
Although a decreasing trend was observed as the season went on, there were no
significant differences in total lipid and major fatty acid content and composition
between krill sampled throughout the year, except for February. Lipid and fatty acid
contents showed depletion at the end of summer in February, suggesting that under
constant and plentiful food conditions krill did not store lipid reserves for use during
winter. The utilisation of stored lipid by February was possibly for reproduction

purposes during spring and summer. The relative (%) levels of the main
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polyunsaturated fatty acids (PUFA) increased as the season progressed, particularly
22:6w3 (DHA), reaching a maximum in February. Accumulation of PUFA during the
summer months is likely in relation to maturation processes. Within the 4°C range
examined, there was no significant temperature effect on the total lipid and fatty acid

content and composition of krill throughout the year.

5.2. Introduction

Antarctic krill, Euphausia superba (hereafter krill), is an important species in
the Southern Ocean due to its high biomass and the role it plays in food web
dynamics (Laws 1985; Miller and Hampton 1989; Mangel and Nicol 2000; Alonzo et
al. 2003a). Krill can cope with a number of extreme environmental changes
throughout a full seasonal cycle including sea-ice extent, food availability and
photoperiod (Siegel and Loeb 1995). The recruitment and population size of krill are
strongly influenced and dictated by the survival success during the less productive
and studied winter (Quetin and Ross 1991; Siegel and Loeb 1995; Siegel 2000a). It
has been suggested that krill use a variety of overwintering mechanisms at different
times and regions, which include being able to utilise sea-ice algal communities
and/or carnivory (i.e. copepods) as an alternative food source and energy supply
(Kawaguchi et al. 1986; Marschall 1988; Stretch et al. 1988; Daly 1990; Daly and
Macaulay 1991; Huntley et al. 1994; Hagen et al. 1996; Atkinson et al. 2002), body
shrinkage and protein catabolism (lkeda and Dixon 1982; Quetin and Ross 1991;
Nicol et al. 1992), metabolic reduction (Kawaguchi et al. 1986; Quetin and Ross
1991; Torres et al. 1994) and the utilisation of lipid reserves (Clarke 1984, Quetin and
Ross 1991; Hagen et al. 1996; Virtue et al. 1996; Hagen et al. 2001).

Utilisation of stored lipid, in the form of triacylglycerols (TAG), has been
examined in relation to winter survival (Clarke 1984; Quetin and Ross 1991; Quetin
et al. 1994; Hagen et al. 1996, 2001; Virtue et al. 1996; O’Brien et al. in press).
Despite krill being able to store significant amount of lipids during the spring and
summer when phytoplankton is abundant (Clarke 1984; Hagen et al. 1996), it is
thought unlikely that krill meet all their energy requirements and sustain themselves
throughout winter with these reserves alone (Clarke 1980, 1984; Quetin and Ross
1991; Quetin et al. 1994; Ju and Harvey 2004). Accumulation of lipid is maximal in
autumn, while there is depletion of lipid during winter, before there are substantial
phytoplankton blooms in the spring and summer (Clarke 1984; Hagen et al. 1996,
2001).

To date, investigations of lipid and fatty acid content and composition of krill

have concentrated mostly on various diet and feeding regimes (for example: Virtue et
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al. 1993a; Virtue et al. 1997; Cripps and Hill 1998; Cripps et al. 1999; Ju and Harvey
2004; Hagen et al. 2007). There has been far less attention to the effects of
temperature alone on lipid metabolism in krill, and other pelagic marine species,
particularly over a full year. Previous investigations on temperature have examined
seasonal changes in lipid concentrations of various crustaceans including the lobster
Homarus americanus (Ouellet and Allard 2002) and the amphipod Hyalella
curvispina (Dutra et al. 2008). However, it is difficult to account for differences
between other factors such as trophic changes in these studies. Investigating the
effects of temperature requires maintenance under independently controlled
systems, which can be difficult to undertake for many marine animals (Mayzaud et al.
2000).

Temperature is known to cause gellliquid phase transformations of cell
structure, which affect cell membrane fluidity (McElhaney 1984; Neidleman 1987).
Farkas (1979) concluded that there is an accumulation of polyunsaturated fatty acid
(PUFA) at low temperatures in crustaceans, which is an adaptation to maintain
physicochemical properties and membrane function in the cold. This is supported by
Sellner and Hazel (1982) who also showed this adaptation in the gills of rainbow
trout. The opossum shrimp (Mysis relicta), which undergoes diel vertical migration in
deep thermally stratified lakes, contained lowest lipid content in a 14°C treatment
compared to at 4°C. The overall energy conversion efficiency was significantly higher
in the 4°C treatment, regardless of prey density (Chess and Stanford 1999).
Additionally, phosphatidylcholine and phosphatidylethanolamine are structural
phospholipids, and levels are known to increase with decreasing temperature in the
euphausiid Meganyctiphanes norvegica (Mayzaud et al. 2000), in the membranes of
rainbow trout gills (Hazel and Carpenter 1985), in freshwater planktonic crustaceans
(Farkas et al. 1984) and in crabs (Brichon et al. 1980).

Northern krill (Meganyctiphanes norvegica) survives in waters from the Arctic
Ocean to the Mediterranean Sea and has adapted to a natural temperature range
from 1°C to 16°C (Mauchline 1980; Mayzaud et al. 2000). This physiological
adaptation to temperature regime is not only shown from lipid changes in Northern
krill (Mayzaud et al. 2000), but also oxygen consumption (Saborowski et al. 2002).
Respiration rates increased exponentially with experimental temperature, which
ranged from 4°C to 16°C. During summer, krill from the Clyde Sea, the Kattegat and
Ligurian Sea showed similar respiration rates when incubated at the ambient
temperatures found in their respective environments (5°C, 9°C and 12°C,
respectively). Overall, this indicates that Northern krill adjust their overall metabolic

rates to the local ambient thermal conditions (Saborowski et al. 2002). Antarctic krill,
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on the other hand, inhabits an isothermal environment, limited to the Southern
Ocean, with annual temperature amplitudes <5°C (Clarke and Morris 1983). Despite
a small temperature range, temperature has previously been shown to affect the
metabolic activity of krill, with increasing respiration rates associated with increasing
temperature (McWhinnie and Marciniak 1964; Rakusa-Suszczewski and Opalinski
1978; Segawa et al. 1979). However, in Chapter 4, no significant differences in krill
respiration rates were recorded between temperature treatments of -1°C, 1°C and
3°C. Temperature alone was therefore not considered critical in influencing the
metabolic activity. Potential differences in total lipid, lipid class and fatty acid content
and composition under various temperature conditions for krill have not been
examined. It is expected there will be minimal changes in structural lipids, which
reflects evolutionary adaptation to cold waters (Mayzaud et al. 2000).

In the present investigation, a long-term experiment was conducted using krill
incubated in tanks subjected to different temperature regimes (-1°C, 1°C and 3°C) for
14-months under controlled laboratory conditions. The objectives were to examine
whether krill utilise lipid as an energy source during winter under constant and
plentiful food supply, and also whether temperature affects the lipid and fatty acid
content and composition over an annual cycle. Overall, this study tested the
hypothesis that krill undertake minimal changes in lipid utilisation under constant diet
and various temperature conditions. Immature whole krill were used to eliminate any

effects of sex and maturity, as well as variation between body tissues.

5.3. Materials and Methods
5.3.1. Sampling and experimental setup

Krill were collected on 3™ March 2006 (66°02'S, 79°32'E) using a rectangular
mid-water trawl net (RMT 8) (Baker et al. 1973) on board RSV Aurora Australis. The
water temperature during krill capture was -1°C.

On return to the research aquarium at the Australian Antarctic Division in
Kingston, Tasmania, krill were acclimated to aquarium conditions (King et al. 2003)
and then evenly distributed into three 600-L tanks on 30" March 2006 (Appendix B).
These stock populations of krill were maintained at temperatures of -1°C, 1°C and
3°C, under light conditions that were adjusted throughout the experimental period to
mimic the natural Antarctic seasonal light cycle. Lighting was provided by twin
fluorescent tubes. A controlled-timer system was used to set a natural photoperiod
corresponding to that for the Southern Ocean (66°S at 30m depth). Continuous light
and a maximum of 100 lux light intensity at the surface of the tank (assuming 1%

light penetration to 30m depth) during summer midday (December), a sinusoidal
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annual cycle with monthly variations of photoperiod and daily variation of light
intensity was calculated (Appendix C). At the start of each month, a new photoperiod
was simulated by adjusting the timer system (Kawaguchi et al. 2010).

Krill were fed daily throughout the experimental period (April 2006 to May
2007) with the following algal mixture: the cultured pennate diatom Phaeodactylum
tricornutum, at a final concentration of approximately 4.3 x 10* cells mL™, and the
diatom Thallasasira sp. (1.8 x 10° cells mL™), the flagellates Pavlova sp. (6.7 x 10°
cells mL™")and Isochrysis sp. (2.6 x 10* cells mL™), which are concentrated bulk feeds
of instant algae mixed with seawater (Reed Mariculture, California). These algal
densities are representative of spring bloom conditions in the Southern Ocean. Water
flow in the tank was closed daily for two hours each day to enable krill to feed.
Minced clam, purchased from a local supplier, was also fed to the krill (approximately
1g per 250 krill) when water was flowing into the system. Clam meat has been used
successfully in previous laboratory experiments, providing krill with an additional
protein source (Hirano et al. 2003). Lipid and fatty acid composition of the provided
diet is summarised in Appendix H.

From each of the three 600-L tanks (-1°C, 1°C and 3°C), three immature krill
were randomly sampled in September 2006, November 2006, February 2007 and at
the end of the experiment in April 2007. Three immature krill were also sampled from
the field (early March 2006) and at time zero of the experiment starting at the end of
March 2006 (n=42). Immature males were defined as having a developing petasma,
although it was not yet swollen or fully developed (Appendix A). Immature females
contained a small and developing thelycum, which showed no red pigmentation
(Makarov and Denys 1980). The immature krill analysed in February and April were
predominately krill that had regressed from full sexual maturity earlier in the summer.
Samples were wrapped in aluminium foil and stored in a -80°C freezer.

While frozen, each krill was dissected into three sections: abdomen (cut
vertically between the carapace and abdominal segments), digestive gland and the
thoracic components (containing reproductive tissue) and placed on pre-extracted
and pre-weighed glass fibre filters to ensure all tissue and fluids were collected.
Although the body of each krill was divided into three segments and analysed
separately, the data were pooled for analytical purposes and results reported here
are for whole krill to eliminate the variation of body tissue. Samples were frozen at -

80°C until analysed.
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5.3.2 Lipid extraction

Dissected samples were freeze-dried and weighed, and extracted overnight
using a modified Bligh and Dyer (1959) single phase methanol-chloroform-water
extraction (2:1:0.8, by volume). Phases were separated by addition of chloroform-
water. The final solvent ratio was 1:1:0.9, by volume, methanol-chloroform-water.
The total solvent extract (TSE) was concentrated using rotary evaporation at 40°C,

transferred to glass vials and stored in chloroform at -20°C.

5.3.3. Lipid class analysis

Individual lipid classes were analysed using an latroscan MK V TH10 thin-
layer chromatography-flame ionization detector (TLC-FID) analyser (latron
Laboratories, Japan). An aliquot of the TSE was spotted onto silica gel Slll
chromarods (5um particle size) with 1uL micropipettes and developed in a glass tank
lined with pre-extracted filter paper. The solvent system used for lipid separation was
hexane-diethyl ether-acetic acid (60:17:0.1 by volume). After 25 minutes
development, the chromarods were oven dried and analysed immediately to
minimise absorption of atmospheric contaminants. The FID was calibrated for each
compound class: phosphatidylcholine, cholesterol, oleic acid, hydrocarbon (HC,
squalene), triacylglycerol (TAG, derived from fish oil), wax ester (WE, derived from
orange roughy, Hoplostethus atlanticus, oil) and diacylglyceryl ether (DAGE, derived
from shark liver oil). Lipid classes were quantified on an IBM compatible computer
using DAPA Scientific software (Kalamunda, Western Australia, Australia). The
results from the TLC-FID are generally reproducible to £+10% of individual lipid class

abundances (Volkman and Nichols, 1991).

5.3.4. Fatty acid analysis

An aliquot of the TSE was trans-methylated in methanol-chloroform—
hydrochloric acid (10:1:1, by volume) for two hours at ~90°C. The mixture was
cooled, milli-Q water added and fatty acid methyl esters (FAME) extracted with
hexane:chloroform (4:1, by volume, 3x). FAME were dried under a stream of
nitrogen, and an internal injection standard (C19 FAME) added.

Samples were analysed by gas chromatography (GC) using an Agilent
Technologies 7890A GC (Palo Alto, California, USA) equipped with an Equity™-1
fused silica capillary column (15 mm x 0.1 mm i.d., 0.1um film thickness), an FID, a
split/splitless injector and an Agilent Technologies 7683B Series auto sampler and
injector. Helium was the carrier gas. Samples were injected in splittess mode at an

oven temperature of 120°C. After injection, the oven temperature was raised to
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270°C at 10°C min™" and finally to 310°C at 5°C min~". Peaks were quantified with
Agilent Technologies ChemStation software (Palo Alto, California, USA).

Individual components were identified using mass spectral data and by
comparing retention time data with those of authentic and laboratory standards. GC
results are subject to an error of up to 5% of individual component area. GC-mass
spectrometric (GC-MS) analyses were performed on a Finnigan Thermoquest GCQ
GC-mass spectrometer fitted with an on-column injector using Thermoquest Xcalibur
software (Austin, Texas, USA). The GC was fitted with an HP-5 cross-linked methyl

silicone fused silica capillary column of similar polarity to that described above.

5.3.5. Statistical analysis

To determine whether there was any significant differences in lipid and fatty
acid content between months and temperatures, the linear (‘lm’) method in the
statistical package ‘R’ (version 2.8.0) was used to fit linear models to carry out a
straight forward analysis of variance (ANOVA). The maximum level of interaction

included in the linear model was second order (e.g. month:temperature).

5.4. Results
5.4.1. Total lipid content and class composition

Mean total lipid content of immature krill and mean absolute content of the
two maijor lipid classes, triacylglycerol (TAG) and polar lipid (PL), showed a seasonal
effect (Figure 5.1). Total lipid content and individual lipid classes were low in field krill
collected in early March and increased substantially when maintained under
laboratory conditions with plentiful food for approximately one month. After this, lipid
content generally decreased throughout the experiment with lowest values recorded
in February, the end of summer. In April, the lipid content increased again, before the
winter period.

Total lipid content and the absolute concentrations of TAG and PL in krill
sampled at 1°C and 3°C in February were significantly lower compared to krill under
the same temperatures in September, November and April (P<0.05). Total lipid and
TAG content were significantly lower in krill sampled at -1°C in February compared to
the same treatment in September and November (P<0.05), but there were no
significant differences in PL for the -1°C treatment throughout the different time
periods (P>0.05). For each individual month, September, November, February and
April, there were no significant differences between the three temperature treatments

(-1°C, 1°C and 3°C) for total lipid, TAG and PL content, indicating no temperature
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effect on lipid accumulation. The only exception was total lipid and PL content were
significantly higher at -1°C compared to 1°C in February (P<0.05).

The means and standard errors for the relative levels (% of total lipid) of
individual lipid classes for immature krill, in relation to month and temperature (Table
5.1), show that PL was the dominant lipid class, which increased as the season
progressed from winter to summer, reaching a mean maximum of 85% at the end of
February (-1°C). The next dominant lipid class, TAG, decreased with seasonal
progression with a mean maximum of 41% in March, at the start of the experiment,
and the lowest mean maximum recorded was 3% in February (1°C), consistent with
depletion of lipid stores by the end of summer.

Relative levels (% of total lipid) of the main lipid classes, PL and TAG, were
significantly different in February compared to other months for all three
temperatures (P<0.05). PL was significantly higher in February, whereas TAG was
significantly lower. The only exception was PL in the 3°C February treatment, which
was not significantly different to the 3°C treatment in the other measured months
(P>0.05).
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Figure 5.1. Changes in mean (1 SE): (a) total lipid, (b) polar lipid (PL) and (c) triacylglycerol
(TAG) content, per body weight, in relation to month and temperature (-1°C, 1°C and 3°C).
Krill from the field and those sampled in March were not under temperature treatment.
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Table 5.1. Mean (+1 SE) lipid class composition (as % of total lipid) of krill in relation to month
and temperature (-1°C, 1°C and 3°C). Lipid classes: HC - Hydrocarbon, TAG -
Triacylglycerol, FFA — Free fatty acid, ST/DG — Sterol/Diaclglycerol and PL — Polar lipid.

HC TAG FFA ST/DG PL
Mean SE | Mean SE | Mean SE | Mean SE | Mean SE
Field 0.0 £ 00 248 + 1841 20.1 + 159 3.8 + 26 513+ 147
March 0.0 £ 00 411 + 104 4.2 + 51 3.6 + 15 51.2 + 92
September -1°C 0.0 £+ 00 319  + 87 0.6 + 06 1.8 + 06 656 + 90
1°C 0.0 + 00 31.0 £ 72 1.2 £ 13 2.1 + 07 65.7 + 6.7
3°C 0.0 £ 00 332 82 1.0 + 07 22 + 06 63.6 + 79
November -1°C 1.2 + 23 337 £ 109 1.0 + 08 2.3 + 06 619 = 87
1°C 0.0 + 00 26.2 + 08 5.1 £+ 123 2.6 £ 11 66.1 + 134

3°C 0.8 + 08 23.2 + 13.0 17

H+

1.8 4.2 + 30 70.1 + 108

February -1°C| 16 + 06| 98 + 899| 05 + 04 37 + 25| 85 : 86

1°C 23 £ 1.1 2.8 + 44 5.7 + 29 5.2 + 27 840 t 6.1
3°C 4.9 £ 30 104 124 140 91 4.2 + 13 665 + 83
April -1°C 1.7 + 05 221 + 133 13.9 + 126 3.8 + 09 58.5 + 55
1°C 3.4 + 13 21.1 £+ 122 9.9 £ 74 3.6 £ 12 62.0 + 08
3°C 2.4 £+ 15 245 + 16 7.1 + 18 2.7 + 04 633 + 04

5.4.2. Fatty acid content and composition

General trends of the mean fatty acid content of immature krill also showed
seasonal variation (Figure 5.2), from a maximum content recorded in March and a
general decrease throughout the season until a minimum in February. However, krill
sampled in September, November and April were not significantly different (P>0.05)
for each temperature treatment (-1°C, 1°C and 3°C). Generally, the fatty acid content
was substantially lower in February. The amount of 16:1w7c in all February
temperature treatments were significantly lower than in March and September
(P<0.05). In comparison to November and April, however, concentrations of 16:1w7c
were only lower in krill sampled in February at -1°C and 1°C (P<0.05). Only krill in the
1°C and 3°C treatments in February had significantly lower content of 20:5w3 (EPA)
than September and April (P<0.05), but not November (P>0.05), and krill in the -1°C
treatment in February was only significantly lower than the same temperature in
November (P<0.05). This result of krill in February containing lower values was not
clear cut for all fatty acids. For example, 22:6w3 (DHA) (Figure 5.2c) and 18:2w6
(LA) were less depleted in February compared to other fatty acids, which indicates
sparing (preferential storage) is occurring of these essential PUFA.

