
Ice fish as sentinels for understanding how environmental 

changes impact food web diversity and stability in Antarctica 

 

 

 

 

Rebecca Mary McMullin 

 

 

 

 

 

 

A thesis submitted for the degree of 

Master of Science at the University of Otago, Dunedin, 

New Zealand 

 

 

April 2016 

 

 

 

 

 

 

 

 

 

 



ii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

Abstract 

 

Investigating how environmental variation influences population, food web, and 

community dynamics is important for predicting the influence of climate change on ice 

covered ecosystems. The sea ice gradient that runs from north to south in McMurdo Sound 

presents a unique opportunity to study how locations with contrasting physical and 

biological properties influence the structure of marine food webs. Accordingly we have 

studied the ecological position of four ice fish species, at sites across the sea ice gradient, 

that occupy contrasting habitats in the Antarctic marine environment. These ice fish act 

as important sentinel species to better understand how environmental changes may 

impact food web diversity and stability in the region. 

The primary objective of the present study was to determine how changing resource 

availability, relating to the composition of primary producers, across the sea ice gradient, 

influences the trophic ecology of ice fish with pelagic and benthic habits. We also aimed 

to determine if resource availability effected aspects of growth and reproduction in the 

different ice fishes. Finally we aimed to see if chemical and chronological properties of ice 

fish otoliths could be used as environmental recorders, for conditions in the seasonal sea 

ice.  

Ice fish were collected from a range of sites across McMurdo Sound using the 

conventional hook and line method, as well as with hand nets used by divers. Dietary, 

stable isotope, age and growth, microscopic gonadal, and otolith trace element analyses 

were conducted on each of the ice fish collected.  

As a result of the analyses conducted, we concluded that the trophic dynamics of ice 

fish differ among species and among sites distributed along the sea ice gradient in 

McMurdo Sound. Benthic species located at the inner sites in McMurdo Sound derived the 

highest proportion of diet from food webs supported by the sea ice microbial community, 

indicating benthic communities at these sites may be more susceptible to changes in sea 

ice conditions.  

 Age and growth trajectories, and reproductive strategies were found to differ 

between pelagic and benthic species. Benthic species were characterised as slower 

growing, summer spawners, while pelagic species displayed faster growth and are 
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thought to spawn in winter. Our results also indicated that position along the sea ice 

gradient may affect aspects of growth and reproduction for ice fish.  

Lastly we identified ice fish otoliths as potential recorders of, the life history of ice fish 

species; and the physical and chemical conditions of contrasting habitats, linked with 

dynamics of sea ice conditions in Antarctica.  

From the present study we can conclude that climate related changes to sea ice 

conditions in Antarctica will effect populations of ice fish differently depending on their 

species, habitat, location, and sex ratios. The susceptibility of ice fish populations to 

environmental changes acts as an indicator for how other species connected to the same 

food webs will be effected by changes to sea persistence in Antarctica. The 

microchemistry of ice fish otoliths may offer a repeatable way to study the environmental 

history of ice covered habitats in Antarctica. This would allow environmental variation to 

be linked to the chemical, physical, and ecological changes occurring at a location. 
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CHAPTER ONE: Introduction 
 

 

1.1 McMurdo Sound, The Ross Sea, Antarctica: Ecology and Physical Geography 

McMurdo Sound lies between Ross Island and the Antarctic mainland at the 

southwest corner of the Ross Sea. The Sound is approximately 70km wide at the entrance 

and 81km long, it is bounded at the southern end by the permanent Ross Sea ice shelf.  

McMurdo Sound has a maximum depth greater than 1000m, and a rocky/pebbly volcanic 

bottom covered by siliceous sponges dominates the majority of the Sound (Littlepage 

1965). The Sound is usually covered entirely by seasonal sea ice during the winter months 

with the northern parts being clear of ice by October or November due to the Cape Bird 

currents (Littlepage 1965). The sea ice continues to break up through the summer months 

with open water moving further up the Sound. Sea ice break up does not usually proceed 

to the Ross Sea ice shelf, however once every 3-5 years on average the sea ice breaks up 

at Cape Armitage. This event may become more frequent with rising atmospheric and sea 

water temperatures. The result of gradual sea ice break up from north to south is a 

predictable gradient in the persistence and thickness of sea ice cover from Cape Bird to 

Cape Armitage, with yearly retreat of sea ice at Cape Bird and open water once in 3-5 years 

at Cape Armitage (Figure 1.1). 
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Figure 1.1. Location of sampling sites in McMurdo Sound, Antarctica. Sites span a sea ice 

gradient running from the southern end of the Sound which experiences long periods of 

often persistent sea ice cover, to the northern end of the Sound which experiences the 

longest periods of open water. Bolded arrow indicates the direction of the sea ice gradient 

from south to north. 

 

McMurdo Sound has a complex current field. Net current flow is southward in the 

eastern side of McMurdo Sound, where as in the western side net current flow is 

northward (Barry & Dayton 1988). Hydrographic data collected from McMurdo Sound by 

Barry & Dayton, (1988), indicated the current in the eastern sound carries water from the 

north which is warmer and higher in Chlorophyll a content. In contrast the current in the 

western sound carries cooler water with low Chlorophyll a content northward from 

under the Ross Sea ice shelf. Previous studies have shown that differences in productivity 

within McMurdo Sound are influenced greatly by oceanographic circulation patterns and 

the persistence of sea ice cover, which vary throughout the Sound (Bunt 1962, Dayton & 

Oliver 1977, Sullivan & Palmisano 1984). Thus the physical geography of McMurdo Sound 

is linked closely to the ecology of southern benthic communities which are covered by sea 

ice for a large proportion of the year and are dependent on advection of primary 

production from northern areas exposed to more light (Barry & Dayton 1988).  
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Productivity levels can vary greatly in Antarctica over relatively short distances of 15-

40km (Dayton & Oliver 1977, Barry & Dayton 1988). These patterns of varying production 

are related to the north-south gradient in sea ice cover, exposure to summer time light 

regimes, and nutrient delivery at the broken edge of the sea ice. Benthic communities that 

exist further south under the sea ice must rely heavily on those primary producers that 

can continue to supply substantial organic matter and nutrients to food webs, even in the 

absence of sunlight. While biotic communities to the north, which are less light-limited by 

sea ice cover, can make use of the burst of production that occurs in the water column as 

sea ice melts. Differences in the mixtures of primary producers supplying organic matter 

to food webs among sites, will likely influence community structure and stability in 

Antarctica. 

 

1.2 Primary production in Antarctica 

There are two main sources of organic matter supporting the production of consumer 

species in the Antarctic marine ecosystem. The primary producer that contributes the 

largest quantity of carbon per year to the Antarctic ecosystem is pelagic phytoplankton 

that blooms in the water column during summer (Arrigo 2014). The second main source 

of primary production supplying organic matter to the marine ecosystem exists in the sea 

ice environment and is referred to as the sea ice microbial community (SIMCO) (Bunt 

1962). The extreme environmental variation present in McMurdo Sound results in 

seasonal fluctuations in primary productivity. For most of the year the Sound is covered 

by sea ice, this limits primary productivity, primarily through light limitation, until 

December when the spring phytoplankton blooms are swept in from the north and 

intensify over the summer as sea ice break out continues south (Dayton et al. 1986). 

Spatial differences in the productivity of benthic and planktonic communities in McMurdo 

Sound are thought to be heavily influenced by the observed extreme regional differences 

in source waters and ice cover linked to regional variability in the pattern and intensity 

of primary production.  

 

Organic matter enters the food web from primary producers, through consumers 

such as grazers and detritivores. In Antarctica the majority of organic matter entering the 

food web comes from the pelagic phytoplankton growth in open water, at the edge of sea 

ice and in open water polynyas (Wing, McLeod, et al. 2012). This pelagic source has been 
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estimated to supply around 1200 Tg C/y to the Southern Ocean marine environment, 500 

of which is concentrated at the marginal sea ice zones, yet this source displays high 

seasonality (Arrigo et al. 1998). At sites along the sea ice gradient that experience 

relatively persistent sea ice cover, the level of light reaching the zone on the underside of 

the ice is low compared to sites experiencing long periods of open water. Year round sea 

ice cover severely limits primary production in these areas leading to a low abundance of 

microphytes and macrophytes, and a low standing stock of phytoplankton (Dayton & 

Oliver 1977). 

 

The sea ice microbial community (SIMCO) contributes only 63-70 TG C/y, or 12-14% 

of the primary production in the Antarctic, yet persistence and availability of this source 

to consumers does not require high irradiance for growth, as pelagic phytoplankton does, 

and instead is present as microalgae and microbes within the sea ice matrix itself 

(Legendre et al. 1992). SIMCO forms a unique community of “extremophiles” only found 

in sea ice environments and is a source of primary production present year round in areas 

of permanent sea ice cover (Bunt 1962). It has been suggested that this more consistently 

available resource represents an important source of particulate flux to the benthos in 

Antarctica especially in areas where sea ice cover dominates (Michels et al. 2008, Wing, 

McLeod, et al. 2012). Wing, McLeod, et al. (2012) found that the fate of organic material 

within the sea ice to represent an important source of organic matter for some near-shore 

consumers, with SIMCO contributing to 5-100% of the organic matter supplied to benthic 

species and 0-10% of the organic matter supplied to pelagic species. 

 

 Across the sea ice gradient from fast ice to open water there is likely to be 

significant variation in absolute levels of organic matter and in the contribution of the 

different sources of organic matter to food webs. 

 

1.3 Antarctic food webs 

Trophic relationships and food web structures in coastal seafloor communities are 

affected by the strong coupling of the physical environment and primary production 

(Barry & Dayton 1991). The close link between seafloor ecology and oceanographic 

processes results in temporal and spatial variations in the availability of food subsidies 

and variations in food web structure (Polis et al. 1997).  
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Having diversity in the type of primary producers present in an area results in 

increased temporal stability in the supply of organic matter to food webs. This is 

particularly true if the primary producers display different annual and/or temporal 

patterns in their supply of organic matter (Tilman et al. 1998). If restrictions arise on the 

availability of one organic matter source due to changes in abundance or via losses in 

trophic diversity the result may have consequences for food web stability and structure 

(Simenstad et al. 1978). This is a key topic for investigation in Antarctic waters which 

experience high seasonality in pelagic phytoplankton and a more persistent supply of 

organic matter from the sea ice community (Lizotte 2001). 

 

Our goal is to develop a more robust understanding of food web dynamics across the 

environmental gradient of sea ice extent and persistence in McMurdo Sound. This 

research will have implications for understanding the potential effects of climate change 

on food web structure and stability, and for informing conservation efforts in the region. 

To gain insight into how pelagic and benthic communities operate and interact we are 

studying patterns of resource use among four species of ice fish These species act as 

integrators of the biological conditions within their contributing food webs and 

information on variation in their trophic positions provide a metric for the changing 

patterns in resource use through entire food webs. 

 

1.4 The Family Nototheniidae 

The four focus species in the present study are members of the family Nototheniidae, 

a family of acanthopterygian fishes commonly known as the ice cod, ice fishes or 

notothens. Two of the species under study are Trematomus bernacchii and Trematomus 

pennellii, both benthic inhabitants. The other two species occupy positions higher up in 

the water column; Pagothenia borchgrevinki is a cryopelagic species, while Trematomus 

newnesi is a species that has been described as being cryopelagic (Andriashev 1970), 

semipelagic (Richardson 1975), and both cryopelagic and benthic (Eastman & DeVries 

1982) depending on the site of study. These species are all known to have circumantarctic 

distributions (Eastman & Hubold 1999). 

 

The family Nototheniidae are the dominant fish taxon in Antarctica having undergone 

a large degree of evolutionary diversification (Vacchi et al. 1994). The diversification is 

known to be depth related and in addition to the original benthic habitats the family now 

https://en.wikipedia.org/wiki/Nototheniidae


6 
 

occupies pelagic, cryopelagic, and benthopelagic habitats. It has been suggested that 

species within this diverse family may occupy different depths and utilise different 

feeding habitats in order to reduce competition via reducing trophic overlap (Cherel et al. 

2011). T. pennellii, T. bernacchii, T. newnesi, and P. borchgrevinki are useful study 

organisms as they are food web integrators, which form links between the high and low 

trophic levels of food webs. The species also provide a contrast in the food web structure, 

and the source and supply of organic matter to pelagic and benthic habitats along the 

gradient in sea ice persistence within McMurdo Sound.  

 

T. bernacchii is widely distributed at high southern latitudes and is common in 

shallow waters of the Ross Sea. T. bernacchii has been found down to depths exceeding 

700m although is more common on the continental shelf at depths more shallow than 

200m (De Witt et al. 1990). Previous studies have found T. bernacchii to be a trophic 

generalist, with high diet diversity and wide niche breadth (Cherel et al. 2011). T. 

bernacchii is considered omnivorous mainly feeding on benthic organisms such as algae, 

molluscs, polychaetes and decapods but is also believed to ascend up in the water column 

at times to feed on planktonic organisms such as copepods and pteropods (Moreno 1980, 

Kiest 1993, Vacchi et al. 1994, La Mesa, Dalú, et al. 2004). Previous studies on the diet of 

T. bernacchii found differences in diet across depth (Moreno 1980, La Mesa, Dalú, et al. 

2004). Accordingly intraspecific competition in this species is most likely reduced 

through changes in habitat use or foraging strategy (Bolnick et al. 2003, Cherel et al. 

2011).  There has been comparatively little work done on the niche of the species T. 

pennellii, however it is believed to feed on a similar diet to T. bernacchii consisting mainly 

of benthic organisms (Brenner et al. 2001, Cherel et al. 2011). 

 

Pagothenia borchgrevinki, being cryopelagic, lives close to the underside of the sea ice 

in Antarctica usually occupying depths between 0-30m (Eastman & Hubold 1999). 

Previous studies have found the dietary diversity of P. borchgrevinki to be low with the 

species feeding exclusively on nektonic organisms comprising mostly small copepods and 

amphipods (Eastman & DeVries 1985, Eastman & Hubold 1999).  

