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Abstract 

 

 

Antarctic krill (Euphausia superba) is a keystone species in the Antarctic marine 

ecosystem, being a major food source for most Antarctic predators. Understanding krill 

reproduction is important since reproductive output is one of the key determinants of 

population size. Environmental parameters (food, light and temperature) are generally 

thought to be responsible for regulating the seasonal maturity cycle of organisms. This 

study investigates the effect of these environmental parameters on reproduction of krill 

from several aspects including maturation of female krill, development and hatching of 

eggs and larval survival. 

 

Female krill were incubated for 10 months under controlled conditions to determine 

the influence of light and diet on sexual maturity and lipid and fatty acid (FA) 

compositions. Results from this investigation indicated that endogenous rhythm 

governed krill sexual maturation. The external sexual characteristics of krill were found 

to have  undergone regression and re-maturation regardless of whether they had been 

kept under the natural photoperiod (emulating the field environment), or complete 

darkness. However, photoperiod significantly influenced the ovarian maturation cycle. 

Diet, either excess or limiting, did not affect this maturation and regression process. 

There was no significant effect of the addition of carnivorous diet (clam meat) on krill 

maturity. During five months of low food treatment, lipid was mainly utilized from 

digestive gland stores in the first two months, and later from other body fractions. 

Various feeding treatments did not induce any difference in FA compositions in krill. The 

FA composition of krill was however influenced by sexual maturity status. 

 

After hatching, the larvae of E. superba undergo three non-feeding larval stages. 

This development is dependent on maternal fuel stores laid down in the eggs, which is 

in turn a function of the dietary conditions prior to spawning. To investigate the effect of 

maternal diet on embryogenesis, eggs were collected from both laboratory reared krill 

incubated under different feeding conditions and gravid krill caught in the field. Hatching 

success, and lipid and FA content and composition differed among the treatments. 

Positive correlations were found between hatching success and the levels of some 

specific fatty acids, namely docosahexaenoic acid, linoleic acid and arachidonic acid. 

Maternal diet to some degree influences the FA composition of eggs, and specific FA 

may play an important role in embryogenesis of krill eggs. 
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Krill larvae cope with extremely low phytoplankton concentrations during their first 

winter, a period thought to be most critical. To investigate the starvation tolerance of 

larvae, the ultrastructure of digestive gland cells was investigated. The digestive gland is 

the major site of absorption and storage of nutrients. The effect of starvation on the 

ultrastructure of the digestive gland of krill larvae was observed as early as 5 days, and 

these effects increased with duration of starvation. Lipid droplets were rarely found in 

the digestive cells regardless of whether the larvae were fed or starved. These 

observations indicate that krill larvae utilize all available nutrients for growing rather than 

laying down storage. This process indicates that krill larvae are adapted to an 

environment where the food supply is continuous. 

 

Increasing our understanding of Antarctic krill population is imperative to improve 

management model for the krill fishery. An understanding of factors influencing fecundity 

and annual recruitment of krill is important in determining population size. The results of 

this research helped elucidate the influence of environmental parameters on 

reproduction of krill. This research also facilitated a better understanding of how krill 

adapt to the extreme seasonal conditions, which makes them one of the most 

successful species in Southern Ocean ecosystem.  
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Chapter 1. 

General introduction 

 

1.1 Introduction 

Antarctic krill (Euphausia superba Dana, hereafter krill) is a keystone species 

playing a central role in the Southern Ocean ecosystem. Krill is the direct link between 

primary production and vertebrate predators, such as whales, seals, penguins and 

seabirds. Krill is probably the most successful species in Southern Ocean with a large 

biomass estimated in the range of at least 60 – 160 million tons (Nicol et al. 2000). Krill 

is also recognized as a commercially important species harvested for over 30 years, and 

is the world’s largest crustacean fishery (Nicol and Endo 1997, Ichii 2000), with growing 

demand for human food and nutraceutical products, and animal feed. 

 

Year to year krill recruitment is highly variable. There have been a series of intensive 

studies linking the various environmental conditions to the variation of the annual 

recruitment of krill in recent decades (e.g. de la Mare 1994, Siegel and Loeb 1995, 

Watkins 1999, Siegel 2000, Quetin and Ross 2001, 2003, Siegel et al. 2002, 2003). 

Variation in reproduction is also reported to be over 10-fold in the region west of the 

Antarctic Peninsula (Quetin and Ross 2001). One of the major contributing 

environmental factors affecting krill recruitment is thought to be the seasonal variation of 

sea ice. Although the correlation between distribution of krill and the area annually 

covered by sea ice was acknowledged (Marr 1962, Mackintosh 1972), the exact role of 

sea ice in krill life history remained unexplored due to sampling difficulties in the 

inhospitable Antarctic winter (Nicol 2006). However, recent advances in technology have 

enabled us to undertake research in winter resulting in more detailed information on the 

linkage between sea ice and krill life cycle, especially as regards reproduction. 

 

Reproduction in krill is dictated by various environmental factors, both physical and 

biological, including oceanographic currents, water temperature, sea ice extent, 

photoperiod and primary production. The main intention of this study is to clarify effects 

of biological factors, namely photoperiod and diet, on reproduction in krill. A series of 

laboratory experiments were undertaken with krill under controlled environmental 

conditions. Parameters including krill maturation and larval survival were considered. 

1.2 Maturation of Antarctic krill 

Maturation of female krill can be characterized by two methods, which include the 

external sexual maturation (development of thelycum) first described by Bargmann 
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(1945), and ovarian development described by Cuzin-Roudy and Amsler (1991). 

Although sexual maturation begins in female krill in their second year of life, 

reproduction occurs mostly in their third year (Ross and Quetin 2000, Quetin and Ross 

2001). The development of both the thelycum and the ovary is cyclic, sexual regression 

occurs from autumn to winter, and re-maturation from spring to summer. The timing of 

maturation is largely influenced by seasonal environmental conditions (Kawaguchi et al. 

2007). 

 

A number of authors have described the physiological and environmental 

parameters governing the maturation cycle of krill (Thomas and Ikeda 1987, Ross and 

Quetin 2000, Hirano et al. 2003, Kawaguchi et al. 2007, Teschke et al. 2007). The 

seasonal advance and retreat of sea ice is suggested to be one of the key factors 

influencing the maturation cycle of krill, as it is closely related to the seasonal variation in 

phytoplankton biomass. The spring sea ice retreat induces the ice-edge phytoplankton 

bloom, followed by the summer phytoplankton bloom which is the main resource 

facilitating ovarian maturation of krill (Quetin and Ross 2001). Ross and Quetin (2000) 

described several plateaus in the ovarian maturity cycle, and one of the cues is thought 

to be a threshold accumulation of lipid, required for the development of one batch of 

oöcytes (Quetin et al. 1994, Ross and Quetin 2000, Kawaguchi et al. 2007). 

 

Photoperiod is also considered to play a significant role governing the maturation 

cycle of krill. Hirano et al. (2003) observed maturation and reproduction of krill after 

increasing the photoperiod to 24 h light, and concluded that photoperiod is one of the 

most important factors dictating the onset of krill maturity. Teschke et al. (2007) 

observed significant reduction in feeding rate and metabolism of krill exposed to 

complete darkness, while krill under 24 h of light condition showed higher metabolism 

and advanced sexual maturation compared to krill under complete darkness (Teschke et 

al. 2008). They suggested that the Antarctic light regime either directly or indirectly 

governs the maturation in krill. On the other hand, Thomas and Ikeda (1987) observed 

the external sexual characteristics of female krill undergo full maturity to juvenile, and re-

developed to full maturity again under complete darkness subjected to constant 

temperature and food regimes. This observation led the authors to conclude that the 

maturation of krill is governed by endogenous rhythm rather than by environmental 

factors. 

 

Although basic information on the link between environmental factors and the 

maturation cycle of krill has been reported, research is patchy and the detailed process 

on krill maturation remains uncertain. Furthermore, the effect of environmental factors 
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on the ovarian maturation of krill has never been experimentally investigated. 

Environmental parameters are thought to govern krill maturation holistically, as well as 

at the different phases of krill maturation cycle (Ross and Quetin 2000, Kawaguchi et al. 

2007). 

1.3 Larval ecology 

Studies on krill larval ecology are important since the survival rate during the early 

life stages is one of the main factors that determines the population size of krill. The 

eggs of krill released by gravid females in the upper layer sink rapidly in the water 

column (Marshall 1983, Quetin and Ross 1984) and hatch at depths of ~1000 m 

(Hempel and Hempel 1986, Hofmann et al. 1992). The larvae develop from hatching to 

juvenile through 12 stages, including non-feeding stages Nauplius I and II (NI, NII) and 

Metanauplius (MN), and then the following feeding stages of Calyptopis I-III (CI-III) and 

Furcilia I-VI (FI-VI) (Frazer, 1936). The nauplius larvae swim to the surface where 

phytoplankton are abundant (coined ‘the developmental ascent’ by Marr 1962) before 

they develop to CI. The development of non-feeding larval stages is dependent on 

maternal fuel stores laid down in the embryos, which is in turn a function of the spring 

and summer dietary conditions for adults prior to spawning (Ross and Quetin 2000). The 

first feeding stage, CI, initially appears in surface waters in January, and may continue 

to appear for the next 4 – 5 months (Quetin et al. 1996). Larvae primarily feed as 

herbivores in the water column, and grow from 1 – 6 mm in average total length during 

their first summer and autumn. They continue to grow under extensive sea ice coverage, 

reaching an average of 12 mm by September (Frazer 1936). 

 

Sea ice is particularly important in larval life history. The habitat under sea ice is 

thought to be an important nursery area for overwintering larvae as it provides a 

concentrated food source and refuge from predators (Daly 1990). Larval krill have low 

lipid reserves (Hagen 1988, Hagen et al. 2001), and thus are not able to tolerate long 

starvation periods (Quetin and Ross 1991, Ross and Quetin 1991). There are two critical 

periods for larval survival during their first year of life (Quetin and Ross 2003). The first 

is after developing to the first feeding stage CI, when larvae have to find adequate food 

within 10 to 14 days before they reach their ‘Point of No Return’ (PNR), the time after 

which an animal loses its capability to recover from nutritional stress (Yoshida et al. 

2009). The second is during the first winter, when larvae have to feed and grow, but 

food availability in the water column is extremely low. Studies on starvation tolerance of 

larval krill are therefore important in respect to this critical autumn-winter transition 

period. 
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1.4 Overwintering biology of Antarctic krill 

One of the major enigmas of krill life history is the biology of overwintering. Krill 

endure an extended period of food paucity during the long Antarctic winter, when 

phytoplankton in the water column are severely depleted (Scharek et al. 1994). 

Suggested overwintering strategies of krill fall into two categories: first, non-feeding 

strategies, and second, switching to alternative food source(s). Possible non-feeding 

strategies include the use of lipid reserves (Hagen et al. 1996, 2001), a reduction in 

metabolic rate (Kawaguchi et al. 1986, Ross and Quetin 1991) and protein catabolism 

via body shrinkage (Ikeda and Dixon 1982, Quetin and Ross 1991). Feeding strategies 

include the utilization of ice biota (Marschall 1988, Stretch et al. 1988, Daly 1990), 

zooplankton (Hopkins et al. 1993, Huntley et al. 1994, Nishino and Kawamura 1994), or 

seabed detritus (Kawaguchi et al. 1986). 

 

Overwintering mechanisms employed by krill have been observed at different times 

and locations, however the degree of energy sustained by the various mechanisms 

remains unclear. Quetin and Ross (1991) calculated the energy budget required by krill 

to overwinter based on seasonal data from the Antarctic Peninsula area. From 

respiration measurements, they estimated that 71% of overwintering energy was saved 

by a reduction in metabolism, followed by lipid utilization (11%), body shrinkage (4%) 

and food uptake (2%), with 10% remaining unexplained. However, they described that 

this calculated energy partitioning may vary strongly depending on the sampling area 

investigated. Further, Hagen et al. (2001) collected lipid data of krill during various 

developmental stages and seasons in the Weddell Sea, the Lazalev Sea and off the 

Antarctic Peninsula. They estimated potential survival time of autumn krill (based on the 

respiration rate of winter krill from Quetin and Ross (1991)) and concluded that lipid 

reserves can sustain overwintering energy demands for four months and five months, in 

juvenile and adults respectively. This estimation suggests that the contribution of the 

lipid reserves during the autumn/spring period is higher than previously assumed. 

 

Overwintering strategies seem to differ between adults and larval krill as they 

occupy somewhat different trophic habitats and hence would not need to compete for 

resources. Adult krill are robust and can utilize food resources other than the under-ice 

community, and as they have lipid and protein reserves they can starve and shrink. 

Larvae have no reserves and must feed in order to survive and develop through various 

developmental stages over winter months (Nicol 2006). The overwintering strategy of 

adult krill described by Torres et al. (1994) is that krill undergo a marked reduction in 

metabolic rate, combustion of body substance, and feed opportunistically. Another study 

reported that autumn caught juveniles and adult krill can reduce metabolic rates up to 

50% compared to summer values and failed to respond to high food concentrations 
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under experimental conditions (Atkinson et al. 2002). Adult krill are not as closely 

associated with sea ice as are larvae, as they were found at all times of year in open 

water (Guzman 1983), or in deeper water (Nicol 2006). 

 

Larval krill’s dependence on sea ice during winter, particularly on ice algae as a food 

source was reported by Quetin et al. (1996), and these findings coincided with observed 

high clearance and metabolic rates in FIII larvae recorded in autumn (Meyer et al. 

2002a). This spatial segregation by adult and larval krill during winter is suggested to be 

a result of the differing balance between predation pressure and the food requirements 

in adults and larvae (Quetin and Ross 1991). For adults the predation pressure 

outweighs their food requirement because of their higher starvation tolerance, they 

remain in the water column or move to deeper water. In contrast, larvae have greater 

food requirements for growth, and the food requirement outweighs predation pressure. 

Therefore they are found under the ice where they seek both food and refuge from 

predators. Segregation of adult and larval krill during the winter not only reduces 

competition of food within the species (Nicol 2006), but also reduces predation of larvae 

by adults. 

1.5 The role of lipid in Antarctic krill 

The role of lipids in krill has been the driver of much research in relation to 

reproduction, energy storage for overwintering and trophic interactions. Krill accumulate 

lipid deposits, mainly triacylglycerols, and also phospholipids during spring and summer 

when phytoplankton are abundant in the water column (Clarke 1984, Hagen 1988, 

Hagen et al. 1996, Hagen et al. 2001). Lipids are utilized whenever energy consumption 

exceeds food intake, and the two major energy utilizing events in krill life history are 

reproduction and overwintering. Development of oöcytes in krill starts as early as spring 

when the lipid reserves are near depletion (Hagen et al. 1996, 2001), indicating that the 

reproductive process is not fuelled by lipid reserves. The substantial amounts of energy 

required for gonad maturation and egg production are largely fuelled by available 

nutrients, such as sea ice biota during early spring and phytoplankton blooms during late 

spring and summer (Falk-Petersen et al. 2000), or accumulated from the ‘fat body’, 

which is suggested to be a possible organ to store lipid (Cuzin-Roudy and Buchholz 

1999). Krill undergo multiple spawning events during the reproductive season (Ross and 

Quetin 1983, Nicol 1989, Quetin et al. 1994, Cuzin-Roudy 2000), and repeat ovarian 

maturity cycles under favorable environmental conditions (Kawaguchi et al. 2007). The 

lipid deposits in krill mainly consist of triacylglycerols and phospholipids, namely 

phosphatidylcholine. Hagen et al. (1996) found that both triacylglycerol and 

phosphatidylcholine are utilized by overwintering krill. The amount of lipid in krill is high 

but less than other Antarctic euphausiids such as Thysanoessa macrura and E. 
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crystallorophias, which accumulate wax esters as major storage lipid (Hagen and Auel 

2001). This less pronounced tendency to produce lipid deposits in krill and the lack of 

wax esters suggest omnivorous and year-round feeding (Clarke 1980, Sargent et al. 

1981, Atkinson et al. 2002). 

 

There have been a series of intensive studies performed on lipid class and FA 

composition of krill designed to help understand the trophic interactions. Trophic 

biomarkers have been developed using specific lipids, particularly fatty acids, as dietary 

indicators. These lipid compounds can accumulate largely unmodified from prey to 

consumer (Sargent and Whittle 1981, Sargent et al. 1987, Graeve et al. 1994b). For 

example, diatoms tend to be rich in fatty acids 20:5(n-3) and 16:1(n-7), and an animal 

having high proportion of these specific compounds indicate that, to a certain extent, 

they are feeding on diatoms. The ratio of fatty acids 16:0/ 16:1(n-7) also has been used 

to discriminate between diatom versus flagellate feeding as flagellates contain higher 

levels of 16:0. The ratio 18:1(n-9)/ 18:1(n-7) has been considered to be a parameter of 

carnivory, because 18:1(n-9) is a major FA of most marine animal lipids, whereas 

18:1(n-7) is found to result from chain elongation of the diatom marker 16:1(n-7). This 

biomarker method has been increasingly used to identify trophic relationships in various 

copepod species (e.g. Graeve et al. 1994a, Kattner and Hagen 1995, Scott et al. 1999, 

Dalsgaad et al. 2003), however, the use of this method for krill is under discussion 

(Cripps et al. 1999, Stübing and Hagen 2003, Stübing et al. 2003, Alonzo et al. 2005a,b). 