Fatty acid content was not significantly different for each temperature against
all months measured (P>0.1). Krill sampled in September, February and April had no

significant differences in fatty acid content between the three temperature treatments
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(-1°C, 1°C and 3°C), indicating no clear temperature effect. However, in November,
krill at -1°C had significantly higher amounts of 14:0, 18:1w7c and EPA than krill in
both the 1°C and 3°C treatments, but only significantly higher than krill at 1°C for
16:0, 16:1w7c, 18:1w9c, LA and DHA (P<0.05).

The means and standard errors for the relative (%) levels of fatty acid for
immature krill, in relation to month and temperature, are shown in Table 5.2. The
saturated fatty acid (SFA) 16:0 was dominant, ranging between 18-22% throughout
all months and temperatures. Generally, the main PUFA, 20:4w6 (AA), LA, EPA and
DHA increased as the season progressed, reaching maximum levels in February
before decreasing in autumn. The ratio of w3/w6 decreased throughout the season,
while the ratios of AA/EPA and DHA/EPA increased until the end of the summer. The
sum of SFA decreased, while the sum of PUFA increased from March until the end of

the following summer, February.
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Figure 5.2. Changes in the mean (1 SE) major fatty acid content: (a) 16:1w7c, (b) 20:5w3
(EPA) and (c) 22:6w3 (DHA), per body weight, in relation to month and temperature (-1°C,
1°C and 3°C). Krill from the field and those sampled in March were not under temperature

treatment.
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Table 5.2. Mean (x1 SE) fatty acid composition (as % of total fatty acid) of krill in relation to month and temperature (-1°C, 1°C and 3°C).

Field March September November
-1°C 1°C 3°C -1°C 1°C 3°C
Mean SE | Mean SE | Mean SE | Mean SE | Mean SE | Mean SE | Mean SE | Mean SE
14:0 9.9 + 19 10.0 + 09 8.6 + 1.8 7.8 £ 141 71 + 09 6.8 + 08 4.4 + 1.0 4.5 + 17
15:0 0.6 + 041 0.6 + 0.1 0.9 £+ 02 0.8 + 0.1 0.8 £+ 0.1 0.8 £+ 0.1 0.7 + 03 0.8 + 01
16:0 214 £ 22 224 £ 12 227 £ 39 209 = 10 212 £ 04 199 = 04 217+ 39 200 + 06
18:0 1.8 £ 13 1.4 + 04 1.2 + 03 1.0 + 01 1.0 + 01 1.2 + 02 1.4 + 04 1.1 + 01
phytanic acid 0.7 + 03 0.7 + 01 1.0 + 03 1.2 + 01 1.3 + 01 1.1 + 0.0 1.0 + 02 1.1 + 01
16:1w7c 8.1 + 13 143 + 43 163 = 14 176 = 22 178 + 16 163 + 25 124 & 27 132 + 1.8
18:1w9c 14 = 41 107 + 10 123 + 15 14 = 04 123 & 07 126 + 13 108 + 34 138 & 21
18:1w7c 8.2 + 15 8.0 + 06 6.2 + 05 5.8 + 03 5.9 + 08 5.7 + 07 5.1 + 10 55 + 07
20:1w9 1.4 + 29 0.4 £+ 041 0.5 + 01 0.5 + 01 0.5 £+ 041 0.8 + 01 0.8 £+ 02 0.8 £+ 041
16:4 1.1 + 03 1.1 £+ 041 0.6 + 03 0.6 + 02 0.6 £+ 041 0.4 £+ 02 0.7 £+ 01 0.7 £ 02
18:4w3 2.6 + 1.0 2.6 + 04 1.6 + 06 1.8 + 03 1.6 £+ 041 1.3 £+ 02 0.8 £+ 01 0.8 £+ 02
18:2w6 (LA) 2.6 + 07 2.3 + 03 2.6 + 05 27 + 02 2.8 £+ 02 3.2 + 02 3.8 + 05 3.8 + 02
20:4w6 (AA) 0.4 + 01 0.3 + 02 0.4 + 02 0.5 + 01 0.5 £+ 041 0.8 + 02 1.1 + 02 1.1 + 041
20:5w3 (EPA) 144 = 46 13.1 + 35 122 = 45 140 = 17 142 = 08 144 = 19 154 = 1.9 15.1 + 13
22:5w6 0.1 + 01 0.2 + 02 07 + 04 07 + 04 0.6 £+ 041 0.6 £ 01 15 £ 10 1.2 £ 01
22:6w3 (DHA) 6.3 + 22 4.8 + 20 5.0 + 20 5.6 + 1.0 5.4 + 06 7.3 + 16 104 20 9.4 + 15
Other** 8.8 6.9 7.1 71 6.4 6.8 7.9 7.3
Sum SFA 357 o+ 27 36.1 17 357 + 56 332 + 13 328 + 10 312 £ 11 310 £ 52 290 + 15
Sum MUFA 339 + 78 370 + 53 389 & 27 387 + 16 398 + 06 389 + 26 325 + 62 368 t 29
Sum PUFA 304 £+ 93 269 £ 6.1 254 £ 78 28.1 + 26 274 £ 13 299 + 36 365 £ 40 342 + 30
Total w3 244 &+ 84 213+ 63 196 + 7.6 224 £+ 33 219 £ 19 238 £+ 40 276 + 45 263 + 34
Total wé 46 + 19 4.1 £+ 12 46 + 20 46 + 13 43 + 06 52 + 06 7.6 + 39 6.5 + 08
Ratio w3/w6 5.3 5.1 42 49 5.1 45 36 4.0
Ratio AA/EPA 0.03 0.03 0.04 0.04 0.03 0.06 0.07 0.07
Ratio DHA/EPA 0.43 0.37 0.41 0.40 0.38 0.51 0.68 0.62

** Other fatty acids (< 0.1%) include: 4,8,12TMTD, i15:0, a15:0, C16PUFA, 16:1w9c, 16:1w5c, 16:1w13t, i17:0, 17:1w8¢, 17:1, 17:0, 18:3w6, 18:1w7t, 18:1w5c, 18:1, 19:1, 20:3w6, 20:4w3, 20:2w6,

20:1w7c, 20:1w5c, 20:0, 21:5w3, 21:0, 22:4w6, 22:5w3, 22:4w3, 22:2w6, 22:1w11c, 22:1w9c, 22:1w7c, 22:0, C24PUFA, 24:1w11c, 24:1w9c, 24:1w7c, 24:0.




Table 5.2 continued. Mean (1 SE) fatty acid composition (as % of total fatty acid) of krill in relation to month and temperature (-1°C, 1°C and 3°C).

February April
-1°C 1°C 3°C -1°C 1°C 3°C

Mean SE | Mean SE | Mean SE | Mean SE | Mean SE | Mean SE
14:0 3.2 + 20 1.1 + 08 45 + 17 3.6 + 18 3.8 £ 17 31 + 18
15:0 0.4 + 03 0.4 £+ 041 0.8 + 01 0.6 £+ 041 0.7 £+ 01 0.6 + 03
16:0 19.9 + 19 18.9 + 16 20.0 + 06 18.8 + 1.0 18.8 + 19 19.8 £+ 07
18:0 14 + 06 1.4 + 08 1.1 + 01 1.1 + 03 1.1 £+ 02 1.1 + 04
phytanic acid 0.9 + 03 1.0 £+ 03 1.1 + 0.1 1.1 £ 01 1.0 £+ 01 0.9 + 0.1
16:1w7c 10.0 + 441 6.2 + 27 13.2 + 18 11.4 + 19 12.4 + 15 11.5 + 25
18:1w9c 11.5 + 45 13.0 + 24 13.8 + 21 15.1 + 20 14.5 + 31 18.1 + 12
18:1w7c 6.2 + 13 6.8 + 08 55 + 07 6.1 + 09 6.1 + 04 5.9 + 14
20:1w9 0.9 + 04 1.0 + 03 0.8 £+ 01 1.3 + 02 1.1 + 02 1.3 + 04
16:4 0.5 £+ 04 0.4 + 03 0.7 + 02 0.4 £+ 02 0.8 + 02 0.6 £+ 02
18:4w3 0.8 £+ 02 0.6 + 03 0.8 + 02 0.6 + 03 0.7 + 01 0.4 £+ 02
18:2w6 (LA) 45 + 04 5.0 + 04 3.8 + 02 5.9 + 05 5.0 + 06 5.3 + 04
20:4w6 (AA) 25 £ 14 2.6 + 09 1.1 + 01 14 £+ 02 1.4 + 03 14 + 03
20:5w3 (EPA) 175 + 36 158 = 20 15.1 + 1.3 116 = 25 130 + 23 116 t 16
22:5w6 1.1 £+ 04 2.0 + 06 1.2 + 01 1.3 + 03 1.5 + 06 1.3 + 03
22:6w3 (DHA) 13.1 + 36 173 = 47 9.4 + 15 113 = 2.1 108 = 27 110 + 23

Other** 5.7 6.4 7.3 8.2 7.3 6.0
Sum SFA 272 + 30 242 £ 20 26.1 + 50 268 £ 22 27.1 + 36 270 = 20
Sum MUFA 31.3 + 6.1 30.4 + 57 34.2 + 438 38.6 + 33 375 + 6.2 39.4 + 25
Sum PUFA 415 + 72 45.3 + 741 39.7 + 80 34.6 + 51 35.4 + 53 33.7 + 38
Total w3 322 + 80 34.6 + 76 29.0 + 84 24.6 + 56 25.4 + 57 23.7 + 47
Total w6 8.5 + 22 10.2 + 22 9.7 + 34 9.2 + 13 8.7 + 23 9.0 + 17

Ratio w3/w6 3.8 3.4 3.0 2.7 2.9 2.6

Ratio AA/JEPA 0.14 0.17 0.07 0.12 0.1 0.13

Ratio DHA/EPA 0.74 1.09 0.62 0.97 0.84 0.95

** Other fatty acids (< 0.1%) include: 4,8,12TMTD, i15:0, a15:0, C16PUFA, 16:1w9c, 16:1w5c, 16:1w13t, i17:0, 17:1w8c, 17:1, 17:0, 18:3w6, 18:1w7t, 18:1w5c, 18:1, 19:1, 20:3w6, 20:4w3, 20:2w6,
20:1w7c, 20:1w5c, 20:0, 21:5w3, 21:0, 22:4w6, 22:5w3, 22:4w3, 22:2w6, 22:1w11c, 22:1w9c, 22:1w7c, 22:0, C24PUFA, 24:1w11c, 24:1w9c, 24:1w7c, 24:0.
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5.5. Discussion

Lipids are a critical biochemical component of all living organisms (Ju and
Harvey 2004). In the past, there have been a number of intensive studies on total
lipid and fatty acid content and composition of krill. Important factors that have been
shown to influence the physiological variability of lipid structure and content, as well
as fatty acid composition, include sex and maturity stage (Clarke 1980; Kolakowska
1991; Pond et al. 1995; Virtue et al. 1996; Mayzaud et al. 1998), diet (Virtue et al.
1993a; Cripps et al. 1999; Cripps and Atkinson 2000; Hagen et al. 2007) and
seasonality (Quetin and Ross 1991; Hagen et al. 1996; 2001). Our study examined
the influence of seasonality and temperature on immature krill under constant diet
conditions. The hypothesis tested here was that krill undertake minimal changes in
lipid utilisation under constant dietary conditions incubated within the natural range of
temperature variations (-1°C to 3°C). Results show that krill storage lipid levels varied
throughout the year and krill did not utilise lipid as an overwintering source under
these experimental conditions. A clear pattern was seen in lipid storage and
utilisation which varied very little between the three incubation temperatures

indicating no effect of temperature on lipid levels.

5.5.1. Seasonal variation in total lipid content and composition

The reliance on lipid reserves during winter has been questioned in the past
for krill (Clarke 1980; Quetin and Ross 1991). TAG has been identified as the
principal storage lipid for krill, which accumulates during periods of high food supply
and is metabolised during food shortages (Clarke 1980, 1984; Pond et al. 1995;
Hagen et al. 1996). This would suggest that lipids of krill in the wild would be most
depleted in early spring and reach a maximum in autumn before the onset of winter
(Clarke 1980; Virtue et al. 1997; Hagen et al. 1996, 2001). Krill are known to be
capable of surviving more than 200 days, the entire winter, without food by utilising
their lipid reserves and therefore, tolerate periods of starvation (Hagen et al. 1996,
2001; Atkinson et al. 2002; O’'Brien et al. in press). In contrast, Quetin and Ross
(1991) concluded that krill are unlikely to meet energy requirements and sustain
themselves throughout the whole winter when phytoplankton levels are low with
these lipid reserves alone. Additionally, Virtue et al. (1997) suggested that lipids are
an important energy source during short-term starvation, but over the longer term,
lipid reserves are essentially being conserved. Krill are known to be flexible and
exploit many types of food resources in the wild year round, from elements of the
microbial loop and marine snow to phytoplankton and heterotrophic organisms such

as copepods, so they may rarely actually encounter prolonged food shortages and
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may not actually require extensive lipid reserves (Clarke 1980, 1984; Atkinson and
Snyder 1997; Siegel and Nicol 2000).

Krill were provided with a constant diet in this study which is an unrealistic
scenario compared to field conditions. Previous laboratory experiments within these
aquarium facilities have shown that constant food year round and the actual
concentrations provided are required for the good health of krill and also to sustain
biological cycles of growth and maturation (Kawaguchi et al. 2010). Under constant
food conditions, krill showed evidence of seasonal changes in mean total lipid
content, as well as absolute content of the two major lipid classes, TAG and PL.
Mean lipid content increased after approximately one month under laboratory
conditions and then generally decreased throughout the experiment from March, with
the lowest values recorded at the end of summer (February), before the lipid content
increased in April. Although these general seasonal trends were observed, the
variance in means was substantial. Lipid content of krill sampled in February were
generally significantly lower, while there were no significant differences of total lipid,
TAG and PL content observed between the other months; March, September,
November and April.

Despite the general decrease in storage lipid throughout our experiment,
there were no significant differences between months (except for krill sampled in
February) suggesting krill did not rely on TAG solely as an energy reserve to survive
the experimental winter with constant food. It is expected that the storage lipids
would have been reduced significantly if krill were subjected to periods of starvation,
similarly to the experimental results recorded by Yoshida (2009). Although, during
periods of reduced food availability and consequent starvation in the wild, a decrease
in metabolic rate and low feeding activity are the most effective energy-saving
mechanisms for adult krill during winter (Quetin and Ross 1991). Quetin and Ross
(1991) calculated that 71% of energy is saved by a reduction of metabolism during
winter, while utilisation of lipids (11%) and even body shrinkage (4%) is thought to be
a considerably lesser saving. Chapter 4 also showed a reduction in krill metabolism
during the non-summer months under a constant food supply. Although it was
expected that the reduced metabolic rate was a result of endogenous rhythmic
processes rather than food availability or any other environmental variable, the
existence could not be confirmed in that study

The significantly lower TAG content in krill in February in the present study is
consistent with utilisation of this storage lipid as an energy source. With TAG content
virtually depleted in February, the PL content was also significantly lower for the 1°C

and 3°C treatments compared to other months. PL, in the form of
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phosphatidylcholine, is an essential component for biomembranes, and Hagen et al.
(1996) further proposed that it may also serve as a storage lipid, which would further
increase the potential for energy reserves in krill. The result of TAG depletion and a
substantial decrease of PL content in krill (at 1°C and 3°C) in February in this study
supports the hypothesis that phospholipids may also play a storage role in krill.

Another explanation for the general lipid decrease throughout the experiment
is food quality/quantity. Krill were actively feeding as indicated by full and healthy
digestive glands (personal observations), and reasonable total lipid and fatty acid
content and composition of the digestive gland of krill (Chapter 6). However,
clearance rates measured in April 2007 were between 0.35 and 1.02-L of water
filtered ind™ hr' (unpublished data), which are considerably lower than rates
estimated from the field (Morris 1984). Food concentration was supposedly plentiful
throughout the experiment (recognised by food remaining in tanks), however, it
appears krill may not be able to utilise all the food resources, as they would be
expected in the wild, due to possible confinement under laboratory conditions.

The higher lipid contents in spring compared to summer was also reported in
Virtue et al. (1997), who suggested that lipid reserves are primarily used for
reproduction rather than as an overwintering energy source. This finding can be
supported by our results, as krill were sexually mature in early- to mid-summer and
regressed to an immature form by the time they were analysed in February (Chapter
2). Even though only immature krill were analysed in our study, the depletion of lipid
at the end of summer may have been caused by krill utilising lipid resources required
for reproductive purposes, during the spring/summer period leading up to the
February sampling time. However, the interaction between lipids and reproductive
activity is difficult to assess here, as immature krill were used specifically to avoid
this.

Since it is not presently possible to reproduce the same diet as krill obtained
in the field, food quality is therefore likely to be poorer in laboratory based studies. It
is therefore possible that krill were unable to maintain an adequate energy budget
required for normal physiological development, particularly reproduction. Krill may
have preferentially utilised most of their lipid reserves during the summer period for
metabolic rather than reproductive efforts. In April, after these demanding summer
processes were complete, lipid reserves increased again. Food quality in relation to
reproduction in krill under incubation is further discussed in Chapter 6 (section
6.5.1.1). In this companion study, krill completed pre-vitellogenesis and not full
ovarian maturation, probably a result of dietary conditions. However, total lipid

contents of krill sampled during spring/summer (November) in this study were
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comparable to that of wild krill (Hagen et al. 1996, 2001), which undergo growth,

vitellogenesis and spawning.