 

T. newnesi inhabits the shallow shelf waters of the high Antarctic and is commonly 

found at depths <20m, inshore in McMurdo Sound (Eastman & Devries 1997). Despite the 

species’ high abundance in shallow, inshore waters, and reported close association with 
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the underside of sea ice, T. newnesi has been found down to depths of 400m (Tiedtke & 

Kock 1989). La Mesa et al. (2000) found T. newnesi to display significant trophic plasticity 

in response to diverse environmental conditions such as sea ice cover. While T. newnesi 

feeds mainly in the water column it is also known to feed occasionally amongst the rocky 

substratum, and its diet composition has been found to differ between sites of capture 

(Vacchi & La Mesa 1995, Eastman & Devries 1997).  

 

Accordingly the niches of pelagic ice fish, such as T. newnesi, are believed to vary 

considerably from their benthic counterparts suggesting these species have become quite 

distinct in terms of the habitats they occupy and their trophic position in the food web 

(Cherel et al. 2011). 

 

1.5 Food web integrators 

Food web integrators constitute an important link between the high trophic levels 

and low trophic levels in a food web. Species such as T. bernacchii, T. pennellii, T. newnesi, 

and P. borchgrevinki  are an important prey source for several marine apex predators, and 

they also feed upon many small invertebrates themselves (La Mesa, Dalú, et al. 2004).  

The links formed by food web integrators between the upper and lower trophic levels 

identifies them as valuable sentinels for how environmental changes impact food web 

diversity and stability. 

 

Accordingly changes that we observe in the trophic position of ice fish across a 

gradient in primary production will have important implications for the survival of top 

trophic level consumers such as the Weddell seals (Leptonychotes weddellii) and Emperor 

penguins (Aptenodytes forsteri) (La Mesa, Eastman, et al. 2004). The Antarctic toothfish 

(Dissostichus mawsoni) also feeds on these smaller ice fish and may experience population 

changes, or shifts in food web position, if the ice fish populations become a less reliable 

and/or less stable source of food (Gordon & Judd 2006) 

 

1.6 Predicting how changes in sea ice extent may influence diversity and stability of  

benthic and pelagic ecosystems in Antarctic 

There is strong coupling between the physical environment and primary production 

in Antarctica which is known to affect the food web structure and trophic dynamics in 



8 
 

coastal seafloor communities (Barry & Dayton 1991). Wing, McLeod, et al. (2012) and 

Norkko et al. (2007) found SIMCO to have an important role in providing organic matter 

to the shallow water benthic community that dwells beneath the sea ice in Antarctica. The 

link between a small but stable food source, comprised of the SIMCO based food web, 

demonstrates the importance of understanding the diversity of organic matter sources 

and the role that multiple subsidies have on food web stability.  

Sea ice covers a vast area of the Southern Ocean, with the annual sea ice maxima 

accounting for >40% of the total ocean area (Lizotte 2001). This physical feature also 

represents an important potential source of organic matter to the marine ecosystem 

beneath the ice, a link that may increase temporal stability in the provision of organic 

matter to consumers (Polis & Strong 1996, Wing, McLeod, et al. 2012). As a corollary, 

understanding how sea ice is linked to organic matter inputs, and the structure and 

function of Antarctic food webs is important due to the concerns over how Antarctic 

marine ecosystems could be modified by changes in sea ice persistence and extent (Clarke 

& Harris 2003).  

 

1.7 Aspects of niche space can influence reproduction and growth 

Changes in niche space/resource use by species may have implications for their 

growth and reproduction. Studies have demonstrated that the relationship between 

individual resource use and fitness is important for understanding population dynamics 

(Rees & Crawley 1989). The reproductive threshold of a population is defined as the 

minimum size, expressed in terms of resource use, required for reproduction (Rees & 

Crawley 1989). With the presence of a reproductive threshold in a species we would 

expect the way in which resources are divided between individuals in a population to 

affect the number of propagules produced by the population. Resource availability has 

been found to affect both the number of offspring produced by fish and the time until the 

next spawning occurs (Reznick & Yang 1993).  

 

As well as being invested in reproduction, energy from resources can also be allocated 

to the growth of an organism. Like reproduction, growth of an organism has been found 

to be related to the resource availability in the population (Roff 1983).  
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Temporal and spatial differences in the availability of the two main primary 

producers in Antarctica provides a situation where we can compare growth and 

reproduction among populations, at sites where the availability of basal organic matter 

sources are different. 

 

1.8 Trace elements as a tool for studying environmental changes in different niches 

Otoliths have been shown to act as effective recorders of environmental conditions 

by incorporating trace elements from the surrounding environment of a fish over time 

(Campana, Gagne, et al. 1995, Campana & Thorrold 2001). Otoliths may therefore provide 

a way to examine seasonal changes in the physical environment relating to sea ice 

thickness and persistence.  

In autumn, conditions become favourable for sea ice formation in polar regions. As 

sea ice freezes much of the brine is ejected into the water column through brine channels 

(Arrigo 2014). During spring and summer the outer sites in McMurdo Sound experience 

sea ice melt, this releases a large amount of less saline water into the marine layer below. 

Also released in the sea ice melt is the sea ice microbial community including diatoms and 

nutrients that initiate and stimulate pelagic blooms (Suzuki et al. 2001, Juul-Pedersen et 

al. 2008). Changes in the salinity and organic matter input into the water column, along 

with seasonal changes in water temperature, likely result in changes to the composition 

of trace elements in the surrounding environment of consumer species living under the 

ice.  

Reconstructing trace element histories via otolith micro chemical analyses may 

provide a way to investigate temporal changes in sea ice thickness and persistence, both 

seasonally and annually in various regions. In addition trace element analysis provides a  

way to compare trace element signatures among species and sites. The patterns resolved 

will enable us to answer the questions: do variations in trace element signatures reflect 

differences in the lifestyle and niche breadth of different species of ice fish? And can 

otolith trace elements be used to understand more about the chemical, physical and 

ecological changes occurring at a site? In this context trace element signatures can be used 

both as a chronometer of chemical conditions in the water column, and as a determinant 

of differences in site fidelity and movement patterns of the two major habits of ice fish 

considered here, benthic and pelagic.  
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1.9 Study sites 

Field studies were conducted at eleven sites spanning a gradient in sea ice conditions 

in the eastern sound of McMurdo Sound, which lies in the vicinity of Ross Island. These 

sites, in order of decreasing sea ice cover and persistence, were; Cape Armitage/McMurdo 

Jetty/Dayton’s Wall, Arrival Heights, Turtle Rock, Erebus Ice Tongue, Little Razorback, 

Cape Evans, Cape Evans Wall, Cape Royds and Cape Bird. (Figure 1.1). 

 

Cape Armitage lies in the innermost part of the eastern side of McMurdo Sound, near 

Scott Base. This location has typically experienced persistence or almost persistent sea 

ice cover year round. Producers and sedentary consumers at this site receive low light 

throughout the year and generally the growth of pelagic phytoplankton is low at this site.  

 

Moving down the Sound is the Erebus Ice Tongue site. This is at an inner to 

intermediate site, consistently experiencing a period of open water during the year when 

the sea ice breaks out. This site is also the deepest of the five sites with the tip of the ice 

tongue lying ~10km off Ross Island while the other sites are located within 300m of Ross 

Island. Only the pelagic P. borchgrevinki were collected at this site from directly below the 

sea ice as the deeper depth (<200m) prevented the collection of benthic species. 

 

Cape Evans and Cape Evans Wall are intermediate sites located further down the 

Sound from the Erebus Ice Tongue site and closer to the ephemeral end of the sea ice 

gradient. Cape Evans Wall, along with Cape Armitage, provides the only site at which both 

benthic ice fish and pelagic ice fish were caught making this site key for examining how 

niche partitioning occurs at a location where the species co-exist.  

 

Cape Royds and Cape Bird are the most northern sites in the present study. They are 

located furthest out in McMurdo Sound. The Cape Bird site is the first to be clear of sea ice 

and also experiences the longest periods of open water each year. During periods of open 

water, light intensity reaching the water column is high, this drives the growth of pelagic 

phytoplankton which require high irradiance to bloom. However the duration of 

availability for sea ice algae, which grows within the sea ice matrix, is shortest at these 

locations. 
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1.10 General aims and objectives 

The principal aim of the present thesis was to investigate whether the physical 

gradient of sea ice thickness and persistence present in McMurdo Sound has an effect on 

resource use of the food webs supporting ice fish species in pelagic and benthic habitats. 

We also aimed to determine how patterns of resource use may influence growth and 

reproduction in populations of ice fish. Furthermore we intended to determine if otolith 

trace element signatures could provide information on variation in sea ice conditions, site 

fidelity of ice fish, and site specific habitat characteristics.  

 

1.10.1 Part one: 

 

Aim: 

To determine whether there are differences in trophic levels and the composition of 

basal organic matter sources (together “trophic position”) among species, sites, and years, 

by comparing stomach contents and natural stable isotope signatures of 13C and 15N in 

muscle tissue. 

 

Questions:  

 Does average resource use differ among the four species of ice fish, and is there 

evidence for niche partitioning among species? 

  Does resource use vary spatially? We are looking specifically at how resource 

use changes across the resource gradient in McMurdo Sound, Antarctica which 

runs from open water to fast ice.  

 Does resource use vary among years of collection for ice fish species? 

 Does the degree of individual level specialisation across the sea ice gradient 

change within and among species? 

 

1.10.2 Part two: 

 

Aim:  

To determine if there are differences in the age and growth trajectories among; T. 

bernacchii, T. pennellii, T. newnesi and P. borchgrevinki, and to determine if the age and 

growth trajectories of species vary spatially. 
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Questions: 

 What are the age and growth trajectories for each species? 

 Are the age and growth trajectories significantly different among species?  

 Are the growth dynamics of species significantly different among sites? 

 Is there evidence to suggest the patterns of resource use observed in part one 

affect growth patterns of ice fish from benthic and pelagic food webs in Antarctica?  

 

1.10.3 Part three: 

 

Aim: 

To determine if there are differences in the reproductive strategies used by T. 

bernacchii and P. borchgrevinki, and to determine if reproduction by a species differs 

spatially. 

 

Questions:  

 What do estimates of gonado-somatic index (GSI), oocyte size and stage, 

reproductive maturity, reproductive stage, and size at sexual maturity and first 

spawning indicate about the reproductive strategies of individual species? 

 Are there differences in reproductive strategies among populations of the same 

species at different sites? 

 Do the patterns in reproduction observed within and among species reflect 

patterns of primary productivity, and niche partitioning in benthic and pelagic ice 

fish? 

 

1.10.4 Part four: 

 

Aim:  

To determine if the microchemistry of ice fish otoliths can act as a record of past 

environmental variation. Specifically we will investigate whether trace element 

signatures reflect sea ice conditions, the site fidelity of ice fish, and site specific habitat 

characteristics within McMurdo Sound.  
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Questions: 

 Do otolith trace element differences recorded among years correspond to 

differences in sea ice dynamics? 

 How different are trace element signatures among co-existing species, and do 

these differences reflect life style? Are there differences in the dispersion of trace 

element concentration ratios among species?  

 How distinct are otolith trace element signatures within a species among sites? Are 

there differences in the dispersion of trace element concentration ratios among 

sites? 

 Do trace element profiles from ice fish otoliths show seasonal variation, or other 

frequently occurring patterns? And if so what may cause this variation?  
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CHAPTER TWO: Stable isotope analysis and diet 
 

 

2.1 Introduction 

 

2.1.1 Measuring aspects of niche 

When studying the patterns of resource use by ice fish in Antarctica we must 

investigate several aspects of the ecological niches occupied by different species of ice 

fishes. The word niche was first used to refer to an animal’s ecological position in the 

world and since then the concept of niche theory has been extensively reviewed and 

modified (Grinnell 1924). Ecologists now measure many aspects of niche including; niche 

breadth, niche overlap, and niche assembly in communities. Another development in 

niche theory, that until recently has been underappreciated, is that of individual 

specialisation. Before this development ecologists used niche theory to describe niche as 

an average of a species’ ecological position, treating individuals within a species as 

ecological equivalents (Bolnick et al. 2003). Van Valen (1965) was the first to suggest the 

niche variation hypothesis; he proposed that niche expansion in the absence of 

interspecific competition was achieved by increased between-individual variation in 

resource use. It is now recognised that individual level variation in niche is a widespread 

phenomenon that can strongly affect a population’s ecological and evolutionary dynamics, 

and is an important indicator for the types of conditions under which different species 

persist. 

Here we will focus on several aspects of niche space among ice fishes living across the 

gradient in sea ice persistence in McMurdo Sound. We will consider the niche breath of 

individual species; this is the range of resources that a species uses (Gaston et al. 1997). 

A greater niche breadth indicates generalist behaviour and may be observed as higher 

niche plasticity along the sea ice gradient. We will look for evidence of niche partitioning 

among the different species; this indicates if there is interspecific competition for 

resources across the sea ice gradient. Individual level specialisation will also be 

considered through examining the dispersion of trophic positions (trophic level and 

composition of organic matter source at the base of a food web) among species and 

locations (Bolnick et al. 2003). Here using isotopic determinates of trophic position 

provides a repeatable way to compare populations across space and among years.  



15 
 

 

2.1.2 Approaches to determine patterns of resource use and trophic dynamics 

 

Diet as an indicator of resource use 

Diet has been used in many studies to characterise niche space or resource use at the 

species level (Azzurro et al. 2007, Romeo et al. 2009). Stomach content analysis is an 

important tool for studying the feeding habits of fish; it has the potential to elucidate 

differences in resource use between co-existing species, to determine diet diversity and 

uncover inter-specific differences in feeding ecology. Stomach content analysis was used 

in the present study to compare the relative importance of prey items, the diet diversity, 

and the overlap in the diet of benthic and pelagic species of ice fish.  

When species co-exist they have the ability to influence resource competition for food 

through dietary overlap (Chase & Leibold 2003). If niche partitioning occurs between 

species of ice fish we would expect to see evidence of reduced competition through 

differences in prey choice. The habitat that a species occupies may also influence the 

diversity of prey found in stomach contents. In a habitat with more micro-niches for prey 

to occupy we may expect to see higher diet diversity.  