In contrast to applications with the copepods, the comparatively large lipid reservoir in 

krill seems to buffer diet-induced variations in the FA composition. Further, the lipid 

class and FA composition of krill is thought to vary depending on ontogeny (Stübing et al. 

2003), sex and sexual maturity stages (Clark 1984, Virtue et al. 1996, Pond et al. 1995, 

Mayzaud et al. 1998, Cripps et al. 1999) and within different body fractions (Mayzaud et 

al. 1998, Alonzo et al. 2005a,b). 

1.6 Aims and hypothesis of thesis 

The overall aim of this thesis was to assess the effect of environmental parameters 

on reproductive success of krill. To address this aim, experiments on 1) effects of light 

and feeding condition on sexual maturity of female krill, 2) maternal feeding condition on 

the quality of embryos with special reference to lipid class and FA composition, and 3) 

starvation tolerance of larvae through digestive gland observation using transmission 

electron microscopy (TEM) were performed. 

 

Each chapter describes different aspects of krill reproduction influenced by various 

environmental parameters. They are stand alone chapters which have been published 
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or are currently under review for publication in international marine biology and ecology 

journals.  

 

Chapter 2 examines the hypothesis that the sexual maturity cycle of krill is governed 

by either external environmental cues (photoperiod and food condition) or controlled by 

the endogenous rhythm. In this chapter, the external sexual maturity of female krill 

(development of the thelycum) and ovarian development were determined during a 10 

months laboratory feeding trial. According to Kawaguchi et al. (2007), there are two 

categories of moulting events with respect to the maturation cycle. One is the 

“regression cycle” which is a seasonal cycle of regression and re-maturation of thelycum 

(in females), which occurs from autumn to early spring. This cycle is generally thought to 

be dictated by temperature and food conditions. The other is the “ovarian (reproduction) 

cycle” which is a cycle of lipid accumulation in the ovary and this energy is released as 

eggs spawned from late spring to summer. This cycle repeats as long as the energy 

intake is adequate enough to produce one batch of oöcytes. If not the cycle finishes and 

female krill start preparing for overwintering. Food availability is thus the driver dictating 

the ovarian cycle. Therefore, it is important to investigate the development of both the 

thelycum and ovary to understand the interactions between environmental factors and 

the krill maturity cycle. This experiment was expanded in Chapter 3, using the 

experimental krill for biochemical analysis to determine the role of lipids in reproduction. 

Lipid class and FA composition of female krill were investigated in relation to the 

different feeding treatments and maturity stages. Here the use of FA composition as 

dietary markers in krill is also discussed with considerations of the different maturity 

stages and body fractions analysed. 

 

In Chapter 4, the hypothesis is examined that hatching success of embryos and 

larval development is dependent on the maternal diet, and the lipid class and FA 

composition of the consequent embryos are examined. Embryos were collected from 

female krill from experiments investigated in Chapters 2 and 3, as well as from both 

females incubated with additional food, and freshly collected in the field. The lipid 

analysis of embryos from these additional females enabled an in depth comparison 

between lipid and fatty acid composition and hatching success of embryos, and provided 

the ecological context for relationship between dietary condition of female krill and their 

fecundity in the field. 

 

In Chapter 5, the hypothesis that larval krill have low tolerance to starvation, and 

need to feed continuously is examined by analysing the structural changes in digestive 

cells of larvae using TEM. This chapter is based on a theory that the most characteristic 
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effects of starvation can be seen in ultrastructual changes of the digestive cells (Vogt et 

al. 1985), and that the reestablishment of the ultrastructure of digestive cells is not 

possible after a certain period of food deprivation (PNR) (Storch and Anger 1983). This 

chapter is published in Polar Biology (Yoshida et al. 2009). 
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Chapter 2.  

Maturation cycle of Antarctic krill: do diet and food matter? 

 

2.1 Abstract 

 

Female krill Euphausia superba, were incubated over 10 months under controlled 

conditions to determine the influence of light and diet on sexual maturity. The 

development of external sexual characteristics of female krill (thelycum) was monitored 

via analysis of consecutive moults. The degree of maturation of ovaries was also 

measured when thelycum was fully developed. Respiration was measured in 

conjunction with maturation under each experimental regime. 

 

The development of the thelycum showed the same trend in all krill incubated under 

different feeding and light conditions. Thelycum maturation was slower in krill under low 

food condition, and the maturation period was shorter compared to fed krill. The ovarian 

maturation was reduced with no associated vitellogenic development in krill under low 

food condition. No significant difference was observed in ovarian development between 

krill fed a carnivorous diet and krill fed phytoplankton only. Our results demonstrate that 

maturation of the external sexual characteristics of female krill progresses regardless of 

food and light conditions, however food is needed to progress ovarian maturation. 

Through conducting a series of laboratory experiments using various light and food 

regimes, we helped elucidate the influence of these environmental parameters on the 

seasonal cycle of krill maturation. 

 

2.2 Introduction 

 

Antarctic krill (Euphausia superba) is a keystone species of the Antarctic marine 

ecosystem, being a major food source for most of the Antarctic predators. 

Understanding krill reproduction is important since reproductive output is one of the key 

determinants of population size. Environmental parameters (food, light and temperature) 

are generally thought to be responsible for regulating the seasonal maturity cycle of 

organisms. However, studies to date dealing with krill maturity and reproduction under 

controlled laboratory environment are limited, and the mechanisms linking 

environmental parameters and reproduction of krill are still subject to speculation. 
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One early study on krill maturity in the laboratory was performed by Thomas and 

Ikeda (1987). They reported that the external sexual characteristics of krill reduced from 

full maturity to juvenile, then developed to full maturity again under conditions of 

constant temperature and food regimes in complete darkness. They suggested that the 

maturation of krill is governed by an endogenous rhythm rather than by environmental 

factors. Kawaguchi et al. (2007) also observed the regression and re-maturation of krill 

under complete darkness during a 10 month laboratory experiment. In contrast, Hirano 

et al. (2003) reported krill reproducing for first time in captivity, a result of various factors 

including the manipulation of the light regime. They observed the maturation in 1-2 

months after the photoperiod was changed from complete darkness to 24 hours of light, 

and concluded that photoperiod is an essential cue governing the seasonal maturation 

cycle of krill maturation. Teschke et al. (2007) observed significant reduction in feeding 

rate and metabolism of krill in complete darkness compared to those in 12 h light 12 h 

darkness and 24 h light under laboratory conditions. Further, Teschke et al. (2008) 

observed sexual maturation of krill in 12 h light 12 h darkness, and 24 h light conditions, 

suggesting that the Antarctic light regime either directly or indirectly govern the 

maturation in krill. 

 

The spring sea-ice retreat induces the ice-edge phytoplankton bloom, followed by 

summer phytoplankton bloom which is the main resource facilitating ovarian maturation 

of krill (Quetin and Ross 2001). Ross and Quetin (2000) described several plateaus in 

the ovarian maturity cycle, triggered by sufficient resources or other environmental cues. 

A threshold accumulation of lipid, required for the development of one batch of oöcytes, 

is thought to be a cue to commence vitellogenesis (a phase of lipidic yolk accumulation 

and rapid enlargement of oöcytes in ovaries) (Quetin et al. 1994, Ross and Quetin 2000, 

Kawaguchi et al. 2007). Therefore, the seasonal sea-ice extent and the timing of its 

retreat are thought to be responsible for determining the timing, length and intensity of 

krill reproduction (Siegel and Loeb 1995, Quetin and Ross 2001, Kawaguchi et al. 2007). 

The effect of a carnivorous diet on krill physiology and maturity has never been 

quantified. However, protozoan, ciliates and copepods are suggested to be alternative 

food sources for krill when primary production is very low in winter, and there are 

reported evidences of carnivorous feeding of krill indicated by the lipid composition and 

gut contents analysis in krill caught in both summer and winter (Atkinson and Snÿder 

1997, Pakhomov et al 1997, Atkinson et al. 2002, Quetin et al., 2003).  

 

There are two views describing the maturation of female krill, the development of 

thelycum and ovarian maturation. Krill spawn in summer, then sexual regression occurs 

progressively from autumn to winter. During this “regression cycle”, restoration and re-
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organization of ovary tissue occurs, when food is limited in winter (Makarov 1975, Cuzin-

Roudy 2000). Then krill start maturing again from spring to be ready for reproduction in 

summer. Both environmental and physiological factors influence thelycum development 

and ovarian maturation, however, the timing and metabolic processes involved are still 

under discussion.  

 

The aim of this study is to investigate the effect of the photoperiod and the food 

quality on thelycum development and ovarian maturation of female krill. The effect of a 

carnivorous diet on the maturation of female krill is also investigated. The results from 

this study will give us insights into reproductive ecology of krill, and help us better 

understand the environmental factors governing sexual development. 

 

2.3 Materials and Methods 

2.3.1 Collection of krill 

Live krill were collected using Rectangular Midwater Trawl net (RMT-1+8 meter 

square) (Baker et al. 1973) in the upper 100m of the water column (-2 to 0˚C) in East 

Antarctica (66˚ 15’S, 74˚ 45’E 07, February 2005) during the voyage V3 04/05 on the 

RSV Aurora Australis. Krill were then evenly distributed to 200L tanks in cold 

laboratories, then kept with continual water supply by ship’s clean experimental 

seawater system until the vessel reached the polar front. After the temperature of the 

ambient seawater exceeded 2.5˚C, 50% of seawater in the tanks was manually replaced 

with chilled seawater (0.5˚C) each day until the vessel returned to Australian Antarctic 

Division’s Kingston headquarters on 17th February 2005. 

2.3.2 Aquaria conditions 

Upon return, krill were transferred equally to two of 1670L holding tanks (H1 and H2) 

in a laboratory at Australian Antarctic Division. H1 was kept under complete darkness, 

and H2 was under natural photoperiod, which corresponded to that for the Southern 

Ocean (66˚S at 30m depth) with maximum of 100-lux light intensity at the surface of the 

tank during summer midday (December). A sinusoidal annual cycle with monthly 

variations of photoperiod and daily variation of light intensity was calculated and 

adjusted every month. The temperature of seawater for both tanks was 0.5Co. After a 

week of acclimation, krill were fed Phaeodactylum tricornutum (2-3 x 107 cells/L). A 

mixture of Thallasiossira weisflogii, Pavrova sp., Isochrysis sp. (approx. 3 x 104 cells/ml, 

of each species, Reed Mariculture Inc, USA) and 0.5g/100krill of minced clam were also 

introduced from May 2005. Sixteen krill were randomly collected from H1 and H2, and 

they were kept individually in 2L jars from May 2005 to collect their moults. These krill in 

2L jars from H1 and H2 were kept under the same condition as H1 and H2, respectively. 
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The moults of individual krill were collected and their sexual maturation stages were 

recorded. 

 

In July 2005, three 600L tanks (Tank A-C) were set up and 200 krill were transferred 

to each tank from H1. Water temperature in Tank A-C was maintained at 0.5Co, and 

kept under natural photoperiod. Krill were incubated under different feeding regimes; 

Tank A) phytoplankton and clam (algae as per holding tanks with clam added, designed 

to mimic carnivory), B) phytoplankton mixture (as per holding tank, mimicking spring 

bloom conditions) and C) low food condition (mimicking winter conditions) (see Fig. 2.1). 

Although no food was given to krill in Tank C, the entire tank system was set up in a 

single water circulation system, so we could not establish a completely food-free 

environment, and therefore they were exposed to a very low level of food.  Eight krill 

were again collected from each tank and kept individually in 700ml jars. They were kept 

under the same conditions as tanks which they were collected from, and their moults 

were collected in order to monitor sexual maturation. 

 

Dead krill and moults were collected everyday in the morning from all tanks and 

individual jars. Tanks and individual jars were cleaned monthly and bimonthly 

 

 

Tank A 
600L 
0.5˚C 
P+C 

Natural 
photoperiod 

Tank B 
600L 
0.5˚C 

P 
Natural 

photoperiod 

Tank C 
600L 
0.5˚C 

Low food 
Natural 

photoperiod 

07 Feb 05 

17 Feb 05 

July 05 

31 Mar 06 

Aurora Australis on-board tank 
200L 
0.5˚C 
Dark 

AAD holing tank 1 (H1) 
1670L 
0.5˚C 

P*+C** 
Dark

AAD holing tank 2 (H2) 
1670L 
0.5˚C 
P+C 

Natural photoperiod 

Fig. 2.1. Schematic representation of experimental krill maintenance from the day of 
collection (07 February 2005) to the end of the experiment (31 March 06). Boxes describe 
different tanks and the corresponding water volume, temperature, food and light regime.  
*Phytoplankton mixture = Phaeodactylum tricornutum + Thalassiosira weissflogii +  Pavlova 
sp. + Isochrysis sp. (2-3x107cells/L of each algae daily). T. weissflogii, Pavlova sp. and 
Isochrysis sp. were supplied by Reed Mariculture Inc. USA. 
**Minced clam (0.5g/100krill) supplied by local market. 
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respectively. Seawater in all tanks and individual jars were continuously recirculated with 

a total of 5000L seawater except during the feeding period (9 am to 4 pm). The 

experiment finished on March 2006. 

2.3.3 Determination of sexual maturity stages 

Sexual maturation stages were determined by assessing the degree of thelycum 

development following Bargmann (1945) (Table 2.1). Development of female thelycum 

was tracked by observing sequential moults collected from individual krill. However, as 

thelycum development was not determined continuously for some krill incubated 

individually (due to the damage and mortality) maturity scores were calculated by taking 

the average maturity score every 28 days period (the average inter-moult period 

throughout the experiment). Ten krill from each treatment were sampled during 

maturation season (November to December 2005), and maturity of ovaries were 

measured following Cuzin-Roudy and Amsler (1991) (Table 2.2). 

2.3.4 Measurement of respiration rate 

Four krill from the holding and experimental tanks were sampled and their oxygen 

consumption rates were measured at various times throughout the experiment. Krill 

were transferred to 1.5L glass bottles with filtered seawater (0.1μm pore size), and 

incubated for 24 hours. One glass bottle without krill was incubated as a control for each 

tank. At the end of the incubation period, the seawater sample was siphoned from each 

bottle into 50mL Winkler bottles, according to Atkinson et al. (2002). Three replicates 

were sampled for each 1.5L bottle, and oxygen concentrations were measured after  

 

6 Thelycum swollen and red in colour; male 
spematophores attached but empty 

G 

4 Thelycum similar to adult shape except smaller and 
not well chitinized; some pigmentation 

D 

3 Thelycum half-developed: coxal part larger than 
sternal part but not heavily chitinized 

C 

2 Two small coxal outgrowths at each end of sternal 
band 

B 

 

1 Thelycum either not visible or represented only by a 
straight band across sternum 

A 

Maturity 
score 

b Thelycum description 
a Maturity 

stage 

Table 2.1. Definitions of female krill external (thelycum) maturity stages and their scores 
d

a Based on Bargmann (1945) 
b After Bargmann (1945), modified by Thomas and Ikeda (1987)

5 E Thelycum large and firm (well chitinized); usually 
coloured bright red 
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8  Thorax swollen, but ovary reduced in size and lobes 
contracted. May have various combinations of GZ, oc1, oc2, 
oc3 and residual oc4 

Oviposition 

7 Ovary in live krill opaque or bluish, full of oc4; may have 
various combinations of GZ, oc1, oc2 and oc3 

Oöcyte maturation 

6 Thorax conspicuously swollen. Ovary full of oc3; may have 
various combinations of GZ, oc1, oc2 and oc3 

Vitellogenesis 

5 Ovary obvious. Oc2 present Vitellogenesis 
 

4 Thorax not swollen. Developing ovary visible. Oc1 up to 
450m 

Previtellogenesis 

3 Thorax not swollen. Oc1 up to 200m Previtellogenesis 

2 Ovary small. Og2 developed into yoc Oogenesis 

  

1 Ovary small. Germinal zone (GZ) and primary and 
secondary oögonia (og1, og2) 

Gametogenesis 

Maturity 
score 

Ovary and oöcytes Development phase 

Table 2.2. Definitions of female krill ovary maturity stages (Cuzin-Roudy and Amsler 1991) 
and scores used. 
 

 

immediate fixation for Winkler titration as described in Meyer et al. (2002b). Titration was 

performed using the titrator, 702 SM Titrino (Metrohm). Respiration measurements were 

performed 3 times during spring (August – October 2005), once during summer 

(December 2005) and once during autumn (March 2006). 

 

2.4 Results 

2.4.1 Maturation of thelycum 

Sexual maturation of krill from each treatment tank generally showed the same trend 

(Fig. 2.2). The sexual maturation stage of krill at the start of this experiment (March 

2005) was identified as being between C to D (Bargmann 1945). Sexual regression 

reached B/C from April to May 2005. Krill started to re-mature from May reaching 

maximum maturation in November to December 2005 (Stage E) (Fig. 2.2). Maturity then 

regressed again towards the end of experiments (Stage C-D, March 2006). Krill in the 

dark treatment (H2) showed the same trend as other treatments, and no clear difference 

between maturity stages was observed compared to krill from H1. Maturity stages of krill 

in Tank A (fed clam) and Tank B (fed phytoplankton only) were similar throughout the 

experiment, however, krill in Tank A showed a relatively longer maturation period, and 

some females had thelycum of stage E at the end of the experiment (Fig. 2.2). Krill in 

Tank C showed the same trend, however, maturity occurred slower and finished earlier 

compared to krill from other tanks. 
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05 

Apr- 
05 

1 

2 

3 

4 

5 

6 
H1 
H2 

Tank C 

Tank B 
Tank A 

Date

Fig. 2.2. Euphausia superba. Mean maturity scores (±SD) of female krill in the individual 
experimental series under different photoperiod (H1- darkness, H2 - natural photoperiod) 
and feeding treatments (Tank A- phytoplankton mixture plus clam, Tank B- phytoplankton 
mixture and Tank C- low food).  
 