5.5.2. Seasonal variation in fatty acid content and composition

Fatty acid signatures provide trophic information and can be used as indices
of feeding and metabolism for krill (Virtue et al. 1996; Hagen et al. 2001). The krill
diet used in this study was made up of the diatoms Phaeodactylum tricornutum and
Thallasasira sp., flagellates Pavlova sp. and Isochrysis sp., and minced clam meat.
Even though food supply was constant, there were differences in fatty acid content
and composition in immature krill throughout the experiment. The dominant fatty
acids were 16:0, 16:1w7c, 18:1w9c and EPA and the majority of fatty acid showed
lowest contents in February.

From controlled feeding experiments and field studies, it has been shown that
16:1w7c and EPA are the principal fatty acid markers for diatoms, while 18:4w3 and
DHA are markers for flagellates (Alonzo et al. 2005a; Lee et al. 2006). Levels of the
flagellate marker 18:4w3 and even DHA were low in comparison to the diatom
markers 16:1w7c and EPA, suggesting that krill fed mostly on diatoms, and the
flagellates provided did not contribute significantly to the diet of krill in our study
despite being abundant. This selective feeding on diatoms was also seen by O’'Brien
et al. (in press) for wild krill during the winter and spring months. However, the
flagellate species (Pavlova and Isochysis sp.) fed to the krill in our study are smaller
in size than diatoms, and thus, contain less lipid which could also explain the
differences.

The relative percentage levels of the main PUFA, AA, LA, EPA and DHA,
increased in krill as the experiment progressed, peaking in February. Cripps and
Atkinson (2000) suggested that an accumulation of PUFA reflects a carnivorous diet.
The observed increase in PUFA levels towards the end of the experiment in this
present study may be due to krill preferably feeding on the clam meat, than earlier in
the experiment. Clam meat is known as an effective food to enhance the
reproductive success of laboratory krill (Hirano et al. 2003), and the consequent
levels of PUFA is believed to play a crucial role in the embryo hatching success
(Yoshida et al. in press). This was also recognised by Harrison (1990) who
suggested that w3 PUFA is an important nutrient for ovarian maturation in
crustaceans. Despite only immature krill being analysed in our study, the observed
increase in PUFA during the summer months may be correlated to the build up and
potential reproductive processes of krill. To date, there are no studies that have

investigated fatty acid compositions of krill relative to their maturity stages. Further
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studies are needed to understand the diet and nutritional transfer of fatty acids in krill

during the maturation process.

5.5.3. Temperature effects

Krill is considered to be stenothermal and is sensitive to slight changes in
temperature and other environmental changes (Wiedenmann et al. 2008). Over the
past 50 years there has been a significant warming trend over parts of Antarctica,
with surface air temperatures increasing by 5-6°C, west of the Antarctic Peninsula
during winter (Vaughan et al. 2003). In terms of the Southern Ocean, both Meredith
and King (2005) and Whitehouse et al. (2008) have concluded that there had been
rapid warming (>1°C) of summer surface waters west of the Antarctic Peninsula and
the ocean around South Georgia, respectively. It is therefore clear that there is
substantial evidence for long-term warming of the surface layer, the habitat of krill, in
the Southern Ocean.

As global warming continues, sea-ice cover is predicted to decrease (Arrigo
and Thomas 2004), which in turn, may have a negative impact on krill recruitment
(Siegel and Loeb 1995; Wiedenmann et al. 2008). Whitehouse et al. (2008)
calculated a significant negative relationship between summer water temperatures at
South Georgia and mean summer density of krill across the south-west Atlantic
sector of the Southern Ocean. This can also be related to a study by Atkinson et al.
(2004) who suggested that stocks of krill have declined significantly since the 1970s
in the south-west Atlantic, which has increased in water temperature, and decreased
in sea-ice cover with a consequent lack of food for larvae during the winter period.
Atkinson et al. (2006) examined the effects of food, temperature and sex on growth
rates of krill in the south-west Atlantic and concluded that growth actually decreased
above a temperature optimum of 0.5°C, which suggests that krill may experience
thermal stress and struggle to cope with future climate change at this location.

Temperature has been found to influence polar lipid structure and fatty acid
composition (Farkas 1979), as well as cause gel/liquid phase transformations that
result in changes to membrane fluidity (McElhaney 1984). Mayzaud et al. (2000)
compared changes in polar lipids and corresponding fatty acid composition of
immature female Northern krill (Meganyctiphanes norvegica) from two sites with
extreme temperature regimes (Kattegat: 4°C and Ligurian Sea: 13°C). They showed
a significantly lower content of phosphatidylethanolamine and
lysophosphatidylcholine in the warmer Ligurian Sea population, as well as
significantly higher percentages of DHA and lower content in saturated and

monoenoic acids. This suggests some degree of adaptation to environmental
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temperature, although, the effect of diet cannot be separated easily. Farkas (1979)
concluded that there is an accumulation of PUFA at low temperatures in crustaceans,
which is an adaptation to maintain physicochemical properties and membrane
function in the cold. However, clear temperature effects have only been observed
with differences of at least 15°C for marine animals (Mayzaud et al. 2000). Below this
range of temperature, the expected changes in lipid structure and composition would
be minimal with Mayzaud et al. (2000) proposing that Antarctic krill do not need to
adapt to higher temperatures, as the annual variation rarely exceeds 5°C in the
Southern Ocean. Thus, the metabolism and lipid composition of krill have naturally
adapted to this variation (Clarke and Morris 1983). Instead, seasonality and regional
differences in food supply will be more of a constraint on krill and will be the most
important factor influencing lipid structure, in comparison to temperature (Clarke
1988).

Our study has provided the first experimental information on changes in the
total lipid and fatty acid content and composition of krill over a full year under three
constant temperature regimes. For the months of September, November, February
and April, the means of total lipid, TAG and PL content and composition were
variable and showed no significant differences between the three temperature
treatments (-1°C, 1°C and 3°C). This was also generally the case for individual fatty
acids. Overall, with a temperature range of only 4°C, it generally appears that
temperature alone did not affect the total lipid and fatty acid content and composition
of krill in our study. The variability of the means for all temperature treatments and
months was substantial and further demonstrates that krill is a versatile and flexible
species, which can survive and adapt to a range of temperature conditions below a
natural maximum amplitude of 5°C. In terms of krill survival with future climatic
change, conclusive results cannot be obtained from this study alone, due to a
multitude of other factors and interactions in the Southern Ocean, which will also be
affected during global warming (i.e. sea-ice, ocean acidification, competing species,
and changes in predation and diet). These interactions with future climatic change

need to be examined to better understand the vulnerability of krill.

5.6. Conclusion

It is unclear whether the hypothesis of krill undertaking minimal changes in
lipid utilisation under constant diet was upheld since lipid storage levels did vary
throughout the year within reasonable bounds. Despite this general decreasing trend
of mean lipid content and maijor fatty acid throughout the year in krill, there were no

overall significant differences between months. The only exception was in krill
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sampled in February for which lipid and fatty acid content were significantly lower,
indicative of lipid depletion at the end of summer. Our results indicate that lipid
storage is possibly used primarily for reproduction in krill rather than an actual
overwintering energy source. However, since only immature krill were examined in
this study, the interaction between lipids and reproductive activity should be
minimised. Temperatures of -1°C to 3°C generally resulted in no effect on total lipid
and fatty acid content and composition in krill, indicating that immature krill have
adapted to this relatively small environmental temperature range in the Southern
Ocean. However, water temperature alone is only a small component of a multitude
of interactions that will affect krill in light of future climatic change. Understanding the
yearly cycle of krill, particularly during winter, is also important since it represents a
vital stage of the life cycle. Further research into the relatively unknown winter period
is fundamental to understanding the overall success of krill, particularly with various

light, food and temperature scenarios.
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6.1. Abstract

Antarctic krill is a keystone species in the Southern Ocean, however,
information on the effects of temperature on growth, maturity and condition is limited,
hampering understanding of the effects of a changing environment on these
fundamental parameters. This study examines the changes in total lipid and fatty acid
content and composition of immature, mature male and female krill in November and
February. Under temperature regimes of -1°C, 1°C and 3°C, krill were maintained in
a controlled environment with a constant food supply and a photoperiod that
simulated natural summer Antarctic light. Krill were divided into three body fractions;
abdomen, digestive gland and the thoracic components (containing reproductive
tissue). Lipid and fatty acid content for the tissues abdomen and thoracic

components showed similar trends between sex and temperature, while digestive
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gland revealed complex differences. Total lipid, triacylglycerol (TAG) and polar lipid
(PL) content and major fatty acids; 16:1w7c, 20:5w3 (EPA) and 22:6w3 (DHA), were
generally not significantly different between immature, male and female krill for each
individual temperature and tissue fraction in November and February. Mated females
were only observed at -1°C in November, and total lipid, TAG and PL content were
significantly lower in mated females compared to un-mated females. 16:1w7c, EPA
and DHA were also lower in the thoracic components and digestive gland for mated
females, suggesting utilisation of lipids and these essential polyunsaturated fatty acid
(PUFA) during mating. The effects of temperature were complex for sex and tissue.
Krill at the cooler temperature, -1°C, generally contained higher mean lipid and fatty
acid contents. The relative levels of TAG decreased with temperature for each sex
and tissue, with near depletion in the digestive gland at 3°C in February. Overall, the
observed lipid and fatty acid content and composition were highly variable between
individual krill under the same experimental condition, highlighting the flexible and

versatile physiology of krill.

6.2. Introduction

In the Southern Ocean, Antarctic krill (Euphausia superba, hereafter krill) is a
crucial link in the transfer of energy between primary producers and large predators,
including many species of baleen whales, seals, penguins, seabirds and fish (Laws
1985; Miller and Hampton 1989; Mangel and Nicol 2000). The success of maintaining
such a high biomass is attributed to their ability to survive and adapt to extreme
seasonal changes in their environment. Krill can also feed efficiently and
opportunistically on whatever food is available (Schnack 1985) including
phytoplankton (Hopkins et al. 1993; Quetin et al. 1994), detritus (Kawaguchi et al.
1986) and/or carnivory (Price et al. 1988; Huntley et al. 1994; Atkinson and Snyder
1997; Atkinson et al. 2002; Hagen et al. 2007).

Lipid analysis, particularly changes in triacylglycerol (TAG) and fatty acid
composition, has been used to describe feeding habits and condition of krill from
controlled experiments (Virtue et al. 1993a,b; Cripps and Atkinson 2000; Alonzo et al.
2005a,b) and in the field (Mayzaud 1997; Phleger et al. 1998; Cripps et al. 1999).
Changes in lipid class and fatty acid composition have been observed in the
digestive gland (Virtue et al. 1993a; Alonzo et al. 2003b, 2005a), which is one of the
main sites for lipid synthesis and storage in crustaceans (Dall et al. 1992). Analysing
lipid content and composition in the whole body of krill (as previously commonly
analysed) can be of less use for obtaining trophic information, due to the fact that

somatic growth, sex and maturity stages may influence the profiles (Clarke 1984;
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Kolakowska 1991; Pond et al. 1995; Virtue et al. 1996). Lipid content and
composition has been analysed within the ovary of females (Clarke 1980; Mayzaud
et al. 1998), but other studies have also examined the distribution of lipids in a variety
of tissues; including abdomen (Clarke 1980; Saether et al. 1985; Mayzaud et al.
1998), digestive gland (Virtue et al. 1993a; Alonzo et al. 2003b, 2005a; O’Brien et al.
submitted) and thorax (Saether et al. 1985).

Mature and gravid females contain high levels of neutral storage lipids (e.g.
TAG) during the demanding yolk accumulation period, particularly in the ovary or
thorax (Clarke 1980; Pond et al. 1995; Mayzaud et al. 1998), but much less is known
about mature males. Males accumulate considerably less neutral lipids compared to
females during the reproductive development in summer, while immature krill contain
intermediate amounts (Clarke 1980, 1984; Saether et al. 1985; Mayzaud 1997;
Hagen et al. 2001). However, according to Virtue et al. (1996), the energetic cost of
frequent sperm production and transfer for males is most likely to be high.

In terms of fatty acid composition, there has been variation observed with
maturity and sex, mainly a higher proportion of polyunsaturated fatty acid (PUFA)
20:5w3 (EPA) in adult males (Clarke 1980; Virtue et al. 1996). These results are also
affected by diet and spatial distribution of krill (Cripps et al. 1999), so changes in fatty
acid content and composition can be obscured by sexual maturity alone (Cripps and
Atkinson 2000). Outside the summer period, there are no sex-dependent differences
in lipid and fatty acid levels recorded (Hagen et al. 2001).

There has been far less attention on the effects of temperature on total lipid
and fatty acid content and composition, particularly whether there is any variation
between sexes. Although, it is thought that temperature, within the natural range in
the Southern Ocean, does not influence lipid and fatty acid concentrations (Mayzaud
et al. 2000).

The objectives of the present investigation were to determine temperature
related effects on lipid and fatty acid content and composition of krill during the
summer period under controlled laboratory conditions. We also tested whether there
was any variation in the distribution of lipids with respect to sex between the body
tissues: abdomen, digestive gland and the remaining thoracic components

(containing reproductive tissue) under different temperature regimes.
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6.3. Materials and Methods
6.3.1. Sampling and experimental setup

Krill were collected on 3™ March 2006 (66°02'S, 79°32'E) using a rectangular
mid-water trawl net (RMT 8) (Baker et al. 1973) on board RSV Aurora Australis. The
water temperature during krill capture was -1°C.

On return to the research aquarium at the Australian Antarctic Division in
Kingston, Tasmania, krill were acclimated to aquarium conditions (King et al. 2003)
and then evenly distributed into three 600-L tanks on 30" March 2006 (Appendix B).
These stock populations of krill were maintained at temperatures of -1°C, 1°C and
3°C. Lighting was provided by twin fluorescent tubes. A controlled-timer system was
used to set a natural photoperiod corresponding to that for the Southern Ocean (66°S
at 30m depth). Continuous light and a maximum of 100 lux light intensity at the
surface of the tank (assuming 1% light penetration to 30m depth) during summer
midday (December), a sinusoidal annual cycle with monthly variations of photoperiod
and daily variation of light intensity was calculated (Appendix C). At the start of each
month, a new photoperiod was simulated by adjusting the timer system (Kawaguchi
et al. 2010).

Krill were fed daily throughout the experimental period (April 2006 to May
2007) with the following algal mixture: the cultured pennate diatom Phaeodactylum
tricornutum, at a final concentration of approximately 4.3 x 10* cells mL™, and the
diatom Thallasasira sp (1.8 x 10° cells mL™), the flagellates Pavlova sp. (6.7 x 10°
cells mL™")and Isochrysis sp. (2.6 x 10* cells mL™), which are concentrated bulk feeds
of instant algae mixed with seawater (Reed Mariculture, California). These algal
densities are representative of spring bloom conditions in the Southern Ocean. Water
flow in the tank was closed daily for two hours each day to enable krill to feed.
Minced clam, purchased from a local supplier, was also fed to the krill (approximately
1g per 250 krill) when water was flowing into the system. Clam meat has been used
successfully in previous laboratory experiments, providing krill with an additional
protein source (Hirano et al. 2003). Lipid and fatty acid composition of the provided
diet is summarised in Appendix H.

From each of the three 600-L tanks (-1°C, 1°C and 3°C), three random
immature, mature male and mature female krill were sampled in the summer months
of November 2006 (~8 months after incubation) and February 2007 (~11 months
after incubation). Immature krill were defined as either having a small and developing
petasma (not swollen or fully developed) or thelycum (small and still developing, with
no signs of red pigmentation) (Appendix A). Mature males were identified as having a

fully developed, complex and swollen petasma, and mature females had a large and
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fully developed thelycum that was brightly pigmented (Makarov and Denys 1980). An
additional three mated females were sampled from the -1°C treatment in November,
which were identified as having spermatophores attached to the thelycum. The
overall number of krill analysed was 57. The samples were wrapped in aluminium foil
and stored in a -80°C freezer.

While frozen, each krill was dissected into three sections: abdomen (cut
vertically between the carapace and abdominal segments), digestive gland and the
remaining tissue (‘thoracic component’) of the body (containing reproductive tissue),
and placed on pre-extracted and pre-weighed glass fibre filters to ensure all tissue
and fluids were collected. Samples were dissected in order to examine the

distribution of lipids in various tissues and frozen until analysed.

6.3.2. Lipid extraction

Dissected samples were freeze-dried and weighed, and extracted overnight
using a modified Bligh and Dyer (1959) single phase methanol-chloroform-water
extraction (2:1:0.8, by volume). Phases were separated by addition of chloroform-
water. The final solvent ratio was 1:1:0.9, by volume, methanol-chloroform-water.
The total solvent extract (TSE) was concentrated using rotary evaporation at 40°C,

transferred to glass vials and stored in chloroform at -20°C.

6.3.3. Lipid class analysis

Individual lipid classes were analysed using an latroscan MK V TH10 thin-
layer chromatography-flame ionization detector (TLC-FID) analyser (latron
Laboratories, Japan). An aliquot of the TSE was spotted onto silica gel Slll
chromarods (5um particle size) with 1uL micropipettes and developed in a glass tank
lined with pre-extracted filter paper. The solvent system used for lipid separation was
hexane-diethyl ether-acetic acid (60:17:0.1 by volume). After 25 minutes
development, the chromarods were oven dried and analysed immediately to
minimise absorption of atmospheric contaminants. The FID was calibrated for each
compound class: phosphatidylcholine, cholesterol, oleic acid, hydrocarbon (HC,
squalene), triacylglycerol (TAG, derived from fish oil), wax ester (WE, derived from
orange roughy, Hoplostethus atlanticus, oil) and diacylglyceryl ether (DAGE, derived
from shark liver oil). Lipid classes were quantified on an IBM compatible computer
using DAPA Scientific software (Kalamunda, Western Australia, Australia). The
results from the TLC-FID are generally reproducible to £10% of individual lipid class

abundances (Volkman and Nichols, 1991).
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6.3.4. Fatty acid analysis

An aliquot of the TSE was trans-methylated in methanol-chloroform—
hydrochloric acid (10:1:1, by volume) for two hours at ~90°C. The mixture was
cooled, milli-Q water added and fatty acid methyl esters (FAME) extracted with
hexane:chloroform (4:1, by volume, 3x). FAME were dried under a stream of
nitrogen, and an internal injection standard (C19 FAME) added.

Samples were analysed by gas chromatography (GC) using an Agilent
Technologies 7890A GC (Palo Alto, California, USA) equipped with an Equity™-1
fused silica capillary column (15 mm x 0.1 mm i.d., 0.1um film thickness), an FID, a
split/splitless injector and an Agilent Technologies 7683B Series auto sampler and
injector. Helium was the carrier gas. Samples were injected in splitless mode at an
oven temperature of 120°C. After injection, the oven temperature was raised to
270°C at 10°C min™" and finally to 310°C at 5°C min~'. Peaks were quantified with
Agilent Technologies ChemStation software (Palo Alto, California, USA).