Stomach content analysis is limited in that it is only a representation of what a fish 

has recently eaten and can be influenced by the time of year or day, or by competition and 

predator density (Zacharia & Abdurahiman 2004, Rudnick & Resh 2005). Stomach 

content analysis can also be biased by the structural integrity of prey parts. Otoliths, 

vertebrae, beaks or scales for instance will take longer to be digested than softer prey 

parts (Zacharia & Abdurahiman 2004). The resulting differences in preservation can 

cause analytical bias in the apparent number of prey with more persistent hard parts 

versus those that are fully digested. Therefore stomach content analysis is best 

interpreted when used in combination with independent information on diet such as 

stable isotope analysis (SIA), another approach to analysing resource use. 

 

Stable isotopes as indicators of resource use 

Stable isotopes occur naturally in the environment; they do not spontaneously decay 

like radioactive isotopes and have proven useful in an array of ecological studies (Fry 

2006, Newton 2010). This is particularly true for the isotopes of light elements such as 
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hydrogen, carbon, nitrogen, oxygen and sulphur which are major constituents of organic 

materials (Fry 2006). The small difference in mass between a heavy and light isotope of a 

given element is due to inclusion of extra neutrons which causes them to behave 

differently during normal physiological processes and thus influences the isotope ratio 

during trophic interactions (Newton 2010). It is this property that makes stable isotope 

analysis so useful to ecological studies. Stable isotope ratios of heavy to light isotopes (e.g. 

15N:14N, 13C:12C) are able to be accurately measured using stable isotope ratio mass 

spectrometry (IRMS). Mass spectrometry uses a gas-source isotope ratio mass 

spectrometer with a peripheral instrument that prepares samples into a form suitable for 

mass spectrometry (Newton 2010). 

The absolute isotope ratios (heavy isotope: light isotope) are difficult to quantify 

accurately and precisely, so ratios are compared to those measured for a standard 

material. Thus isotopic compositions are typically expressed in standard delta notation 

(δ), where each unit is parts per thousand (%0) from a chosen standard and is determined 

by the following equation:(McKinney et al. 1950). 

 

δ = (Rsample – Rstandard)/(Rstandard) x 1000 

 

In this equation R is the heavy to light isotope ratio in respect to the sample and the 

standard. For nitrogen R would be 15N: 14N and for carbon R would be 13C: 12C. The 

internationally recognised standard for nitrogen is atmospheric air while that for carbon 

is PeeDee limestone (Peterson & Fry 1987). Standards of each material are measured 

periodically throughout a run to ensure consistent results free from excessive 

measurement error and machine drift. Here quantifying precision or repeatability of data 

is key to interpreting results. 

 

2.1.3 Isotopic fractionation 

SIA is useful for determining mixtures of organic matter sources at the base of a food 

web using mass balance calculations, and for inferring trophic level using information on 

trophic discrimination within food webs (Wing, Beer, et al. 2012). Stable isotopes have 

been an important feature in ecological studies; they are particularly useful in food web 

studies because of the way they fractionate predictably in nature (Layman et al. 2012). 
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Predictable fractionation means the isotopic ratios of organisms reflects the isotopic 

ratios of their prey (Layman et al. 2012). This enables ecologists to investigate trophic 

relationships and the variability of these relationships over space and time, which can 

reveal important information pertaining to the trophic structure of food webs and how 

vulnerable ecosystems are to environmental and anthropogenic effects (Bearhop et al. 

2004). 

Isotopic fractionation occurs when one isotope (e.g. 15N) becomes enriched or 

depleted in relation to another (e.g. 14N) (Peterson & Fry 1987). In food webs the ratios of 

the heavy to light isotopes change in relation to consumer and prey (Vander zanden & 

Rasmussen 2001). For example the heavy isotope of nitrogen 15N exhibits stepwise 

enrichment (2%-5%) with increasing trophic level as the lighter isotope is preferentially 

excreted in animals’ waste (Vander zanden & Rasmussen 2001). Thus the ratio of the 

heavy 15N isotope to the lighter 13N isotope is useful for determining the trophic level of 

organisms, if we have information on the trophic discrimination (15N) of food webs (e.g. 

McCutchan et al. 2003). In contrast to nitrogen the isotope ratios of carbon change very 

little between trophic levels but vary considerably between different primary producers 

(e.g. between macroalgae, phytoplankton or microbially recycled material) and thus acts 

as an excellent indicator of the basal organic matter sources supporting the food web 

(Farquhar 1989; Layman et al. 2012).  

 

2.1.4 Stable isotopes in the Antarctic marine system 

To enable tracking of basal organic matter flux and routeing through food webs we 

need to have a good understanding of the natural abundances of stable isotopes in 

primary producers and the processes that drive variability in stable isotope signatures 

across the landscape (Fry 2006).  

In marine primary producers most of the variation in 13C can be explained by the 

differential uptake of carbon dioxide (CO2), which freely diffuses into cells, and 

bicarbonate (HCO3-) which requires expenditure of energy to uptake (Raven et al. 1982). 

Growth of micro algae in the semi-enclosed sea ice matrix results in a depletion of the 

available dissolved inorganic carbon and inorganic nutrients under non-limiting light 

conditions (Kennedy et al. 2002; Papadimitrious et al. 2009). Organic material produced 

within the sea ice matrix will then be enriched in 13C due to the local depletion of CO2 and 

the increased energetically costly utilisation of HCO3- (Gleitz et al. 1995). Accordingly 13C 
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values of organic matter produced in the SIMCO are considerably higher than 13C values 

for open water phytoplankton at Antarctic latitudes, with SIMCO having 13C values as 

high as -18% to 12% and phytoplankton having 13C values around -26% to -29% 

reflecting this different utilisation of CO2 and HCO3- (Terazaki 1987, Rau et al. 1989). The 

distinct difference in the carbon isotopic signatures of the two organic matter sources 

provides an opportunity to track the organic matter fixed by SIMCO and phytoplankton. 

Previous publications show the isotopic signatures of phytoplankton do not vary by more 

than 3% across regions in Antarctica, typically 13C values of phytoplankton at Antarctic 

latitudes range from -26% to -29% (Wada et al. 1986, Rau et al. 1989). In contrast SIMCO 

signatures have been found to vary strongly along the gradient in sea ice persistence. 

Therefore in order to adequately resolve food web structure SIMCO must be sampled at 

sites along the gradient. 

Biologically available nitrogen varies greatly in time and space depending on oceanic 

upwelling, rainfall and land runoff in the area (Peterson & Fry 1987). 15N is useful for 

estimating the trophic level of a consumer as 15N exhibits an average trophic 

discrimination (15N) of 2.3 % in aquatic food webs in relation to its diet (Schoeninger & 

DeNiro 1984, Post 2002).  However, trophic discrimination factors (TDF) have been found 

to vary among species and individuals relative to physiological condition (Newsome et al. 

2007). No study, to our knowledge, has measured the trophic enrichment of nitrogen in 

an Antarctic species. We will address this issue in our study by comparing nitrogen 

isotopic signatures in ice fish with the nitrogen isotopic signatures of the prey they 

consume. This will provide an estimate of the average enrichment of 15N, or the trophic 

discrimination factor for the last step in the food web leading to ice fish. One advantage to 

studying trophic levels of top consumers in a food web is that the average trophic 

discrimination at level 4 or 5 reflects a smoothed average of variability in trophic 

discrimination among its members (McCutchan et al. 2003). 

 

2.1.5 The use of stable isotopes in food web studies 

Historically stomach content analysis alone has been used to study connectedness 

and variability in food webs. The main disadvantage of this approach is that it gives only 

short term information on the presence and importance of prey items in an animal’s diet. 

SIA provides a way to integrate diet or resource use over a longer period of time (Roth & 

Hobson 1996, Schmidt et al. 2006). 
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The isotopic composition of an animal’s tissue reflects diet at the time of synthesis 

(Newton 2010). Different tissue types in an organism have different rates of metabolic 

activity which determine the length of the record due to the different turnover rates of 

isotopic signatures stored within these tissues (Bauchinger & McWilliams 2009; Tieszen 

et al. 1983). Results of SIA will reflect resource use over a time period that is dependent 

on the type of tissue sampled. For example, blood plasma has a turnover rate of a few days, 

muscle tissue of a few months, while metabolically inert structures such as bone will 

maintain an isotopic record for years or even indefinitely (Suring & Wing 2009, Boecklen 

et al. 2011). Ice fish are characterised by slow growth and are likely to exhibit a longer 

turn over time for the same tissue type compared with fish from warmer waters. 

The isotopic ratio of 15N:14N when compared to a standard (15N), is commonly 

used in food web studies as a way to estimate the trophic level of a consumer. This is 

because consumer tissue is enriched in 15N relative to prey tissue. The difference in the 

nitrogen isotope ratio of consumer and diet (Δ15N = δ15Nconsumer - δ15Ndiet) is known 

as the trophic discrimination factor (TDF), 15N. The average Δ15N is around 3% for most 

taxa, however the value of Δ15N can range considerably depending on the taxonomic class, 

the biochemical mode of excretion, tissue turnover rate and diet C:N ratio (Post 2002, 

Vanderklift & Ponsard 2003). 

Consumers exhibit very little enrichment in δ13C compared to their prey. This means 

carbon isotope ratios are reflective of the sources of organic matter at the base of the food 

web and can used to trace the flow of organic matter from primary producers through to 

top trophic level consumers. 

Food webs vary spatially and temporarily, this variation is reflected in the isotopic 

signatures of consumers, distinct isotopic signatures within and between species can 

reflect different processes occurring within ecosystems (Peterson & Fry 1987, Layman et 

al. 2012). Different species co-existing at the same location may carry distinct isotopic 

signatures that can reflect their integration into different niches (i.e. niche partitioning). 

Diversity of isotopic signatures can also reveal information about individual level 

specialisation within a population or species. A population that has a greater dispersion 

of isotopic signatures among individuals may exhibit a greater level of individual 

specialisation compared with a population with a comparatively low dispersion of 

isotopic signatures (Jack & Wing 2011, Davis & Wing 2012).  
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In the present study stable isotope analysis (SIA) was used to investigate the trophic 

dynamics of four species of ice fish in relation to the sea ice/resource gradient in McMurdo 

Sound, Antarctica. The primary goal of the analyses was to test how patterns of resource 

use for each species change along the gradient in sea ice persistence and the resulting 

gradient in resource composition and availability. SIA allowed us to determine whether 

SIMCO was an important source of organic matter for supporting food webs underpinning 

populations of these four species, and also how patterns of resource use influence trophic 

level among species and sites.  

 

 

2.2 Objective and research questions 

 

2.2.1 Objective:  

To determine whether patterns of resource use by species of ice fish from benthic and 

pelagic food webs change along the sea ice gradient from persistent to seasonal sea ice 

cover in the Ross Sea, Antarctica. This will be achieved using stomach content analysis, in 

combination with the analysis of natural stable isotope signatures (13C and 15N) in 

muscle tissue, to determine trophic level and organic matter source pool contributions to 

underlying food webs (i.e. trophic position). 

 

2.2.2 Questions:  

 Does average trophic position differ among the four species of ice fish, and is there 

evidence for niche partitioning among species? 

  Does resource use vary spatially within and among species? We are looking specifically 

at how resource use changes across the primary physical gradient in McMurdo Sound, 

Antarctica which runs from open water to fast ice.  

 Does resource use vary among years of collection for ice fish species? 

 Does the degree of individual level specialisation across the sea ice gradient change 

for species? 
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2.3 Methods 

 

2.3.1 Description of study sites 

Fish were collected over four sampling periods during October and November 

(austral spring) of 2008, 2012, 2013 and 2014. Samples were collected at eleven sites in 

McMurdo Sound which spanned a sea ice gradient running from the head of McMurdo 

Sound (southern most site) to the Sound entrance (northern most site). The locations 

from which fish were collected were; Cape Bird, Cape Royds, Cape Evans Wall, Cape Evans, 

Little Razorback Island, Erebus Ice Tongue, McMurdo Jetty, Cape Armitage, Dayton’s Wall, 

Scott Base, and Arrival Heights. The sea ice is more permanent at the inner sites of 

McMurdo Sound (McMurdo Jetty, Cape Armitage, Dayton’s Wall , Scott Base and Arrival 

heights), breaking out only intermittently among years, while sea ice cover is much more 

ephemeral at the outer sites with sea ice breaking out annually (Cape Bird and Cape 

Royds).  

 

2.3.2 Sample collections 

Four species of ice fish comprising; Trematomus bernacchii (n=99), Trematomus 

pennellii (n=39), Pagothenia borchgrevinki (n=43), and Trematomus newnesi (n=12), were 

collected over the four sampling years (2008, 2012-2014). Fishing was carried out using 

the conventional hook and line technique using artificial lures illuminated by a flashing 

LED. To allow a line, lure and sinker to be dropped through the ice a 20 cm hole was drilled 

through from the top snow layer to the sea water below, using a Jiffy auger drill.  

In order to target both pelagic and benthic species of ice fish, sampling depth was 

varied, with benthic species being fished with the lure sitting just above the sea floor, and 

the pelagic species being caught with the lure just below the sea ice near visible cracks in 

the ice. Benthic ice fish species (Trematomus bernacchii and Trematomus pennellii) were 

caught at all sites sampled with exception of the Erebus Ice Tongue site. Pelagic species 

(Pagothenia borchgrevinki and Trematomus newnesi) were caught at only three sites 

(Cape Armitage, Erebus Ice Tongue and Cape Evans Wall).  

The air temperature in Antarctica is typically ~-200C, this results in the fish flash 

freezing almost immediately once removed from the water. Once frozen, fish were bagged 

in plastic ZipLock TM bags and labelled with the date and location of capture. Fish were 
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then stored frozen until dissections were carried out at Portobello Marine Laboratory, 

Dunedin, New Zealand.  

Prior to dissection fish were thawed under running tap water. All fish were then 

blotted dry, weighed (g) and measured (mm) to obtain total wet weight and total length 

before dissection. 

Replicate samples of the sea ice microbial community were collected from each site, 

over the four sampling years. Samples of SIMCO were obtained by taking ice cores, or by 

divers who collected ice samples, in a box, from the underside of the sea ice.   