2.4.2 Maturation of ovaries 

In November to December, when krill reached maximum external maturation in all 

tanks, development of the ovaries was observed. The ovaries of krill in both holding 

tanks (H1 and H2) were more developed (vitellogenesis to oviposition) compared to krill 

in Tank A – C (previtellogenesis to early vitellogenesis). No vitellogenic development 

was observed in krill in Tank C (Fig. 2.3). There was no significant difference in ovarian 

maturation between H1 and H2. The ovary maturity scores of krill in both holding tanks 

(H1 and H2) were significantly higher compared to krill in Tanks A – C (p < 0.01). Krill in 

Tank C (not fed) showed significantly lower maturity scores compared to H1, H2 (p < 

0.001) and Tank B (p < 0.005), but not significantly different to krill from Tank A (Fig. 

2.3). 

2.4.3 Respiration rate 

The oxygen consumption rate on an individual basis (μl h-1 ind-1) of krill from each 

tank showed similar trends except for starved krill  (Tank C) (Table 2.3). Respiration 

rates for all krill in August ranged from 27.5 – 58.9 μl h-1 ind-1, showing a gradual 

increase and reaching maximum rate in December (54.4 – 104.4 μl h-1 ind-1), except for 

the starved krill in Tank C (31.8 – 53.5 μl ind-1 h-1). Following these increased rates in 

summer (December), respiration decreased gradually in fed krill (Tank A and B),  

while respiration stabilized in starved krill (Tank C) until the end of experiment. No 
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Tank C Tank BTank AH2H1 

Fig. 2.3. Euphausia superba. Mean maturity scores (±SD) of ovaries of female krill from 
each treatment of different photoperiod (H1- darkness, H2 - natural photoperiod) and feeding 
treatments (Tank A- phytoplankton mixture plus clam, Tank B- phytoplankton mixture and 
Tank C- low food). Samples were collected in Nov-Dec. 
 

 

 

±12.7 42.7 ±38.6 7.0 ±10.2 52.8 ±3.3 30.4 ±26.1 2.0 Tank C 

±5.3 50.2 ±48.0 2.9 ±3.7 50.5 ±2.6 28.6 ±25.1 2.3 Tank B 

±9.0 46.2 ±50.5 3.6 ±6.5 34.7 ±8.9 32.9 ±26.2 5.6 Tank A 

N.D ±55.8 21.3 ±6.5 37.8 ±4.0 33.2 ±22.2 2.3 H2 

N.D ±46.4 2.9 ±5.1 48.9 ±3.4 38.9 ±35.0 10.4 H1 

QO2 (l h-1 gDM-1) 

±17.0 38.2 ±38.8  9.9 ± 7.6 59.6 ± 1.7 33.9 ±29.6  1.8 Tank C 

±15.7 66.5 ±85.1 14.9 ± 4.0 69.9 ± 7.8 40.0 ±35.0  5.7 Tank B 

±22.3 62.1 ±91.2 11.8 ± 5.8 42.5 ± 7.5 40.0 ±31.9  4.0 Tank A 

N.D ±78.3 20.5 ±11.3 64.2 ±11.6 57.1 ±37.7  1.6 H2 

N.D ±78.1 14.6 ±14.9 67.0 ±12.4 53.4 ±47.2 13.1 H1 

QO2 (l h-1 ind-1) 

Mar-06 Dec-05 Oct-05 Sep-05 Aug-05 Tank 

Table 2.3. Mean oxygen consumption rate (QO2) ±SD of Euphausia superba on an individual 
and dry weight basis during an 8 month experiment under different photoperiod (H1- 
darkness, H2 - natural photoperiod) and feeding treatments (Tank A- phytoplankton mixture 
plus clam, Tank B- phytoplankton mixture and Tank C- low food) (n=4).  
 

 

significant differences in respiration  were observed between krill in tanks H1 (dark) and 

H2 (natural photoperiod), or krill in Tank A (fed phytoplankton plus clam) and Tank B 

(fed phytoplankton only) at any sampling point, except in October when significantly 

lower rates were observed in krill in Tank A compared to Tank B (p < 0.01). Respiration 

rates were significantly lower in krill in Tank C compared to all other tanks in December 

(p < 0.05). The oxygen consumption rate on a dry weight basis (μl h-1 gDW-1) showed 

similar trends to those on an individual basis, but with smaller variations (Table 2.3). 

Respiration rates of starved krill (Tank C) were similar to those of fed krill (Tank A and 
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B), but showed a slight decrease from December to March. The only significant 

differences observed in respiration were between krill in H1 and H2 in August (p < 0.05) 

and between krill in Tank A, and Tank B and C (p < 0.05) in October.  

2.4.4 Spawning events 

When mated females with swollen thorax were observed, they were separated and 

kept individually in 2L jars, for a maximum of 5 days. Females which did not spawn in 5 

days were released back to the tanks. Spawning events were observed only in the 

holding tanks (H1 and H2) except for a single spawning event observed in Tank B in 

December. Total number of spawning events observed in H1 and H2 were 22 and 14 

respectively. The most intensive spawning in these tanks were observed in November 

and October, and in December, respectively (Fig. 2.4). However, these numbers do not 

indicate the total number of spawning events actually occurring in each tank because it 

was not possible to collect all females which were going to spawn. 

2.5 Discussion 

2.5.1 Role of light on krill maturation 

Evidenced from the moult cycle, we observed sexual regression occurring during winter, 

re-maturation in summer followed by regression again towards autumn, regardless of 

whether krill were kept under natural photoperiod or in complete darkness, high or low 

food conditions. Our observations of this seasonal maturation of external characteristics 

generally agreed with Thomas and Ikeda (1987) and Kawaguchi et al. (2007). Thomas 

and Ikeda (1987) concluded that the maturation of krill is controlled by an endogenous 

rhythm rather than environmental cues. In contrast, Hirano et al. (2003) and Teschke et 

al. (2008) observed accelerated maturation of krill cued by prolonged photoperiod and 

enhanced light intensity. These authors suggested that photoperiod plays an important 

role initiating the maturation of krill (Hirano et al. 2003), or is indirectly working as a cue 

for maturation of krill by governing their seasonal physiology cycle (Teschke et al. 2007). 

Both studies observed the maturation of krill shortly after an increase in photoperiod to 

24h light. Hirano et al. (2003) observed four mating episodes during their experiment 

(mating episodes 1 – 4, Fig. 2.5), and two of which followed the change of photoperiod 

to 24 hour light (mating episodes 1 and 2). The timings of these mating episodes were in 

August and January, respectively, which happened 1-2 months after the photoperiod 

was changed. The other two mating episodes happened without the light cue (mating 

episodes 3 and 4), and were both in October. This indicates that the mating episodes 

described by Hirano et al. (2003) may be a result of the combined effects of the light and 

an endogenous rhythm of krill. It appears that when there is no dramatic light stimulation 

(i.e. krill are subjected to complete darkness, fixed photoperiod or natural photoperiod), 
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Fig. 2.4. Euphausia superba. Number of spawning events observed in H1 (dark) and H2 
(natural photoperiod) during the reproductive period. 
 
maturation is governed by an endogenous rhythmic process. However, if there is a light 

stimulation, such as the change of photoperiod to 24 hour light (Hirano et al. 2003, 

Teschke et al. 2007), maturation is induced. Also, krill showed a sharp regression in 

their maturity when the photoperiod was changed from summer condition to complete 

darkness earlier than the natural timings. This occurred without any change in food 

condition, and resulted in an earlier re-maturation after the photoperiod for this 

experimental group was reverted back to natural photoperiod (Brown et al., unpublished 

data). This observation implies that the timings of experiencing the complete darkness 

might be the cue rescheduling the seasonal maturity cycle. These observations from 

Hirano et al. (2003), Teschke et al. (2007) and Brown et al. (unpublished) suggested 

that the photoperiod is certainly working as a cue governing the endogenous rhythm of 

krill. The implications from these previous studies, together with the results of our study 

indicates that krill seem to have an endogenous rhythm governing the seasonal cycle of 

maturation, which is probably controlled by the change of photoperiod. 

 

According to findings by Kawaguchi et al. (2007) and Teschke et al. (2008), it is 

likely that effects of increased light regime accelerates ovarian maturity indirectly 

through accelerated feeding, but not accelerating thelycum re-maturation. The shortest 

mating episode (mating episode 1, 2 months) observed in Hirano et al. (2003) under a 

24h light regime (Fig. 2.5) was probably because the light stimulation accelerated the 

ovarian maturation only in some krill with relatively higher thelycum maturity stages 

(Kawaguchi et al. 2007), but did not accelerate development of the thelycum. Further, 

the external sexual characteristics of both male and female krill were observed to 

regress rapidly from full maturity to an externally immature form under complete 
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darkness (Brown et al. unpublished data). Considering results from these previous 

studies it is likely that the light regime operates as cue for governing the maturity cycle 

at different levels and in different ways, i.e. increasing light regime indirectly accelerates 

ovary maturation (vitellogenesis) due to increased energy intake through accelerated 

feeding behaviour, and a reduction in light intensity (possibly darkness) once the ovary 

fully matured directly accelerates regression of thelycum.   

2.5.2 Role of diet on krill maturation 

Antarctic krill endure an extended period of food paucity during winter and early 

spring, when phytoplankton is at a minimum (Scharek et al. 1994). Krill store lipids in 

summer for overwintering (Hagen et al. 1996, 2001). However, to fuel reproduction krill 

depend on spring sea ice algae and associated organisms, and the phytoplankton 

bloom in late spring and early summer (Quetin et al. 1994, Hagen et al. 1996, 2001, 

Kawaguchi et al. 2007). Krill are thought to undergo a cycle where external sexual 

characteristics regress from fully mature to juvenile, then once again developed to full 

maturity (Ikeda 1985, Thomas and Ikeda 1987). Kawaguchi et al. (2007) reported that 

the thelycum develops through 5-6 moult cycles from the most regressed form (stage B) 

to be morphologically ready for mating. Hence timing is critical, thelycum re-maturation 

must begin during early winter in order to coincide with vitellogenic maturation in spring. 

As evident from results from our research, initiation of krill re-maturation appears 

endogenously governed under either complete darkness or natural photoperiod, and 

optimal or low food conditions. This developmental process is timed to couple with the 

phytoplankton bloom occurring after the spring sea ice retreat. In the laboratory studies, 

female thelycum can mature through to stage E (Thomas and Ikeda 1987, this study), or 

close to stage E (Kawaguchi et al. 2007) under starved or limited food condition. 

However, we noted that vitellogenic maturation did not occur in krill under low food 

condition (Fig. 2.3). Unlike the process of external maturation, it appears that food is 

needed to instigate vitellogenic maturation. This different system governing thelycum 

development and ovarian maturation appeared to be a reproductive strategy designed to 

utilize the spring phytoplankton bloom efficiently.  

2.5.3 Factors affecting the termination of reproduction of krill 

The timing of termination of reproduction of krill is another important factor determining 

fecundity. Krill are thought to undergo multiple spawning events during the reproductive 

season (Ross and Quetin 1983, Nicol 1989, Quetin et al. 1994, Cuzin-Roudy 2000), and 

repeat ovarian maturity cycles under favorable environmental conditions (Kawaguchi et 

al. 2007). Termination of krill reproduction is reported to be due to a reduction in energy 

required to sustain the vitellogenic cycle (Kawaguchi et al. 2007). It has also been 

reported that reproduction can be prolonged up to 9 months under optimal laboratory  
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Fig. 2.5. Light : dark cycles and mating episodes of Antarctic krill in captivity observed by 
Hirano et al. 2003. Black blocks indicate spawning episodes. Mating episodes 1 and 2 
occurred after the photoperiod was changed to 24 h light, while mating episodes 3 and 4 
occurred under fixed photoperiod (14L : 8D). 
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conditions (Hirano et al. 2003). In their study, two long mating episodes were observed 

under fixed photoperiod (mating episodes 3 and 4), while a short mating episode was 

observed under a decreasing photoperiod (mating episode 2). A sharp regression of the 

external sexual characteristics of krill was observed when the photoperiod was changed 

from summer light condition to complete darkness (Brown et al. unpublished data). 

These studies indicate that photoperiod is also playing an important role terminating 

reproduction in krill. The timing when krill cease reproduction has a large impact on the 

population dynamics, because the mortality rate of adult krill increases after the long 

period of maturation (Hirano et al. 2003), the diversion of reproductive energy for 

overwintering may increase fecundity of a female krill in a lifetime (Quetin and Ross 

2001), and the larvae which did not develop to late furcilia stage before the winter will 

not survive (Daly 2004). 

2.5.4 Respiration rate and maturation of krill 

Photoperiod did not influence respiration in this study as no significant differences 

were found between respiration rates of krill incubated under complete darkness (H1) 

and those under natural photoperiod (H2). Regardless of photoperiod, respiration rates 

increased from winter to summer. Our results contrast with those by Teschke et al. 

(2007), who reported a significant decrease in respiration rates in krill incubated under 

complete darkness, suggesting that photoperiod has an important effect on the 

physiology of krill. Experimental conditions were different in these studies, with a tank 

size of 100L used by Teschke et al. 2007, and 1670L in the present study. A larger tank 

may have facilitated an increase in swimming activity inducing higher respiration rates in 

our study.  

 

Respiration rate in krill appears to be correlated with maturity stage. Teschke et al. 

(2007) reported an increase in respiration with increasing maturity stages under 12 h 

light and 12 dark, and 24 h light conditions. In the present study, even though a 

significant decrease in respiration rate was observed in krill under low food condition 

(expressed on an individual basis) relatively higher respiration rate was observed during 

summer, at the period coinciding with thelycum development.  

 

In the present study, the seasonal trend with lower respiration rates in winter and 

higher rates in summer (expressed on a DM basis) were observed regardless of 

photoperiod and diet. These results suggest that the maturation process, and associated 

concomitant respiration, is driven by the seasonal cycle. Quetin and Ross (1991) 

observed the respiration rate of adult krill in winter to be only one third of those observed 

in summer in the field. In the present study the variables, diet and photoperiod, are 

considered independently in the analysis of respiration rates. It could be concluded from 
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these results that a reduction in respiration in the winter, is a function of the seasonal 

physiological cycle in krill rather than under the direct control of environmental 

parameters. 

2.5.5 Effect of experimental condition on krill maturation 

In the present study, many krill in holding tanks (H1 and H2) showed ovarian 

vitellogenic development, which was rarely observed in krill from Tank A-C, even though 

krill in Tank A were fed the same diet as the krill in the holding tanks. Spawning was 

observed only in these holding tanks except for one spawning event occurring in Tank B. 

The holding tanks (H1and H2) and Tank A differed in both size and colour which may 

have affected the behaviour of krill. The holding tanks were larger (1670L) compared to 

Tank A-C (600L), and they were white whereas the Tank A-C had transparent walls with 

a black bottom. Krill in holding tanks swam actively near the surface, while krill in Tank 

A-C showed less swimming behaviour and many were observed to be swimming on the 

bottom. This different swimming behaviour may have influenced feeding efficiency, 

which in turn affects physiology and maturation. In the present study however, the effect 

of swimming behaviour on the maturation of krill was difficult to clarify. 

2.5.6 Effect of carnivory on krill maturation 

There have been no studies to date investigating the effects of a carnivorous diet on 

maturity of krill. In this study, the maturation period of female krill fed clam was slightly 

longer than those fed phytoplankton only. Hirano et al. (2003) succeeded in facilitating 

krill reproduction in captivity for the first time. The krill in this study were fed a diet which 

included clam meat. Hagen et al. (2007) observed increased triacylglycerol levels in krill 

fed on a clam diet for 9 months compared to krill on a diet of phytoplankton. Further, 

Yoshida et al. (in prep.) observed higher total lipid content in clam fed krill compared to 

phytoplankton fed krill during an 8 month experimental period. There are also several 

studies suggesting the possible contribution of zooplankton as an alternative food 

source to phytoplankton in both summer and winter in the field (e.g. Price et al. 1988, 

Atkinson and Snÿder 1997, Pakhomov et al. 1997, Atkinson et al. 2000, Cripps and 

Atkinson 2000). These studies suggest that the contribution of heterotrophic animals in 

the diet had positive effects on condition and maturation of krill, however the importance 

of carnivorous food on krill physiology has never been estimated quantitatively. 

 

Vitellogenic development in krill is thought to be governed by food availability and in 

turn lipid accumulation (Ross and Quetin 2000, Quetin and Ross 2001, Kawaguchi et al. 

2007). In the present study no significant difference was found in ovarian maturation 

between krill on a phytoplankton and minced clam diet (Tank A) and krill on a 

phytoplankton only diet (Tank B). This might be because the food concentration in Tank 
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B was already saturated without clam. Furthermore, not many krill showed vitellogenic 

maturation in Tanks A-C, while vitellogenic maturation and spawning events were 

observed in quite a few krill in the holding tanks. Maturation of krill in Tanks A-C might 

have been suppressed by factors other than the controlled environmental factors 

(temperature, light and food) which might have obscured the effects of a carnivorous 

diet on sexual maturation. The problem with studying maturation of krill in the laboratory 

is that we are still in the early days of understanding the many aspects governing 

reproduction. The emulation of natural conditions in the laboratory in order to facilitate 

reproduction in captivity is still in its infancy.   Krill are obligate schoolers in the wild, and 

therefore their behaviour is an integral part of their life history (Hamner et al., 1989). 