Individual components were identified using mass spectral data and by
comparing retention time data with those of authentic and laboratory standards. GC
results are subject to an error of up to 5% of individual component area. GC-mass
spectrometric (GC-MS) analyses were performed on a Finnigan Thermoquest GCQ
GC-mass spectrometer fitted with an on-column injector using Thermoquest Xcalibur
software (Austin, Texas, USA). The GC was fitted with an HP-5 cross-linked methyl

silicone fused silica capillary column of similar polarity to that described above.

6.3.5. Statistical analysis

To determine whether there was any significant differences in lipid and fatty
acid content between months, temperatures, sex and tissue the linear (‘lm’) method
in the statistical package ‘R’ (version 2.8.0) was used to fit linear models to carry out
a straight forward analysis of variance (ANOVA). The maximum level of interaction
included in the linear model was fourth order (e.g. month:temperature:sex:tissue).

However, only second order interactions were found to be significant (P<0.05).

6.4. Results
6.4.1. Total lipid content and class composition

Total lipid, triacylglycerol (TAG) and polar lipid (PL) content in the tissue
fractions abdomen and the thoracic components for all sexes resulted in similar
trends in November and February, and thus, only the tissues thoracic components

and digestive gland are compared in Figures 6.1, 6.2 and Table 6.1.
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6.4.1.1. November

6.4.1.1.1. Lipid content in thoracic components and digestive gland

There were generally no significant differences (P>0.05) for total lipid, TAG
and PL content in the body fractions thoracic components and digestive gland
between sexes (immature, males and females) of krill for each individual temperature
(-1°C, 1°C and 3°C) (Figure 6.1). However, the mean values for males were
generally lower than for females, particularly at 3°C. For male digestive glands at
3°C, total lipid and TAG content were significantly lower than females (P<0.05).
Mated females were only observed in the -1°C treatment, and total lipid, TAG and PL
content for the tissues thoracic components and digestive gland were significantly
lower than the un-mated females. The only exception was PL in the digestive gland,
with the mated females containing lower concentrations, but there were no significant
differences (P>0.05).

For the thoracic components, there were lower concentrations of total lipid,
TAG and PL for all sexes at higher temperatures. A step-wise decreasing mean trend
in lipid content with temperature was observed for males, but the 1°C treatment was
lowest for immature krill and similar mean concentrations were observed for the 1°C
and 3°C treatments for females. Overall, there were significant differences for males
between -1°C and 3°C treatments for total lipid, TAG and PL content (P>0.05) and all
lipid contents for immature and female krill at -1°C were significantly higher than 1°C,
but not 3°C (P<0.05).

There were no significant differences in total lipid, TAG and PL content
between temperatures for the digestive gland for each sex (P>0.05). Immature krill
contained higher total lipid and PL content at increasing temperature, whereas, the

mean trends for males and females showed no clear temperature effect.
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Figure 6.1. Changes in mean (+1 SE) total lipid and lipid class content (TAG — triacylglycerol; PL —polar lipid) for two segments of krill (thoracic components
and digestive gland) in November in relation to sex (immature, male and female) and temperature (-1°C, 1°C and 3°C). Mated females (Mat. Female) only in

the -1°C treatment.
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6.4.1.1.2. Relative levels of lipid classes

The means and standard errors for the relative levels (as % of total lipid) of
individual lipid classes for the thoracic components and digestive gland of krill in
November, in relation to sex and temperature, are shown in Table 6.1. Overall, PL
was the dominant lipid class and generally increased with temperature for each sex,
reaching a mean maximum of 91% in male digestive glands at 3°C. The next
dominant lipid class, TAG, generally decreased with temperature for each sex and
tissue of krill. This was particularly evident for immature and male digestive glands in
the 3°C treatment, which contained significantly lower TAG values of 8% and 7%,

respectively, (P<0.05) compared to 17% for females.

6.4.1.2. February

6.4.1.2.1. Lipid content in the thoracic components

The general trends in February for mean total lipid, TAG and PL content
(Figure 6.2) were different to those observed in November (Figure 6.1). Total lipid,
TAG and PL content in the female tissue fraction thoracic component were
significantly higher than for immature krill at -1°C and 1°C (P<0.05), but not at 3°C.
The mean male lipid content was higher than immature krill with significance
recorded solely at 1°C (P<0.05). There were no significant differences between male
and female lipid content (P>0.05). However, the general trends showed that mean
female lipid content was higher at -1°C, while mean male content was higher at 1°C
and similar means were recorded at 3°C.

The 1°C treatment was significantly higher for males compared to -1°C and
3°C for total lipid, TAG and PL content (P<0.05) and immature krill in the -1°C
treatment was significantly higher than at 1°C (P<0.05) for all lipid content. There

were no significant differences between temperatures for female krill (P>0.05).
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Table 6.1. Mean (+1 SE) lipid class composition (as % of total lipid) for two segments of krill (thoracic components and digestive gland) in November and

February in relation to sex (immature, male and female) and temperature (-1°C, 1°C and 3°C). (Lipid classes: HC — Hydrocarbon, TAG — Triacylglycerol, FFA

— Free fatty acid, ST/DG — Sterol/Diaclglycerol and PL — Polar lipid).

November
-1°C 1°C 3°C
Immature Male Female Immature Male Female Immature Male Female

Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

Thoracic HC 0.0 + 00 0.0 * 0.0 0.0 * 0.0 0.0 * 0.0 0.0 + 00 0.0 + 00 1.0 + 1.0 0.6 + 1.0 0.0 + 00
components TAG 42.3 + 0.7 37.8 + 4.4 33.6 + 4.4 35.5 + 5.1 341 + 4.3 37.0 + 4.3 34.0 + 6.0 29.5 + 143 34.6 + 3.4
FFA 0.5 + 0.1 0.4 + 0.2 0.6 + 0.2 0.5 + 0.3 0.6 + 0.3 0.7 E 0.3 0.6 + 0.5 0.8 + 0.3 0.4 + 0.3

ST/DG 2.4 + 0.3 2.4 + 0.2 3.0 + 0.3 29 + 0.1 2.9 + 0.3 3.1 E 0.3 29 + 0.3 3.1 + 0.7 3.6 + 0.4

PL 54.9 + 0.9 59.4 + 4.2 62.8 + 4.8 61.2 + 5.0 62.4 + 4.8 59.2 + 4.1 61.5 + 5.1 66.0 + 146 61.4 + 4.1

Digestive HC 34 + 30 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0 0.0 + 00 0.0 + 00 0.8 + 0.7 0.4 + 04 0.5 + 09
gland TAG 20.0 + 64 165 + 6.7 24.2 + 4.9 23.9 + 207 143 + 52 176 + 36 7.9 + 6.5 5.8 + 1.0 168 + 47
FFA 1.8 + 1.0 0.8 + 0.1 1.6 + 0.8 9.8 + 134 1.6 + 10 1.6 + 1.0 37 + 1.8 0.9 + 03 1.1 + 04

ST/DG 1.6 + 02 1.6 + 0.4 1.9 + 0.2 15 + 1.2 2.8 + 14 2.2 + 05 5.8 + 5.4 23 + 04 2.1 + 041

PL 73.2 + 2.7 81.2 + 7.0 72.3 + 4.3 64.7 + 32.8 81.3 + 5.4 78.7 + 2.4 81.9 + 9.4 90.6 + 1.6 79.4 + 4.9

February
-1°C 1°C 3°C
Immature Male Female Immature Male Female Immature Male Female

Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

Thoracic HC 1.2 + 07 1.6 + 0.2 1.3 + 0.4 14 + 0.6 17 + 1.0 17 £ 1.2 3.0 + 14 27 + 06 2.1 + 05
components TAG 10.0 £ 117 | 2941 + 10.5 36.2 + 4.9 0.9 + 1.2 375 + 39 229 + 152 17.4 + 178 | 285 + 6.9 228 + 97
FFA 0.6 + 05 3.0 + 1.6 15 + 0.8 3.9 + 27 1.6 + 03 2.3 + 04 6.6 + 3.2 6.0 + 09 3.7 + 24
ST/DG 3.2 £ 29 4.0 + 0.4 45 + 0.6 4.7 + 0.3 42 + 03 4.7 + 041 46 + 0.8 4.0 + 06 140 + 167

PL 85.0 + 105 | 623 # 9.4 56.6 + 3.6 89.1 + 3.0 549 + 3.0 683 + 144 | 684 + 152 | 589 + 52 574 + 85

Digestive HC 14 + 02 1.2 + 1.1 3.0 + 0.5 33 + 0.6 2.2 + 02 2.8 + 04 75 + 4.0 43 + 12 4.8 + 26
gland TAG 9.9 + 93 9.9 + 10.2 9.6 + 1.2 1.8 + 0.2 7.5 + 37 6.6 + 39 3.2 + 45 3.2 + 37 5.6 + 48
FFA 0.1 + 02 7.4 + 6.7 16.9 + 5.6 7.7 + 43 188 + 88 158 + 57 21.7 + 7.9 208 = 100 | 211 + 153

ST/DG 2.3 + 1.8 37 + 1.8 5.1 + 1.1 29 + 1.0 4.6 + 19 3.2 + 08 33 + 1.8 4.0 + 18 3.0 + 06

PL 86.2 +  11.2 77.8 + 17.1 65.4 + 6.9 84.3 + 6.1 66.9 + 145 71.5 + 7.8 64.4 + 9.2 67.8 + 157 65.4 + 141
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Figure 6.2. Changes in mean (+1 SE) total lipid and lipid class content (TAG — triacylglycerol; PL —polar lipid) for two segments of krill (thoracic components
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6.4.1.2.2. Lipid content in digestive gland

Total lipid and PL content in the digestive glands of immature krill were
significantly higher than in females at -1°C (P<0.05), but not significantly different to
males (P>0.05). Concentrations of total lipid and PL of mature males were
significantly higher than immature krill in the 1°C treatment (P<0.05), but were not
different for females (P>0.05). There were no significant differences in total lipid and
PL content between sexes for the 3°C treatment (P>0.05). There was a general step-
wise decrease in total lipid and PL content in digestive glands of immature krill and
mature males with increasing temperature, while concentrations were higher at 1°C
in females. Overall, the absolute values for TAG were low for immature, male and
female krill in all temperature treatments and not significantly different between
treatments (P>0.05).

Total lipid and PL content of immature krill at -1°C were significantly higher
than at both 1°C and 3°C (P>0.05). Only the total lipid and PL content in males at -
1°C treatment was statistically higher than the 3°C treatment. Total lipid and PL
content across the temperatures for females were not statistically different (P>0.05),

but the means were higher at 1°C.

6.4.1.2.3. Relative levels of lipid class

The means and standard errors for the lipid class composition (as % of total
lipid) for the thoracic components and digestive gland of krill in February, in relation
to sex and temperature, are shown in Table 6.1. PL and TAG were again the two
dominant classes. TAG was highest for males in the warmer 1°C and 3°C
temperatures, reaching a mean maximum of 38% in the 1°C treatment (thoracic
components), whereas TAG was highest at -1°C for females (36%, thoracic
components). TAG levels were substantially lower in the digestive gland for all sexes

of krill in the 3°C treatment, ranging between 3% and 6%.

6.4.2. Fatty acid content and composition

General trends of fatty acid profiles in our study showed various relationships
with temperature, sex and tissue fractions. As a consequence, changes in the mean
content of the major fatty acid, 16:1w7c, 20:5w3 (EPA) and 22:6w3 (DHA) are only
shown in the results and focused on in the Discussion. The tissue fractions abdomen
and the thoracic components for all sexes and temperatures also showed similar
trends in November and February, and thus, only thoracic components and digestive
gland are shown (Figures 6.3, 6.4 and Tables 6.2, 6.3, 6.4).
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6.4.2.1 November

6.4.2.1.1. Sex related differences in fatty acid content

For each temperature treatment (-1°C, 1°C and 3°C), there were no
significant differences between sexes for 16:1w7c, EPA and DHA in the tissues
thoracic components and digestive gland (P>0.05) (Figure 6.3). Mean contents of
16:1w7c, EPA and DHA in mated females were lower than un-mated females for
thoracic components and digestive gland at -1°C, however, they were not
significantly different (P>0.05).

6.4.2.1.2. Temperature related differences in fatty acid content

Mean 16:1w7c, EPA and DHA content in the -1°C treatment of all sexes and
tissues were higher than for the warmer 1°C and 3°C treatments. For mature males
and females there was a step-wise decrease in major fatty acid content with
increasing temperature, whereas, for immature krill the 1°C treatment was lowest.
Content of 16:1w7c and EPA in the tissue thoracic components at -1°C were
significantly higher than only 1°C for immature krill and statistically higher than only
3°C for males and females (P<0.05). In digestive gland, 16:1w7c and EPA content
for the -1°C treatment was significantly higher than both 1°C and 3°C for immature
krill and only EPA for males (P<0.05). There were no statistical differences in
16:1w7c and EPA between temperatures for female digestive gland. DHA content
showed similar means between each temperature treatment for all sexes and

tissues.

6.4.2.2. February

6.4.2.2.1. Sex related differences in fatty acid content

Males contained significantly higher 16:1w7c, EPA and DHA content (P<0.05)
in the tissue thoracic components at 1°C compared to immature krill, but no other
statistical differences were observed between sexes and temperatures (P>0.05,
Figure 6.4). However, immature krill generally contained lower values than males and
females. Males contained significantly higher 16:1w7c content in digestive gland at
1°C compared to immature krill (P<0.05), with no significant differences for EPA and
DHA (P>0.05). At -1°C, females contained significantly higher 16:1w7c, EPA and
DHA content compared to males, but not statistically different to immature krill
(P>0.05). No significant differences were observed between sexes for the 3°C
treatment (P>0.05).
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Figure 6.3. Changes in mean (+1 SE) fatty acid content (16:1w7c, 20:5w3 [EPA] and 22:6w3 [DHA]) for two segments of krill (thoracic components and
digestive gland) in November in relation to sex (immature, male and female) and temperature (-1°C, 1°C and 3°C).
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Figure 6.4. Changes in mean (1 SE) fatty acid content (16:1w7c, 20:5w3 [EPA] and 22:6w3 [DHA]) for two segments of krill (thoracic components and
digestive gland) in February in relation to sex (immature, male and female) and temperature (-1°C, 1°C and 3°C).



Chapter six: Lipid and fatty content and composition during summer

6.4.2.2.2. Temperature related differences in fatty acid content

The general mean trends of 16:1w7c, EPA and DHA between temperatures
varied between sexes. There was a general step-wise decrease in content with
increasing temperature for females, which is particularly evident for 16:1w7c and
EPA for both the thoracic components and digestive gland. Males at 1°C contained
higher 16:1w7c, EPA and DHA content in both tissue fractions, whereas the tissue
thoracic components in immature krill showed similar fatty acid content at all three
temperatures. However, mean fatty acid content in immature krill at -1°C contained
higher values in the digestive gland. Overall, the only significant differences for the
tissue thoracic components were observed for males at 1°C and both the -1°C and
3°C treatments for 16:1w7c, and 1°C and just 3°C for EPA and DHA (P<0.05). For
the digestive gland, significant differences were only observed between 1°C and both
the -1°C and 3°C treatments for 16:1w7c in males, -1°C and 3°C for EPA in immature
krill, and -1°C and 1°C for EPA and DHA in females (P<0.05).

6.4.2.3. Relative levels of fatty acids for November and February

6.4.2.3.1. Sex related differences

Means and standard errors for fatty acid composition (as % of total fatty acid),
as well as the sums of saturated fatty acid (SFA), monounsaturated fatty acid
(MUFA), polyunsaturated fatty acid (PUFA), and the ratios of w3/w6, AA/EPA and
DHA/EPA, in relation to tissue and sex, for November and February, are shown in
Table 6.2 (-1°C), Table 6.3 (1°C) and Table 6.4 (3°C). For the major PUFA; EPA,
DHA, sum PUFA and DHA/EPA, there were no substantial differences between
sexes for the thoracic components and digestive gland in November for the three
temperature treatments. Males contained higher mean values at -1°C and 3°C, while
immature krill contained higher values at 1°C. The only exceptions were males which
contained higher relative levels of EPA and DHA in the digestive gland at 1°C.

In February, immature krill generally contained highest mean relative levels of
EPA, DHA, sum PUFA and DHA/EPA values in the -1°C and 1°C treatments, while
females had the lowest for tissues thoracic components and digestive gland.
Exceptions were males which had highest mean values for the ratio DHA/EPA in the
thoracic components at -1°C, and DHA and DHA/EPA in digestive gland at -1°C. At
3°C, immature krill contained higher relative EPA levels in the thoracic components
and digestive gland, while females had higher DHA, sum PUFA and DHA/EPA in
thoracic components and DHA/EPA in digestive gland. Males contained highest

mean DHA levels and sum PUFA in digestive gland.
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Chapter six: Lipid and fatty content and composition during summer

6.4.2.3.2. Temperature related differences

For the tissues thoracic components and digestive gland, relative mean EPA,
DHA, sum PUFA and DHA/EPA values in November were highest at 1°C for
immature krill and highest at 3°C for males and females. However, relative mean
values of EPA were highest at -1°C for all sexes in digestive gland. In February, the
relative mean values of EPA, DHA, sum PUFA and DHA/EPA varied more with
temperature. At -1°C, higher mean values of EPA were in the tissue thoracic
components for immature and male krill, and EPA was also highest in digestive gland
for immature and female krill. At 1°C, DHA, sum PUFA and DHA/EPA was highest in
immature krill, and also, EPA, DHA, sum PUFA was highest at 1°C in the tissue
thoracic components for female krill. In the digestive gland, mean relative DHA levels
and DHA/EPA were highest at 1°C for immature krill. At 3°C, the ratio of DHA/EPA
was highest in male and female krill in the thoracic components, and in digestive
gland, EPA, DHA, sum PUFA and DHA/EPA were highest at 3°C for male and

female krill (except for EPA in females).
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Table 6.2. Mean (£1 SE) fatty acid composition (as % of total fatty acid) for two segments of krill (thoracic components and digestive gland) in the -1°C
treatment in November and February in relation to sex (immature, male and female).