 

2.3.3 Stomach content processing 

Fish were cut along the ventral surface to remove the stomach. The skin and 

underlying muscle along the ventral surface of the fish was cut from the anal fin to the 

operculum. A cut was then made vertically up from the base of the operculum and through 

the operculum, revealing the internal organs.  

The stomach was removed by severing it from the intestine and oesophagus. 

Stomachs with contents to be examined for prey identification were weighed whole to the 

nearest 0.01 g before being preserved in 10% formalin for 48hrs. The stomachs were then 

transferred to 70% ethanol for storage until prey sorting and identification could take 

place. 

Material from within the gut was removed and the stomach lining weighed and 

discarded. Stomach contents were then identified down to the lowest classification 

possible and sorted into taxonomic grouping. The blotted wet weight of each grouping 

was weighed to the nearest 0.001g. The taxonomic groupings consisted of Amphipoda, 

Isopoda, Decapoda, Euphausicea, Annelida, Gastropoda, and Teleost.  

 

2.3.4 Stable isotope processing 

Duplicate muscle samples were taken from each fish (occasionally the size of the fish 

permitted only one sample to be taken). Initially the scales and skin were peeled away 

from the flesh using a scalpel. A sample of muscle tissue was then removed from the dorsal 

half of the fish, behind the operculum, on each side of the sagittal plane. Wet muscle tissue 
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samples taken were ≥0.5ml in volume, to give a good representation of the tissue from 

each fish, these were placed in sterile 1.5 ml Eppendorf tubes.  

Muscle tissue was either, dried for 72 hours at 600C, or frozen and then freeze-dried 

for 2 days.  Samples were then ground to a fine powder using a mortar and pestle. The 

mortar and pestle were rinsed, cleaned with ethanol, and allowed to dry between samples 

to prevent contamination among samples. Subsamples weighing 1 mg each were taken 

from each ground muscle tissue sample and packaged into 3.5 x 3 mm tin capsules for 

analysis on the mass spectrometer.  

SIMCO samples were settled, decanted, and spun down into pellets. Samples were 

then dried overnight at 60oC before being ground to a fine powder and packaged as 

described above. 

The samples were taken to Iso-trace NZ in the Department of Chemistry, University 

Otago for stable isotope analysis of δ15N and δ13C. Analysis was carried out on a Europa 

20-20 Update stable isotope mass spectrometer (Europa Scientific, Crewe, UK) interfaced 

to a Carlo Erba elemental analyser (NA1500; Carlo Erba, Milan, Italy) in continuous flow 

mode (precision: 0.2% for δ13C, 0.3% for δ15N). Primary standards for analysis were 

calibrated to EDTA laboratory standard reference (Elemental Microanalysis, Cheshire, 

UK) and standardised against international standards (IAEACH-6 for carbon, IAEAN1 and 

IAEAN2 for nitrogen). The primary standard for δ15N was atmospheric air, and the 

primary standard for δ13C was Vienne Pee Dee Belemnite. The isotope ratio is expressed 

in standard delta notation (Peterson & Fry 1987). 

 

2.3.5 Estimating precision of stable isotope tray replicates, sample replicates, and fish 

replicates 

In order to estimate machine precision, and ensure samples replicated between trays 

were reliable, the variance and standard deviation of δ15N and δ13C were calculated for 

seven samples. As the standard deviation was greater than 0.2 for four replicate values of 

δ15N, and three replicates of δ13C, isotopic data from each tray was adjusted to reduce 

overall tray error. Tray adjustments were made by first calculating the average carbon 

and nitrogen isotopic values for all tray replicates of a sample. The amount by which each 

sample differed from this average was then calculated to find the “sample difference from 

mean”. The sample difference from mean was then averaged for all samples within each 
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tray, and the result was used to adjust the tray. E.g. The average sample difference from 

mean for δ15N in tray one was -0.14, this indicates that on average nitrogen values in this 

tray are 0.14 lower than the average value for tray replicates. To account for this 

difference tray one δ15N values were adjusted by adding 0.14 to all values.  

Variability in sample replicates within trays, and fish replicate samples was also 

estimated by calculating the average variance and standard deviation for δ15N and δ13C.  

 

2.3.6 Mixing models and estimates of “Trophic position” 

A two-step iterative procedure was then used to determine the basal organic matter 

used and the trophic level of each individual (Jack & Wing 2011). Firstly an individual-

based two-source mass balance model after (Phillips & Gregg 2001) was used to calculate 

the relative contribution of SIMCO and pelagic phytoplankton using 13C.  In this step, an 

approximation of trophic level was used to estimate trophic discrimination of 13C. The 

results were used to estimate the corresponding 15N of the mixture of organic matter 

sources supporting each individual (15Nbase). Trophic level was then calculated for each 

individual from 15Nbase, defined as: (15Nconsumer - 15N base/∆n) + 1, where ∆n is the trophic 

discrimination factor, after Post (2002).  The resulting estimate of trophic level was then 

iterated back into the mass balance model until a stable solution was obtained for both 

the mixture of organic matter sources and trophic level. We used the average trophic 

discrimination factors for aquatic environments of +0.4 ‰ (SE 0.17) for 13C, and +2.3 ‰ 

(SE 0.28) for 15N, after McCutchan et al. (2003), for each enrichment step. 

 

Sensitivity analyses were carried out on the Iso-Error mixing model to test the 

model’s sensitivity to the assumed base δ13C values for SIMCO and suspended particulate 

organic matter (SPOM), and the amount of trophic shift resulting from the assumed level 

of fractionation. δ13C data was corrected with plus and minus one standard error and plus 

and minus two standard errors from the mean base δ13C values for SIMCO and SPOM. δ15N 

data was corrected with fractionation factors plus and minus 10% and plus and minus 

20% from the mean assumed value for Δ15N. 
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2.3.7 Statistical analysis of stomach contents 

Feeding intensity was inferred from a vacuity index where empty stomachs were 

expressed as a percentage of the total stomachs examined (Hyslop 1980). Empty 

stomachs were not included in further analyses of diet.  

 

IRI Index 

To determine the relative importance of each taxonomic and feeding strategy 

grouping an Index of Relative Importance (IRI) (Pinkas 1971) was calculated for each 

prey group. 

IRI= %W x %F 

Where, %W and %F represent, the percent weight of the prey category, and the 

frequency of occurrence percentage respectively.  

 

Diet diversity 

In order to determine if ice fish diet diversity differed among species, Simpson’s index 

was used. The index was applied to standardised prey weights, where each item was a 

percentage of the total stomach contents for each fish using the original taxonomic 

categories (Simpson 1949). Values of Lambda (λ) were calculated using the equation 

below. 

λ = ∑ pi2 

Where pi is the number of individuals of species i. The index λ is the probability that 

any two random samples of individuals from the same sample will be the same species. λ 

may take any value between zero and one, the closer λ is to zero the more diverse the diet. 

A one-way ANOVA was used to test if diet diversity as measured by the Simpson’s index 

was significantly different among species. A Tukey’s HSD test was used to determine 

significant differences in pair-wise comparisons. 

 

Niche overlap 

To determine the degree of niche overlap among the three species of ice fish the 

Morisita Horn index of niche overlap was applied to the original taxonomic categories 
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using the transformation ‘presence absence’ for all prey categories as in the equation 

below (Horn 1966). 

ĈH = 2 ∑ pij pik / ∑ pij
2 + pik

2 

where: 

ĈH = Simplified Morisita Index of overlap (Horn 1966) between species j and species k 

pij = Proportion resource i is of the total resources used by species j 

pik = Proportion resource i is of the total resources used by species k  

The variable ĈH is a value of the percentage overlap between diets ranging between 0 

(no overlap) to 1 (perfect overlap). Values greater than 0.6, indicate significant overlap.  

 

Multivariate analysis: PERMANOVA 

To test the idea that diet varies among species of ice fish, diet categories for P. 

borchgrevinki, T. bernacchii, and T. pennellii, were treated as presence absence data, 

applied to a Bray Curtis similarity matrix, and compared using a 1-way ANOVA design 

with the fixed factor ‘species’ (P. borchgrevinki, T. bernacchii, and T. pennellii) using a 

permutational analysis of variance in the program PERMANOVA+ version 1.0.2 as an add-

on to PRIMER v6 (Anderson et al. 2008). Pair-wise comparisons were made amongst 

species. The PERMNAOVA design was applied to this matrix using a maximum of 9999 

permutations with unrestricted permutations of the raw data. Significant terms were 

tested for posteriori pair-wise comparisons with the PERMANOVA t-statistic and 9999 

permutations.  

To test the idea that ice fish species might have similar foraging strategies but 

different diets in order to coexist in the same environment, PERMANOVA designs were 

applied to presence absence transformed diet data based on foraging strategy, and habitat 

in the form of Bray Curtis similarity matrices. A 1-way design was carried out with the 

fixed factor ‘species’. Post-hoc analyses were carried out as previously described for ice 

fish diet. 
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Multivariate analysis: PCO 

Principal coordinate analysis (PCO) plots were used as unconstrained ordination 

methods to visualise multivariate patterns in diet. A PCO places values for each individual 

observation from a similarity matrix on to Bray Curtis principle coordinate axes. This 

ordination orders the samples in Bray Curtis space using the information from the 

variables to better visualise the most prominent patterns (Anderson et al. 2008).  

 

Multivariate analysis: CAP 

In order to determine diet specificity, discriminant analysis of dietary composition 

among ice fish species was carried out using a canonical analysis of principal coordinates 

(CAP) (Anderson & Willis 2003) in the program PERMANOVA+. CAP is useful for finding 

axes through a multivariate cloud of points that are collectively best for discriminating 

between groups that otherwise may remain unseen using unconstrained ordinations 

(PCO) (Anderson & Willis 2003). Analyses were applied to a series of Bray Curtis 

similarity matrices of presence absence diet categories. The number of axes (m) was 

chosen based on the value that resulted in the highest success rates for leave-one-out 

allocation. Multiple canonical analyses were applied to evaluate variation in ice fish diet 

when classified by taxonomic grouping, feeding strategy and habitat.  

 

2.3.8 Statistical analysis of stable isotopes 

 

Trophic discrimination factors 

In order to estimate the trophic discrimination factor for the last step of the food chain 

i.e. the difference between the trophic level of ice fish and their prey, the difference 

between δ15N of a fish’s muscle tissue and δ15N of the same fish’s stomach contents (Δ15N 

= δ15Nconsumer - δ15Ndiet) was calculated. Using the statistical software R Studio v00.99.467, 

a 1-way ANOVA was applied to test for a significant difference in Δ15N values among 

species (P. borchgrevinki, T. bernacchii, T. newnesi, and T. pennellii). A second 1-way 

ANOVA was used to test for a significant difference in Δ13C values among species. Tukey’s 

honest significant difference test (Tukey’s HSD) was used for pair-wise comparisons 

when significant differences were present among groups. 
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Trophic position and total length 

To test if the trophic level or the proportion of diet derived from SIMCO varied 

significantly with total length of fish, linear models were fitted using the Standard Least 

Squares personality within the Fit Model platform of the statistical software JMP 

v10.00.00. The Standard Least Squares personality fits a wide spectrum of standard 

models including regression, analysis of variance, analysis of covariance, and mixed 

models (SAS Institute Inc. 2013). A separate analysis was run for each species with total 

length listed as an independent variable and δ15N and δ13C as dependent variables. 

 

Niche partitioning 

To test if the mean weighted trophic level or proportion of diet derived from SIMCO 

varied significantly among species that co-existed at a site, linear models were fitted using 

the Standard Least Squares personality in the Fit Model platform in JMP. Species (P. 

borchgrevinki, T. bernacchii, T. pennellii, and T. newnesi) was listed as an independent 

variable and δ15N and δ13C as dependent variables.  

 

Spatial and temporal variation in trophic position 

To test if the mean weighted trophic level or proportion of diet derived from SIMCO 

varied significantly among sites (Cape Armitage, McMurdo Jetty, Turtle Rock, Erebus Ice 

Tongue, Little Razorback Island, Cape Evans, Cape Evans Wall, Cape Royds, and Cape Bird) 

across the sea ice gradient, or among sampling years (2008, 2012, 2013, and 2014), linear 

models were fitted using the Standard Least Squares personality in the Fit Model platform 

in JMP.  

In the analyses that tested for differences in trophic positions among sites, site was 

set as the independent variable, and δ15N and δ13C were set as the dependent variables. A 

separate analysis was run for each species. 

In the analyses which tested for differences in trophic positions among years, year 

was set as the independent variable, site was included as a co-variable, and δ15N and δ13C 

were set as the dependent variables. A separate analysis was run for each species. 

Pairwise tests were run using the Tukey’s HSD to determine which sites, or years 

significant differences occurred between. 
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To test if the mean weighted trophic level or proportion of diet derived from SIMCO 

varied significantly between T. bernacchii and T. pennellii at the sites where these species 

co-exist, a linear model design that nested the factor species (T. bernacchii, T. pennellii) 

within site was fitted using the Standard Least Squares method. Pairwise tests were used 

to identify the sites at which the trophic level, and/or proportion of diet derived from 

SIMCO, by the species was significantly different. 

 

Individual level specialisation 

In order to test if individual level specialisation i.e. the dispersion of trophic positions, 

varied significantly across the sea ice gradient, and between co-existing species, 

components making up trophic position were normalised and the variability in trophic 

position was compared among sites, and among species using permutational 

homogeneity of dispersion or PERMDISP in PERMANOVA+ for PRIMER v6. This uses the 

ANOVA F statistic to compare distances of observations from their group centroid; p-

values are obtained under permutation of least squared residuals thereby avoiding the 

assumptions of normality of distribution and homogeneity of variance associated with 

traditional dispersion tests (Levene 1960). PERMDISP may be used to indicate changes in 

the variability of assemblages. PERMDISP was applied to a Euclidean distance matrix 

using a maximum of 9999 permutations, and measuring distances from the centroid. 

Significant terms were tested for using posteriori pair-wise comparisons with the 

PERMANOVA t-statistic.  