Contributing factors such as size and colour of tanks (described above), currents, 

duration of the feeding, water quality and rearing density of krill, which all affects their 

behaviour (Kawaguchi et al. in press) are under investigation. Improving our knowledge 

of krill husbandry will allow us to refine experimental studies in order to better 

understand the physiology and ecology of krill in the field. 

 

2.6 Conclusion 

 

The external sexual characteristics of krill regress and re-mature regardless of 

whether they had been kept under natural photoperiod or complete darkness, and high 

or low food condition, indicating they are governed by an endogenous rhythm. However 

the endogenous rhythm in krill is significantly affected by photoperiod. The vitellogenic 

development did not occur in krill in low food condition, indicating that food is essential 

for the ovarian maturation. The degree to which a carnivorous diet affected krill 

maturation was not clear in this study. Further experimental studies emulating the winter 

field environment (low or no phytoplankton plus heterotrophic elements) are needed to 

clarify the relative contribution of a carnivorous diet on krill maturity. It has been 

suggested that the external sexual characteristics of krill begin to mature in the dark, 

food limited Antarctic winter under control of an endogenous rhythm. The timing of 

maturation is coupled with the phytoplankton bloom occurring in spring after sea ice 

retreats. This successful reproductive strategy enables krill to exploit the seasonal and 

patchy primary production in Southern Ocean efficiently. 
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Chapter 3.  

Dietary influences on the condition of female Antarctic krill 

during maturation: lipid and fatty acid composition 

 

3.1 Abstract 
 

Lipid and fatty acid composition of the digestive gland, abdomen and remaining 

body fractions of Euphausia superba Dana were examined during an 8 month feeding 

trial under controlled laboratory conditions. The feeding regimes were: 1) phytoplankton 

and minced clam, 2) phytoplankton and 3) low food condition (winter food condition).  

 

After 5 months of low food treatment, total lipid (% of dry mass) decreased 

significantly in the digestive gland, abdomen and the remaining body fractions by 80.6%, 

70.3% and 75.5%, respectively. Triacylglycerol and polar lipid (PL) in the digestive gland 

were utilized at similar rates under low food condition, decreasing by 99.0% and 87.9% 

in the digestive gland, respectively. The major fatty acids utilized in the digestive gland 

under low food condition were: 16:0, 16:1(n-7)c and 20:5(n-3) (EPA) (0.38, 0.36 and 

0.27 mg per digestive gland, respectively). The relative level of 16:0 and 16:1(n-7)c 

decreased significantly from 6.9% to 1.9% and 19.2% to 11.5% respectively, whereas 

levels of EPA and 22:6(n-3) (DHA) increased from 15.6% to 26.3% and 4.3% to 8.9% 

respectively, consistent with sparing of these key essential fatty acids. 

 

Total lipid content of krill fed clam in addition to phytoplankton was relatively higher 

compared to krill fed only phytoplankton after the 8 month trial. There was no significant 

difference in lipid class and fatty acid composition of krill between the two groups of fed 

krill. Higher levels of PL and long chain polyunsaturated fatty acids were observed in all 

body fractions of krill at 5 months sampling point, coinciding with sexual maturation. A 

carnivory signal using fatty acid biomarkers was not detected in krill fed clam. The fatty 

acid composition of krill varied with sexual maturation stages, rather than different 

feeding conditions. This observation indicates that fatty acids are stored and 

metabolized according to maturity status and previously proposed markers are of limited 

use for adult krill with similar physiological status. 
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3.2 Introduction 
 

Antarctic krill (Euphausia superba, hereafter krill) plays a key role in the Southern 

Ocean ecosystem being a major food source for many Antarctic carnivores, and 

constitutes a large biomass of at least 60-160 million tons (Nicol 2000). To survive 

winter with extremely low primary production in the water column, krill employ several 

strategies such as reducing metabolism, using storage lipid and switching from 

herbivorous to omnivorous feeding (Quetin and Ross 1991, Torres et al. 1994, Hagen et 

al 1996, Cullen et al. 2003). Krill accumulate lipid deposits during the summer 

phytoplankton bloom, mainly as triacylglycerols for use as an energy source for 

overwintering (Hagen 1988, Hagen et al. 1996). However krill tend to store less lipid 

compared to other Antarctic euphausiids such as Thysanoessa macrura and E. 

crystallorophias, which use wax esters as the main storage lipid (Hagen and Auel 2001). 

Hagen et al. (2001) concluded that although important, lipid utilization appears to be just 

one of several strategies krill use to survive Antarctic winter. 

 

Omnivorous feeding is regarded as one of the important winter survival strategies, 

although little experimental evidence is available on the impact of carnivory on the 

condition and survival of krill. Hirano et al (2000) and Kawaguchi et al. (in press) 

reported successful reproduction in krill by adding clam meat together with 

phytoplankton to the diet, indicating improved condition. Hagen et al. (2007) also 

observed an increased level of triacylglycerol in krill fed a carnivorous diet. Atkinson and 

Snÿder (1997) reported that krill cleared copepods faster from water when they were 

given a choice between phytoplankton and copepods, and Pakhomov et al. (1997) 

reported that a phytoplankton diet alone could not meet the respiratory costs for krill in 

the South Georgia area in summer. These studies indicate that carnivory apparently 

plays an important role in the life cycle of krill, however, the effect of a carnivorous diet 

on krill physiology, such as lipid composition and sexual maturation, is still unknown.  

 

To investigate the feeding behaviour of krill, lipid class and fatty acid (FA) 

composition have been intensively studied in recent decades in the laboratory (Virtue et 

al. 1993a, Stübing et al. 2003, Alonzo et al. 2005a and 2005b, Hagen et al. 2007) and in 

the field (Cripps et al. 1999, Cripps and Atkinson 2000, Phleger et al. 2002, Ju et al. 

2004). Cripps and Atkinson (2001) detected a sharp increase in polyunsaturated fatty 

acid (PUFA) in wild krill induced by feeding on copepods, and suggested the ratio of 

PUFA to saturated fatty acid (SFA) content could be used as an indication of carnivory. 

In contrast, Alonzo et al. (2005) detected no significant difference in FA composition of 

krill fed on zooplankton. Further, Stübing and Hagen (2003) found strong correlations 
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between total lipid content and the ratios of fatty acid dietary markers, and suggested 

that these dietary markers were of limited use within a similar physiological context.  

 

Lipid class and fatty acid composition of krill is thought to vary across different body 

fractions such as digestive gland and abdomen, and throughout sexual maturity stages. 

The aim of the present study is to investigate: 1) the dietary effect on lipid class and FA 

composition of different body fractions of krill, and 2) the difference in lipid class and FA 

composition of female maturity stages. 

 

3.3 Materials and Methods 

3.3.1 Collection of krill 

Live krill were collected using a Rectangular Midwater Trawl net (RMT-1+8 meter 

square) (Baker et al. 1973) in the upper 100m of the water column in East Antarctica 

(66˚ 15’S, 74˚ 45’E 07 February 2005) during voyage V3 04/05 on the RSV Aurora 

Australis. Krill were then evenly distributed to 200L tanks in cold laboratories, incubated 

under continual flow from a seawater system until the vessel reached the polar front. 

After the temperature of ambient seawater exceeded 2.5˚C, 50% of seawater in the 

tanks was manually replaced with chilled seawater (0.5˚C) each day until the vessel 

returned to the Australian Antarctic Division’s Kingston headquarters in February 2005. 

3.3.2 Aquaria conditions 

Upon return, krill were transferred to a 1670L holding tank (H1) in a laboratory at the 

Australian Antarctic Division. They were kept under complete darkness, and the 

temperature of seawater for the tank was 0.5Co. The feeding regime was 1-3 x 104 

cells/ml of Phaeodactylum tricornutum, approx. 3 x 104 cells/ml each of Thallasiossira 

weisflogii, Pavlova sp. and Isochrysis sp. (Reed Mariculture Inc, USA) and 0.5g/100 krill 

of minced clam meat. Moults of krill were collected from each tank to determine the 

sexual maturation stages.  

 

After 4 months of captivity in the holding tank (H1), 200 krill were transferred in to 

each of three 600L tanks (Tank A-C). Krill were kept under natural photoperiod as per 

H2 (see Chapter 2) at 0.5Co. Three feeding regimes were used for these tanks; A) 

phytoplankton and clam (algae as per holding tanks with clam added, designed to mimic 

carnivory), B) phytoplankton mixture (as per holding tank, mimicking spring bloom 

conditions) and C) low food condition (mimicking winter conditions). Full details of 

aquaria conditions are described in Chapter 2. 
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Three female krill under low food condition were sampled after 2 and 5 months, fed 

krill were sampled after 2, 5 and 8 months. These samples were frozen immediately in 

liquid nitrogen, and kept at -80˚C for lipid and FA analysis.  

3.3.3 Lipid class analysis  

Krill were dissected under the microscope, and the digestive glands (DG), abdomen 

and the remaining fractions (RF) were transferred separately to pre-weighed, extracted 

glass fiber filters. These samples were freeze dried and re-weighed before lipid and FA 

analysis. The lipid and FA composition of whole krill was calculated using those 

measured in the different parts of the animals.  

 

After samples were freeze-dried and weighed, they were extracted overnight using a 

modified Bligh and Dyer (1959) one-phase methanol-chloroform-water extraction 

(2:1:0.8 v/v/v). The phases were separated by the addition of chloroform-water (final 

solvent ratio, 1:1:0.9 v/v/v methanol-chloroform-water). The total solvent extract (TSE) 

was concentrated using rotary evaporation at 40ºC, and the lipid transferred to glass 

vials. These samples were stored in chloroform at -20ºC prior to analysis.  

 

An aliquot of the TSE was analysed using an Iatroscan MK V TH10 thin-layer 

chromatography-flame ionization detector (TLC-FID) analyser (Iatron Laboratories, 

Tokyo, Japan) to quantify individual lipid classes (Ackman 1981, Volkman & Nichols 

1991). Samples were applied to silica gel SIII chromarods (5 μm particle size) using 1 μl 

micropipettes. Chromarods were developed in a glass tank lined with pre-extracted filter 

paper. The primary solvent system used for the lipid separation was hexane-diethyl 

ether-acetic acid (60:17:0.1), a mobile phase resolving non-polar compounds such as 

wax ester (WE), triacylglycerol (TAG), free fatty acids and sterols. A second non-polar 

solvent system of hexane-diethyl ether (96:4) was also used to resolve hydrocarbons, 

WE, TAG and diacylglycerol ether (DAGE). After development, the chromarods were 

oven dried and analyzed immediately to minimize absorption of atmospheric 

contaminants. The FID was calibrated for each compound class (phosphatidylcholine, 

cholesterol, cholesteryl oleate, oleic acid, squalene, TAG (derived from fish oil), WE 

(derived from orange roughy, Hoplostethus atlanticus, oil) and DAGE (derived from 

shark liver oil; 0.1-10 μg range). Peaks were quantified on an IBM compatible computer 

using DAPA Scientific software (Kalamunda, Western Australia, Australia). TLC-FID 

results are generally reproducible to ±10% of individual lipid class abundances (Volkman 

& Nichols, 1991). 
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3.3.4 Fatty acid analysis 

An aliquot of the TSE was trans-methylated to produce FA methyl esters (FAME) 

using methanol–chloroform–conc. hydrochloric acid (10:1:1, 80ºC, 2 hr) (Christie 1982). 

FAME were extracted into hexane–chloroform (4:1, 31.5 ml). The samples were dried 

on a heat block under a stream of nitrogen gas, 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) filtered with an Equity™-1 fused silica capillary 

column (15 m  0.1 mm i.d., 0.1μm 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 120ºC. After 

injection, the oven temperature was raised to 250oC at 10oC min–1 and finally to 270ºC 

at 3ºC min–1. 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 obtained for authentic and 

laboratory standards. GC results are subject to an error of ±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 a capillary 

column of similar polarity to that described above.  

3.3.5 Data analysis 

Differences between samples were tested using ANOVA. One-way ANOVA was 

performed to compare the means of total lipid (TL) and FA composition in krill incubated 

at each feeding treatment and each sampling month, respectively for all body fractions. 

This analysis was conducted using the statistical software SPSS (version 1.7, SPSS 

Inc.). Principal component analysis was used to examine FA composition (% of total FA) 

of all body fractions, and was conducted using the statistical software PRIMER (version 

6). 

 

3.4 Results 

3.4.1 Food quality 

Of the dietary samples, the instant algae Pavlova sp. contained the highest total lipid 

(%DM), while minced clam showed the lowest (Table 3.1). Fatty acid composition 

showed large differences among diets. The FA of live algae P. tricornutum and instant 

algae T. weissflogii were dominated by 16:0, 16:1(n-7)c and EPA. Instant algae Pavlova 

sp. had higher levels of 14:0, and Isochrysis sp. had higher levels of 18:1(n-9)c, LA and  
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Table 3.1. Food quality: lipid (percent of DM) and fatty acid composition (percent of total FA) 
of diets. LA: linoleic acid, EPA: eicosapentaenoic acid, AA: arachidonic acid, DHA: 
docosahexaenoic acid, SFA: saturated fatty acids, MUFA: monounsaturated fatty acids, 
PUFA: polyunsaturated fatty acids. 
 

Instant algae         
Sample P. tricornutum 

T. weissflogii Pavlova Isochrysis 
Minced clam 

           
Total lipid (%DM) 22.6   10.9  29.4  18.6   7.2  
           
Fatty acids           
14:0 6.5   9.1  17.4  12.9   1.4  
16:0 14.2   22.5  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   2.4  
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  2.1  1.2   0.0  
18:4(n-3) 2.9   1.0  7.9  5.8   1.3  
18:2(n-6) (LA) 4.5   2.5  1.8  11.8   0.7  
20:5(n-3) (EPA) 16.6   20.4  21.1  2.1   15.2  
20:4(n-6) (AA) 0.0   0.7  1.2  0.2   2.2  
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   2.5  
22:6(n-3) (DHA) 2.1   5.6  5.5  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 23.5   38.1  31.4  30.1   28.8  
Sum MUFA 39.0   23.4  18.5  25.4   21.2  
Sum PUFA 36.6   38.1  49.4  44.4   50.0  
Ratio (n-3)/(n-6) 4.3   8.1  3.1  1.6   5.9  
Ratio DHA/EPA 0.1   0.3  0.3  5.5   1.2  
                      

  

DHA compared to diatoms. The FA of clam mince was dominated by 16:0, EPA and 

DHA, and had the highest level of DHA among diets. 

3.4.2 Dry mass and total lipid 

Dry mass (DM) of DG in krill under low food conditions decreased significantly in the 

first 2 months from 9.39 ± 0.98 to 4.66 ± 0.83 mg DG-1 (Table 3.2). In contrast, dry mass 

of abdomen and the remaining fractions (RF) of these krill increased marginally in the 

first 2 months, and decreased significantly at 5 months. Dry mass of DG of krill in both 

fed treatments reached a maximum at 5 months of the experiment, and relatively higher 

DM was observed in DG of krill fed only phytoplankton compared to krill fed 

phytoplankton and clam (Table 3.2).  

 

There were significant decreases in TL in all body fractions (28.2 ± 2.4% to 9.5 ± 

3.2% DM in whole body) during 5 months of low food treatment. The largest decrease of 

TL was observed in the RF, which decreased from 30.6 ± 4.9% to 11.6 ± 4.5% (Table  
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Fig. 3.1. Euphausia superba. Content of total lipid in digestive gland (DG), abdomen and 
remaining fraction (RF) of krill during 8 months of feeding. TAG: triacylglycerol, PL: polar lipid, 
FFA: free fatty acid, ST: sterols. 
 

3.2). During 5 months under low food condition, 71.3% (19.4 mg krill-1) of initial TL was 

utilized in whole krill, and DG showed the largest decrease in this term (90.1%, 2.9mg 

DG-1). Lipid was utilized at a higher rate in the DG in the first 2 months under low food, 

however, in abdomen and RF, lipid was utilized more in the subsequent 3 months (Fig. 

3.1). Total lipid in krill fed phytoplankton plus clam was relatively higher throughout the 

experiment compared to krill fed phytoplankton only. After 8 months of the feeding trial, 

the TL (% of DM) of whole body of krill fed phytoplankton plus clam was 24.2 ± 4.8%, 

whereas that of krill fed phytoplankton only was 17.9 ± 5.1%. 

3.4.3 Lipid class composition 

Triacylglycerol (TAG) and polar lipid (PL) were utilized at similar rates in the first 2 

months under low food condition (Table 3.2). However, almost all TAG was utilized after 

5 months, resulting in a significantly decreased level of TAG in TL in all body fractions. 

In the digestive gland, TAG decreased significantly from 46.5 to 5.2% of TL, whereas 

the free fatty acid and polar lipid (PL) increased from 0.7 to 20.8% and 52.5 to 67.1%, 

respectively (Table 3.2). The ratio of TAG: PL decreased significantly from 0.89 to 0.08 

in the DG in krill after 5 months under low food conditions. No significant difference was 

observed in lipid class composition between krill fed phytoplankton only and 
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phytoplankton plus clam in any body fractions. Regardless of the feeding treatments, the 

highest relative levels of PL were observed in abdomen among all body fractions 

examined. Krill sampled at 5 months also showed high levels of PL compared to other 

sampling points.  