November -1°C February -1°C
Immature Male Female Immature Male Female
Thoracic Thoracic Thoracic Thoracic Thoracic Thoracic

components Digestive gland components Digestive gland components Digestive gland components Digestive gland components Digestive gland components Digestive gland
Mean SE | Mean SE | Mean SE | Mean SE | Mean SE | Mean SE | Mean SE Mean SE | Mean SE | Mean SE | Mean SE | Mean SE
14:0 7.5 + 02 5.8 + 04 8.4 + 02 59 + 06 7.5 + 02 5.8 + 04 2.8 + 24 25 + 18 5.8 + 16 33 + 24 6.2 + 09 5.2 + 03
15:0 0.9 + 01 0.8 + 0 0.8 + 01 0.7 + 0.1 0.9 + 041 0.8 + 0 0.3 + 03 0.5 + 02 0.7 + 02 0.5 + 01 0.7 + 041 0.7 + 00
16:0 20 + 0 195 + 03| 204 + 03| 201 + 06 20 + 0 19.5 + 03 19.6 + 1.5 19.0 + 18 20.4 + 13 18.2 + 09 194 + 09 18.3 + 11
18:0 1.1 + 03 14 + 01 1.1 + 01 1.3 + 02 11 + 03 14 + 041 1.2 + 02 1.9 + 09 1.2 + 01 14 + 02 0.9 + 0.1 1.0 + 02
phytanic acid 1.1 + 0 1.1 + 0 11 + 01 1 + 0.1 11 + 0 11 + 0 0.7 + 06 0.9 + 01 1.1 + 01 1.0 + 00 1.1 + 01 1.0 + 0.1
16:1w7c 18 + 19 13.7 + 16 15.9 + 1.8 12,5 + 25 18 + 1.9 13.7 + 1.6 8.6 + 5.9 8.6 + 24 12.8 + 17 9.2 + 23 14.5 + 1.8 11.4 + 14
18:1w9c 134 + 07 1.1 + 07 13 + 1 1.4 + 04 134 + 07 1.1 + 07 121 + 3.5 134 + 28 8.7 + 538 124 + 12 16.3 + 1.1 13.7 + 08
18:1w7c 5.4 + 05 6.3 + 07 5.3 + 06 6 + 06 5.4 + 05 6.3 + 07 6.8 + 1.9 5.7 + 08 5.8 + 09 6.3 + 04 5.3 + 07 6.1 + 05
20:1w9 0.8 + 0.1 0.9 + 0.1 0.7 + 0.1 0.9 + 041 0.8 + 041 0.9 + 041 0.6 + 0.5 1.1 + 02 1.2 + 02 1.5 + 04 0.9 + 02 1.2 + 03
16:04 0.4 + 03 0.4 + 0.1 0.5 + 0.1 0.3 + 041 0.4 + 03 0.4 + 041 0.6 + 0.5 0.3 + 03 0.6 + 0.1 0.4 + 0.1 0.4 + 0.1 0.4 + 0.1
18:4w3 1.4 + 0.1 1 + 0.1 1.3 + 0.1 0.9 + 041 1.4 + 041 1 + 041 0.8 + 0.3 0.8 + 0.1 1.1 + 03 0.9 + 0.1 1.0 + 02 0.9 + 041
18:2w6 (LA) 3 + 0.1 3.4 + 0.1 3 + 02 3.6 + 04 3 + 041 3.4 + 041 4.2 + 0.4 4.6 + 03 5.1 + 06 5.4 + 02 4.6 + 0.0 4.9 + 02
20:4w6 (AA) 0.7 + 0.1 1 + 0.1 0.8 + 0.1 1 + 02 0.7 + 041 1 + 041 3.5 + 1.0 1.8 + 0.1 21 + 09 1.6 + 03 1.4 + 02 1.4 + 0.1
20:5w3 (EPA) 12.9 + 0.1 16.8 + 1.1 13.5 + 06 17.3 + 24 12.9 + 041 16.8 + 1.1 18.5 + 3.4 18.4 + 12 13.8 + 26 15.2 + 23 11.8 + 05 13.7 + 02
22:5w6 0.6 + 0 0.7 + 0.1 0.6 + 0.1 0.8 + 041 0.6 + 0 0.7 + 041 1.4 + 0.6 0.9 + 02 1.2 + 05 1.1 + 0.1 0.8 + 00 1.0 + 00
22:6w3 (DHA) 6 + 03 9.3 + 04 6.8 + 04 9.9 + 1.1 6 + 03 9.3 + 04 14.2 + 5.6 13.0 + 24 11.5 + 32 14.2 + 16 8.2 + 09 121 + 06

Other** 6.7 71 6.7 6.4 6.7 71 4.0 6.6 6.8 7.3 6.6 7.3
Sum SFA 32 + 04 29.9 + 04 334 + 04 30.4 * 1.3 32 + 04 29.9 + 04 25.6 E 4.4 26.3 + 09 30.9 + 28 26.2 + 06 29.7 + 08 27.6 + 12
Sum MUFA 41.2 + 08 35.6 + 09 38.3 + 13 344 + 24 41.2 + 08 35.6 + 09 30.0 + 5.2 32.3 + 46 31.9 + 72 32.9 + 36 40.7 + 16 36.1 + 02
Sum PUFA 26.8 + 05 345 + 13 28.3 + 1 35.2 + 34 26.8 + 05 345 + 13 44.4 + 9.1 41.4 + 37 37.2 + 78 40.8 + 41 29.6 + 1.0 36.3 + 09
Total w3 211 + 1 28 + 1.8 22.3 + 15 28.9 + 39 211 * 1 28 + 1.8 34.1 + 1041 33.0 + 42 27.2 + 6.5 31.4 + 41 21.7 + 17 27.6 + 14
Total w6 4.9 + 04 5.8 + 05 5 + 06 5.7 + 09 4.9 + 04 5.8 + 05 9.4 + 24 7.8 + 08 9.0 + 23 8.8 + 08 71 + 04 8.0 + 05

Ratio w3/wé 4.3 4.8 4.4 5.1 4.3 4.8 3.6 4.2 3.0 3.6 3.0 3.4

Ratio Al:\lEPA 0.06 0.06 0.06 0.06 0.06 0.06 0.19 0.10 0.15 0.10 0.12 0.10

le:ltlli%A 0.46 0.56 0.5 0.57 0.46 0.56 0.77 0.71 0.83 0.93 0.70 0.88

** Other fatty acids (< 0.1%) include: 4,8,12TMTD, i15:0, a15:0, C16PUFA, 16:1w9c, 16:1w5c, 16:1w13t, i17:0, 17:1w8¢, 17:1, 17:0, 18:3w6, 18:1w7t, 18:1w5c, 18:1, 19:1, 20:3w6, 20:4w3, 20:2w6, 20:1w7c, 20:1w5c, 20:0, 21:5w3, 21:0,
22:4w6, 22:5w3, 22:4w3, 22:2w6, 22:1w11c, 22:1w9c, 22:1w7c, 22:0, C24PUFA, 24:1w11c, 24:1w9c, 24:1w7c, 24:0.




Table 6.3. Mean (£1 SE) fatty acid composition (as % of total fatty acid) for two segments of krill (thoracic components and digestive gland) in the 1°C

treatment in November and February in relation to sex (immature, male and female).

November 1°C February 1°C
Immature Male Female Immature Male Female
Thoracic Thoracic Thoracic Thoracic Thoracic Thoracic

components Digestive gland components Digestive gland components Digestive gland components Digestive gland components Digestive gland components Digestive gland
Mean SE | Mean SE | Mean SE | Mean SE | Mean SE | Mean SE | Mean SE | Mean SE | Mean SE | Mean SE | Mean SE Mean SE
14:0 4.8 + 08 4.6 + 13 6.9 + 03 5.2 + 07 7.8 + 07 53 £+ 19 1.5 + 15 0.7 + 07 53 + 32 41 + 3.0 238 + 30 2.8 + 21
15:0 0.8 + 01 0.7 + 04 0.8 + 01 0.8 + 0.1 0.9 + 00 0.8 + 00 0.5 + 00 0.5 + 02 0.8 + 0.1 0.6 + 01 0.5 + 04 0.5 + 03
16:0 20.6 + 05| 233 + 73| 202 + 06 19.2 + 04 20.2 + 041 190 + 0.1 18.1 + 07 18.3 + 24 19.2 + 06 18.5 + 15| 202 + 1.3 188 + 09
18:0 14 + 02 1.8 + 05 17 + 06 14 + 02 1.2 + 02 1.3 + 02 0.9 + 02 22 + 1.0 0.8 + 0.1 1.0 + 01 1.1 + 02 14 + 07
phytanic acid 1.1 + 01 0.9 + 02 1.0 + 01 0.9 + 041 11 + 00 1.0 + 00 14 + 04 0.9 + 00 1.1 + 0.1 1.1 + 00 1.1 + 02 1.0 + 00
16:1w7c 14.5 + 17 9.8 + 29 13.3 + 07 1.1 + 041 13.9 + 1.0 1.3 + 15 5.3 + 33 7.5 + 08 15.7 + 041 13.8 + 07 8.6 + 6.1 11.4 + 23
18:1w9c 13.0 + 19 9.2 + 28 13.7 + 1.8 11.9 + 1.5 134 + 1.1 11.8 + 03 12.0 + 13 13.0 + 09 15.9 + 13 155 + 31 14.2 + 29 14.7 + 22
18:1w7c 5.0 + 06 4.9 + 17 5.5 + 07 6.3 + 08 5.6 + 02 6.5 + 04 6.4 + 04 7.8 + 00 55 + 02 6.5 + 12 6.7 + 1.1 7.3 + 05
20:1w9 0.8 + 02 0.8 + 02 0.8 + 02 0.8 + 02 0.7 + 00 0.8 + 041 0.9 + 00 1.4 + 041 0.9 + 041 1.2 + 00 0.9 + 0.2 1.5 + 0.1
16:04 0.8 + 0.0 0.6 + 0.1 0.7 + 0.1 0.5 + 041 0.8 + 041 0.5 + 041 0.3 + 03 0.2 + 03 0.8 + 041 0.5 + 01 0.4 + 0.4 0.4 + 0.1
18:4w3 0.9 + 0.1 0.7 + 02 1.0 + 0.1 0.8 + 02 1.0 + 02 0.9 + 041 0.5 + 041 1.0 + 02 1.0 + 02 1.1 + 04 0.5 + 0.4 1.1 + 04
18:2w6 (LA) 3.7 + 02 3.8 + 08 3.2 + 0.0 3.6 + 00 3.5 + 02 4.0 + 04 4.5 + 041 54 + 041 4.5 + 05 5.1 + 04 4.4 + 0.3 5.2 + 03
20:4w6 (AA) 1.2 + 03 1.0 + 0.1 0.9 + 02 0.9 + 041 0.9 + 041 0.9 + 00 3.5 + 07 1.8 + 03 1.0 + 02 1.0 + 01 2.5 + 1.7 1.2 + 03
20:5w3 (EPA) 14.5 + 19 14.9 + 20 13.5 + 16 16.7 + 1.7 13.0 + 041 15.2 + 06 17.5 + 041 14.6 + 29 111 + 04 11.6 + 04 14.9 + 5.0 1.7 + 29
22:5w6 1.0 + 0.1 23 + 15 0.9 + 02 1.0 + 02 0.9 + 02 1.1 + 02 2.3 + 038 1.8 + 05 0.9 + 041 1.2 + 02 1.7 + 0.8 1.3 + 04
22:6w3 (DHA) 8.8 + 17 1.4 + 24 8.3 + 0.1 11.9 + 09 7.9 + 1.2 1.5 + 1.9 18.9 + 54 14.7 + 1.8 8.5 + 12 10.3 + 16 14.4 + 5.7 11.5 + 20

Other** 7.2 9.4 7.5 7.0 7.3 8.0 5.6 8.2 6.9 6.9 53 8.0
Sum SFA 30.3 + 16 33.3 + 98 323 + 03 29.0 + 08 32.8 + 08 28.9 + 1.8 234 + 18 246 + 35 28.7 + 34 26.5 + 22 26.9 + 2.9 26.0 + 23
Sum MUFA 36.8 + 23 27.8 + 84 37.3 + 17 334 * 1.0 37.2 + 22 345 + 1.0 27.2 + 46 34.5 + 07 41.8 + 16 40.3 + 37 32.9 + 8.8 38.7 + 42
Sum PUFA 32.8 + 39 38.9 + 14 30.4 + 15 37.6 + 07 30.0 + 18 36.6 + 23 49.4 + 64 40.9 + 42 29.5 + 19 33.2 + 22 40.2 + 117 35.3 + 6.1
Total w3 25.1 + 40 28.0 + 438 23.5 + 24 30.6 + 34 22.7 + 17 28.7 + 31 37.9 + 64 31.2 + 56 213 + 19 242 + 3.0 30.3 + 116 26.1 + 58
Total w6 6.4 + 08 9.6 + 6.0 5.7 + 08 6.2 + 08 5.8 + 08 6.9 + 13 11.0 + 18 9.4 + 13 6.9 + 09 8.1 + 16 9.3 + 3.5 8.2 + 13

Ratio w3/wé 3.9 29 4.1 5.0 3.9 4.2 3.4 3.3 3.1 3.0 3.2 3.2

Ratio Al:\lEPA 0.08 0.07 0.07 0.06 0.07 0.06 0.20 0.12 0.09 0.08 0.2 0.10

le:ltlli%A 0.61 0.76 0.62 0.71 0.61 0.76 1.08 1.01 0.76 0.89 0.96 0.98

** Other fatty acids (<0.1%) include: 4,8,12TMTD, i15:0, a15:0, C16PUFA, 16:1w9c, 16:1w5c, 16:1w13t, i17:0, 17:1w8c, 17:1, 17:0, 18:3w6, 18:1w7t, 18:1w5c, 18:1, 19:1, 20:3w6, 20:4w3, 20:2w6, 20:1w7c, 20:1w5c, 20:0, 21:5w3, 21:0,
22:4w6, 22:5w3, 22:4w3, 22:2w6, 22:1w11c, 22:1w9c, 22:1w7c, 22:0, C24PUFA, 24:1w11c, 24:1w9c, 24:1w7c, 24:0.




Table 6.4. Mean (£1 SE) fatty acid composition (as % of total fatty acid) for two segments of krill (thoracic components and digestive gland) in the 3°C

treatment in November and February in relation to sex (immature, male and female).

November 3°C February 3°C
Immature Male Female Immature Male Female
Thoracic Thoracic Thoracic Thoracic Thoracic Thoracic

components Digestive gland components Digestive gland components Digestive gland components Digestive gland components Digestive gland components Digestive gland
Mean SE | Mean SE | Mean SE | Mean SE | Mean SE | Mean SE | Mean SE | Mean SE Mean SE | Mean SE | Mean SE | Mean SE
14:0 4.2 + 30 4.6 + 06 45 + 30 3.2 + 24 3.7 + 24 24 + 26 42 + 3.0 46 + 06 3.4 + 17 1.1 + 14 3.2 + 20 3.6 + 08
15:0 0.9 + 01 0.9 + 00 0.8 + 02 0.7 + 02 0.7 + 02 0.7 + 041 0.9 + 0.1 0.9 + 00 0.5 + 04 0.4 + 04 0.6 + 02 0.6 + 0.1
16:0 20.0 + 10 197 + 04| 207 + 07 19.6 + 07 20.4 + 02 187 + 03 20.0 + 1.0 19.7 + 04 18.8 + 06 16.0 + 46 19.8 + 02 19.1 + 09
18:0 1.1 + 02 1.2 + 00 1.2 + 02 1.6 + 0.1 11 + 041 1.3 + 041 11 + 02 1.2 + 00 1.0 + 01 24 + 20 1.1 + 02 1.2 + 02
phytanic acid 1.1 + 01 1.0 + 01 1.2 + 01 1.1 + 00 11 + 041 11 + 041 11 + 0.1 1.0 + 041 1.1 + 01 0.7 + 06 1.1 + 01 1.0 + 01
16:1w7c 14.8 + 16 11.9 + 04 124 + 3.0 8.9 + 241 13.9 + 1.6 9.8 + 17 14.8 + 16 11.9 + 0.4 123 + 22 6.2 + 40 9.2 + 28 9.5 + 16
18:1w9c 15.9 + 20 11.8 + 02 13.5 + 1.1 10.0 + 06 15.3 + 12 12.7 + 15 15.9 + 20 11.8 + 0.2 19.1 + 09 15.3 + 28 16.3 + 20 13.9 + 21
18:1w7c 4.8 + 05 6.3 + 02 6.1 + 12 6.5 + 1.1 6.3 + 041 7.3 + 09 4.8 + 05 6.3 + 0.2 5.4 + 06 7.8 + 1.0 6.3 + 08 6.3 + 07
20:1w9 0.8 + 0.1 0.8 + 0.1 0.8 + 0.0 1.1 + 02 0.8 + 02 1.0 + 041 0.8 + 041 0.8 + 0.1 1.2 + 03 2.0 + 13 1.1 + 02 1.2 + 02
16:04 0.8 + 02 0.6 + 0.0 0.6 + 0.0 0.3 + 041 0.6 + 04 0.4 + 02 0.8 + 02 0.6 + 0.0 0.7 + 0.1 0.2 + 0.1 0.6 + 02 0.5 + 0.1
18:4w3 0.9 + 02 0.7 + 0.1 0.9 + 02 0.7 + 041 0.9 + 041 0.8 + 041 0.9 + 02 0.7 + 0.1 0.8 + 02 0.4 + 04 0.7 + 0.1 0.8 + 03
18:2w6 (LA) 3.7 + 02 4.0 + 02 3.8 + 02 4.6 + 02 3.5 + 02 4.4 + 04 3.7 + 02 4.0 + 0.2 4.8 + 02 6.1 + 1.1 4.7 + 04 5.4 + 02
20:4w6 (AA) 1.1 + 0.1 1.0 + 0.0 1.6 + 08 1.4 + 06 11 + 00 1.1 + 02 11 + 041 1.0 + 0.0 1.7 + 05 1.6 + 04 2.5 + 1.0 1.6 + 02
20:5w3 (EPA) 13.6 + 03 16.3 + 03 14.2 + 26 16.9 + 22 14.1 + 141 16.7 + 12 13.6 + 03 16.3 + 0.3 11.2 + 06 16.3 + 39 12.0 + 24 12.9 + 1.0
22:5w6 1.1 + 0.0 1.3 + 0.1 1.3 + 04 1.7 + 03 0.9 + 00 1.4 + 041 11 + 00 1.3 + 0.1 1.3 + 02 1.5 + 02 1.8 + 05 1.5 + 0.1
22:6w3 (DHA) 7.9 + 07 10.8 + 03 10.2 + 25 14.4 + 22 8.5 + 1.1 13.3 + 18 7.9 + 07 10.8 + 0.3 10.0 + 16 171 + 44 12.8 + 25 14.0 + 15