 

 

2.4 Results 
 

2.4.1 Analysis of stomach contents 

 

Index of relative importance 

In total 58 stomachs were examined from T. bernacchii, P. borchgrevinki, and T. 

pennellii individuals, of these 25% of the stomachs from T. bernacchii (n=32) were empty, 

0.06% of the stomachs from P. borchgrevinki (n=18) were found to be empty, and 0% of 

the stomachs from T. pennellii (n=8) were found to be empty. The stomachs contents of T. 

newnesi individuals were not examined for prey contents due the small number of this 
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species collected. T. newnesi stomach contents were instead processed for stable isotope 

analysis in an attempt to estimate a trophic discrimination factor for the species. Fish with 

empty stomachs were excluded from further stomach content analyses. 

The IRI was calculated to determine the relative importance of the various taxonomic 

groups and feeding strategies. Five taxonomic groups were identified in the stomachs of 

T. bernacchii, of these three occurred commonly in terms of both frequency and mass. 

Seven taxonomic groups were identified in the stomachs of P. borchgrevinki, of these four 

occurred commonly in terms of both frequency and mass. Eight taxonomic groups were 

identified in the stomachs of T. pennellii, of these only two occurred commonly in terms 

of both frequency and mass. Prey species from the taxonomic group polychaeta were most 

common in the stomachs of both T. bernacchii and T. pennellii representing 75.1% and 

98.6% of the IRI respectively, these were mainly polynoid polychaetes (Figure 2.1a). In 

contrast the most common taxonomic categories for T. bernacchii and T. pennellii was 

absent entirely from the stomachs of P. borchgrevinki, instead Mollusca, mainly 

comprising the thecosomotid pteropod Limacina helicina, were found to have the highest 

relative importance with an IRI of 70.5% (Figure 2.1a). 

When prey type was grouped by feeding strategy, secondary consumers were the 

most important prey taxon in the stomachs of T. bernacchii and T. pennellii with an IRI of 

80.1% and 99.1% respectively (Figure 2.1b). While in the diet of P. borchgrevinki pelagic 

filter feeders were most important with an IRI of 72.5% (Figure 2.1b). 
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Figure 2.1. Diet of P. borchgrevinki (n=17), T. bernacchii (n=24), and T. pennellii (n=8) 

expressed as a % of total diet based on IRI index rank values, with prey items defined by 

(a) the six major taxonomic categories, with the remaining categories classed as other and 

(b) feeding strategy. 

 

Diet diversity 

To determine how diet diversity varied among species and whether this reflected 

specialisation or generalist feeding behaviours, the Simpson’s diversity index was 

calculated and compared among species (Figure 2.2, Table 2.1). Diet diversity was greater 

for benthic species, and lowest for pelagic P. borchgrevinki, though the diet diversity for 

(a) 

(b) 
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T. bernacchii was not significantly higher when compared to P. borchgrevinki. T. pennellii 

had the highest diet diversity, this being significantly greater than for both P. 

borchgrevinki and T. bernacchii.  

 

Table 2.1. Results of a 1-way ANOVA design and pairwise analysis testing for significant 

differences in diet diversity among species (T. bernacchii, P. borchgrevinki, T. pennellii). 

Significant results are in bold. 

Factor df F-value p-value Pairwise tests p-value 

Diet diversity 2, 46 8.681 <0.001 P. borchgrevinki, 

T. bernacchii 

0.337 

    P. borchgrevinki, 

T. pennellii 

<0.001 

    T. bernacchii,  

T. pennellii 

0.006 

 

 

 

Figure 2.2. Values of lambda (λ) as calculated using Simpson’s diversity index for T. 

bernacchii (n=24), P. borchgrevinki (n=17), and T. pennellii (n=8). Values closer to zero 

reflect higher dietary diversity. Error bars represent plus and minus one standard error. 

Letters indicate significant differences (p<0.05). 
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Niche overlap 

The Morisita-Horn Similarity index of niche overlap was used to compare the degree 

of niche overlap between species. The index indicated that niche overlap was extremely 

low between P. borchgrevinki and T. bernacchii, and between P. borchgrevinki and T. 

pennellii (Table 2.2). In contrast the degree of niche overlap between T. bernacchii and T. 

pennellii was found to be much higher, indicating that the two species have a significantly 

similar niche space (value >0.6) (Table 2.2). 

 

Table 2.2. Morisita-Horn index (Cmh) of niche overlap among T. bernacchii (n=24), P. 

borchgrevinki (n=17), and T. pennellii (n=8), from McMurdo Sound, Antarctica. Bold type 

indicates significant values for niche overlap. 

Species    ĈH 

T. bernacchii, P. borchgrevinki 0.027 

T. bernacchii, T. pennellii 0.82 

P. borchgrevinki, T. pennellii 0.022 

 

PERMANOVA 

In order to test whether or not there were significant differences between species for 

taxonomic groupings, prey feeding strategy, or prey habitat, a permutational MANOVA 

was performed. The analyses for taxon grouping, feeding strategy, and habitat among 

species were all significant with p-values of 0.0001 (F=7.3293), 0.0002 (F=5.757), and 

0.0001 (F=10.947) respectively (Table 2.3). Post hoc tests found taxonomic grouping, 

feeding strategy, and prey habitat to vary significantly between pelagic and benthic 

species, but not between the two benthic species, T. bernacchii and T. pennellii (Table 2.4). 

 

Table 2.3. Results of PERMANOVA analyses using 1-factor designs (Species), to test for 

differences in diet based on taxon, feeding strategy, and habitat among species of ice fish. 

Significant results are in bold. 

Source df Pseudo-F P (perm) Unique perms 

Species (taxon grouping) 2 7.3293 0.0001 9952 

Species (feeding strategy) 2 5.757 0.0002 9940 

Species (habitat) 2 10.947 0.0001 9831 
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Table 2.4. Pair-wise PERMANOVA results based on Bray Curtis similarity matrices of diet 

characterised by taxonomic groupings, feeding strategy, and habitat for three species of 

ice fish.  

Factor 

characterising diet 

Species comparisons t P (perm) Unique 

perms 

Taxonomic grouping P. borchgrevinki, T. bernacchii 
P. borchgrevinki, T. pennellii 
T. bernacchii, T. pennellii 

3.5588 
2.7089 
0.79659 

0.0001 
0.0001 
0.6156 

9835 
9701 
8366 

Feeding strategy P. borchgrevinki, T. bernacchii 

P. borchgrevinki, T. pennellii 

T. bernacchii, T. pennellii 

2.8296 
2.8532 
0.92976 

0.0001 
0.0009 
0.4457 

9877 
5037 
5041 

Habitat P. borchgrevinki, T. bernacchii 

P. borchgrevinki, T. pennellii 

T. bernacchii, T. pennellii 

4.2239 
4.0846 
0.85016 

0.0002 
0.0009 
0.4805 

1511 
532 
843 

 

PCO and CAP 

Canonical analysis of principal coordinates (CAP) indicated that the relative 

distinctness of diets, based on taxonomic grouping, feeding strategy, and habitat of prey, 

varied among species (Figures 2.4, 2.6 & 2.8). P. borchgrevinki had the most distinct diet 

achieving the highest allocation success for all factors (Table 2.5). The diets of T. 

bernacchii and T. pennellii were much less distinct from one another, indicated by the 

comparatively lower allocation success for these species (Table 2.5). The first and second 

PCO axes explained a cumulative percentage of: 60.63% of the variability in the 

dissimilarity matrix for taxonomic grouping, 74.46% of the variability in the dissimilarity 

matrix for feeding strategy, and 121.07% of the variability in the dissimilarity matrix for 

habitat (Figures 2.3, 2.5 & 2.7). 
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Table 2.5. Canonical analysis of principal coordinates (CAP) examining how the 

classification of ice fish diet based on taxonomic grouping, feeding strategy, and habitat of 

prey is influenced by species. % Var = percentage of the total variation explained by the 

first m principal coordinate axes. Allocation success = percentage of points correctly 

allocated into each group. 

Factor m % Var Allocation success (%) 

Taxonomic grouping 
P. borchgrevinki 
T. bernacchii 
T. pennellii 

4 63.265  
82.4 
62.5 
25.0 

Feeding strategy 
P. borchgrevinki 

T. bernacchii 

T. pennellii 

2 52.174  
70.6 
33.3 
62.5 

Habitat 
P. borchgrevinki 

T. bernacchii 

T. pennellii 

1 52.174  
88.2 
38.1 
12.5 

 

 

 

 

 

Figure 2.3. Principal co-ordinates analysis (PCO) plot comparing taxonomic groupings of 

prey among fish species. Data was presence absence transformed and based in a Bray 

Curtis similarity matrix.  A vector plot for prey items defined by taxon grouping is 

overlaid.  
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Figure 2.4. A constrained ordination (canonical analysis of principal components (CAP)) 

of diet based on taxonomic grouping for three species of ice fish. Data was presence 

absence transformed and based in a Bray Curtis similarity matrix.  A vector plot for prey 

items defined by taxon grouping is overlaid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Principal co-ordinates analysis (PCO) plot comparing feeding strategy among 

species. Data was presence absence transformed and based in a Bray Curtis similarity 

matrix.  A vector plot for prey items defined by feeding strategy is overlaid.  
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Figure 2.6. A constrained ordination (canonical analysis of principal components (CAP)) 

of diet based on feeding strategy for three species of ice fish. Data was presence absence 

transformed and based in a Bray Curtis similarity matrix. A vector plot for feeding strategy 

defined by taxon grouping is overlaid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Principal co-ordinates analysis (PCO) plot comparing habitat among species. 

Data was presence absence transformed and based in a Bray Curtis similarity matrix.  A 

vector plot for prey items defined by habitat is overlaid.  
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Figure 2.8. A constrained ordination (canonical analysis of principal components (CAP)) 

of diet based on habitat for three species of ice fish. Data was presence absence 

transformed and based in a Bray Curtis similarity matrix. 

 

2.4.2 Stable isotope analysis results 

 

Analyses of precision 

The standard deviation of tray replicated samples ranged between 0.017 and 0.252, 

this suggests that the reliability of this data set is relatively high however tray adjustments 

should be made if the standard deviation of tray replicates are above 0.2 (Table 2.6a). 

After tray adjustments were made to account for differences between trays only one 

sample replicate had a standard deviation >0.20 (S.D =0.2093) (Table 2.6b). 

The mean standard deviations for within tray replicates, which included sample 

replicates, and fish replicates, were all <0.20 (Table 2.7). A mean standard deviation 

below 0.2 for both δ15N and δ13C indicates that machine drift within a run was low and 

very unlikely to mask true differences in isotopic signatures among groups. 
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Table 2.6a. Variance and standard deviation of δ15N and δ13C values, for tray replicates 

(samples repeated throughout all trays). The standard deviations of replicates that are 

above the acceptable value of 0.2 are in bold. 

Replicate 

(n=6) 

δ15N 

Variance 

δ15N Standard 

Deviation 

δ13C 

Variance 

δ13C Standard 

Deviation 

F38SCTR 0.0344 0.1856 0.0337 0.1836 

F25S1TR 0.0317 0.178 0.022 0.1485 

F7S1TR 0.0633 0.2517 0.043 0.2074 

F18S1TR 0.0409 0.2021 0.06 0.2449 

F42S1TR 0.0181 0.1345 0.0165 0.1286 

F30S1TR 0.0419 0.2047 0.0422 0.2054 

F36S2TR 0.0453 0.2128 0.0335 0.1829 

 

Table 2.6b. Variance and standard deviation of δ15N and δ13C values, for tray replicates 

(samples repeated throughout all trays), after tray adjustments were made. 

Replicate 

(n=6) 

δ15N 

Variance 

δ15N Standard 

Deviation 

δ13C 

Variance 

δ13C Standard 

Deviation 

F38SCTR 0.0209 0.1445 0.0016 0.0403 

F25S1TR 0.0052 0.072 0.0041 0.0643 

F7S1TR 0.0438 0.2093 0.0018 0.0423 

F18S1TR 0.0044 0.0664 0.0069 0.0831 

F42S1TR 0.0049 0.0697 0.0037 0.0611 

F30S1TR 0.0155 0.1244 0.0136 0.1167 

F36S2TR 0.0102 0.1012 00018 0.0426 

 

Table 2.7. Mean variance and standard deviation of δ15N and δ13C values, for within tray 

replicates, including sample replicates (the same sample repeated within a tray), and fish 

replicates (samples taken from the same fish and run within the same tray). 

Precision Mean δ15N 

Variance 

Mean δ15N 

Standard 

Deviation 

Mean δ13C 

Variance 

Mean δ13C 

Standard 

Deviation 

Sample 

replicates 

(n=35) 

0.0277 0.1195 0.0049 0.0502 

Fish replicates 

(n=66) 

0.0204 0.1023 0.0324 0.1145 

 

 

Trophic discrimination factors 

In an attempt to estimate the trophic discrimination factor for the last step of the food 

chain i.e. the difference between the trophic level of ice fish and their prey, stomach 
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contents from T. bernacchii (n=22), P. borchgrevinki (n=13), T. pennellii (n=14), and T. 

newnesi (n=8), individuals were analysed for stable isotopes of carbon (δ13C) and nitrogen 

(δ15N). We found the mean trophic enrichment of nitrogen for species to range between 

1.70 and 2.21, while the mean trophic enrichment of carbon ranged from -0.66 to 1.36 

(Table 2.8, Figure 2.9). The carbon isotopic signatures of fish and stomach contents from 

the species P. borchgrevinki and T. pennellii showed no enrichment between prey and 

consumer. There was no significant difference in Δ15N values among species but a 

significant difference was found between the Δ13C values calculated for T. pennellii and T. 

newnesi (Table 2.9). It is evident from mean trophic discrimination values (Figure 2.9), 

and the corresponding standard errors (Table 2.8), that there is more variability in the 

trophic enrichment factors for carbon than for nitrogen. 

 

Table 2.8. Mean trophic discrimination values for carbon (Δ13C) and nitrogen (Δ15N) for 

the step wise change in isotopic signatures between ice fish and their prey. Table gives 

mean values and standard errors. 

Species Δ15N (±s.e.) Δ13C (±s.e.) 