3.4.4 Fatty acid composition 

Major FA in krill were 14:0, 16:0, 16:1(n-7)c, 18:1(n-9)c, 18:1(n-7)c, 20:5(n-3) 

(eicosapentaenoic acid: EPA) and 22:6(n-3) (docosahexaenoic acid: DHA). In krill under 

low food condition, decreases in the level of 14:0 and 16:1(n-7), and increases in EPA 

and DHA were observed. These changes in the relative levels of FA were most 

pronounced in DG. The level of 14:0 and 16:1(n-7) (% total FA) in DG decreased from 

6.9 ± 1.2% to 1.9 ± 1.8%, and from 19.2 ± 3.4% to 11.5 ± 3.1%, respectively. The level 

of EPA and DHA increased under low food conditions from 15.6 ± 0.2% to 26.4 ± 6.5% 

and from 4.3 ± 0.4% to 8.9 ± 2.2%, respectively. These changes in the relative levels of 

FA were more pronounced in the latter 3 months of treatment than in the first 2 months 

(Table 3.3). Krill under low food condition had a significantly higher level of 18:0 and 

lower level of 20:4(n-6) (arachidonic acid, AA) in DG (p < 0.01, p < 0.05, respectively). 

No significant differences in FA composition between krill fed phytoplankton only and 

phytoplankton and clam were found in all body fractions. However, all body fractions of 

krill fed phytoplankton and clam had relatively higher PUFA levels at 5 months, 

especially in the DG (Table 3.3). In the time series comparison, initial krill and krill at 2 

months had relatively higher SFA and lower PUFA levels in all body fractions compared 

to those at 5 months and 8 months in all feeding treatments (Tables 3.3-3.5). The FA 

ratio, EPA/DHA was significantly higher in DG of initial krill and krill under low food 

conditions (p < 0.05), and also higher in the RF at 2 months (p < 0.001). Higher ratios of 

SFA/PUFA were found in DG of krill at initial and 2 months sampling points. The ratio 

16:1(n-7)c/16:0 decreased with sampling time in the low food treatment, and increased 

in fed krill in all body fractions.  

3.4.5 Principal components analysis of FA data 

Principal component analysis was applied to the FA data set of each body fraction (DG, 

abdomen and RF) of krill from each feeding treatment (phytoplankton mixture, 

phytoplankton mixture plus clam and low food condition). About 60% of the variance 

was accounted for by the first 2 principal components in all body fractions (Table 3.6). In 

all krill body fractions, FA profiles of each feeding treatment were not separated by the 

components except in DG of krill under low food conditions. However, the FA profiles of 

sexual maturity stages were separated by the components in all body fractions (Fig. 3.3). 

In krill DG, FA profiles of immature krill (initial and 2 months) and mature krill (5 months) 

were separated by PC 1. The distribution of krill which were regressing sexually (8 
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months) was similar to mature krill. DG of immature krill had relatively high levels of 14:0 

and 16:0, while DG of mature/regressing krill had relatively high levels of EPA, DHA and 

AA. Digestive glands of krill under low food condition for 5 months were separated from 

the other two feeding treatments by PC 2. These FA profiles were characterized by 

higher levels of 18:0, EPA and DHA (Fig. 3.2A). In krill abdomen samples, the 

mature/regressing and immature krill were separated by PC 1, where immature krill had 

relatively higher levels of 14:0, 16:0, 18:0 and 18:4(n-3), and mature/regressing krill had 

higher levels of 16:1(n-7)c and 18:2(n-6) (linoleic acid, LA) (Fig. 3.2B). In RF of krill, 

immature and mature/regressing krill were separated by both PC 1 and PC2, where 

immature krill had relatively higher levels of 14:0, 16:0, 18:0 and AA, and 

mature/regressing krill had higher levels of 16:1(n-7)c, 18:1(n-9)c and LA. Initial krill 

were separated for this body fraction by higher levels of 18:0, EPA and AA (Fig. 3.2C). 

 

3.5 Discussion 

3.5.1 Lipid utilization in krill under low food condition 

Utilizing storage lipid is one of the survival strategies of E. superba during the food 

limited winter, and a substantial body of research exists on lipid metabolism in relation to 

starvation tolerance of krill (e.g. Quetin and Ross 1991, Virtue et al. 1993b, 1997, Quetin 

et al. 1994, Hagen et al. 1996). Hagen et al. (1996) found that both triacylglycerol and 

phosphatidylcholine are utilized by overwintering krill. In the present study, almost the 

entire triacylglycerols store (99.0%, 1.46mg DG-1), and PL were utilized at a similar rate 

(89%, 1.44mg DG-1) in digestive glands during 5 months of low food treatment 

regardless of maturity stages. Lipid was utilized initially from DG under low food 

conditions, followed by the abdomen and other body fractions of krill. Virtue et al. 

(1993b) observed that after 19 days starvation, PL was the major lipid class utilized in 

digestive gland of krill. They observed a significant increase in the TAG: PL ratio from 

0.2 to 0.5 in DG during 19 days of starvation. Our longer term study showed a decrease 

in this ratio from 0.9 to 0.1 during 5 months of low food treatment. The reason for this 

seemed to be the significant difference in lipid class composition at the beginning of the 

experimental period. Much higher levels of PL were observed in krill at time 0 in the 

study by Virtue et al. (1993b) compared to those in the present study. However, those 

authors also reported that the lipid class composition in the whole body of krill did not 

change during the starvation period. Our study suggests that both TAG and PL were 

utilized at a similar rate in the first 2 months of low food condition, indicating that there is 

no preferential utilization of either TAG or PL in the early stage of starvation. However, 

TAG was utilized as a faster rate in the latter 3 months, and PL was not utilized after the 

early low food period presumably because these compounds are membrane associated.  
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Fig. 3.2. Euphausia superba. Principal component analysis describing fatty acid profiles (% 
of total FA) of the digestive glands (A), abdomen (B) and the rest fractions (C) with 
projections of variables on the PC1 – PC2 plane (left hand side). 
 

Table 3.6. Principal component coefficients for the fatty acid data set for digestive gland, 
abdomen and rest fraction for krill from Tank A (phytoplankton mixture + clam), Tank B 
(Phytoplankton mixture) and Tank C (low food). 

PC1 
(41.3%)

PC2 
(22.5%)

PC1 
(30.2%)

PC2 
(28.4%)

PC1 
(39.6%)

PC2 
(27.1%)

Fatty acids
14:0 -0.327 -0.111 0.167 -0.351 0.038 -0.434
16:0 -0.214 0.291 0.176 -0.249 0.047 -0.284
18:0 -0.070 0.406 0.317 0.052 0.314 -0.136
16:1(n-7c) -0.214 -0.339 -0.297 -0.198 -0.327 0.062
18:1(n-9c) -0.139 -0.176 -0.201 -0.084 -0.229 0.066
18:1(n-7c) 0.108 0.172 -0.106 -0.181 -0.053 0.068
18:4(n-3) -0.211 0.089 0.318 -0.178 0.249 -0.183
18:2(n-6) (LA) 0.293 -0.127 -0.355 0.097 -0.237 0.228
20:4(n-3) (AA) 0.008 -0.363 0.336 0.099 0.330 0.108
20:5(n-3) (EPA) 0.317 0.220 0.200 0.356 0.300 0.253
22:6(n-3) (DHA) 0.353 0.040 -0.046 0.410 0.168 0.394
Total SFA -0.327 0.122 0.237 -0.341 0.056 -0.437
Total MUFA -0.197 -0.358 -0.266 -0.285 -0.348 0.092
Total PUFA 0.346 0.119 0.146 0.396 0.293 0.283

Proportion of 
variance

Digestive gland Abdomen Rest fraction
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In other laboratory starvation experiments, Virtue et al. (1997) and Stübing et al. 

(2003) also observed that the relative lipid composition remained unchanged in krill 

during 130 and 44 days of starvation respectively. Although Virtue et al. (1993b, 1997) 

did not consider sex and maturity status in relation to starvation, their observations are 

similar to our results. This balance of lipid metabolism is an obvious result of shrinkage; 

a loss of tissue mass and storage lipid concurrently. 

3.5.2 Variation in fatty acid composition of krill under low food condition 

Virtue et al (1993b) observed that the levels of long-chain polyunsaturated fatty 

acids EPA and DHA decreased, whereas saturated fatty acids 16:0 increased during 19 

days of starvation. In the present study however, the relative levels of polyunsaturated 

fatty acids EPA and DHA increased, while saturated fatty acid 14:0 and 

monounsaturated fatty acid 16:1(n-7)c decreased in krill DG over time. The FA 

composition of initial krill between this study and Virtue et al (1993b) was remarkably 

different, again a reflection of prior krill condition. The levels of polyunsaturated fatty 

acids EPA and DHA in the present study are significantly lower and those of 

monounsaturated fatty acids 16:1(n-7)c and 18:1(n-9)c are higher compared to the initial 

krill in Virtue et al (1993b). This difference in FA compositions between these studies 

reflects the lipid class composition of krill. Virtue et al. (1993b) reported much higher 

levels of PL in DG of the initial krill compared to those in the present study. The diet prior 

to experimental set up seemed to be the main reason for the differences between these 

studies. The high levels of 16:1(n-7)c in the present study was thought to have resulted 

from a diet of the phytoplankton P. tricornutum, on which the krill had been feeding for 4 

months before the experiment. Virtue et al. (1993b) used krill immediately after 

collection from the field. Krill used in Virtue et al. (1993b) were a mixed sample of males 

and females, which is also the reason for the high PUFA levels observed in their study, 

as male krill usually has higher PUFA level than females (Clarke 1980, Virtue et al. 

1996). Other studies investigating the effect of starvation on FA composition of krill also 

reported no significant differences in FA composition of krill (Virtue et al. 1997, Stübing 

et al. 2003), which was thought to be a reflection of the shorter period of starvation in 

these studies compared to ours. The major changes in FA profiles were observed in krill 

sampled in the latter 3 months of low food treatment rather than in the first 2 months. 

There is no preferential utilization of particular fatty acids under food limited conditions. 

However, under prolonged periods of starvation, krill utilize less PUFA, the FA 

associated with membrane lipids, and therefore spared. 

3.5.3 Differences of lipid class and FA composition in various maturation stages 
and body fractions of krill 

Earlier work reported that total lipid content varies with maturity and sex in krill 

(Clarke 1980). Since then however, many studies investigating lipid class and FA 
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composition in krill were not specifically in relation to sex and maturity. The studies 

investigating lipid class and FA composition of krill with consideration to sex, sexual 

maturity stages or body fractions are limited (e.g. Pond et al. 1995, Mayzaud et al. 1998, 

Cripps et al. 1999, Stübing and Hagen 2003). Maturity status, together with diet needs to 

be considered in order to clarify the role of lipids in the maturation process.  In this study, 

lipid class and FA composition in various body fractions of female krill were analyzed at 

different maturity stages, and differences in lipid class and FA profiles were observed 

depending on sexual maturity stages. 

 

The highest PL levels were observed in all body fractions of krill sampled after 5 

months in each dietary treatment, except in the abdomen of krill fed phytoplankton only. 

High compositional levels of PL in krill under low food condition were a result of the 

subsequent decrease in TAG due to starvation. However, high PL levels in krill under 

the 2 feeding treatments are related to the sexual maturation process. This observation 

coincides with Mayzaud et al. (1998) who observed higher level of phosphatidylcholine 

in DG and gonads of matured female krill. The (n-3) PUFA are generally recognized as 

an important source for ovarian maturation in crustaceans (Harrison 1990). Relatively 

high levels of PUFA were observed in krill sampled at 5 and 8 months in all body 

fractions, indicating that krill accumulate more PUFA during the maturation. However in 

this study, vitellogenic development in ovaries occurred in a small portion of krill 

(Chapter 2), resulting in rather small differences in lipid class and FA composition 

between maturity stages. There have been no studies to date investigating FA 

composition of krill specifically related to their stage of sexual maturity. Further studies 

are needed to understand the dietary demand and nutritional transfer of krill during 

maturation. 

3.5.4 Fatty acid ratios as dietary markers of carnivory 

Ratios of various fatty acids have been used to express the intensity of carnivorous 

feeding of krill. Cripps and Atkinson (2000) found a significant increase of PUFA levels 

in krill fed copepods for 16 days, and suggested the ratio SFA/PUFA as an indicator of 

carnivory. However in their study, sex and maturation was not considered. The ratio 

18:1(n-7c)/18:1(n-9c) is also frequently used to estimate the degree of carnivory (Falk-

Petersen et al. 2000). There was no significant difference in the ratio of SFA/PUFA or 

18:1(n-7c)/18:1(n-9c) between krill fed on phytoplankton and phytoplankton plus clam in 

any body fraction used in the present study, despite taking sexual maturity into 

consideration.  

 

Stübing et al. (2003) investigated the suitability of several FA trophic markers. They 

found that some carnivorous markers are difficult to detect in adult krill. They found high 
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levels of 22:1 isomers in the feces of krill, which are typical components of wax esters 

and triacylglycerols of calanoid copepods, indicating that these fatty acids were not 

assimilated. They also found higher levels of 18:19c in krill feces. The ratio of 

SFA/PUFA was also found to be a weak trophic index because it varies strongly 

depending on an animal’s TL content, and is not related to specific feeding preferences 

of krill (Stübing and Hagen 2003).  

 

In the present study, it was observed that the FA composition of krill varies 

depending on sexual maturity stage rather than as a result of the different feeding 

treatments. Alonzo et al. (2005a) also did not detect significant differences in FA 

composition in krill DG after 20 days of feeding on zooplankton (Artemia and rotifers) 

compared to those feeding on the phytoplankton. In their study, even though the 

experimental krill were collected from the same population, and DG was analyzed 

separately, significant differences in trophic markers of carnivory were not observed in 

the FA composition of krill DG. These observations suggested that the variation of the 

FA composition of krill due to the carnivorous diet is rather minor and these carnivorous 

trophic indices may be of only limited use in krill with comparable lipid contents (Stübing 

and Hagen 2003), the same sex and sexual maturity status.  

3.5.5 Role of omnivory in krill 

There is strong evidence of omnivorous feeding in krill from both field observations 

(e.g. Price et al. 1988, Nishino and Kawamura 1994, Froneman et al. 1996, Pakhomov 

et al. 1997, Atkinson et al. 1999), and laboratory studies (Atkinson and Snÿder 1997). 

Small calanoid copepods were found to be ingested quickly by krill when fed in high 

concentrations (Atkinson and Snÿder 1997). Zooplankton contain relatively high levels of 

DHA compared to diatoms. DHA is generally thought to be important for the growth and 

reproduction of crustaceans, and is efficiently accumulated by krill (Stübing et al. 2003). 

These studies indicate that krill exploit zooplankton patches efficiently when they are 

encountered, and they would be a significant source of DHA for krill. Omnivorous 

feeding is important during certain phases of the life cycle of krill. The extent of the role 

of omnivory depends on ontogeny, sexual maturity stage, and season. In contrast to 

adult krill which are able to survive winter without feeding (Ikeda and Dixon 1982), larvae 

must find food. Larvae were found to continuously feed and grow in winter by utilizing 

sea ice associated biota including protozooplankton and copepods (Daly 1990, Quetin 

and Ross 1991, Meyer et al. 2002a). Therefore, carnivorous feeding is more crucial for 

overwintering larvae than for adults. In the present study, even though the clam diet did 

not effect maturation of female krill, a commercial diet with high levels of PUFA (see 

Table 4.2) influenced the FA composition of the eggs, and improved the hatching 

success (Chapter 4). The results from this study emphasize the need of investigating the 
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role of carnivory at different life stages to understand the relative importance of 

carnivorous feeding in the life cycle of krill. 

 

3.6 Conclusion 
 

This study examined the physiological responses of female krill under different 

feeding conditions. TAG and PL were utilized at a similar rate within the first two months 

under low food condition after which TAG was more selectively used. Lipid was initially 

utilized from digestive gland, and subsequently from other body fractions when krill are 

exposed to prolonged period of low food condition. There was no significant effect of a 

carnivorous diet, provided as clam meat, on the lipid and FA composition of female krill, 

regardless of maturity status. FA composition of krill varied depending on sexual 

maturity stage rather than diet. The effects of diet on adult krill FA composition under the 

treatments used in this study was not obvious, and various trophic markers, especially 

those indicating carnivory proved to be of limited use for krill of similar physiological 

status (e.g. TL content, sex, sexual maturity stages). Further studies are necessary to 

more precisely understand the role of carnivory in krill at various stages of the life cycle. 
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Chapter 4.  

Factors determining the hatching success of Antarctic krill 

embryo: lipid and fatty acid composition 

 

Approved for submission to Marine Biology as: Yoshida T, Virtue P, Kawaguchi S, 
Nichols P. Factors determining the hatching success of Antarctic krill Euphausia 
superba embryo: lipid and fatty acid composition. 

 

4.1 Abstract 
The present study addresses the effect of the maternal diet on the hatching success 

and condition of embryos and larvae of Antarctic krill Euphausia superba. Lipid and fatty 

acid content and composition were determined in both field and laboratory samples. 

Developmental stages analysed in embryos included: multiple-cell, gastrula and limb-

bud. Larval stages analysed included: nauplius I, nauplius II and metanauplius. 

Laboratory reared embryos were spawned by gravid females incubated under three 

different diets, 1) phytoplankton mixture (termed lab 1), 2) phytoplankton mixture and 

minced clam (lab 2), and 3) phytoplankton mixture, minced clam and commercial larval 

food (lab 3).  