Other** 7.3 7.3 6.4 7.2 6.9 7.0 7.3 7.3 6.8 4.9 6.4 71
Sum SFA 29.0 + 20 28.6 + 02 29.9 + 27 27.8 + 33 28.6 + 25 25.7 + 27 26.7 + 31 26.5 + 103 26.2 + 25 21.6 + 59 271 + 23 27.0 + 13
Sum MUFA 40.1 + 25 34.2 + 05 36.0 + 32 29.8 * 1.7 40.0 + 15 33.9 + 08 37.0 + 6.0 33.0 + 0.2 41.4 + 12 33.9 + 28 36.0 + 35 34.4 + 3.0
Sum PUFA 30.9 + 1.1 37.2 + 05 341 + 59 42.4 + 49 314 + 17 40.4 + 24 36.3 + 91 40.6 + 1041 32.5 + 33 445 + 8.1 36.9 + 57 38.6 + 23
Total w3 233 + 16 29.2 + 12 26.2 + 58 331 + 47 243 + 24 322 + 38 26.3 + 86 29.5 + 105 22.9 + 28 34.6 + 94 26.7 + 56 28.8 + 3.1
Total w6 6.1 + 06 6.8 + 06 7.0 = 17 8.5 * 1.3 6.0 + 04 7.3 + 09 8.8 + 20 10.4 + 3.7 8.2 + 09 9.7 + 23 9.5 + 24 9.0 + 07

Ratio w3/wé 3.8 4.3 3.7 3.9 4.0 4.4 3.0 2.8 2.8 3.6 2.8 3.2

Ratio Al:\lEPA 0.08 0.06 0.11 0.09 0.07 0.06 0.08 0.06 0.15 0.10 0.21 0.12

le:ltlli%A 0.58 0.66 0.71 0.86 0.60 0.79 0.58 0.66 0.89 1.05 1.07 1.08

** Other fatty acids (<0.1%) include: 4,8,12TMTD, i15:0, a15:0, C16PUFA, 16:1w9c, 16:1w5c, 16:1w13t, i17:0, 17:1w8c, 17:1, 17:0, 18:3w6, 18:1w7t, 18:1w5c, 18:1, 19:1, 20:3w6, 20:4w3, 20:2w6, 20:1w7c, 20:1w5c, 20:0, 21:5w3, 21:0,
22:4w6, 22:5w3, 22:4w3, 22:2w6, 22:1w11c, 22:1w9c, 22:1w7c, 22:0, C24PUFA, 24:1w11c, 24:1w9c, 24:1w7c, 24:0




Chapter six: Lipid and fatty content and composition during summer

6.5. Discussion

The body tissues, with the exception of digestive gland in February, generally
showed no major differences between total lipid and fatty acid content and
composition. The relationship of total lipid and fatty acid content and composition
between the body tissues thoracic components and digestive gland in February was
more complicated with varying trends between sex and temperature. Although there
was some evidence of krill in the cooler temperatures containing elevated lipid
stores, there were generally no significant differences with respect to temperature in
krill sampled in November and February. Additionally, total lipid, TAG and PL
content, as well as the major fatty acids; 16:1w7c, EPA and DHA, were generally not
significantly different between immature, male and female krill, despite past studies

suggesting there are sex related differences in summer.

6.5.1. Sex related differences

Sex and maturity stage are known factors influencing lipid composition in krill
(Clarke 1980; Saether et al. 1985; Kolakowska 1991; Pond et al. 1995; Virtue et al.
1996; Mayzaud et al. 1998; Phleger et al. 1998). These studies have concluded that
sex related differences were mostly related to changes in TAG accumulation
(Mayzaud 1997), which is an important energy reserve for krill that increases during
feeding and is depleted during starvation (Virtue et al. 1996). Mature female krill can
contain twice as much lipid as males (Saether et al. 1985; Kolakowska 1991), due
mainly to oocyte production (Pond et al. 1995), and they can lose approximately half
their body lipids (Clarke 1980), as well as one third of their body mass (Nicol et al.
1995), during one spawning event. Female reproduction, therefore, uses substantial
amounts of energy and resources and is a major influence on total lipid and fatty acid
content and composition (Quetin et al. 1994; Lee et al. 2006). The reproductive
investment of male krill is far less known.

It has been shown that the accumulation of oocytes in the ovaries of females
contains high levels of neutral lipids including TAG (Pond et al. 1995), while it
appears that males do not require high levels of neutral lipids for the production of
spermatophores (Virtue et al. 1996). Females can shed several spermatophores
during one moulting episode (Bargmann 1937; Watkins et al. 1992). Since moulting
continually occurs throughout the reproductive season (Nicol 1989), males are
required to continually produce sperm mass, and therefore, attach spermatophores
regularly to females. This suggests that the energy cost of continual spermatophore
production and re-mating for males would be considerably high, and accounts for

depletion of lipid content (Pond et al. 1995; Virtue et al. 1996). The energetic costs
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between males and females vary over different timescales. For example, females
accumulate a substantial and constant amount of lipid reserves, particularly TAG, for
spawning during summer (Pond et al. 1995; Virtue et al. 1996). The reproductive
effort of males, on the other hand, is invested in a series of events over the season,
each of which has a lower overall lipid cost (Pond et al. 1995).

The results from our study differed from others reporting higher lipid content
in females, notably TAG in summer, in comparison to males, probably because
female krill were not gravid in this study. The mature females contained small pre-
vitellogenic ovaries throughout the summer period, and the thorax was not swollen
with extra-cellular space observed between the ovary and carapace. Despite no
significant differences of lipid and fatty acid content and composition between sexes,
the general trends observed in November suggest that mean total lipid, TAG and PL
content were generally higher in females, particularly for the warmer 3°C treatment,
in comparison to male and immature krill. The mean relative levels of the major
PUFA, EPA and DHA were generally higher in males compared to females, albeit
only slightly, for all temperature treatments and tissues in November, while mean
16:1w7c was generally higher in females. Likewise in past studies, relative levels of
EPA and DHA are substantially higher in males compared to female and juvenile krill
(Virtue et al. 1996; Phleger et al. 1998; Cripps et al. 1999). Relative levels of MUFA,
particularly 16:1w7c, and SFA have also been shown to be significantly lower in male
krill (Virtue et al. 1996). However, in February, relative levels of EPA and DHA were
generally only higher for males in -1°C, and females contained higher levels in the
warmer 1°C and 3°C treatments (except for in male digestive gland at 3°C). The
general lipid and fatty acid trends in krill sampled in February were complex and
there were no clear differences between sexes.

Mated females (spermatophores attached) were only observed in the cooler -
1°C treatment in November, but the ovaries were still pre-vitellogenic. However,
mated females contained total lipid, TAG and PL levels that were significantly lower
than in mature females without spermatophores attached suggesting utilisation of
lipids during the energetic mating process. Mean contents of 16:1w7c¢, EPA and DHA
in mated females were also lower than un-mated females. Although there are studies
that have examined the energetic costs of general reproduction and oocyte
production for females (Clarke 1980, 1984; Saether et al. 1985; Kolakowska 1991;
Quetin et al. 1994; Pond et al. 1995; Virtue et al. 1996), there is a lack of literature
concerning the actual energetic costs of mating. It has been suggested that the
substantial lipid expenditure observed in males is accounted for by the general cost

of spermatophore production and affixation to females, as well as the energy
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involved in searching for un-mated and mature females (Pond et al. 1995; Phleger et
al. 1998). Our study has shown that there is evidence that females also undergo
some degree of energy expenditure in mating, due to utilisation of lipids in mated
females. This expenditure may be involved in the attachment of spermatophores to
the thelycum, or in the swimming costs of searching for, or being chased by,

reproductive males.

6.5.1.1. Effect of experimental condition

Krill did not undergo full ovarian maturation in this study. They did, however,
enter pre-vitellogenesis, which can occur prior to mating and the reproductive
season, and is known as the first plateau of the ovarian maturation cycle involving
minimal energy requirements (Quetin and Ross 2001). The second plateau during
ovarian maturation involves the energetically demanding yolk accumulation, which
will only proceed if sufficient resources are available, particularly food quality and
quantity at the right time (Ross and Quetin 2000; Quetin and Ross 2001). Despite
plentiful food concentrations provided throughout this study, female krill did not
proceed through vitellogenesis, suggesting inadequate food quality and overall
energy resources. Even though krill were actively feeding, as indicated by full and
healthy digestive glands (personal observations) and reasonable total lipid and fatty
acid content of the digestive gland, feeding rates were low. Clearance rates
measured in April 2007 were between 0.35 and 1.02-L of water filtered ind™” hr
(unpublished data), and thus, were substantially lower than rates estimated from the
field (Morris 1984). Therefore, it appears krill may not be able to utilise all available
food resources, as they would be expected to in the wild, due to possible
confinement under laboratory conditions.

Mean total lipid content of the thoracic components of mature male and
female krill sampled in November ranged from 13-25% of dry mass. The
commencement of reproductive processes such as mating has been observed during
this time in November in the laboratory (R. King, personal communication). This total
lipid range is comparable to reported whole krill levels of 10.5% (spring/November)
and 28.2% (summer/February) in the Weddell Sea (Hagen et al. 1996, 2001).
Relative levels of TAG observed in krill from the Weddell Sea were also similar to
those found in our study. During spring/summer in the Weddell Sea, krill undergo
cycles of vitellogenesis and multiple spawning events (Quetin et al. 1994), utilizing
lipid reserves. Therefore, it can be assumed that krill in our study, with similar lipid

levels, had sufficient reserves to undergo vitellogenesis and even spawning.
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Laboratory incubation can obviously never simulate natural conditions.
Various factors of confinement may have influenced the reproductive processes of
krill in our study. For example, in the present study, translucent acrylic tanks were
used. However, it appears krill behave more naturally (swarming episodes and
annual breeding observed) in a neutral/white walled tank that removes contrast from
the visual environment (Kawaguchi et al. 2010). Results from controlled laboratory
studies such as this one can help us optimise conditions, so as to provide further

physiological data on krill.

6.5.2. Distribution of lipids

Sex and maturity stages markedly influence the variability (Clarke 1984;
Kolakowska 1991; Pond et al. 1995; Virtue et al. 1996) and the distribution of lipid
throughout a range of tissues (Mayzaud et al. 1998). The distribution of lipid has
been reported in the abdomen (Clarke 1980; Saether et al. 1985; Mayzaud et al.
1998), ovary (Clarke 1980; Mayzaud et al. 1998), digestive gland (Virtue et al. 1993a;
Mayzaud et al. 1998; Alonzo et al. 2003b, 2005a; O’Brien et al. in press) and various
other body fractions, such as the thorax (Saether et al. 1985). Generally, total lipid
concentration is higher (up to 60%) in the thoracic region for females compared to
the abdomen, while the opposite is true for males (Saether et al. 1985). This is
mainly due to very high levels of TAG accumulation in the ovary of females, and the
abdomen of male krill accounting for a larger fraction of the total weight in
comparison to the thorax. However, in our study, there were no major differences
between the abdomen and the thoracic components for total lipid, TAG, PL and the
major fatty acid content for November and February with no clear trends for each
sex. This finding suggests that ovaries of females were at a very early stage of
development and did not contribute to the overall results. The ovaries were too small
to be dissected out for analysis.

Changes in lipid class and fatty acid composition have been observed in the
digestive gland (Virtue et al. 1993a; Alonzo et al. 2003b, 2005a), which is one of the
main sites for lipid metabolism and storage in crustaceans (Dall et al. 1992). The
digestive gland plays a maijor role in providing essential energy during periods of
short-term starvation (Virtue et al. 1993b). Analysing digestive gland lipid and fatty
acid content and composition provides reliable indices of nutritional condition as well
recent changes in diet activity (Virtue et al. 1993a,b). Our study has shown that there
were no major differences or relationships in TAG, PL and the major fatty acid
content within the digestive gland for each sex in November and February. Other

than lipid and fatty acid content generally being lower in the digestive gland
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compared to the thoracic components, there were no clear differences or trends
between the sexes. The one major exception was the TAG contents for both mature
male and female krill were significantly lower for all temperature treatments in the
digestive gland compared to the thoracic components in November and February.
TAG concentrations in digestive gland were virtually depleted in krill sampled
in February suggesting that lipids were utilised rapidly as an energy source. This
result was also observed in immature whole krill (Chapter 5). This utilisation of
energy stores was more likely for reproductive purposes earlier in the summer
(including mating and spermatophore production), rather than being depleted through
actual starvation. This finding also supports the theory by Virtue et al. (1993a) who
concluded that lipids accumulate in the digestive gland for energetic purposes and
are transferred to the thoracic region (i.e. ovary) for reproduction. However, there is a
possibility that low TAG content was due to an inadequate diet or stress resulting

from incubation, influencing overall reproduction.

6.5.3. Temperature related differences

Krill is considered to be stenothermal and is sensitive to slight changes in
temperature (Wiedenmann et al. 2008). Temperature has been found to influence PL
structure and fatty acid composition (Farkas 1979), as well as to cause gel/liquid
phase transformations that result in changes to membrane fluidity (McElhaney 1984).
However, clear temperature effects have only been observed with differences of at
least 15°C for marine animals (Mayzaud et al. 2000). Below this range of
temperatures, the expected changes in lipid structure and composition would be
minimal (Mayzaud et al. 2000). This is particularly true for krill, which are probably
thermally stressed above about 5°C, and thus through evolution, they have
physiologically adapted to temperatures below 5°C (Clarke and Morris 1983).

Total lipid, TAG, PL and generally fatty acid content and composition of whole
immature krill showed no clear temperature effect between -1°C and 3°C at various
time points over a year (Chapter 5). During the summer period in this study, the
effects of temperature between sex and among tissues fractions were again
complex, even though krill were incubated under a constant supply of food. At -1°C in
November, immature, male and female krill generally contained higher mean total
lipid, TAG and PL content in the thoracic components compared to the warmer
temperatures. The major fatty acid content at -1°C in the thoracic components and
digestive gland were also higher than at 1°C and 3°C. Overall, the warmer 1°C and
3°C treatments contained lower lipid stores, which were generally similar in mean

concentrations. There was no clear temperature relationship observed in the

126



Chapter six: Lipid and fatty content and composition during summer

digestive gland for total lipid, TAG and PL content for each sex. However, lipid stores
in the digestive gland at 3°C were higher than at -1°C and 1°C. In terms of the
relative levels of TAG and PL, the storage lipid TAG generally decreased with
increasing temperature, while PL was dominant and increased with increasing
temperature.

In February, immature krill contained higher mean lipid and fatty acid content
in the thoracic components at 3°C. Lipid and fatty acid content in the female thoracic
components and digestive gland was generally higher in the cooler temperatures (-
1°C and 1°C), while highest values were recorded at 1°C for males.

Overall, there is some evidence to suggest that krill in the cooler
temperatures, particularly at -1°C, have elevated lipid stores in the summer months
(November and February), and thus are in better condition compared to krill at 3°C.
This is also supported by the fact that female krill only mated in the -1°C treatment in
November, suggesting that krill may have been more stressed and their energy
resources were reduced below a threshold that is required to undertake the
reproductive processes in warmer temperatures. However, the variation of mean total
lipid and fatty acid content and composition in krill was substantial under controlled
light and feeding conditions, resulting in no significant relationships between the
sexes and temperatures during summer.

There is growing interest in the role of inter-individual variability in structuring
populations and providing resilience to environmental change. This is highlighted by
Goodall-Copestake et al. (2010) who examined the relative levels of variability in the
population genetic marker cox-1 of Antarctic krill. They concluded that krill has one of
the most diverse genomes of any metazoan and this diversity is seen as much within
swarms as between swarms. A possibility of such diversity is probably a result of the
relatively unrestricted mixing of krill within its large Southern Ocean habitat and its
large population size, which prevents the overall loss of alleles through drift (Goodall-
Copestake et al. 2010). What the present work demonstrates is a phenotypic
expression of this described diversity, in the range of capacities in the storage and
utilisation of lipids.

This high individual variation highlights krill’'s ability to adapt and survive
under various environmental conditions, within a natural temperature range in the
Southern Ocean. Understanding the effects of temperature on the physiology of krill
is only part of the equation. Survival and adaptation to future climatic change is
contingent on a range of biotic and abiotic parameters. Future research investigating

environmental factors such as sea-ice thickness and extent, effects of ocean
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acidification and possible alterations to the Southern Ocean trophic structure are

needed to assess climate change impacts on krill.

6.6. Conclusion

Overall, there were relatively few significant differences in lipid composition
between temperatures and between maturity stages of krill. There was a general
trend of decreasing TAG with increasing temperature, and higher lipid content in
females compared to males, but generally this was not statically significant.
Interestingly, mated females in the -1°C treatment contained lower lipid and fatty acid
content, compared to un-mated females, suggesting utilisation of lipids during
mating. Even though mating was observed, ovaries of females were only in pre-
vitellogenesis, which likely explains why there were no major differences in lipid and
fatty acid content between sexes. A depletion of lipids was observed in krill sampled
in February for all sexes and temperatures, particularly TAG in digestive gland, which
implies krill were possibly utilising their energy stores for reproductive purposes.
However, the incubation influences such as diet and confinement cannot be
quantified. We show possible evidence of elevated lipid stores in krill at cooler
temperatures. Variability in krill lipid levels, particularly with temperature,
demonstrates a physiological plasticity necessary in an environment where, although

temperature is reasonably stable, trophic resources are highly seasonal.
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-- Chapter seven --

General Discussion

Antarctic krill (Euphausia superba) is an ecologically significant species in the
Southern Ocean. Not only do krill play a major role in the food web (Mangel and Nicol
2000; Alonzo et al. 2003a), but they are also attracting increasing interest as a target
for commercial fishing (Kawaguchi and Nicol 2007). Over-exploitation of krill could
have major effects on the whole Antarctic ecosystem and it is therefore imperative to
have sound management procedures in place before the krill fishery expands. A key
to adequately managing this important and expanding fishery, and to protect the
overall ecosystem, is to understand the life history traits of krill, particularly growth,
maturation and physiology, which are the driving factors influencing the variability in
krill biomass. Despite the recognised importance and extensive research on krill,
current knowledge of the ecology and biology is far from complete and much still
remains to be studied (Nicol 2003).