Trematomus bernacchii (n=22) 2.210 (0.183) 0.498 (0.348) 

Pagothenia borchgrevinki (n=13) 1.697 (0.241) -0.400 (0.579) 

Trematomus pennellii (n=14) 2.182 (0.215) -0.664 (0.425) 

Trematomus newnesi (n=8) 2.028 (0.133) 1.364 (0.360) 

 

Table 2.9. Results of 1-way ANOVA designs and post-hoc analysis testing for significant 

differences in trophic discrimination factors (Δ15N and Δ15N) among species. Significant 

results are in bold. 

Factor df F value p-value Pair-wise tests p-value 

Δ15N 3, 53 1.261 0.297   

Δ13C 3, 53 3.295 0.0274 T. bernacchii, P. borchgrevinki 

T. newnesi, P. borchgrevinki 

T. pennellii, P. borchgrevinki 

T. newnesi, T. bernacchii 

T. pennellii, T. bernacchii 

T. pennellii, T. newnesi 

0.424 

0.100 

0.977 

0.596 

0.189 

0.041 
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Figure 2.9. Mean trophic discrimination values of carbon (δ13C) and nitrogen (δ15N) for 

the step in the food web between prey of T. bernacchii (n=22), P. borchgrevinki (n=13), T. 

pennellii (n=14), and T. newnesi (n=8), and the ice fish themselves. Trophic discrimination 

values were determined by subtracting the carbon and nitrogen isotopic signatures of 

prey from those of the consumer, and then averaging for each species. Error bars show 

plus and minus one standard error. Different capital letters indicate significant 

differences between Δ15N values, different lower case letters indicate significant 

differences between Δ13C values. 

 

Does trophic level or % SIMCO change with size for ice fish? 

Linear models using the Standard Least Squares method found the mean weighted 

trophic level of T. bernacchii, P. borchgrevinki, and T. pennellii did not vary significantly 

with total length (Table 2.10a, Figure 2.10a). In contrast the mean weighted trophic level 

increased significantly with total length for T. newnesi (Table 2.10a, Figure 2.10a). The 

proportion of diet derived from the sea ice community (SIMCO) did not vary significantly 

with total length for any species (Table 2.10b, Figure 2.10b). 
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Table 2.10. Results of Standard Least Squares analyses (JMP), run to determine if (a) the 

trophic level, or (b) the proportion of diet derived from the sea ice microbial community 

(SIMCO), by the ice fish species, T. bernacchii (n=99), T. pennellii (n=39), P. borchgrevinki  

(n=43), and T. newnesi (n=12), varies significantly with total length. 

(a) Trophic level 

Species t ratio p-value 

T. bernacchii 0.70 0.4852 

T. pennellii 1.33 0.1967 

P. borchgrevinki 2.00 0.0524 

T. newnesi 2.27 0.0467 

 

(b) % SIMCO 

Species t ratio p-value 

T. bernacchii -0.27 0.7910 

T. pennellii 0.51 0.6145 

P. borchgrevinki 0.2874 0.5951 

T. newnesi -0.23 0.8262 
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Figure 2.10. Total length (mm) vs (a) the mean weighted trophic level, and (b) the 

proportion of diet derived from the sea ice microbial community (SIMCO), for four species 

of ice fish; Trematomus bernacchii (n=99), Trematomus pennellii (n=39), Pagothenia 

borchgrevinki (n=43), and Trematomus newnesi (n=12), from McMurdo Sound, Antarctica. 

Dotted lines represent lines of best fit. 

 

(b) 

(a) 
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Variation in δ13C and δ15N among species at Cape Evans Wall – Evidence for niche partitioning 

among species 

The Cape Evans Wall site (CEW) was the only site at which all four ice fish species 

were collected together, making it an opportune site for comparing how niche 

partitioning operates among these species. A total of 13 P. borchgrevinki, 27 T. bernacchii, 

3 T. pennellii, and 12 T. newnesi individuals were analysed for stable carbon (δ13C) and 

nitrogen (δ15N) isotopes at the Cape Evans Wall site, in order to determine long term 

dietary characteristics. The mean δ13C and δ15N values for P. borchgrevinki (n=13) were   

-26.09 and 10.44 respectively, with standard deviations of 0.64, and 0.35. The mean δ13C 

and δ15N values for T. bernacchii (n=27) were -24.40 and 11.19 respectively, with 

standard deviations of 0.76, and 0.47. T. pennellii (n=3) had mean δ13C and δ15N values of 

-23.79, and 10.44, with respective standard deviations of 0.23, and 0.32, while T. newnesi 

(n=12) had mean δ13C and δ15N values of -27.27, and 10.76, with respective standard 

deviations of 0.64, and 0.39. Figure 2.11 shows the mean δ13C and δ15N values for each 

species at the CEW site.  

The Analysis of Variance test found a significant difference in δ13C values among 

species at the CEW site (F3,54=57.29, P<0.0001). A post hoc Tukey’s HSD test showed 

significant differences existed between all species pairs with the exception of T. bernacchii  

and T. pennellii (Table 2.11a). An ANOVA test also found a significant difference in δ15N 

values among species collected at CEW (F3,54=10.96, p < 0.0001). A post hoc Tukey’s HSD 

test found significant differences between the δ15N values of T. bernacchii and T. newnesi, 

T. bernacchii and T. pennellii, and T. bernacchii and P. borchgrevinki (Table 2.11b).   
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Figure 2.11. Mean stable carbon (δ13C) and nitrogen (δ15N) values from muscle samples 

taken from the dorsal region of individual T. bernacchii (n=27), P. borchgrevinki (n=13), 

T. pennellii (n=3), and T. newnesi (n=12) collected from Cape Evans Wall, McMurdo Sound, 

Antarctica. The error bars represent plus and minus one standard error. 

 

Table 2.11. Results from the Standard Least Squares analysis in JMP that tested for 

significant difference in (a) carbon signatures (δ13C), and (b) nitrogen signatures (δ15N), 

among species of ice fish. Significant results are in bold. 

(a) Species comparisons, Cape 

Evans Wall (δ13C) 

df p-value 

T. pennellii, T. newnesi 1, 13 <0.0001 

T. pennellii, T. bernacchii 1, 28 0.4902 

T. pennellii, P. borchgrevinki 1, 14 <0.0001 

T. newnesi, T. bernacchii 1, 37 <0.0001 

T. newnesi, P. borchgrevinki 1, 23 0.0006 

P. borchgrevinki, T. bernacchii 1, 38 <0.0001 

    

(b) Species comparisons, 
Cape Evans Wall (δ15N) 

df p-value 

T. pennellii, T. newnesi 1, 13 0.6546 

T. pennellii, T. bernacchii 1, 28 0.0256 

T. pennellii, P. borchgrevinki 1, 14 1 

T. newnesi, T. bernacchii 1, 37 0.0226 

T. newnesi, P. borchgrevinki 1, 23 0.2632 

P. borchgrevinki, T. bernacchii 1, 38 <0.0001 

 

δ13C 

δ
 1

5
N
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Individual mixing models were used to estimate the trophic position of each fish from 

the CEW site. The mean proportion of SIMCO derived from diet, and the mean trophic level 

values for P. borchgrevinki (n=13) were 0.17 and 2.91 respectively, with standard 

deviations of 0.09, and 0.19.  The mean proportion of SIMCO and trophic level values for 

T. bernacchii (n=27) were 0.42 and 3.58 respectively, with standard deviations of 0.02, 

and 0.27.  T. pennellii (n=3) had mean proportion of SIMCO and trophic level values of 

0.54, and 3.43, with respective standard deviations of 0.02, and 0.18, while T. newnesi 

(n=12) had mean proportion of SIMCO and trophic level values of 0.02, and 2.83, with 

respective standard deviations of 0.01, and 0.17. Figure 2.12 shows the mean proportion 

of SIMCO, and trophic level values for each species at the CEW site.  

The Analysis of Variance test found a significant difference in % SIMCO values among 

species (F3,54=54.33, p < 0.0001). A post hoc Tukey’s HSD test showed significant 

differences existed between all species pairs with the exception of T. bernacchii and T. 

pennellii (Table 2.12a). An ANOVA test also found a significant difference in mean 

weighted trophic level values among species (F3,54=42.55, p < 0.0001).  A post hoc Tukey’s 

HSD test found significant differences between the mean weighted trophic levels of T. 

pennellii and T. newnesi, T. pennellii, and P. borchgrevinki, T. bernacchii and P. 

borchgrevinki, and T. bernacchii and T. newnesi (Table 2.12b).   

The overall results of the analyses showed clear niche partitioning among species 

with benthic species occupying a higher mean trophic level and using a greater 

percentage of SIMCO compared to their pelagic counterparts (Figure 2.12).  
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Figure 2.12. Mean weighted trophic level versus proportion of diet derived from the sea 

ice microbial community (SIMCO) for T. bernacchii (n=27), P. borchgrevinki (n=13), T. 

pennellii (n=3), and T. newnesi (n=12), originating from the Cape Evans Wall site in 

McMurdo Sound, Antarctica.  Error bars represent plus and minus one standard error. 

 

Table 2.12. Results from the Standard Least Squares analysis in JMP that tested for 

significant difference in (a) % SIMCO at the base of a food web, and (b) Trophic level, 

among species of ice fish. Significant results are in bold. 

(a) Species comparisons,  

Cape Evans Wall (%SIMCO) 

df p-value 

T. pennellii, T. newnesi 1, 13 <0.0001 

T. pennellii, T. bernacchii 1, 28 0.3749 

T. pennellii, P. borchgrevinki 1, 14 <0.0001 

T. newnesi, T. bernacchii 1, 37 <0.0001 

T. newnesi, P. borchgrevinki 1, 23 0.0003 

P. borchgrevinki, T. bernacchii 1, 38 <0.0001 

(b) Species comparisons,  

Cape Evans Wall (Trophic level) 

df p-value 

T. pennellii, T. newnesi 1, 13 0.0010 

T. pennellii, T. bernacchii 1, 28 0.6872 

T. pennellii, P. borchgrevinki 1, 14 0.0047 

T. newnesi, T. bernacchii 1, 37 <0.0001 

T. newnesi, P. borchgrevinki 1, 23 0.8239 

P. borchgrevinki, T. bernacchii 1, 38 <0.0001 
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Variation in Trophic level and % SIMCO among sites for each species 

Linear models using the Standard Least Squares method found the mean weighted 

trophic level, and the proportion of diet derived from SIMCO to be significantly different 

among sites (Armitage (n=12), McMurdo (n=12), Razorback (n=4), Evans (n=16), Evans 

Wall (n=27), Cape Royds (n=23), and Cape Bird (n=4)), for the species Trematomus 

bernacchii (Trophic level: F=30.4027, p < 0.0001, % SIMCO: F=26.6444, p < 0.0001) (Table 

2.13, Figure 2.13). Pairwise tests showed a general trend for sites with more persistent 

sea ice cover to utilise a higher proportion of SIMCO, and occupy a higher mean trophic 

level, relative to sites which experience longer periods of open water (Table 2.13). 

 

Table 2.13. Results from the Standard Least Squares analysis in JMP that tested for a 

significant difference in the trophic level, and proportion of diet derived from the sea ice 

microbial community (SIMCO), among sites (Armitage (n=12), McMurdo (n=12), 

Razorback (n=4), Evans (n=16), Evans Wall (n=27), Cape Royds (n=23), and Cape Bird 

(n=4)), for Trematomus bernacchii. Significant results are in bold. Pairwise tests show at 

which sites trophic level or % SIMCO were significantly different for T. bernacchii, sites 

not connected by the same letter are significantly different. 

Factor F ratio p-value Pairwise tests 

Trophic level 30.4027 <0.0001 Armitage           A 

McMurdo          B 

Razorback        C,D 

Evans                 D 

Evans Wall       A 

Cape Royds      C 

Cape Bird          AC 

% SIMCO 26.6444 <0.0001 Armitage           A,B 

McMurdo          A 

Razorback        A,B,C 

Evans                 A 

Evans Wall       C 

Cape Royds      D 

Cape Bird         B,C,D 
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Figure 2.13. Mean weighted trophic level versus proportion of diet derived from the sea 

ice microbial community (SIMCO) for T. bernacchii collected from McMurdo Jetty, 

Dayton’s Wall and Scott Base, (n=12), Cape Armitage (n=12), Little Razorback Island 

(n=4), Cape Evans (n=16), Cape Evans Wall (n=27), Cape Royds (n=23), and Cape Bird 

(n=4), in McMurdo Sound, Antarctica. Error bars represent plus and minus one standard 

error.  

 

Linear models run using the Standard Least Squares method also found the mean 

weighted trophic level, and the proportion of diet derived from SIMCO to be significantly 

different among sites (Armitage (n=11), McMurdo (n=7), Turtle Rock (n=2), Razorback 

(n=9), Evans (n=3), Evans Wall (n=3), Cape Bird (n=4)), for the species Trematomus 

pennellii (Trophic level: F=31.5373, p < 0.0001, % SIMCO: F=18.8686, p < 0.0001) (Table 

2.14, Figure 2.14). Again, pairwise tests showed a general trend for sites with more 

persistent sea ice cover to have a higher mean weighted trophic level, and utilise a higher 

proportion of SIMCO (Table 2.14). 
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Table 2.14. Results from the Standard Least Squares analysis in JMP that tested for 

significant difference in the trophic level, and proportion of diet derived from the sea ice 

microbial community (SIMCO), among sites (Armitage (n=11), McMurdo (n=7), Turtle 

Rock (n=2), Razorback (n=9), Evans (n=3), Evans Wall (n=3), Cape Bird (n=4)), for 

Trematomus pennellii. Significant results are in bold. Pairwise tests show at which sites 

trophic level or % SIMCO were significantly different for T. pennellii, sites not connected 

by the same letter are significantly different.  