 

Hatching success was highest in lab 3 (100%), lowest in the lab 1 and lab 2 trials (0-

21%), and highly variable in the field samples (0-48%). Lipid decreased slightly in 

embryos during embryonic development, while large decreases in lipid were found 

during nauplii development. The higher levels of linoleic acid (LA) and arachidonic acid 

(AA) observed in lab 3 samples coincided with high hatching success in krill embryos. A 

high ratio (>0.5) of the long chain omega 3 fatty acids docosahexaenoic acid (DHA) / 

eicosapentaenoic acid (EPA) was observed in both lab 3 and field samples. In this study 

the maternal diet was found to influence the fatty acid composition of embryos, and 

specific fatty acids were found to play important roles in embryogenesis of krill. 

 

4.2 Introduction 

 

Antarctic krill, Euphausia superba (hereafter krill) is a key species in the Southern 

Ocean ecosystem which directly links primary production and the large predators, such 

as whales, seals, penguins and seabirds. Krill is also a major target for the Southern 

Ocean fishery because of its large biomass estimated in the range of at least 60 – 160 

million tons (Nicol et al. 2000).  
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Studies on early life stages of krill are important to understand reproductive 

mechanisms in relation to annual recruitment. Adult krill rely on the spring phytoplankton 

bloom for ovarian maturation (Quetin et al. 1994, Hagen et al. 1996, 2001, Kawaguchi et 

al. 2007), and spawn in summer. Krill spawn in surface waters, and the embryos then 

sink to deep water (~1000m). After hatching, larvae ascent to surface water to feed 

(Marr 1962). During this period, larvae go through the non-feeding stages of nauplius I, 

nauplius II and metanauplius (Ikeda, 1984). This development is dependent on maternal 

fuel stores laid down in the embryos, which is in turn a function of the spring and 

summer dietary conditions prior to spawning (Ross and Quetin 2000).  

 

The physical condition of krill has been investigated using lipid and fatty acid (FA) 

analysis (e.g. Virtue et al. 1996, Hagen et al. 2001, Atkinson et al. 2002, Ju & Harvey 

2004, Hagen et al. 2007). Lipid and FA content and composition of krill vary depending 

on their diet, and various fatty acids can be used as trophic markers of krill to assess 

nutritional and dietary conditions (Cripps et al. 1999, Cripps & Atkinson 2000, Ju & 

Harvey 2004, Alonzo et al. 2005a&b). Lipid and FA content and composition in embryos 

of crustaceans are reported as being important factors influencing embryonic and larval 

development (Lavens & Sorgeloos 1991, Xu et al. 1994, Wickins et al. 1995, Palacios et 

al. 1998). Amsler and George (1985) investigated the changes in biochemical 

composition of krill embryos, and reported that protein and lipid were utilized equally 

during embryonic development. Ju et al. (2006) investigated the lipid and FA contents in 

embryos of two temperate euphausiid species, E. pacifica and Thysanoessa spinifera, 

and found that individual fatty acids and sterols were selectively utilized during early 

embryogenesis. Despite the recognised importance of lipid and various essential fatty 

acids during the early stages of krill, studies on the biochemical composition are limited 

(Clarke 1980, Amsler & George 1985, Hagen et al. 2001, Ju et al. 2006), and the 

nutrient transfer from adult krill to embryos is yet to be reported. Antarctic krill have been 

viewed as difficult animals to examine experimentally (Nicol 2000), mainly due to the 

difficulties of keeping water sufficiently clean whilst concurrently supplying a nutritional 

diet. To date, reproduction of krill has been successfully achieved under laboratory 

conditions only at the Port of Nagoya Public Aquarium, Japan (Hirano et al. 2003) and 

Australian Antarctic Division (Kawaguchi et al. in press). 

 

The aims of this study were to analyse both field and laboratory samples to 

investigate: 1) the effect of maternal diet on hatching success, and the lipid and FA 

content and composition of krill embryos, and 2) the changes in lipid and FA content 

and composition of krill embryos and nauplii during their development. 

 

 46



4.3 Materials and Methods 

 

4.3.1 Embryos from the laboratory 

The embryos used for this study were collected from adult Antarctic krill which were 

reared in the krill laboratory at the Australian Antarctic Division’s Kingston Headquarters. 

Embryos were collected from captive krill during the Austral summers of 2005-2006 and 

2007-2008. Krill were fed daily with the following feeding regime: 1) phytoplankton 

mixture (Phaeodactylum tricornutum, Thalassiosira weissflogii, Pavlova sp. and 

Isochrysis sp. 1.5-2.5x107cells L-1 of each algae) (termed lab 1), 2) phytoplankton 

mixture (as in lab 1) + clam meat (approx. 10 mg krill-1) (lab 2) and 3) phytoplankton 

mixture (as in lab 1) + clam meat + commercial larval food (EZ-Larva, approx. 0.003 ml 

L-1) (lab 3) (Table 4.1). When mated females were observed, they were separated into 

10L tanks, and kept individually until spawning. As soon as spawning was observed, the 

embryos were checked under a microscope for fertilisation and were carefully 

transferred to separate 10L tanks containing filtered seawater. For biochemical analysis, 

embryos were transferred on a mesh with tissue underneath to remove seawater, and 

were carefully collected on pre-extracted and pre-weighed glass fibre filters. Duplicate 

samples were taken, with each sample consisting of 30-40 embryos. Embryos were 

sampled at three different times, namely embryonic stages of multiple-cell (collected 

within 12hs after spawning), gastrula (collected at 24-36hs after spawning) and limb-bud 

(collected at 72-84hs after spawning). Only embryos from lab 3 were subsequently 

sampled at nauplius I, nauplius II and metanauplius stages. Duplicate samples with 10-

20 of these larvae were collected on each glass fibre filter. Samples were kept at -80ºC 

in an ultra-low freezer until lipid and FA analysis. 

4.3.2 Food quality of maternal krill in the laboratory 

The samples of live algae P. tricornutum (cultured at 5ºC under 24 light in f/2 medium, 

approx. 1.5 x 107 cells ml-1) were filtered on pre-weighed and extracted Whatman GF/F 

filters. Instant algae T. weissflogii (approx. 1 billion cells ml-1), Pavlova sp. and 

Isochrysis sp. (approx. 3-4 billion cells ml-1) and commercial larval food EZ Larva were 

diluted by 1000 times with filtered seawater, and filtered on pre-weighed and extracted 

GF/F filters. All samples were rinsed with distilled water, and kept at -80ºC in an ultra-

low freezer until lipid and FA analysis. 

4.3.3 Embryos from the field 

Live krill were collected using a Rectangular Midwater Trawl net (RMT-1+8 meter 

square) (Baker et al. 1973) on board the RSV Aurora Australis during the Baseline 

Research on Oceanography, Krill and the Environment West (BROKE-West) survey of 
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Table 1. Rearing conditions and profile of adult krill populations from which embryos 
were collected.  

Size of 
tank 

Duration in 
captivity 

Year 
collected 

Name Feed Temperature 

 *   Lab1 Phytoplankton mixture 600 L 0.5 ˚C 8 months 2005 

Lab2 Phytoplankton mixture + minced clam 0.5 ˚C 1700 L 8 months 2005 

Phytoplankton mixture + minced clam + 
**EZ Larva 

Lab3 0.5 ˚C 1200 L 10months 2007 

*Phytoplankton mixture = Phaeodactylum tricornutum + Thalassiosira weissflogii +  Pavlova lutheri + 
Isochrysis galbana (2-3x107cells/L of each algae daily). T. weissflogii, P. lutheri and I. galbana were 
supplied by Reed Mariculture Inc. USA. 
**EZ-Larva is provided by Zeigler Bros., Inc. USA

 
the Western Indian Ocean sector of the Antarctic conducted from 30-80ºE January - 

February 2006. A total of five gravid females from 3 different stations were used during 

this study. These stations were offshore (62ºS, 40-55ºE), typically had low chl a 

concentrations (0-0.5 g L-1), and were dominated by large diatoms, such as, 

Asteromphalus sp., Chaetoceros atlanticus/bulbosus and Thalassiosira gracilis 

(Davidson et al. in press, Wright et al. in press). Gravid females were sorted and kept 

individually in cold laboratories in 2L jars at 0.5˚C with a mesh on the bottom which 

separated embryos from contact with adults. When spawning was observed, female krill 

were removed and embryos were carefully transferred to 2L jars with fresh seawater. 

Each 2L jar contained around 200 embryos, and sampling of embryos was performed as 

per the method used for laboratory embryos. 

4.3.4 Determining hatching success 

The remaining embryos which were not used for lipid analysis were kept in the same 

conditions as described in field samples, or laboratory samples. The hatching success 

was calculated by counting nauplius larvae from remaining embryos of each batch after 

7-10 days of spawning.  

4.3.5 Lipid analysis 

Full details on lipid and fatty acid (FA) analysis are provided in Chapter 3. Briefly, 

samples were immediately extracted using a single phase Bligh & Dyer (1959) 

procedure. Lipid extracts were weighed and stored at -20ºC prior to analysis. Aliquots of 

the lipid were analyzed by Iatroscan TLC-FID (thin-layer chromatography coupled with 

flame ionization detection) to determine lipid class composition. FA profiles were 

obtained by capillary GC and GC-MS (gas chromatography coupled with mass 

spectrometry) analysis following transmethylation of an aliquot of the extracted lipids. 
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4.3.6 Data analysis 

Differences between samples were tested using ANOVA. One-way ANOVA and 

Tukey’s post hoc comparison were performed to compare the means of TL and FA 

composition in MC stage in each experimental treatment. Also, the means of embryonic 

and larval stages were compared within each treatment. This analysis was conducted 

using the statistical software SPSS (version 1.7, SPSS Inc.). 

 

4.4 Results 

4.4.1 Food quality 

Of the dietary samples, EZ Larva had the highest total lipid (%DM) followed by 

instant algae Pavlova sp. (Table 4.2). Fatty acid composition showed large differences 

among diets. The FA of live algae P. tricornutum and instant algae T. weissflogii were 

dominated by 16:0, 16:1(n-7)c and EPA. Instant algae Pavlova sp. had higher levels of 

14:0, and Isochrysis sp. had higher levels of 18:1(n-9)c, LA and DHA compared to 

diatoms. The FA of clam mince was dominated by 16:0, EPA and DHA, and had the 

highest level of DHA among diets. EZ larva had the most balanced FA composition 

dominated by 16:0, 18:1(n-9)c, EPA and DHA (Table 4.2). 

 
Table 4.2. Food quality: lipid (percent of DM) and fatty acid composition (percent of total FA) 
of diets. 

Instant algae
T. weissflogi i Pavlova Isochrysis

Total lipid (%DM) 22.6 10.9 29.4 18.6 7.2 34

Fatty acids
14:0 6.5 9.1 17.4 12.9 1.4 5.4
16:0 14.2 22.5 13.0 14.4 16.9 19.0
18:0 0.8 1.5 0.5 1.0 7.4 3.4

16:1(n-7c) 27.4 20.5 11.3 7.9 3.7 5.6
18:1(n-9c) 8.6 1.1 1.1 15.0 2.4 10.2
18:1(n-7c) 1.0 0.6 0.3 1.4 4.5 2.8
20:1(n-9) 0.0 0.3 0.7 0.0 1.2 1.5
22:1(n-11c) 0.0 0.0 0.0 0.0 0.2 1.3

C16PUFA 5.8 6.9 2.1 1.2 0.0 2.4
18:4(n-3) 2.9 1.0 7.9 5.8 1.3 1.4
18:2(n-6) (LA) 4.5 2.5 1.8 11.8 0.7 9.5
20:5(n-3) (EPA) 16.6 20.4 21.1 2.1 15.2 10.1
20:4(n-6) (AA) 0.0 0.7 1.2 0.2 2.2 1.0
22:5(n-6) 0.0 0.0 7.0 1.8 0.6 3.6
22:5(n-3) 0.3 0.0 0.0 0.0 2.5 1.5
22:6(n-3) (DHA) 2.1 5.6 5.5 11.5 18.9 13.5

Other 9.1 7.4 9.0 13.0 20.9 7.9

Total (n-3) 25.0 27.8 35.8 26.5 38.5 29
Total (n-6) 5.8 3.4 11.5 16.7 6.5 15.4
Total SFA 23.5 38.1 31.4 30.1 28.8 28
Total MUFA 39.0 23.4 18.5 25.4 21.2 22.2
Total PUFA 36.6 38.1 49.4 44.4 50.0 47.4
Ratio (n-3)/(n-6) 4.3 8.1 3.1 1.6 5.9 1.9
Ratio DHA/EPA 0.1 0.3 0.3 5.5 1.2 1.3

Sample
P. 
tricornutum

EZ Larva
Minced     
clam

.7

.2

.8
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4.4.2 Hatching success, dry mass and lipid contents of embryos 

Large variations were found in the hatching success of embryos in this study. In the 

lab 1 trial, no hatching was observed in one batch. In the lab 2 trial, hatching success 

varied between 0 – 20.5%, and embryos in two out of four batches did not hatch. In the 

lab 3 trial, all embryos hatched in one batch (100%). In the field, the hatching success 

varied between 0 – 48.1%, and one of five batches did not hatch (Table 4.3). Dry mass 

(DM) and total lipid (TL) of embryos in the multiple-cell stage ranged between 18.5 – 

42.8 μg embryo-1 and 5.5 – 12.6 μg embryo-1, respectively. Mean DM and TL were both 

largest in field embryos and lowest in the multiple-cell and gastrula embryos of the lab 3 

trial (Table 4.3). The level of free fatty acids (FFA) in lab 3 trial was significantly higher 

compared to other three treatments (p < 0.001). The level of polar lipid in embryos in the 

lab 3 trial was also higher (67.0% of TL) compared to the other 3 groups, although it was 

not statistically significant (Table 4.3). 

4.4.3 Fatty acids 

Embryos collected from the lab 1 and lab 2 trials had similar FA profiles. The 

dominant fatty acids were 16:0, 16:1(n-7)c, 18:1(n-9)c, 18:1(n-7)c and 20:5(n-3) (EPA) 

(Table 4.4). There was no significant difference in FA composition of embryos of 

multiple-cell embryos between the lab 1 and lab 2 trials except higher total (n-6) FA was 

found in the lab 1 trial (p < 0.01). The FA composition of embryos collected from the lab 

3 trial and the field were more similar than to those from the lab 1 and lab 2 trials, and 

were characterized by a significantly lower level of 16:1(n-7)c (p < 0.001), higher level of 

22:6(n-3) (DHA) and total polyunsaturated fatty acids (PUFA) (p < 0.05) compared to the 

lab 1 and lab 2 trials. The FA composition of embryos from the lab 3 trial showed 

different FA profile compared to the other groups, with high levels of 18:2(n-6) (linoleic 

acid, LA), 20:4(n-6) (arachidonic acid, AA), total (n-6) FA, and a high DHA/EPA ratio (p 

< 0.001), and low levels of saturated fatty acids (SFA) (p < 0.05) (Table 4.4). 

4.4.4 Temporal differences in lipid and fatty acid profiles 

There were slight decreases in TL (% of DM) observed in each group during 

embryonic development (Fig. 4.1). In the lab 3 trial, a large decrease in TL was 

observed after hatching (Fig. 4.1), with significant differences were observed between 

TL (% of DM) of multiple-cell embryo and nauplius I (p < 0.01), nauplius II (p < 0.05) and 

metanauplius (p < 0.01). Forty percent (2.5 μg embryo-1) of the TL in embryos (multiple-

cell) was utilized during development to metanauplius. There was no significant change 

in the FA profiles during embryonic or larval development. However, PUFA were used 

preferentially, showing a decrease from 33.6 to 26.1% of total FA between multiple-cell 

embryo and metanauplius compared to SFA and monounsaturated fatty acids (MUFA) 

which increased during this period (Lab 3 in Table 4.4). Quantitatively, the most utilized  
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Fig. 4.1. Euphausia superba. Lipid contents of embryos/larvae (% of DM). Lipid class; PL: 
polar lipids, ST: sterols, FFA: free fatty acids, TAG: triacylglycerols, HC: hydrocarbon. 
Developmental stages; MC: multiple cell, GL: gastrula, LB: limb-bud, NI:nauplius I, NII: 
nauplius II, MN: metanauplius.  
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Fig. 4.2. Euphausia superba. Changes in major fatty acid content (μg embryo·larva-1) during 
embryonic/larval development from MC (multiple-cell) to MN (metanauplius). SFA: saturated 
fatty acids, MUFA: monounsaturated fatty acids, PUFA: polyunsaturated fatty acids. 
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FA between multiple-cell and metanauplius was 16:0 (0.25 μg embryo-1), followed by 

DHA (0.20 μg embryo-1) and EPA (0.19 μg embryo-1) (Fig. 4.2). 

4.5 Discussion 

4.5.1 Lipid utilization of krill embryos 

Dry mass and lipid content of krill embryo in this study was similar to those reported 

by Amsler and George (1985) who observed a decrease in lipid by 37.5% (3.5 μg 

embryo-1) between the fresh spawn and the limb-bud stages of krill embryo. Ju et al. 