The central aim of this thesis was to test hypotheses brought about from key
questions raised in field studies and to evaluate the effects of environmental
parameters (light, food availability and temperature) on the growth, maturation and
physiology in krill. In addressing the main aims of this study, krill were incubated
under controlled conditions for a complete annual cycle. Information on growth,
maturation and physiology under various light, diet and temperature regimes
throughout a full year is limited, hampering understanding of the effects a changing
environment may have on krill. It is crucial to understand how krill adapts and

survives under extreme and changing environmental conditions.

7.1. Temperature effects on growth and maturity

A clear seasonal cycle of growth and maturity was evident for both male and
female krill in all temperature treatments (-1°C, 1°C and 3°C), under a natural
Antarctic light cycle and plentiful food concentrations (Chapter 2). An observed
progression of maturity and rapid growth occurred during spring, and shrinkage
commenced towards the end of January when krill were undertaking sexual
regression. The analysis of linear mixed models (LMM) developed and used in this
thesis revealed strong effects of month sampled (generally longer IMP during

summer) and temperature (shorter IMP in higher temperature) on intermoult period
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(IMP). In the wild, krill generally have a longer IMP in winter compared to summer,
which is regarded as the effect of the seasonal temperature cycle (Atkinson et al.
2006; Kawaguchi et al. 2006; Tarling et al. 2006). Our results indicated that if the
temperature and food conditions are constant, krill have a higher moulting frequency
during winter compared to the field. This is probably because krill have minimal
energy requirements (no reproduction and less growth) in winter. If supplied with the
same amount of food all year, krill might divert excess energy to driving the moulting
cycle. This underlines the importance of further studying the energy budget and
physiology in order to understand the processes of krill growth. It also showcases the
importance of regular moulting to the condition of krill.

Temperature is the major influence on the rate of moulting and possibly
growth in krill, with a rise in temperature resulting in shorter IMP (Hartnoll 2001).
From this study, krill incubated under the highest temperature (3°C) did not result in
the greatest growth. Under the current experimental condition, 1°C was considered
optimum for krill growth. IMP was significantly shorter at 1°C than -1°C, but the
difference in growth increment between the two temperatures was not significantly
different. Although not statistically demonstrated, this should result in higher daily
growth rate (DGR) at 1°C. IMP and all growth variables were significantly lower for
krill in the 3°C treatment. Our findings support those from Atkinson et al. (2006), who
suggested the existence of an optimal temperature (~0.5°C) for krill growth in the
south-west Atlantic sector of the Southern Ocean. Furthermore, for the first time, this
study has confirmed that compensation mechanisms do exist between IMP and
instantaneous growth rate (IGR) in individual krill (faster moult times corresponding to
slower growth increment). Compensation mechanisms had previously been reported
for crustaceans in general, however, they had not been examined in krill (Kawaguchi
et al. 2006). Understanding compensation effects is important for modelling growth
trajectories of wild krill using IGR to quantify the distribution of size (age) frequencies
with respect to season. My results will facilitate more accurate and robust model

predictions for temperature-dependent growth for krill.

7.2. Effect of various light regimes on the maturation cycle

The effect of temperature and constant food was negligible on the actual
timing of the krill maturity cycle; however results presented in Chapter 3, show clear
evidence that the timing of specific light regimes is playing an important role in
governing the krill maturation cycle. Overall, it appears that krill maturation will
undergo a normal seasonal cycle of regression and re-maturation under a range of

light conditions; a simulated Antarctic light cycle (Chapter 2), fixed photoperiod (i.e.
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light:dark — 14:10 hrs; Hirano et al. 2003, Chapter 3) or darkness (Thomas and lkeda
1987; Kawaguchi et al. 2007a; Chapter 3). This suggests that there is an
endogenous annual rhythm underlying the maturation cycle and it is not solely
controlled by light. However, when krill were subjected to complete darkness
following late summer light, at a time when krill were commencing sexual regression,
the rate of regression rapidly accelerated, which resulted in earlier re-maturation (by
three months) the following season. The ecological implications of this flexible
maturation cycle in response to darkness means that krill can flexibly adjust their
seasonal physiological cycle. Overall, krill must use a hierarchy of signals to help
coordinate its biological cycles, but it appears that the timing of specific light regimes,
particularly the timing of darkness, is possibly one of the most important factors

influencing the krill maturation cycle

7.3. Seasonal variation in respiration rates

Respiration rates in krill showed an increasing trend with month between the
commencement of maturation in late winter and sexual regression in late summer
under all controlled experimental conditions (Chapter 4). Results here suggest that
the environmental variables; light, food availability and temperature, may not be the
dominant factors influencing seasonal changes in krill metabolic activity. Our results
may help interpret respiration rates reported in field winter krill, in which a reduction
in metabolic and feeding activity has been widely accepted as a strategy to survive
periods of food scarcity (Quetin and Ross 1991). Respiration rates of well fed krill
under simulated winter conditions in this study were similar to non-feeding winter
observations of krill from the Bransfield Strait (Quetin and Ross 1991). Quetin and
Ross (1991) considered that krill in that environment were starving, but my results
suggest that rates are as expected for that time of year irrespective of feeding
condition. Instead, seasonal changes in metabolic rates may be controlled by an
endogenous rhythm, which is independent of environmental variables. However,
there was no solid evidence to suggest that an endogenous annul rhythm was
actually at work in this study, as an experiment needs to run for greater than one
year. More information about an endogenous rhythm is described further in Section
7.6, but the significance of this ‘internal clock’ mechanism warrants further
investigation, particularly examining photoperiod as the possible cue for dictating

internal processes.
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7.4. Trends in lipid content and composition

The first experimental results on changes in total lipid and fatty acid content
and composition of krill over a full year under constant food and three temperature
regimes has been established (Chapters 5 and 6). Combining information from
immature krill over a full year (Chapter 5) and mature adults during summer (Chapter
6), there was some evidence to suggest that krill in cooler temperatures, particularly
at -1°C, had elevated lipid stores, and thus, were in better condition compared to krill
at 3°C. However, the results were highly variable between individuals under the
same experimental conditions, generally resulting in no significant trends between
sex and temperature. Female krill only mated in the -1°C treatment in November,
suggesting that krill may have been more stressed and their energy resources were
reduced below a threshold that is required to undertake the reproductive processes
in warmer temperatures.

It has commonly been observed from field studies that the accumulation of
lipid is maximal in autumn, while there is a depletion of lipid during winter, before
there are substantial phytoplankton blooms in the following spring and summer
(Hagen et al. 1996, 2001). This utilisation of lipid, in the form of triacylglycerols
(TAG), during winter is related to surviving the low food availability during this period
(Hagen et al. 1996, 2001; Virtue et al. 1996). TAG accumulates during periods of
high food supply and is metabolised during food shortages (Clarke 1980, 1984; Pond
et al. 1995; Hagen et al. 1996). With constant food provided during this 14 month
experiment, there was a gradual decrease in lipid storage as the season progressed,
with significantly lower lipid and fatty acid content at the end of summer in February.
Depletion of lipid content, as the experiment progressed, can either be explained by
krill utilising lipid resources for reproductive purposes, a process previously reported
by Virtue et al. (1997), or due to possible limitations of the laboratory environmental

conditions used.

7.5. Consideration of the effects of experimental conditions

Undertaking laboratory based research can provide limitations and
uncertainties, especially when trying to extrapolate key findings to wild populations
(Nicol 2000). In their natural pelagic environment, krill are unlikely to be constrained
by any physical barriers. However, in the laboratory, krill are confined to small
experimental chambers, tanks and/or jars, which cause stress, restrict movement
and can ultimately alter overall behaviour (Clarke and Morris 1983). Since it is not
presently possible to reproduce the same diet as krill obtained in the field, food

quality (and feeding ability) may likely be poorer in laboratory based studies.
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Therefore, there remains a need for improving the quality and/or quantity of food
used in krill experiments so as to approximate conditions in the field.

Regression of external sexual characteristics and shrinkage commenced at
the end of January when there was still a natural summer light regime and high food
concentration. The environmental conditions were still favourable to maintain growth
and reproductive processes during this period, however, krill still underwent
regression and shrinkage, further suggesting that krill had limited resources, possibly
indicating an inadequate diet and/or reduced feeding ability due to confinement.
Inadequate laboratory diet may have caused the considerably lower growth rates
towards the end of the experiment in April/May 2007 in the present study, compared
to the start of the experiment in April 2006. April 2006 was approximately one month
after the krill were collected from the field, and therefore, still reflecting a more
‘natural’ condition. The clearance rates and feeding activity of krill in this experiment,
and in laboratory based studies in general, are considerably lower than rates
estimated from the field (Morris 1984). The biological cycle of krill, however, may
have also been under endogenous control. Under the experimental conditions used,
an internal clock mechanism may have triggered the timing of regression and
shrinkage in this study, regardless of the diet and light conditions.

It is presently difficult to clarify the precise reason(s) why female krill were
only pre-vitellogenic and did not undergo full ovarian maturation in this study.
Sufficient nutrients, quality and quantity, are required at the right time for krill to fuel
reproduction and initiate the energetically demanding accumulation of yolk (Ross and
Quetin 2000; Quetin and Ross 2001; Kawaguchi et al. 2007a). Krill may not have
received an adequate diet to show vitellogenic development in the ovaries so they
could have abandoned full ovary maturation. However, mean total lipid content in
percent of dry mass in November was comparable to the reported levels in whole krill
in the Weddell Sea during spring and summer (Hagen et al. 1996, 2001). During this
time of year in the Weddell Sea, krill undergo cycles of vitellogenesis and multiple
spawning events (Quetin et al. 1994), utilizing their lipid reserves. Therefore, it can
be assumed that krill in our study, with similar lipid levels, had sufficient reserves to
undergo vitellogenesis and even spawning.

Laboratory incubation can never fully simulate natural conditions. At the time
of this experiment, krill reproduction and breeding success in the aquarium facilities
were limited. Confinement may have influenced the reproductive processes of krill in
this study. For example, translucent acrylic tanks were used to maintain krill, but it
appears krill behave more naturally (swarming episodes and annual breeding

observed) in a neutral/white walled polyethylene tank that removes contrast from the
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visual environment (Kawaguchi et al. 2010). However, the timing and the actual
trends of the growth and maturity cycles observed from this study (in clear acrylic
tanks) are comparable to those krill maintained in white polyethylene tanks (personal
observations). Results from controlled laboratory studies such as this one can help

us optimise conditions, so as to provide further physiological data on krill.

7.6. Endogenous annual rhythm

It is becoming more apparent that krill can utilise a strategy of quiescence
(Hirche 1996), a type of dormancy, in which life processes (i.e. feeding activity,
metabolism and growth) are retarded in the winter in response to limiting conditions
(Seear et al. 2009). Internal clocks have also been proposed to dictate the
physiological mechanisms of krill (Thomas and |keda 1987; Kawaguchi et al. 2007a;
Teschke et al. 2007, 2008; Gaten et al. 2008), which are frequently synchronised by
environmental cues, or zeitgebers (Buchholz 1991). The presence of an endogenous
circadian clock is extremely likely, but has not yet been fully resolved (Gaten et al.
2008; Teschke et al. 2008). There was some further evidence in this study for the
existence of an endogenous annual rhythm, however, the importance of such to krill
biology was only indirectly inferred. Teschke et al. (2007, 2008) suggested that krill
switch between an active and quiescent physiological state, which is cued by
photoperiodic cycles. A follow up study showed that key processes of krill responded
at the molecular level after just seven days of exposure to a changed photoperiodic
cycle with a significant change in the transcription of genes (Seear et al. 2009). The
future approach is to investigate the molecular mechanisms of a circadian and/or
circannual rhythm in krill and the rhythmic expression of genes encoding for
particular proteins. This analysis will be crucial to further understand the processes of
synchronisation between the seasonal development of krill and the seasonal cycles
of environmental variables in the Southern Ocean (Teschke et al. 2008).

The overall condition, recruitment and high biomass of krill are a result of their
ability to successfully adapt to patchy and extreme seasonal changes in their
environment, mainly food availability, sea-ice extent and light intensity and duration
(Quetin and Ross 1991; Siegel and Loeb 1995; Quetin and Ross 2001). As a
consequence, the natural biological rhythm of krill is synchronised to make use of the
seasonal environmental conditions so that the appropriate biological activity is
correctly scheduled at the right time and place for overall survival. For example,
published winter based respiration measurements from the field (i.e. Kawaguchi et al.
1986; Quetin and Ross 1991; Huntley et al. 1994) and long-term controlled

experiments in the laboratory (Chapter 4), were completed during the winter months
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so the seasonal mode of krill were in a winter resting state, when finding adequate
food is limited. The increasing metabolic rates observed from winter to summer, even
in starved krill, at various temperatures and in those krill kept in complete darkness in
this study, were caused by krill changing endogenously to a summer state.
Additionally, the onset and timing of krill maturation is crucial for overall reproductive
success (Kawaguchi et al. 2007a). Female krill need to restore and re-organise their
ovary in sufficient time and be physiologically prepared for the following reproductive
period (Ross and Quetin 2000; Kawaguchi et al. 2007a). Thelycum and petasma
maturation must begin during early winter regardless of environmental conditions so
as to coincide with vitellogenic maturation of the ovaries when abundant spring food
resources are available (Kawaguchi et al. 2007a). Following reproduction in summer,
krill reduce their metabolism and maturity corresponding to a decrease in light.

The cycle of maturation and regression allows krill to make the most of the
highly seasonal changes in environmental conditions. This study, however, has
shown that the maturation cycle of krill can be rescheduled by manipulating the light
conditions, from late summer light to constant darkness, resulting in earlier re-
maturation (by three months) in the following season. Therefore, it is possible to alter
the biological activity of krill by manipulating their environment under controlled
conditions. If this can be done with changes in the seasonal light regime, will other
environmental conditions, such as increasing temperature, have similar effects on
krill? This study examined the effect of water temperature on the growth, maturation
and physiology in krill ranging from -1°C to 3°C, but each of these temperatures
remained constant throughout the experimental period. The effect of changing these
temperatures throughout the experiment, for example from 1°C to 3°C, might alter
the natural biological activity of krill.

The timing of spring/summer phytoplankton blooms has generally been
relatively predictable in the past (Clarke 1988). Krill appear to have optimised their
biological cycles to make the most of these conditions. Food availability affects the
overall rate of maturation and reproductive output of krill (Quetin and Ross 2001),
which is correlated with good sea-ice years at the Antarctic Peninsula (Siegel and
Loeb 1995). Since air and water temperature, as well as wind force, influences sea-
ice dynamics and the changes in sea-ice extent and duration (Clarke et al. 2007;
Quetin et al. 2007), this in turn will influence the timing and degree of ice-edge
phytoplankton blooms (Quetin and Ross 2001). Therefore, krill must be able to adapt
to these changes and reschedule and alter their natural biological cycles. Since krill

is the dominant prey item for many Antarctic predators and a target of a developing

135



Chapter seven: General Discussion

fishery, it is vital to understand the susceptibility of krill to global warming
(Wiedenmann et al. 2008).

7.7. Evidence of climate change

Currently, the Southern Ocean is characterised by low and seasonally stable
temperatures (Whitehouse et al. 2008) with slightly higher temperatures observed in
the austral summer (Clarke 1988). However, in terms of year-to-year variation, the
Antarctic Peninsula is experiencing one of the fastest rates of regional climate
change on Earth, resulting in the collapse of ice-shelves, the retreat of glaciers and
the exposure of new terrestrial habitat (Clarke et al. 2007). Meredith and King (2005)
reported rapid warming (>1°C) of summer surface waters west of the Antarctic
Peninsula, while in the ocean around South Georgia, Whitehouse et al. (2008)
concluded that there had been rapid warming during the 20" Century, with a mean
increase of ~0.9°C in January and ~2.3°C in August in the upper 100m of the water
column. It is therefore becoming clear that there is substantial evidence for long-term
warming of the surface layer, the habitat of krill, in the Southern Ocean.

The Southern Ocean is considered to be an isothermal environment with an
annual temperature range <5°C (Clarke and Morris 1983). Invertebrates, therefore,
tend to be stenothermal, sensitive to even slight changes in temperature in the
Southern Ocean (Peck et al. 2004). It was predicted that a 2°C rise in sea
temperature would cause population or species removal from the Southern Ocean
due to the onset of anaerobic metabolism (Peck et al. 2004). Based on other
Antarctic ectotherms, it is expected that krill will also demonstrate this extreme
sensitivity to environmental change (Atkinson et al. 2006; Wiedenmann et al. 2008),
as part of their life cycle is dependent upon sea-ice concentration and the resultant
algal blooms at critical times of the year will be influenced by climate variability
(Quetin and Ross 2001; Hofmann and Murphy 2004).

7.8. Optimal temperature for krill growth, maturation and condition

This thesis has provided some insights into the condition of krill from a range
of temperatures in the laboratory over an annual cycle. Temperature alone (-1°C, 1°C
and 3°C) was not shown to be a major influence on the timing of the maturation cycle
or respiration rates of krill throughout the year. Although the results were highly
variable between individuals under the same experimental conditions, there was
some evidence to suggest that krill at -1°C were in better condition than those at
warmer temperatures. Krill generally contained elevated mean lipid stores and

mating only occurred at -1°C, suggesting conditions for utilisation of energy
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resources were optimal. Additionally, at 1°C, daily growth rates in krill were highest.
These results provide the foundation for further studies on temperature-growth

relationships in krill.

7.9. Other parameters influenced by global warming

The vulnerability of krill to global warming will involve many factors, not just
water temperature alone. The life cycle of krill relies on interactions with other biotic
and abiotic components within the ecosystem that will also be influenced by future
climate change. A warming climate (air and water temperature) in Antarctica will
change sea-ice dynamics (Arrigo and Thomas 2004), with sea-ice advance and
retreat occurring earlier and a shorter duration of ice covered waters (Quetin et al.
2007). A decrease in sea-ice cover is reported to have a negative impact on krill
recruitment, as larvae are dependent on sea-ice for survival (i.e. habitat and food)
(Daly 1990), and gonadal development and spawning success of adults will be
reduced (Siegel and Loeb 1995; Nicol 2006; Wiedenmann et al. 2008). Sea-ice
extent and the timing of retreat are therefore considered to be responsible for
determining the timing, length and intensity of krill reproduction, as sea-ice facilitates
ice-edge phytoplankton blooms, which is currently a vital energy resource (Siegel
and Loeb 1995; Quetin and Ross 2001). A significant decline in krill density has been
reported for the south-west Atlantic sector of the Southern Ocean since the 1970s,
which is associated with increased water temperature and a decrease in sea-ice
cover (Atkinson et al. 2004; Whitehouse et al. 2008). However, it is unsure whether
this is a more widespread phenomenon (Smetacek and Nicol 2005).