Factor F ratio p-value Pairwise tests 
Trophic level 31.5373 <0.0001 Armitage            A 

McMurdo           A 
Turtle Rock       A,B 
Razorback         C 
Evans                  C 
Evans Wall        A 
Cape Bird          B,C 

% SIMCO 18.8686 <0.0001 Armitage            A 
McMurdo           A,B 
Turtle Rock       A 
Razorback         C 
Evans                  A,B,C 
Evans Wall        B,C 
Cape Bird          D 

 

 

 

Figure 2.14. Mean weighted trophic level versus proportion of diet derived from the sea 

ice microbial community (SIMCO) for T. pennellii collected from McMurdo Jetty, Dayton’s 

Wall and Scott Base, (n=7), Cape Armitage (n=11), Turtle Rock (n=2), Little Razorback 

Island (n=9), Cape Evans (n=3), Cape Evans Wall (n=3), and Cape Bird (n=4), in McMurdo 

Sound, Antarctica. Error bars represent plus and minus one standard error.  
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A linear model design that nested species within site using the Standard Least Squares 

method was used to test if mean weighted trophic level or proportion of diet derived from 

SIMCO differed significantly between T. bernacchii and T. pennellii at the sites where these 

species co-exist. We found there were no significant differences between the weighted 

mean trophic level of T. bernacchii and T. pennellii at the following sites; Cape Armitage, 

McMurdo Station (includes Dayton’s Wall, McMurdo Jetty, Arrival Heights, and Scott 

Base), Little Razorback Island, Cape Evans, and Cape Evans Wall (Table 2.15a, Figure 

2.15).  Weighted mean trophic level was significantly different between T. bernacchii and 

T. pennellii at the Cape Bird site (Table 2.15a, Figure 2.15).  

The proportion of diet derived from SIMCO was not significantly different between 

the two benthic species at the following sites; McMurdo Station (includes Dayton’s Wall, 

McMurdo Jetty, Arrival Heights, and Scott Base), Little Razorback Island, Cape Evans, and 

Cape Evans Wall (Table 2.15b, Figure 2.15). The proportion of diet derived from SIMCO 

was significantly different between T. bernacchii and T. pennellii at Cape Armitage, and 

Cape Bird (Table 2.15b, Figure 2.15). 
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Table 2.15. Results from the Standard Least Squares analysis in JMP that nested species 

within site. Linear models were used to determine if there was (a) differences between 

the trophic level of T. bernacchii and T. pennellii at each site, and (b) differences between 

the proportions of diet derived from the sea ice microbial community (SIMCO) by T. 

bernacchii and T. pennellii at each site. Significant results are in bold. 

Factor F ratio p-value Pairwise tests p-value 

(a) Trophic level 27.9658 <0.0001 Armitage:  

[T. bernacchii vs T. pennellii] 

McMurdo:  

[T. bernacchii vs T. pennellii] 

Razorback:  

[T. bernacchii vs T. pennellii] 

Cape Evans:  

[T. bernacchii vs T. pennellii] 

Evans Wall:  

[T. bernacchii vs T. pennellii] 

Cape Bird:  

[T. bernacchii vs T. pennellii] 

 

0.7504 

 

0.9766 

 

1.0000 

 

1.0000 

 

0.9999 

 

0.0207 

(b) % SIMCO 23.2408 <0.0001 Armitage:  

[T. bernacchii vs T. pennellii] 

McMurdo:  

[T. bernacchii vs T. pennellii] 

Razorback:  

[T. bernacchii vs T. pennellii] 

Cape Evans:  

[T. bernacchii vs T. pennellii] 

Evans Wall:  

[T. bernacchii vs T. pennellii] 

Cape Bird:  

[T. bernacchii vs T. pennellii] 

 

0.0068 

 

0.9766 

 

1.0000 

 

1.0000 

 

0.9999 

 

0.0207 
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Figure 2.15. Mean weighted trophic level versus proportion of diet derived from the sea 

ice microbial community (SIMCO) for T. pennellii and T. bernacchii, collected from 

McMurdo Jetty, Dayton’s Wall, Scott Base, Cape Armitage, Little Razorback Island, Cape 

Evans, Cape Evans Wall, and Cape Bird, in McMurdo Sound, Antarctica. Error bars 

represent plus and minus one standard error.  

 

Linear models run using the Standard Least Squares method found no significant 

differences among sites for the mean weighted trophic level, or the proportion of diet 

derived from SIMCO for the species Pagothenia borchgrevinki (Table 2.16, Figure 2.16).  

 

Table 2.16. Results from the Standard Least Squares analysis in JMP that tested for a 

significant difference in the trophic level, and proportion of diet derived from the sea ice 

microbial community (SIMCO), among sites (Cape Armitage (n=4), Erebus Ice Tongue 

(n=26), and Cape Evans Wall (n=13)), for Pagothenia borchgrevinki.  

Factor F ratio p-value 

Trophic level 0.5107 0.6039 

% SIMCO 1.9525 0.1552 
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Figure 2.16. Mean weighted trophic level versus proportion of diet derived from the sea 

ice microbial community (SIMCO) for P. borchgrevinki collected from Cape Armitage 

(n=4), Erebus Ice Tongue (n=26), and Cape Evans Wall (n=13), in McMurdo Sound, 

Antarctica. Error bars represent plus and minus one standard error.  

 

Variation in trophic level and % SIMCO among years for species of ice fish 

Linear models run using the Standard Least Squares method found that the mean 

weighted trophic level did not vary significantly among years for T. bernacchii (2008 

(n=16), 2012 (n=26), 2013 (n=25), 2014 (n=32)), or P. borchgrevinki (2008 (n=4), 2012 

(n=11), 2013 (n=10), 2014 (n=18)) (Table 2.17a, Figures 2.17 (1a & 3a)).  Results of linear 

models found the mean weighted trophic level for T. pennellii to differ significantly among 

sampling years (2008 (n=14), 2012 (n=9), 2013 (n=8), 2014 (n=8)) with the species 

occupying a significantly higher mean trophic level in 2014, compared with in 2012 

(Table 2.17a, Figure 2.17 (2a)). 

The proportion of diet derived from SIMCO varied significantly among years for T. 

bernacchii (Table 2.17b, Figure 2.17 (1b & 2b)). Post-hoc tests found that T. bernacchii 

collected in 2008 had a significantly higher mean proportion of their diet derived from 

SIMCO, compared with T. bernacchii collected in 2013 and 2014. There were no significant 

differences detected in the proportion of diet derived from SIMCO among years for T. 

pennellii or P. borchgrevinki (Table 2.17b. Figures 2.17 (2b & 3b)). However, T. pennellii 
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collected in 2008 were observed to have a lower mean proportion of their diet derived 

from SIMCO than T. pennellii collected in 2013 (Figure 2.17 (2b)). A pattern which is the 

inverse of that observed for T. bernacchii. 

 

Table 2.17. Results from the Standard Least Squares analysis in JMP that tested for (a) 

differences in the trophic level, and (b) differences in the proportion of diet derived from 

the sea ice microbial community (SIMCO), among years for; Trematomus bernacchii, 

Trematomus pennellii, and Pagothenia borchgrevinki. The factor region/site was included 

as a co-variable in the analyses. Significant results are in bold. Pairwise tests show among 

which years trophic level or % SIMCO were significantly different for each species, years 

not connected by the same letter are significantly different. 

(a) Trophic level 

Species F ratio p-value Pairwise 

tests 

T. bernacchii 1.5259 0.2130  

T. pennellii 4.6182 0.0083 2008    A, B 

2012    B 

2013    A, B 

2014    A 

P. borchgrevinki 2.9961 0.0619  

 

(b) % SIMCO  

Species F ratio p-value Pairwise 

tests 

T. bernacchii 5.2601 0.0021 2008    A 

2012    A, B 

2013    B 

2014    B 

T. pennellii 1.7026 0.1855  

P. borchgrevinki 1.0418 0.3627  
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Trematomus bernacchii 

                                                

 

Trematomus pennellii 

 

Pagothenia borchgrevinki 

 

 

Figure 2.17. Year of fish collection versus (a) mean trophic level, and (b) mean proportion 

of diet derived from the sea ice microbial community (SIMCO), for T. pennellii (1a & 1b), 

T. bernacchii (2a & 2b), and Pagothenia borchgrevinki (3a & 3b) from McMurdo Sound 

Antarctica. Error bars represent plus and minus one standard error.  

(1b) 

(2a) 

(3a) (3b) 

(2b) 

(1a) 
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Individual level specialisation 

In order to test whether or not there were significant differences in the dispersion of 

trophic positions among sites, or species PERMDISP analyses were performed. The 

analyses comparing the dispersion of trophic positions among sites for T. bernacchii, and 

T. pennellii were both significant (Table 2.18, Figures 2.18 & 2.19), while the analysis 

comparing the dispersion of trophic positions among sites for P. borchgrevinki did not 

return a significant result (Table 2.18). A comparison of the dispersion of trophic 

positions among species collected at the Cape Evans Wall site was also found to be non-

significant (Table 2.18, Figure 2.20). 

Post-hoc tests revealed that the dispersion of trophic positions for T. bernacchii and 

T. pennellii were significantly different between the inner and outer regions, and between 

the intermediate and outer regions of McMurdo Sound (Table 2.19).  

 

Table 2.18. Results of PERMDISP tests comparing dispersion of trophic positions (trophic 

level and % SIMCO) among sites for T. bernacchii, T. pennellii, and P. borchgrevinki, and 

among species at the Cape Evans Wall site. Significant results are shown in bold. 

Groups F value P (perm) df 

Sites (T. bernacchii) 16.964 0.0001 2, 96 

Sites (T. pennellii) 5.9134 0.007 2, 36 

Sites (P. borchgrevinki) 0.27819 0.8038 2, 40 

Species (Cape Evans Wall) 0.55492 0.7156 3, 51 

 

Table 2.19. Results of PERMDISP pair-wise tests comparing dispersion of trophic 

positions at paired inner, intermediate, and outer sites, for species T. bernacchii, and T. 

pennellii. Significant results are shown in bold. 

Comparison Pseudo-t P (perm) 

T. bernacchii (Inner), T. bernacchii (Intermediate) 
T. bernacchii (Inner), T. bernacchii (Outer) 
T. bernacchii (Intermediate), T. bernacchii (Outer) 

0.0314 
5.0935 
5.5077 

0.9763 
0.0001 
0.0001 

T. pennellii (Inner), T. pennellii (Intermediate) 

T. pennellii (Inner), T. pennellii (Outer) 

T. pennellii (Intermediate), T. pennellii (Outer) 

0.78945 
3.8057 
2.9593 

0.4535 
0.0003 
0.0062 
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Figure 2.18. Principal co-ordinates analysis (PCO) plot comparing trophic position 

dispersion among regions for the species T. bernacchii. Data was normalised and based 

on a Euclidean distance similarity matrix.  

 

 

 

Figure 2.19. Principal co-ordinates analysis (PCO) plot comparing trophic position 

dispersion among regions for the species T. pennellii. Data was normalised and based on 

a Euclidean distance similarity matrix.  
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Figure 2.20. Principal co-ordinates analysis (PCO) plot comparing trophic position 

dispersion among species at the Cape Evans Wall site. Data was normalised and based on 

a Euclidean distance similarity matrix.  

 

Sensitivity analyses 

The sensitivity models showed that the mixing models were not highly sensitive to 

the assumed δ13C values for source pools. The mean proportion of SIMCO in the diet of ice 

fish varied by ~1.5% when the assumed base value for SIMCO was increased or decreased 

by 2 standard errors from the mean (Figure 2.21a). The mean proportion of SPOM in the 

diet of ice fish varied by ~6% when the assumed base value for SPOM was increased or 

decreased by 2 standard errors from the mean (Figure 2.21b). This result indicates the 

mixing model used for determining trophic positions in the present chapter is more 

dependent on the assumed δ13C value for the SPOM source pool than for the SIMCO source 

pool. 

The sensitivity model for fractionation of δ15N showed how the mixing models were 

dependent on the assumed fractionation of 2.3% for δ15N.  The change from 1.92% to 

2.88% fractionation resulted in an increase of approximately 1.3 trophic levels (Figure 

2.22). This suggests the mixing model is relatively sensitive to the trophic discrimination 

factor used in the analyses.   

 

 

 



60 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.21. Sensitivity of (a) the proportion of SIMCO in diet, and (b) the proportion of 

SPOM in diet, determined via iso-error mixing models, to the assumed base values (δ13C) 

of (a) SIMCO, and (b) SPOM source pools in the diet of ice fish from Cape Evans Wall.  
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Figure 2.22. Sensitivity of trophic level, determined via iso-error mixing models, to the 

assumed trophic fractionation of δ15N in the diet of ice fish from Cape Evans Wall.  

 

 

2.5 Discussion 
 

2.5.1 Trophic discrimination factors as indicators of fractionation values for carbon (δ13C) and 

nitrogen (δ15N) 

Trophic discrimination factors, also termed trophic enrichment factors (TEF) are the 

arithmetic difference in the nitrogen isotope ratio of consumer and diet (Δ15N = δ15Nconsumer 

- δ15Ndiet) (Newton 2010). TEFs have been calculated for many taxa, and while the mean 

Δ15N for aquatic food webs averages around +2.3 (McCutchan et al. 2003) the range of 

Δ15N is quite wide, and varies with the biochemical mode of excretion and diet C:N 

(Vanderklift & Ponsard 2003). Ecologists have taken advantage of the relative 

predictability of nitrogen isotope fractionation, using estimates of Δ15N to calculate the 

trophic position of organisms (Vander zanden & Rasmussen 2001, Post 2002), and to 

determine which resource pools support consumers (Kline et al. 1993, Ben-David et al. 

1997), among other applications. These stable isotope analytical approaches all rely on 

the assumption that Δ15N values are transferable across a broad range of organisms, yet 

there is enough variation present to hinder conclusions, particularly when average Δ15N 

 
Δ15N 
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values are used without incorporating estimates of variability (Vanderklift & Ponsard 

2003). Mathematical models have been developed that incorporate variability to improve 

mixing models (Phillips 2001, Phillips & Koch 2002) and estimates of trophic position 

(Vander zanden & Rasmussen 2001), however estimating appropriate Δ15N values is still 

a central issue when it comes to using mixing models for diet reconstruction (Vanderklift 

& Ponsard 2003). 

We attempted to experimentally determine the trophic enrichment factors for the 

change in the nitrogen and carbon isotope ratios of the consumer, ice fish, and their diet 

(e.g. Δ15N = δ15Nice fish - δ15Nice fish diet). The goal being to determine if the trophic enrichment 

of nitrogen and carbon occurring in the Antarctic food web was similar to the generalised 

Δ15N and Δ13C values for aquatic organisms of +2.3 and +0.4, respectively, as suggested by 

McCutchan et al. (2003).  