(2006) observed 72.1% and 56.6% decreases of TL during embryonic development of E. 

pacifica and Thysanoessa spinifera, respectively. We observed slight decreases in lipid 

content during embryonic development, however, these decreases were not statistically 

significant. Amsler and George (1985) suggested that lipid utilization in krill embryos is 

slower than observed for other crustaceans, and about twice as much protein (6.1 μg 

embryo-1) as lipid was utilized on a weight basis during embryonic development. In the 

present study, we found lipid utilization during embryonic development of Antarctic krill is 

lower than found in other euphausiids (Ju et al. 2006) because the decrease in TL in the 

lab 3 trial was statistically negligible despite the embryos developing well in this group 

(100% hatching success). In comparison, lipid is utilized rapidly during the non-feeding 

larval development, as seen in the lab 3 trial (Fig. 4.1). This is supported by the 

extremely low lipid content in calyptopis I larvae immediately after moulting from the 

metanauplius (16.4 mg gDM-1, Yoshida unpublished data), and also low lipid content in 

calyptopis I larvae in wild (12% of DM, Hagen et al 2001). 

4.5.2 Hatching success and FA composition of krill embryos 

Although the TL content in the multiple-cell and gastrula stages in the lab 3 trial was 

the lowest among the four groups examined, the hatching success was higher indicating 

that the quality of lipid has more influence on hatching success of krill embryos than the 

amount of lipid. We propose that the difference in FA composition among the four 

groups resulted as a difference of the quality of embryos and thus the consequent 

hatching success. We found that higher DHA/EPA ratio correlated with hatching success 

of krill. The FA profile of embryos in the lab 3 trial is characterized by a high DHA/EPA 

ratio (1.0) (Table 4.4). Those in field samples, which had variable hatching success (0-

48.1%), had high levels of both DHA and EPA, and a DHA/EPA ratio of 0.5. The 

DHA/EPA ratios in embryos from the lab 1 and lab 2 trials, which had low hatching 

success (0 – 21%), were 0.3 and 0.2, respectively. Further, higher levels of AA were 

found in lab 3 embryos compared to the lab 1, lab 2 and the field samples. It has been 

suggested that AA content and the DHA/EPA ratio are important factors for determining 

egg quality in marine fish (Sargent 1995, Evans et al. 1996, Pickova et al. 997). DHA is 

also known to play an important role in embryogenesis in crustaceans (Xu et al. 1994, 
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Cahu et al. 1995, Lee et al. 1999), and the DHA/EPA ratio in the diet was shown to be 

positively related to hatching success in the calanoid copepod (Arendt et al. 2005). 

These studies suggest our result of a high hatching success in lab 3 embryos can also 

be explained by an association with higher AA content and a high DHA/EPA ratio. 

 

A high level of LA, a precursor to AA, also was found in krill embryos in the lab 3 trial. 

LA is found in the lipids of cell membranes in vivo, but the exact role is yet to be 

investigated in embryogenesis of crustaceans. Palacios et al. (2001) observed that 

higher levels of LA in embryos of white pacific shrimp Panaeus vannamei was 

associated with improved larval survival to the zoea III larval stage. Cavalli et al. (1999) 

observed increased fecundity in the freshwater prawn Macrobrachium rosenbergii 

broodstock correlating with a diet high in LA. These observations are consistent with our 

findings suggesting that LA also plays a role during embryogenesis in crustaceans.  

4.5.3 TL and FA composition of embryos and food quality of maternal krill 

Clam meat has a high level of DHA (Table 4.2), and is thought to be an effective 

food to enhance krill reproductive success in the lab (Hirano et al. 2003). However, in 

the present study, there was no significant difference between the TL and FA 

composition of the embryos in the lab 2 and lab 1 trials. The FA composition of embryos 

from the lab 1 and lab 2 trials had high levels of diatom markers (16:1(n-7)c and EPA) 

and low levels of DHA (Table 4.4), similar to that found in P. tricornutum and T. 

weissflogii (Table 4.3). Instant algae Isochrysis sp. had higher levels of LA and DHA, 

however they were not reflected in the FA profile of embryos in lab 1 and lab 2 trials. In 

comparison, the embryos of the lab 3 trial contained higher levels of DHA, LA and AA 

reflecting the profile of EZ larva diet. This indicates that the instant algae Isochrysis sp. 

may be less palatable, while the commercial EZ larva seemed to be ingested well and 

reflected in the FA composition of the embryos. The direct effect of maternal food was 

difficult to ascertain. The four phytoplankton species were fed to krill simultaneously and 

algal species selection was not investigated. However, the addition of EZ larva to the 

maternal diet resulted in the FA composition of embryos closely resembling that found in 

the field samples, and as a consequence accelerated the hatching success.  

4.5.4 Hatching success of krill in the field 

There are several studies which investigated the hatching success of E. superba (in 

the field, 51%: Kikuno 1981, 70%: Harrington & Ikeda 1986, and in the lab, 19%: Hirano 

et al. 2003, 7-58%: Yoshida et al. 2004). However there are no studies reported to date 

investigating the hatching success of krill embryos in relation to the food quality in the 

field, and no general consensus about factors that affect hatching success. There have 

been a series of intensive studies on the effect of food on hatching success of copepod 
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eggs (e.g. Jónasdóttir 1994, Ban et al. 1997, Lacoste et al. 2001, Irigoien et al. 2002, 

Jónasdóttir et al. 2002, Arendt et al. 2005), and various studies have showed that 

numerous species of diatoms negatively affect the viability of the embryo and condition 

of nauplii of calanoid copepods (reviewed in Paffenhöfer 2002). Ban et al. (1997) 

showed that all but one of 17 diatom species significantly reduced egg production rates 

or egg viability when fed to 16 different copepod species. Contradicting these results, 

Irigoien et al. (2002) performed in situ estimates of copepod egg hatching success from 

twelve globally distributed areas where diatoms dominate the phytoplankton 

assemblage, and found no significant relationship between hatching success and diatom 

biomass. These opposing results between laboratory and field reflected the extreme 

conditions such as high concentrations of diatoms, and long incubation time with 

monoculture diatom diets (Irigoien et al. 2002).  

 

To date, there have been no laboratory or field studies investigating the effect of diatoms 

on krill fecundity. The high variation and relatively low hatching success in the field 

observed in this study (0-48.1%) may be explained by the dietary condition of the female 

krill when caught. The phytoplankton assemblages where the female krill were sampled 

were generally predominated by large diatoms, such as, Asteromphalus sp., 

Chaetoceros atlanticus/bulbosus and Thalassiosira gracilis (Davidson et al. in press). 

The diatoms Chaetoceros and Thalassiosira are known to have an inhibitory effect on 

the egg production rate and hatching success in copepods (Ban et al. 1997, Paffenhöfer 

2002). Thus the field conditions, dominated by these diatoms, might have resulted in low 

hatching success in this study. The hatching success and egg production rate are two of 

the major factors which affect the recruitment success of marine organisms. The present 

study indicated that the hatching success of krill is highly variable depending on the 

dietary condition of reproducing krill, and we propose that further experimental studies 

on hatching success of krill embryos are needed for a better understanding of the 

reproduction of krill. 

4.5.5 Within group hatching success 

Despite the large variation of hatching success in field embryos (0-48.1%) observed 

in this study, the FA composition of these embryos did not differ among field batches. 

Additionally, the relationship between DHA/EPA ratio of embryos and hatching success 

was not clear when each batch from all groups were compared (Fig. 4.3). This 

suggested that factors, other than the FA composition in krill embryos, also play 

important roles determining the hatching success of krill embryos. Protein, 

carbohydrates, carotenoids and vitamins are suggested to be important nutrients which 

determine the fertility and viability in broodstock of decapods (reviewed in Harrison 1990,  

Woulters et al. 2001). Protein would likely be a key parameter which affects the viability 
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Fig. 4.3. Euphausia superba. The relationship between hatching success and FA ratio 
DHA/EPA in each batch collected from the lab 1, lab 2, lab 3 feeding trials and field samples. 
further experimental studies on hatching success of krill embryos are needed for a better 
understanding of the reproduction of krill. 

. 

of krill embryo and larvae, since protein is one of the major storage components during 

embryo genesis (Amsler & George 1985). Further studies will be required to clarify the 

factors affecting viability of krill embryos and larvae. 

 

4.6 Conclusion 
 

The findings from the present study indicate that specific fatty acids play important 

roles in embryogenesis and larval development of krill. The fatty acids, LA and AA and 

the DHA/EPA ratio correlated with hatching success of krill. The dietary condition of 

maternal krill affects the FA composition of embryos, and in turn hatching success. 

However, FA composition is not the only factor determining hatching success of krill 

embryos. Other factors such as dietary protein and inhibitory effects of diatoms in 

maternal diet need to be investigated in order to better understand hatching success of 

this ecologically important species.  
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Chapter 5. 

Structural changes in the digestive glands of larval Antarctic 

krill during starvation 

 

Published as: Yoshida T, Kawaguchi S, Meyer B, Virtue P, Penschow J, Nash G (2009) 
Structural changes in the digestive glands of larval Antarctic krill (Euphausia superba) 
during starvation. Polar Biology 32(3): 503-507 

 

5.1 Abstract 

 

The effects of starvation on ultrastructure of digestive gland cells were studied in 

furcilia larvae of Antarctic krill (Euphausia superba: hereafter krill). Under laboratory 

conditions, larvae were starved for 0, 5, 10, 15, 20 and 25 days, and their R-cells were 

investigated by transmission electron microscope. R-cells are thought to play a role in 

the storage and absorption of nutrients. In fed larvae, numerous mitochondria were 

scattered homogenously, and densely packed microvilli were observed on the apical 

surface of R-cells. After 5 days of starvation, mitochondria were swollen and were found 

concentrated in the apical region in R-cells. A decrease in cell volume and an increase 

in thickness of the basal lamina with many irregular infoldings were observed after 10-15 

days of starvation. Lipid droplets were rarely found in the R-cells regardless of whether 

larvae had been fed or starved suggesting an inability to store lipid. Without the ability to 

store energy in the form of lipid, survival would be dependant on sourcing continuous 

food until maturation. 

 

5.2 Introduction 
 

Antarctic krill (Euphausia superba: hereafter krill) plays a key role in the Southern 

Ocean ecosystems, being the major food item for most of Antarctic carnivores, such as 

whales, seals, penguins and sea birds. Studies on krill larval ecology are limited (e.g. 

Ross and Quetin 1989, Daly 1990, Meyer et al. 2002a, Meyer and Oettle 2005) but 

important since the survival rates during the early life stages ultimately determines the 

population size of krill. Eggs hatch and develop through several embryonic stages to 

larval krill during summer. They continue to develop through the winter into juvenile krill 

by the subsequent spring. Recruitment success depends on both condition of the larvae 

approaching winter (reflecting reproductive output, larval growth and survivorship during 

summer/autumn) and on larval growth and survival during their first winter. 
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In contrast to adults, krill larvae have low lipid reserves and are therefore unable to 

tolerate long starvation periods (Hagen 1988, Hagen et al. 2001). Moreover, they are 

unable to meet their metabolic demands from the autotrophic material available in the 

water column, making them dependent on the biota associated within and below the sea 

ice for survival and development (e.g. Daly 1990, Ross and Quetin 1991, Meyer et al 

2002a). Quetin and Ross (2003) reported that there were two critical larval periods in the 

first year of a krill’s life. The first feeding stage Calyptopis I (CI) is critical as the larvae 

have to find adequate food within 10 to 14 days. The second critical period is the first 

winter when phytoplankton in water column is scarce (Smith et al. 1996). 

 

Laboratory studies investigating starvation in krill larvae have described strategies 

used to survive these critical periods. The most characteristic effects of starvation have 

been observed in ultrastructural changes in the digestive system, particularly in the R 

(resorptive)-cells. Vogt et al (1985) reported substantial changes in the R-cells in the 

digestive glands of the decapod Penaeus monodon subjected to different diets. They 

concluded that R-cells can be used to monitor the nutritional value of diets in decapods. 

Further, in the decapod Hyas araneus, Storch and Anger (1983) found that the 

reestablishment of the ultrastructure of R-cells is not possible after a certain period of 

food deprivation. This period was coined ‘Point of No Return’ (PNR) which is the time 

after which an animal loses its capability to recover from nutritional stress. After passing 

the PNR, starved, and subsequently fed animals, are unable to recover from the effects 

of prolonged starvation. To date there are no studies investigating the ultrastructure of 

the digestive gland of krill with regard to nutritional stress. 

 

The aim of this study was to examine the ultrastructural changes in R-cells of larval 

krill through starvation. We used furcilia IV (FIV) and furcilia V (FV) larvae because 

these are the most critical life stages of krill, which occur in early winter. Any delays in 

the timing of sea ice formation at this time will mean the larvae will have limited food and 

must be able to survive short-term starvation periods. The result from this study provides 

further insight into adaptations of furcilia larvae to environmental conditions during winter. 

 

5.3 Materials and methods 

5.3.1 Collection of experimental larvae 

Adult krill were collected during the marine research cruise ‘BROKE-West’, which 

was carried out from 2nd of January to 11th of March 2006 in the western Indian Ocean 

sector of Southern Ocean (62oS-69oS, 30oE-80oE). Gravid females were sorted and kept 

individually in an aquarium on board to enable collection of embryos. The embryos were 

kept in plastic jars in a temperature controlled room (0. 5˚C) until hatching and 
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development through to nauplius stages. On arrival in Hobart, these larvae were 

transferred to the research facility in the Australian Antarctic Division Headquarters in 

Kingston (0.5˚C temperature controlled laboratory). After larvae developed to CI, they 

were kept individually in 70ml plastic jars, and fed on mixture of Instant algae (Reed 

Mariculture Inc. U.S.A.) Thalassiosira weisflogii, and live algae Phaeodactylum 

tricornutum (1-2mgC/L). They were checked for moults, and debris was removed daily. 

Water was changed and food was added every 3 to 4 days. 

5.3.2 Experimental condition 

The starting points of the experiment were determined for each individual when they 

moulted into F IV or F V (6.5 – 8.0mm in size). Larvae were kept in 200ml plastic jars 

individually at -0.5˚C under either fed or starved conditions. The feed group was 

supplied continuously with Instant Algae T. weisflogii and live algae P. tricornutum (1-

2mgC/L), and the starved group was kept in filtered seawater (1μm).  After 0, 5, 10, 15, 

20 and 25 days, three larvae were sampled from both groups for TEM analysis. 

5.3.3 Transmission electron microscope (TEM) analysis 

Larvae sampled were placed in 2.5% glutaraldehyde in Sörensen’s phosphate buffer 

+ 5% sucrose at pH 7.2 overnight. After rinsing samples in Sörensen’s buffer for more 

than 1 hour, they were post fixed in 1% osmium-tetroxide in Sörensen’s buffer for 2 

hours. Later the samples were dehydrated through an ethanol series and embedded in 

Spurr resin. Ultrathin sections were mounted on copper grids (400mesh) and stained 

with uranyl acetate and lead citrate for 5 and 10 minutes respectively. TEM images were 

obtained with a Philips CM 100 transmission electron microscope.  

 

5.4 Results 

5.4.1 Fed larvae 

In larval digestive glands, R-cells were found to be the most abundant cell type 

consisting of digestive epithelium. R-cells of fed larvae had numerous mitochondria 

scattered homogenously throughout the cells. Well ordered and packed microvilli were 

observed in the apical end, and smooth basal lamina covered the basal end of cells (Fig. 

5.1). Electron dense tips occurred on the cell surface between the microvilli and within 

the apical cytoplasm (Fig. 5.2). Smooth endoplasmic reticulum (s.e.r) was well 

developed in the apical region of R-cells closely associated with microvilli, which is an 

indication of the active accumulation of nutrients from the lumen (Fig. 5.3). A few lipid 

droplets were observed in R-cells of a larva which fed for 15 days (Fig. 5.4). 
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Fig. 5.1. R-cell of Euphausia superba larvae (fed). Microvilli (MV) are well developed on 
apical surface of R-cells. Numerous mitochondria (M) occurred throughout R-cells. BL: basal 
lamina, N: nucleus. 
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Fig. 5.2. R-cells of Euphausia superba larvae (fed). Electron dense tips (arrows) are 
concentrated in apical region. M: mitochondria, MV: microvilli. 
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Fig. 5.3. R-cell of Euphausia superba larvae (fed). Smooth endoplasmic reticulum (S.E.R) 
occurred close to microvilli (MV) and mitochondria (M) in apical region of R-cells. 
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Fig. 5.4. R-cell of Euphausia superba larvae (fed). Lipid droplet (L) is surrounded by 
mitochondria and electron dense inclusions (arrows). MV: microvilli, M: mitochondria. 
 

5.4.2 Starved larvae 

The ultrastructure of R-cells showed a quick response to starvation. Mitochondria 

were swollen and concentrated in the apical region. The cell volume was markedly 

reduced and the basal lamina was thickened with many irregular infoldings after 

starvation (Fig. 5.5). S.e.r was observed associated with thickened basal lamina in the 

basal region of R-cells (Fig. 5.6). Numerous swollen mitochondria were observed in 

apical region of R-cells of starved larvae, and they were often surrounded by small 

vesicles (Fig. 5.7). Mitochondria were swollen as early as 5 days of starvation and 

throughout the experiment, except for the samples from day-15 (Fig. 5.8). Few lipid 
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droplets were found in the R-cells of a larva which was starved for 5 days. After 25 days 

of starvation no clear structural differences were observed on microvilli of R-cells 

compared to those from fed larvae. 