In areas of regional warming, phytoplankton communities may change from a
diatom-dominated food for krill to phytoplankton species that are much less nutritious
and smaller in size such as cryptophytes (Moline et al. 2004). As a consequence, this
warming trend and a decline in sea-ice extent might favour competing macro- and
mesozooplankton species, such as the pelagic tunicate Salpa thompsoni (salps)
(Loeb et al. 1997). Salps are opportunistic feeders and compete with krill for limited
food, and thus, have an adverse effect on krill abundance and recruitment for the
following year (Siegel and Loeb 1995; Siegel 2000b). Unlike krill, salps are scarce
following winters of extensive sea-ice cover and they are not a major dietary source
for Antarctic vertebrate predators (Foxton 1966). Global warming, and the
subsequent changes in sea-ice dynamics, may have a profound effect on the
production and structure of the Southern Ocean food web (Atkinson et al. 2004;
Hofmann and Murphy 2004).
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Studying the effects of water temperature alone is only a small component in
understanding the susceptibility of krill to future warming. There are many
uncertainties with future climatic change and the impacts that global warming may
have on krill populations. Therefore, future temperature related experiments will also
need to take into account environmental factors such as sea-ice thickness and
extent, effects of ocean acidification and possible alterations to the Southern Ocean
trophic structure in order to predict the overall impacts on krill. Additionally,
measuring natural responses to temperature of krill at their northern distributional
limit, i.e. South Georgia, will be valuable in predicting the effects of climate change,
as warming will be more pronounced at this location (Atkinson et al. 2006;
Wiedenmann et al. 2008).

7.10. Comparison studies to krill from the warmer waters at South Georgia

Over half of the krill stocks are predicted to be located within the south-west
Atlantic sector of the Southern Ocean, which is also the location where the krill
fishery is currently concentrated (Atkinson et al. 2004). South Georgia is at the north
eastern edge of the Scotia Sea in this Atlantic sector, the only krill habitat near the
Antarctic Polar Front, in a relatively ice-free region (Ward et al. 1990; Siegel 2005;
Tarling et al. 2007; Atkinson et al. 2008; Whitehouse et al. 2008). As a result, South
Georgia contains the warmest temperatures that krill inhabit (Tarling et al. 2007;
Whitehouse et al. 2008; Wiedenmann et al. 2008). In the past, krill populations at
South Georgia have generally been assumed to have maximal growth rates, due to
warmer temperatures and plentiful food (Hofmann and Lascara 2000; Atkinson et al.
2001). However, this was later disproved by the use of statistical empirical models
(Atkinson et al. 2006). They examined the effects of food, temperature and sex on
growth rates of krill in the south-west Atlantic in summer and concluded that growth
rates were highest in the more modest ice-edge blooms of the southern Scotia Sea.
Growth actually decreased above a temperature optimum of ~0.5°C, which is similar
to the optimum temperature (1°C) for growth proposed here (Chapter 2). Overall,
mean growth increased with rising temperature in the colder waters off the Antarctic
Peninsula and decreased with increasing temperature in the warmer waters at South
Georgia (Wiedenmann et al. 2008). The differential predictions within regions is
described by a decreasing IMP with increasing temperature (Kawaguchi et al. 2006;
Chapter 2) and the growth increment model by Atkinson et al. (2006) follows a
parabolic relationship with temperature (maximum at ~0.5°C). The growth
measurements from warm water stations were all examined at South Georgia, and

Atkinson et al. (2006) showed that the decrease in growth was a real effect of
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temperature and invalidated other possible causes such as a distinct diet, predation,
and reallocation of energy sources.

South Georgia is a highly productive region with phytoplankton blooms
regularly producing chlorophyll a concentrations above 10 mg m™ (Korb et al. 2004),
which supports a rich food web (Atkinson et al. 2001). Krill habitat at South Georgia
has been suggested to be viable because of the costs of growth at high temperatures
is offset by the regions enhanced food supply (Atkinson et al. 2006). With water
temperature at South Georgia being as high as 5°C in recent years (i.e. Georgia
Basin, Korb et al. 2005; Whitehouse et al. 2008), the slow growth rates in warmer
temperature (Atkinson et al. 2006; Chapter 2) reflect the possibility that South
Georgia is now becoming thermally suboptimal and krill may struggle to cope with
future climatic change at this location (Atkinson et al. 2006). This is further
compounded by the reduced biomass estimates with long-term temperature data
showing declining habitat suitability for krill (Atkinson et al. 2004; Whitehouse et al.
2008; Wiedenmann et al. 2008). Wiedenmann et al. (2008) proposed that if waters
off South Georgia warm by 1°C, an increase in food of approximately 40% will be
needed to keep biomass per recruit the same.

The future size of the krill standing stock is primarily influenced by the
recruitment success (Siegel 2005). However, there is a general consensus that the
warmer waters at South Georgia do not support a self-sustaining krill population, as
there are limited observations of hatched larvae and skewed length frequency
distributions (Ward et al. 1990; Quetin et al. 2007; Tarling et al. 2007). Instead, krill
populations are proposed to originate in waters near the Antarctic Peninsula or in the
Weddell Sea (Brierley et al. 1999), and are transported to South Georgia via the
prevailing Antarctic Circumpolar Current (Murphy et al. 1998; Hofmann and Murphy
2004; Murphy et al. 2004). Although there are no direct observations (Nicol 2006), it
appears that krill spend the winter under sea-ice in the southern Scotia Sea, in a
potentially more favourable environment, and following the austral spring when sea-
ice recedes, krill are transported to South Georgia (Murphy et al. 1998; Hofmann and
Murphy 2004, Murphy et al. 2004; Siegel et al. 2004). The reason krill are unable to
maintain local recruitment at South Georgia is not well understood.

Recently, Tarling et al. (2007) was the first to examine the relationship
between the reproductive capacity of female krill and the presence of larvae in the
South Georgia area. They showed that females were capable of successfully
completing a full reproductive cycle around South Georgia releasing an average of
12,343 eggs year". These fecundity estimates are amongst the largest ever recorded

for krill; however, observed estimates of larval concentrations were well below
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predicted concentrations and the majority of measured stations contained no larvae
at all (Tarling et al. 2007). The discrepancy between predicted and observed larvae
concentrations was potentially likely due to predation and advection, but also the
possibility of physiological stress with high temperatures (Tarling et al. 2007). Even
though krill only mated and contained elevated lipid stores at -1°C in this study
(suggesting optimal utilisation of energy resources at lower compared to warmer
temperatures), krill at South Georgia have been shown to undergo successful
reproduction and early stage development in high temperatures (up to 5°C). Ross et
al. (1988) and Quetin and Ross (1989) have examined the effect of temperature
ranging between -1°C and 2°C on various factors of larval survival, however, there
has been no examinations of the physiological response of krill larvae at
temperatures greater than 2°C. This is vital to understanding the local recruitment
failure of krill at South Georgia, but also the general reproductive success in the
Southern Ocean in light of the predicted future climatic change (Tarling et al. 2007).
Overall, it is difficult to predict whether krill have the ability to adapt their
behaviour and physiology to increasing water temperatures and a changing habitat
(Quetin et al. 2007). Studying krill at their northern distribution and temperature limit,
South Georgia, has been proposed to be valuable in predicting krill's survival and
response to climate change (Atkinson et al. 2006). However, since krill at South
Georgia are thought to be a product of immigration (Tarling et al. 2007),
understanding changing environmental factors (i.e. sea-ice and temperature) on krill
upstream is also vital for this population. Climate change could also produce small
changes in the controlling factors of the current system in the Antarctic Peninsula,
which is responsible for transporting krill to South Georgia (Hofmann and Murphy
2004). For example, surface heating may affect the speed of Antarctic Circumpolar
Current, the location of fronts and the distribution of Circumpolar Deep Water
(Hofmann and Murphy 2004). This may influence the location and immigration of krill
populations, and subsequently, affect predator survival that depend on these krill

populations (Siegel 2005).

7.11. Physiological and behavioural plasticity of other euphausiids

Euphausiids, in general, have a wide geographic range throughout the global
oceans (Mauchline and Fisher 1969; Mauchline 1980). Two other dominant species
of euphausiids are Meganyctiphanes norvegica and Euphausia pacifica. M.
norvegica is found in many areas of the North Atlantic and survives in waters from
the Arctic Ocean to the Mediterranean Sea (Mauchline and Fisher 1969). E. pacifica

occurs typically in the Yellow Sea, China Sea, Sea of Japan, Gulf of Alaska and in
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the Californian Current System (Brinton 1962). Within this wide distributional range,
populations of M. norvegica and E. pacifica are exposed to significant regional
differences in temperature, salinity, bathymetric, hydrographic, seasonal and trophic
conditions (Mauchline and Fisher 1969; Mauchline 1980). As a result, each species
of krill can live in a wide range of environments and that the timing of their key life
cycle events (spawning intensity and season, growth rates and physiology) can be
completely different depending on the habitat (Iguchi and Ikeda 1995; Tarling et al.
1998, 1999; Mayzaud et al. 2000; Yoon et al. 2000; Saborowski et al. 2002).

As part of their life cycle, both M. norvegica and E. pacifica perform diel
vertical migration, exhibiting ascent into the upper layers at dusk and descent at
dawn (Tarling et al. 1999; Endo and Yamano 2006). Therefore, not only do these krill
have varying tolerances to regional temperature differences, but also vertical
temperature changes (Tarling et al. 1999). The entire temperature range which M.
norvegica and E. pacifica experience during its lifetime (and in the case of M.
norvegica, on a daily basis) is estimated to be as wide as 1-16°C (Lindley 1982;
Mayzaud et al. 2000) and 1-28°C (Brinton 1962; Yoon et al. 2000), respectively.
Unlike Antarctic krill, M. norvegica and E. pacifica reside in both warm and cold
waters. Therefore, these krill exhibit specific behavioural and physiological
adaptations that allow them to inhabit a wide range of temperatures (Tarling et al.
1998). Physiological adaptation to this wide temperature regime is shown from both
lipid changes (Mayzaud et al. 2000) and oxygen consumption (Saborowski et al.
2002) in M. norvegica. Tarling et al. (1999) and Endo and Yamano (2006) also
investigated the vertical migration of M. norvegica and E. pacifica, respectively, in
relation to moult and reproductive processes. These studies concluded that moulting
occurred in deep, cool waters at night, and that spawning females were most evident
in the warmer uppermost layer (Tarling et al. 1999; Endo and Yamano 2006). The
warmer temperatures are expected to accelerate oocyte maturation in the ovary
through speeding up final meiosis (Tarling et al. 1999). Therefore, it is possible that
these krill can utilise the temperature gradient to enhance physiological processes
such as moulting and spawning (Tarling et al. 1999).

In light of evidence of plasticity of M. norvegica and E. pacifica life history
patterns, Antarctic krill, like other euphausiids, might also be capable of adapting to
changing environmental conditions, and overall, survive predicted future climatic

change.
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7.12. Conclusion

Antarctic krill is a highly successful species in the Southern Ocean
ecosystem, with an extremely large biomass and production, thus playing an
important and under-pinning role in regional food web dynamics. The overall
recruitment and population size of krill are strongly influenced and dictated by the
survival success and the ability to exploit and cope with a highly seasonal
environment (Quetin and Ross 1991; Siegel and Loeb 1995). The present study
focused on environmental effects (light, diet and temperature) on the growth, maturity
and physiology in krill over an annual cycle. It appears that krill can flexibly adjust
their biological cycles (growth, maturity and metabolism) to cope with various
environmental conditions. This thesis forms a solid basis in terms of understanding
changing environmental conditions on the biological and physiological cycles of krill.

For the first time this study has provided new insights into the life history and
biology of krill over an annual cycle, which will enable more robust modelling for
accurate assessments and management for the krill fishery. It is crucial to expand the
capacity and to build up more of a detailed knowledge on the mechanisms that drive
the life cycle of krill, particularly during the relatively unknown winter period. The
research in this thesis has emphasised the urgency to further understand krill
adaptations and survival to its seasonal environment, as well as the effects of a

changing habitat in the Southern Ocean, in light of future climatic change.
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Appendices

-- Appendix A --

The development of the petasma, which is the male’s reproductive organ: a) The
undifferentiated endopod of a juvenile, b) petasma of a 2MA male, ¢) petasma of a 2MB male,
d) petasma of a 2MC male, e) fully developed petasma of a 3M adult male. There is also a
photograph of a fully developed petasma of a 3M adult male. Auxiliary lobe (al); inner lobe (il);
lateral lobe (Il); middle lobe (ml); petasma (p); additional process (pa); proximal process (pp);
terminal process (pt); setigerous lobe (si); wing (w). Source of the petasma development

diagram: Bargmann (1937).
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Appendices

-- Appendix A (Continued) --

Scanning electron micrographs of each of the female thelycum stages (B-G), as well as one
photograph of a fully developed thelycum with empty spermatophores attached (stage G).
Spermatophores (Sp), sperm plug (SP), sternal plate ridge (SR), coxal plates (CP), holdfasts
(H). Scale bars = 100 um, except where indicated otherwise. Source of the scanning electron
micrographs: Thomas and lkeda (1987).
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Appendices

-- Appendix A (Continued) --

Definitions of male and female krill maturity stages and their scores used throughout this
thesis. After Bargmann (1945), modified by Makarov and Denys (1980) and Thomas and

lkeda (1987).

Maturity Description Maturity
Stage Score
Juvenile
1 Secondary sexual characteristics, petasma or thelycum, are not 1
visible
Male
2MA Petasma is a single and undivided lobe 2
2MB Petasma is two-lobed, but there is no wing 3
2MC Petasma has a wing present 4
3M Petasma is fully developed. Sexually mature 5
Female
2FB Thelycum is not well developed. Two small coxal outgrowths at 2
each end of the sternal band
2FC Thelycum half-developed. Coxal part larger than sternal part, but 3
not heavily chitinized
2FD Thelycum similar to adult shape, except it is smaller and not as well 4
chitinized. There is some pigmentation
2FE Thelycum large, visible, firm, well developed and chitinized, and 5
or brightly pigmented. Sexually mature, but no male spermatophores
3FA attached
2FG Thelycum large, visible, firm, well developed and chitinized, and 5
or brightly pigmented. Sexually mature, with male spermatophores
3FB-E  attached
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Appendices

-- Appendix B --

Photographs of the five 600-L translucent acrylic tanks used to maintain the stock population
of krill under the experimental conditions, as well as the 750mL jars that held individual krill.

The outer ring of each tank consisted of 14 individual jars of krill.
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Appendices

-- Appendix C --

A diagram representing the 24 hour light regimes in the experimental tanks throughout the
year, simulating approximately what occurs naturally in the Southern Ocean (66°S at 30m
depth). 0.1 represents 10 lux and 1 represents 100 lux. The remaining months not shown in
this diagram mimic the months that are already shown i.e Jul is the same as May, Aug is the

same as Apr, Sept and Mar, Oct and Feb, and Nov and Jan.
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Appendices

-- Appendix D --

Growth trends for a) males and b) females for the stock population of krill in the 600-L tanks
within the main growth period (August-February). This is unpublished data, and was simply

measured to compare the trends with the growth rates of individually maintained krill (750mL

jars).
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Appendices

-- Appendix D (Continued) --

Maturity trends for a) males and b) females for the stock population of krill in the 600-L tanks
within the main growth period (August-February). This is unpublished data, and was simply
measured to compare the trends with the maturity cycle of individually maintained krill (750mL

jars).
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Appendices

-- Appendix E --

A photograph showing the left uropod of a moulted exoskeleton. The uropod exopodite is
measured from the distal tip to its external intersection with the basipodite, using image
analysis software. The measurement is made parallel to the axis of the uropod rather than
from point to point.

Telson

Setae

External intersection
with the basipodite

Left uropod Distal tip
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Appendices

-- Appendix F --

A diagram showing the various body length measurements of krill. Source: Mauchline (1980).
Standard length 1 was calculated from the measured moulted uropod length (UL) using the
following equation from Hollander (2001): TL = (moulted UL — 0.1051)/0.1407

— Standard 1
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Appendices

-- Appendix G --

Photographs of the 100-L white polyethylene tanks used enclosed within black lightproof

plastic containers with a sliding door at the front to create a separate light compartment.

g =
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Appendices

-- Appendix H --

Food quality: lipid (percent of DM) and fatty acid composition (percent of total FA) of the diet
fed to krill. (LA: linoleic acid, EPA: eicosapentaenoic acid, AA: arachidonic acid, DHA:
docosahexaenoic acid, SFA: saturated fatty acids, MUFA: monounsaturated fatty acids,
PUFA: polyunsaturated fatty acids). Source: Yoshida (2009).

Instant algae

Sample P. tricornutum T, weissflogii Paviova Isochrysis Minced clam
Total lipid (%DM) 22.6 10.9 294 18.6 7.2
Fatty acids
14:0 6.5 9.1 17.4 12.9 1.4
16:0 14.2 225 13.0 14.4 16.9
18:0 0.8 1.5 0.5 1.0 7.4
16:1(n-7)c 27.4 20.5 11.3 7.9 3.7
18:1(n-9)c 8.6 1.1 1.1 15.0 24
18:1(n-7)c 1.0 0.6 0.3 1.4 4.5
20:1(n-9)c 0.0 0.3 0.7 0.0 1.2
22:1(n-11)c 0.0 0.0 0.0 0.0 0.2
C16PUFA 5.8 6.9 21 1.2 0.0
18:4(n-3) 29 1.0 7.9 5.8 1.3
18:2(n-6) (LA) 4.5 25 1.8 11.8 0.7
20:5(n-3) (EPA) 16.6 20.4 211 21 15.2
20:4(n-6) (AA) 0.0 0.7 1.2 0.2 22
22:5(n-6) 0.0 0.0 7.0 1.8 0.6
22:5(n-3) 0.3 0.0 0.0 0.0 25
22:6(n-3) (DHA) 21 5.6 55 11.5 18.9
Other 9.1 7.4 9.0 13.0 20.9
Total (n-3) 25.0 27.8 35.8 26.5 38.5
Total (n-6) 5.8 3.4 11.5 16.7 6.5
Sum SFA 235 38.1 314 30.1 28.8
Sum MUFA 39.0 234 18.5 254 21.2
Sum PUFA 36.6 38.1 494 44.4 50.0
Ratio (n-3)/(n-6) 43 8.1 3.1 1.6 5.9
Ratio DHA/EPA 0.1 0.3 0.3 5.5 1.2
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