 

 

BL 
N 

MV 

M 

5μm 

Fig. 5.5. R-cell of Euphausia superba larvae (starved 25days). Cell volume is markedly 
reduced with high nucleus (N)/cytoplasm ratio. Basal lamina (BL) is thickened and has 
irregular infoldings. MV: microvilli, M: mitochondria. 
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Fig. 5.6. R-cell of Euphausia superba larvae (starved 15days). S.e.r occurred in the basal 
region of R-cell. Basal lamina (BL) is significantly thickened. 
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Fig. 5.7. R-cell of Euphausia superba larvae (starved 20days). Mitochondria (M) are swelled 
and concentrated in apical region. Many vesicles and peroxisomes (P) are also concentrated 
in apical region. 
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Fig. 5.8. Euphausia superba. Size of mitochondria in R-cells of larval krill (FIV) during 25 
days under either feeding or starvation conditions. 
 

5.5 Discussion 

5.5.1 Effect of starvation on R-cell and larval survival 

The effects of starvation on the ultrastructure of R-cells in krill larvae were 

demonstrated using TEM in this study. After as early as 5 days of starvation an increase 

in the size of mitochondria was observed and the thickned basal lamina with irregular 

infoldings was observed after 10-15 days of starvation (Figs. 2A, B). These findings 

were consistent with those reported in decapod larvae Hyas araneus (Storch and Anger 

1983). However, the magnitude of the overall increase in krill mitochondria size found in 

the present study was not as substantial as those found in decapods (Vogt et al. 1985).  

 

Storch and Anger (1983) found that in decapod larvae, re-feeding after 8 and 12 

days starvation did not result in a complete recovery of the affected R-cells, and 

concluded that the original ultrastructure of R-cells cannot be re-established after a 

certain period of food deprivation (PNR). Enlargement of mitochondria in R-cells in krill 

larvae suggest a diminished ability to take up food after 5 days of food deprivation. R-

cells differentiate from E (embryonic)-cells. E-cells are at the distal end of digestive 

tubules, and produce new cells when the tubules elongate at each moult to cover the 

break-down of R-cells at the proximal end of tubules (Al-Mohanna and Nott 1989). The 

R-cells with swollen mitochondria and thickened basal lamina appear to lose their ability 

to take up nutrients. It is likely that the animal may need to wait until they have a 

sufficient number of R-cells that can be built on to the distal end of digestive tubules to 

uptake the food again. Therefore, whether or not the animal can survive is dependent on 

the amount of reserve they have until enough new R-cells have been differentiated from 

the E-cells to fulfil the energy demand. 
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5.5.2 Lipid droplets in R-cells of larvae 

In the present study lipid droplets were rarely found in R-cells of krill larvae 

regardless of whether they were fed or starved. It is known that some decapod species 

cease or decrease feeding from pre-moult to post-moult stages, and feed actively at the 

inter-moult stages (Lipcius and Herrnkind 1982, Al-Mohanna and Nott 1989, Heales et al 

1996). This implies the necessity of building reserves in the R-cells for utilisation during 

the non-feeding moult stages. Indeed the maximum lipid reserves in R-cells were 

observed at the pre-moult stages of D0 and D1 in decapod (Al-Mohanna and Nott 1989). 

However, euphausiids are known to be less impaired by moulting compared to 

decapods, enabling a swarming pelagic life (Buchholz 1989, 1991). Schmidt et al. (2004) 

observed continuous feeding throughout the moult cycle of furcilia larvae and early post-

larvae of three euphausiid species even though a decreased feeding was observed the 

day before moult. These studies imply that krill larvae feed continuously rather than 

store lipid to moult and grow, which might explain why lipid droplets were rarely found in 

R-cells of krill larvae in this study.  

 

Meyer et al (2002a) reported that fatty acid composition of freshly caught FIII larvae 

did not show a strong diatom signal, despite the fact that diatoms were the dominant 

food items according to gut contents analysis. The authors suggested that dietary lipids 

were utilised for metabolic energy with no excess to store. In the present study only a 

few lipid droplets were observed in FV larvae after moulting, during the 25 day 

experimental period in which they were either fed or starved. These results also suggest 

that larvae used the energy from their diet for growing rather than for lipid storage, which 

is consistent with the observation of Meyer et al (2002a). 

5.5 3 Ability to take up food after starvation 

Digestive cells of krill larvae may however, retain an ability to take up food after a 

period of starvation, and/or generate new cells in the digestive gland. An observation 

was made in the present study where one of the FV larva developed into a juvenile after 

20 days of starvation (Yoshida, unpublished data). To examine the ability to recover 

after starvation, further longer term controlled experiments need to be conducted using 

larval krill subjected to starvation and re-feeding regimes. 

 

5.6 Conclusion 
 

The effects of starvation on the ultrastructure of the digestive gland of krill larvae 

were observed as early as 5 days, and these effects increased with duration of 

starvation. Lipid droplets were rarely found in the R-cells regardless of whether the 

larvae were fed or starved. These observations indicate that krill larvae are adapted to 
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an environment where the food supply is continuous. Results from this study support the 

hypothesis that larval krill survival is dependant on the food supply associated with sea-

ice during winter (Marschall 1988, Daly 1990, Ross and Quetin 1991). 
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Chapter 6. 

General Discussion 

 

 

The central aim of this thesis was to determine the effect of environmental 

parameters on reproductive success of krill. In addressing this aim, my research 

considered the influence of both light and feeding condition on sexual maturity. Having 

successfully reared krill through the maturation cycle in the laboratory, this was the first 

study to examine the effect of maternal diet on hatching success and larval development. 

The effects of starvation tolerance of larval krill were examined to understand how this 

remarkable animal survives at the environmental extremes in the winter sea ice.  

6.1. Effect of light on maturation of female krill 

Light did not affect the maturation cycle of female krill under laboratory conditions in 

the present study. The external sexual characteristics of female krill underwent 

regression and re-maturation regardless of experimental light conditions. Ovarian 

maturation occurred under simulated summer light, and respiration rate showed a 

seasonal trend of decreasing in winter and increasing in summer in krill kept under both 

complete darkness and natural photoperiod. These observations indicate that both 

maturation and physiology are dictated by endogenous rhythm, rather than being 

controlled by light condition. In contrast, several other studies reporting the effect of light 

on maturation of krill (Hirano et al. 2003, Teschke et al. 2007), observed that sexual 

maturation is induced by increased photoperiod, and accelerated feeding and higher 

respiration rates occurred under summer light conditions (Teschke et al. 2007). However 

in those studies the light conditions were dramatically increased from low to 24 h light. 

Such light stimuli might have influenced on the physiology of krill, and in turn maturation. 

Without dramatic changes in the light conditions, krill maturation cycle appears to be 

controlled by an endogenous rhythm, as observed in krill under both complete darkness 

and natural photoperiod in the present study. 

 

Brown et al. (unpublished data) observed a steep decrease in external sexual 

maturation of krill, when they were exposed to complete darkness following the late 

summer light conditions. Teschke et al. (2007) also observed a sharp decrease in 

feeding and respiration rates in krill exposed to complete darkness following autumn 

light condition. Both observations indicate that photoperiod (complete darkness) is the 

cue to reschedule maturation, and the physiological cycle of krill. Although hypothetical, 

this perspective might explain the accelerated maturation induced by increased 

photoperiod observed by Hirano et al. (2003) and Teschke et al. (2007). The increased 
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photoperiod might have stimulated an endogenous control in krill, resulting in 

accelerated metabolism and sexual maturation. Although further experimental studies 

are needed to understand the precise role of photoperiod in the maturation cycle of krill, 

it is now apparent that photoperiod does play an important role governing the life cycle 

of krill. 

6.2 Effect of diet on maturation of female krill 

Although external sexual maturation in female krill occurred, ovarian maturation was 

not observed under low food condition in this study. This observation strongly indicates 

that diet is the main factor in ovarian maturation in krill. Low feeding rates were 

observed in autumn caught krill subsequently incubated under high food concentrations 

in the laboratory (Atkinson et al. 2002), and in krill under complete darkness (Teschke et 

al. 2007). In both studies, krill were thought to be in ‘winter condition’ having adapted 

physiologically to a limited diet. These observations indicate that feeding is largely 

controlled by a seasonal rhythm, and food availability is not a direct factor dictating 

feeding rate in krill. Sufficient nutrients are needed for krill to proceed through the 

‘ovarian cycle’ (Kawaguchi et al. 2007). The duration of the reproductive season is 

dictated by the total energy intake (and accumulation) from spring until the food supply 

diminishes at the end of summer. Diet does not seem to act as a cue for accelerating 

maturation, however, nutrients in adequate supply are needed at the right time in order 

to facilitate the ovarian maturation cycle. 

6.3 Endogenous rhythm and maturation of female krill 

The maturation cycle governed by endogenous rhythm was first observed in krill by 

Thomas and Ikeda (1987), who reported that external maturation undergoes a seasonal 

regression and re-maturation process, under constant food and temperature conditions 

in complete darkness. The same observation was reported by Kawaguchi et al. (2007) 

and in the present study, indicating that endogenous rhythm plays an important role in 

the maturation cycle in krill. However, the detailed mechanism of krill maturity and 

physiology governed by the endogenous rhythm is uncertain. The interesting 

observation in the present study was that respiration rate on a dry mass basis showed a 

seasonal trend, being higher in summer and lower in winter regardless of light and 

feeding condition, although relatively smaller fluctuations and lower rates were observed 

in krill under low food condition. This observation suggests that the respiration rate of 

krill is not simply controlled by a single environmental parameter, but rather fluctuates 

according to seasonal physiology. Thomas and Ikeda (1987) observed negative growth 

after krill sexually matured under high food concentration. This observation could be 

explained by the fact the energy lost during maturation in female krill may  have been 

larger than food intake, or that the energy may have been utilized for lipid accumulation 
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rather than growth. Brown et al. (unpublished data) performed a long term laboratory 

experiment, and observed seasonal trends in growth rate, with krill showing positive 

growth in summer, and zero or negative growth in winter under constant food and 

temperature conditions. These observations indicate a seasonal physiological cycle 

somewhat independent of environmental influences, which may also implicate 

endogenous control in krill. Again, additional studies are needed to clarify this 

mechanism, however results here indicate that endogenous rhythm dictates the 

physiology of krill, including metabolism, growth and maturation. 

6.4 Conceptual model linking environmental parameters and maturation of female 
krill 

Considering the results from previous studies together with the present study, I have 

developed a conceptual model incorporating links between environmental parameters 

and physiological factors in female krill (Fig. 6.1). The maturation cycle of krill is dictated 

by a range of environmental and physiological factors through various pathways. 

Antarctic photoperiod and seasonal sea ice extent determine the light condition for krill. 

The light condition influences both the endogenous rhythm and metabolism, or indirectly 

affects metabolism through controlling endogenous rhythm. Endogenous rhythm in krill 

directly dictates external maturation, and the accelerated metabolism induces ovarian 

maturation. Ovarian maturation requires adequate nutritional intake. Endogenous 

rhythm also dictates growth (and negative growth - shrinkage) of krill. This model depicts 

endogenous rhythm playing a central role in the life cycle of krill, and it is influenced 

largely by the light condition. 

 

Antarctic 
photoperiod 

Seasonal sea 
ice extent 

Light 
condition  

Endogenous 
rhythm

Metabolism

External sexual 
maturation 

Ovarian 
maturation 

Food 

Growth 

Fig. 6.1 Conceptual model showing the links between environmental parameters and 
physiological factors of female E. superba. 
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It is largely recognized that endogenous rhythm plays a central role dictating various 

biological activities in organisms, as the appropriate activity needs to be scheduled at 

the right time and at the right location for survival (Enright 1970). The period when krill 

can utilize sufficient food is limited (late spring to summer), a period coinciding with the 

reproductive season. By being under endogenous control, krill are able to reduce 

metabolic costs in winter when finding adequate food is unlikely. The process of external 

sexual maturation starts before mid-winter regardless of environmental conditions, in 

order to be ready for ovarian maturation which occurs in late spring. At this stage, the 

sea ice algae grow intensively, subsequently resulting in an ice edge bloom, which krill 

utilize for ovarian maturation. This ovarian maturation cycle repeats as long as food 

supply is adequate, and finishes with the diminishing food source at the end of summer. 

After the reproductive season, metabolism is reduced and sexual regression occurs 

coinciding with decreasing Antarctic photoperiod. Reproduction is the most important 

biological process in order to sustain populations. Krill have successfully adapted their 

maturation cycle to withstand the seasonal and patchy food condition in the Antarctic 

environment.  

6.5 Lipid transfer from diet - female krill and eggs 

Specific polyunsaturated fatty acids (DHA, LA and AA) play important roles in 

embryogenesis of krill, and increased hatching success as seen in this study. This 

observation indicates that the dietary input of these specific fatty acids in maternal krill 

increases reproduction success. However, in this study, higher levels of LA and DHA in 

a diet of the instant algae Isochrysis and clam respectively were not reflected in the FA 

profiles of embryos, and also of maternal krill. There was a significant difference 

observed between the FA profiles of eggs with high hatching success and those with low 

hatching success (lab 1,2 trials and lab 3 trial, Chapter 4), which is presumably due to 

the addition of an artificial diet (EZ Larva) to the maternal krill in the lab 3 treatment. 

Because the lipid of the maternal krill in the lab 3 trial was not analysed, the lipid transfer 

from maternal krill to their eggs was unknown in this case. When FA profiles of maternal 

krill fed phytoplankton only (termed Tank B in Chapter 3) and their eggs (termed lab 2 

trial in Chapter 4) were compared, their FA profiles were relatively similar. These FA 

profiles were characterized by high levels of 16:1(n-7)c and EPA, thought to be a result 

of the diatom dominated diet of the maternal krill. This observation indicates that the 

maternal lipid was transferred to eggs with the FA composition relatively unchanged. 

However lipid transfer from diet to krill is more complicated, because the FA profiles in 

krill can be altered by biosynthesis, and some specific FA cannot be accumulated. 

Although more detailed studies are needed, the lipid and FA composition of maternal 

krill appears to be transferred to their eggs without modification. 

 

 72



6.6 Embryonic and larval development 

Since nauplius larvae do not feed, the development of embryos and nauplius larvae 

depend on the quality and/or quantity of lipid inherited from the maternal krill. This study 

found that the quality of embryos (in terms of the FA composition) influences to a large 

extent the hatching success of krill.  The utilization of lipid during embryogenesis is 

rather small, compared to the lipid requirements needed during development of nauplius 

larvae. Other factors such as dietary protein and possible inhibitory effects of diatoms in 

the maternal diet, although not analysed, were also suggested to influence the hatching 

success in krill embryos. Environmental parameters, such as seawater temperature and 

pressure are also thought to affect hatching success. The fecundity of krill is determined 

by the number of embryos produced, and the hatching success of embryos. Despite 

being of fundamental concern, studies on krill fecundity are limited, and further research 

using data from both the field and laboratory is needed to understand reproduction of 

krill. 

 

Once larvae developed to calyptopis, the first feeding stage, their energetic demand 

is dependent on external food sources. Compared to adult krill which reduce their 

metabolism in the winter to one third of the summer rate (Ross and Quetin 1991), the 

metabolic rate of larval krill collected from under sea ice is constant. This indicates that 

larval krill must maintain active feeding during winter (Frazer et al. 2002). In the present 

study, with the aide of electron microscopy, only a few lipid droplets were observed in 

the digestive cells of furcilia larvae regardless of feeding condition. This is further 

evidence of a low tolerance to starvation and that lipid is being utilized for growth rather 

than storage by the larval krill. The digestive cells were also observed to have lost 

structural integrity after a short period of starvation, again alluding to a vulnerability to 

starvation. The late furcilia larvae can survive without food for more than 30 days (Ross 

and Quetin 1989), but it has been reported that they reach their ‘Point of No Return’ 

(PNR) after approximately 6 to 9 days of starvation (Meyer and Oettl 2005). The present 

study emphasized the low starvation resistance in larval krill, however, the PNR was not 

determined as a starvation experiment followed by a feeding treatment was not 

performed. It is still uncertain how larval krill survive the period between autumn and late 

winter, when primary production in the water column is low and sea ice communities are 

poorly developed (Nicol 2006). 

6.7 Conclusion 

Environmental parameters are generally thought to influence the various biological 

and ecological aspects in life cycles of marine organisms. The present study focused on 

the effect of photoperiod and diet on reproduction of E. superba. Both these 

environmental parameters influenced various phases of the reproduction process 
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differently. Photoperiod had an indirect effect on the maturation of krill, while diet was 

the major direct factor facilitating ovarian maturation in female krill and larval 

development. Endogenous rhythm played a central role regulating the life cycle of krill, 

including growth, metabolism and reproduction. Lipids, both content and composition, 

play a significant role in the life cycle of krill, particularly as an overwintering store, and 

during reproduction, and embryonic and larval development. Analysing the lipid class 

and fatty acid composition of krill of different ontogeny, sex, maturity and physiological 

stages, facilitated an understanding of the mechanisms of reproduction and trophic 

interactions. This study provides a solid basis for further studies on the fecundity of krill, 

such as hatching success of eggs and  egg production rate. Such research will allow a 

better understanding of the reproductive potential, annual variation in recruitment and in 

turn population dynamics so as to facilitate management of the krill fishery.  

 

The work in my thesis has provided new insights into the life history of Antarctic krill. 

The implications of this research are fundamental to understanding how Euphausia 

superba as a species is one of the most successful, underpinning the Antarctic marine 

ecosystem. Not until we answer some of the most basic questions on the biology and 

physiology of this species, can we begin to assess the possible effects climate change 

and other environmental influences may have on the Southern Ocean ecosystem.  
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