The results presented in Figure 11 and Tables 7 & 8 suggest that the trophic 

enrichment of nitrogen in Antarctic food webs may be slightly lower than the value 

McCutchan et al. (2003) suggested for aquatic organisms, perhaps more so for pelagic 

species than benthic species. There are several reasons why TEFs display variation, these 

include; the consumer’s nutritional status, the main biochemical form of nitrogen 

excretion, lipid extraction, diet quality, size, age, dietary ontogeny, tissue and elemental 

composition, taxon, environment, and isotopic value of diet (Minagawa & Wada 1984, 

Ben-David & Schell 2001, Vanderklift & Ponsard 2003, Caut et al. 2009).  While the Δ15N 

values obtained in the present study are a little lower than the value suggested by 

McCutchan et al. (2003) they are still within reasonable proximity to the literature value 

considering the large amount of variability present among the Δ15N values calculated for 

individual fish. Lower temperatures, and different salinity regimes could help to explain 

lower Δ15N values in Antarctic food webs as environment has previously been found to 

influence TEFs. Caut et al. (2009) obtained higher mean estimates of Δ13C for organisms 

inhabiting fresh water environments than for those inhabiting marine or terrestrial 

environments, although no significant difference was found for the nitrogen 

discrimination factor. In contrast France & Peters (1997) found the average trophic 

fractionation of 13C to increase from +0.2‰ for freshwater to +0.5‰ for estuarine to 

+0.8‰ for coastal, and to +1.1‰ for open-ocean food webs. As well as the environment, 

physiology of Antarctic species may also influence TEFs in Antarctic food webs; metabolic 

rate (MacAvoy et al. 2006), starvation and nutrient stress (Hobson et al. 1993), water 
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stress (Ambrose et al. 1986), isotopic routing (Schwarcz 1991), and excretion dynamics 

(Olive et al. 2003) are all sources of variation when determining the isotopic signatures 

of organisms. Ice fish may undergo changes in feeding rate, nutritional stress, or a switch 

in diet over winter months, when available food sources change, both Olive et al. (2003) 

and Hobson et al. (1993) found the magnitude of the trophic-step enrichment to be 

sensitive to these factors. 

There is a large amount of variability in the Δ15N and Δ13C values for trophic 

enrichment calculated when using the method reported here, particularly for carbon. 

When considering this along with the close proximity of mean Δ15N values, for all species, 

to the Δ15N value of +2.3 reported by McCutchan et al. (2003), use of the generalised Δ15N 

and Δ13C values for aquatic organisms of +2.3 and +0.4, respectively (McCutchan et al. 

2003), in further models for isotope analysis seems appropriate. Therefore from here on 

in the literature values of +2.3 for Δ15N and +0.4 for Δ13C have been used in all individual 

mixing models and trophic level calculations. 

 

2.5.2 Resource partitioning among benthic and pelagic species of ice fish 

The Cape Evans Wall sampling site is important as it is the only site from which all 

four species of ice fish were collected. For this reason samples collected from Cape Evans 

Wall present a unique opportunity to investigate how food webs operate in the pelagic vs 

benthic habitats. We can consider the pelagic and benthic species in terms of their niche 

partitioning, and the dispersion of isotopic signatures which are indicative of the degree 

of specialisation among individuals. 

The estimated mean trophic levels for T. bernacchii and T. pennellii at Cape Evans Wall 

were significantly higher than for their pelagic counterparts. Presence of omnivorous 

consumers at high trophic levels can increase the number of ephemeral links between 

prey and consumers (De Angelis 1975), therefore the higher trophic levels observed in 

these benthic consumers is likely a reflection of a more complex and stable benthic food 

web, with more recycling of biogenic material. The benthic habitat in Antarctica offers 

many more micro niches for inhabitants compared to the pelagic habitat. Benthic species 

have diversified to fill these niches, leading to a larger number of predator-prey 

interactions/linkages and a greater diversity in the prey available to consumers. 

Considering the nature of the benthic habitat it makes sense that benthic ice fish feed at a 
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higher trophic level than pelagic ice fish. More complex food webs may enhance 

community persistence through facilitation of dynamical food web reconstructions which 

buffers environmental fluctuations (Kondoh 2003).  

There was a significant difference in the proportion of carbon sourced from SIMCO 

between the two pelagic species as well as between benthic and pelagic species. Benthic, 

T. bernacchii and T. pennellii, utilise SIMCO considerably more within each trophic level 

grouping compared with pelagic, T. newnesi, and P. borchgrevinki, which in contrast 

source a higher proportion of their basal organic matter from phytoplankton. Benthic 

species at Cape Evans Wall, on average, sourced 43% of their basal organic matter from 

SIMCO, while pelagic species sourced only 7% of their basal organic matter from SIMCO. 

It is known that an increase in the diversity within guilds of primary producer results in 

greater temporal stability in the provision of organic matter to consumers (Tilman & 

Downing 1994). Thus SIMCO is likely to be providing a stabilising subsidy of organic 

matter to near shore consumer species in Antarctica, particularly to those consumers that 

are part of the benthic food web. While seasonal blooms of phytoplankton provides the 

majority of primary production within McMurdo Sound under sea-ice ecosystems, our 

results show that SIMCO is also an important source of organic matter to many near shore 

consumers.  

The higher reliance by benthic species of ice fish on SIMCO suggests that benthic 

communities may be more susceptible to changes in sea ice extent and persistence that 

arise due to climate change. This is because changes in sea ice coverage would directly 

affect secondary production and stability of benthic food webs in Antarctica. Benthic 

communities may experience a greater change in the composition of basal organic matter 

supplying food webs, as sea ice coverage changes. Yet benthic food webs may also be more 

resilient to these changes compared to less diverse pelagic food webs as the loss of species 

in benthic food webs are less likely to have cascading effects through the ecosystem (De 

Angelis 1975, Vacchi et al. 2000, Cherel et al. 2011). 

 

2.5.3 δ15N and δ13C as indicators of resource partitioning over spatial scales for different species 

of ice fish 

The sea ice dynamics from north to south are known to be an important driver of the 

community assemblages observed in the Ross Sea and other areas of the Southern Ocean 
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(Clarke 1988). The sea ice gradient drives a resource gradient along which the availability 

of organic matter from primary producers changes. The resource gradient forms as the 

persistence and thickness of sea ice cover affects the level of irradiance transmitted to the 

water column below the sea ice (Sullivan & Palmisano 1984). In areas with greater 

seasonality in sea ice cover, there are higher levels of irradiance reaching the water 

column. High irradiance, along with the release of sea ice algae from sea ice melt fuels 

blooms of primary production in the water column due to the high growth of pelagic 

phytoplankton (Smith et al. 2012). At sites with relatively persistent sea ice cover, less 

irradiance reaches the water column and thus these sites do not experience the large 

blooms in productivity seen during spring at the more northern sites. 

Our results found the mean proportion of diet sourced from the sea ice microbial 

community (SIMCO) to be higher in benthic fish collected at sites along the sea ice 

gradient that experience relatively thick, persistent sea ice cover, i.e. McMurdo Sound and 

Cape Armitage. Benthic fish collected from sites along the gradient that experience 

relatively ephemeral sea ice cover, i.e. Cape Royds and Cape Bird, were supported by food 

webs fuelled less by SIMCO, and more by pelagic phytoplankton. This trend we have 

observed in ice fish, of increasing reliance on SIMCO as a source of basal organic matter 

with increasing sea ice persistence and thickness, indicates that sea ice dynamics have an 

important role in the provision of organic matter to benthic food webs.  

The mean weighted trophic level of benthic ice fish was also observed to increase with 

increasing sea ice persistence and thickness along the sea ice gradient, although not as 

clearly as the pattern observed for the use of SIMCO. Fish collected from sites with 

relatively thick, persistent sea ice cover generally had higher mean trophic levels, while 

fish collected from sites that experience longer periods of open water occupied lower 

trophic levels on average. When considering two sites with different food web 

architectures, the food web in which a species occupies a higher trophic level is usually a 

more complex construction, containing more linkages and more recycling of biogenic 

material (Wing, McLeod, et al. 2012). The trend of increasing mean trophic level, and 

SIMCO use, with increasing sea ice persistence, shows the great influence this dynamic, 

ice covered environment has on food web structure and carbon routing among regions. 

In contrast to their benthic counterparts no significant differences were found for 

trophic level, or the proportion of diet derived from SIMCO, among sites for the pelagic 

species P. borchgrevinki. This finding is consistent with a pelagic mode of life where by 
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fish have low site fidelity and are highly mobile compared with benthic species. The 

homogenous array of trophic positions for all fish populations with no distinction 

between the trophic positions of fish caught at different sites is what would be expected 

from populations of P. borchgrevinki which move along the sea ice gradient and are not 

resident at one location for their entire life.   

The results presented here provide evidence for a link between sea ice dynamics and 

secondary production in near shore food webs in Antarctica. SIMCO appears to play a key 

role in ecosystem functioning by providing a stabilising subsidy of organic matter 

particularly to benthic food webs at the more southern sampling sites in McMurdo Sound. 

Climate related changes to the sea ice dynamics in McMurdo Sound could affect the flux 

of SIMCO into near shore food webs, this in turn would affect secondary production 

particularly in food webs that rely most heavily on SIMCO as a supply of organic matter. 

Reduction in the complexity, and stability of benthic food webs could occur with a 

reduction in sea ice persistence in McMurdo Sound, with the most extreme changes likely 

to occur in benthic food webs, in the Southern region of the Sound. Given the ability of P. 

borchgrevinki to move relatively large distances under the sea ice, and their presumably 

high population connectivity, we would expect climate related sea ice changes to affect all 

populations of P. borchgrevinki similarly.  

Previous studies by Norkko et al. (2007) and Wing, McLeod, et al. 2012 have found 

the proportion of carbon sourced from SIMCO to vary along the sea ice gradient for a range 

of near shore consumer species, particularly benthic invertebrates. Though the same 

patterns of carbon use were not observed for all species in these studies. Our results for 

benthic ice fish species are in agreement with the general findings of Norkko et al. (2007) 

and Wing, McLeod, et al. (2012) which reported trends where the use of carbon sourced 

from SIMCO decreased moving from areas of persistent sea ice cover to seasonal sea ice 

cover. These findings follow the hypothesis that SIMCO is a more important source of 

organic matter for species that occur in areas with relatively persistent sea ice cover, 

while at the marginal sea ice zone carbon sourced from phytoplankton is more abundant 

in benthic food webs.  
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2.5.4 Temporal variation in trophic positions for different species of ice fish 

The yearly variation in sea ice extent and thickness in Antarctica can be substantial. 

Trends in sea ice dynamics over time can alter the timing of production regimes, seasonal 

distributions of near shore consumer species, geographic ranges, patterns of migration, 

reproductive success, and ultimately the abundance and balance of species (Anisimov et 

al. 2007). If changes in sea ice persistence alter food web structures through time, ice fish 

may be forced to adapt to variations in the resources available year to year by altering 

their feeding habits. We may expect to see such changes in resource use over time 

reflected as changes in the isotopic signatures of muscle tissue from fish collected in 

different years.  

The mean weighted trophic level values, differed significantly among years for the 

species T. pennellii, but not for T. bernacchii or P. borchgrevinki. In contrast, the mean 

proportion of diet derived from SIMCO varied significantly among years for T. bernacchii 

only. The two benthic species showed inverse patterns of SIMCO use to one another over 

the years sampled (2008, 2012-2014).  

T. bernacchii and T. pennellii are considered to be trophic generalists, having a 

relatively wide niche breadth (La Mesa, Dalú, et al. 2004). As generalists, benthic species 

may be better equipped to adapt to variations in resource availability over time compared 

to specialist species. Ability to adapt to temporal changes in prey availability could appear 

as a change in the trophic level occupied, or as a change in the proportion of diet derived 

from SIMCO, across years, as is seen in our results. 

The mean weighted trophic level and the proportion of diet derived from SIMCO, 

calculated for P. borchgrevinki, were not found to differ significantly among sampling 

years. P. borchgrevinki is a more specialised species with a narrower niche breadth than 

T. bernacchii  and T. pennellii, meaning it uses a less diverse range of resources (Gaston et 

al. 1997, La Mesa, Eastman, et al. 2004). It would likely be more difficult for specialist 

pelagic species to adapt to changes in resource availability over time as there would be 

fewer alternative prey options if a major prey species were to drop in abundance between 

years.  

T. bernacchii and T. pennellii responded differently to the temporal changes in sea ice 

conditions. T. bernacchii derived its diet from food webs supported by a higher proportion 

of SIMCO in 2008 compared to in 2013. Conversely, T. pennellii derived its diet from food 
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webs supported by a lower proportion of SIMCO in 2008 compared to in 2013. This 

inverse pattern of resource use may indicate that competition between the two benthic 

species increases under certain environmental conditions, and is reduced under others. 

 

2.5.5 Dispersion of trophic positions as an indicator of individual level specialisation 

Analysing the dispersion of both trophic level and the composition of basal organic 

matter supporting the diet of ice fishes provides a means to quantify niche breadth and 

individual level specialisation in populations. Both of which are closely linked measures 

of resource use (Jack & Wing 2011).  

The dispersion of trophic positions in multivariate space was significantly different  

among sites for the species T. bernacchii and T. pennellii. Trophic positions for the two 

benthic species had greater variability i.e. had higher dispersion, at sites located in the 

inner and intermediate regions of McMurdo Sound, compared to sites located in the outer 

region of the Sound (Tables 17 & 18, Figures 20 & 21). The differences observed in the 

variability of trophic level and composition of basal organic matter likely indicate changes 

in community assemblages among sites. If a species has greater between-individual 

variation in resource use at some sites along the sea ice gradient in McMurdo Sound, we 

may expect this to be reflected as a greater dispersion of trophic positions at these 

locations.  

Greater individual level specialisation can be used to achieve niche expansion when 

interspecific competition is less intense, or when microhabitats in which to specialise are 

more abundant (Bolnick et al. 2003). Our results suggest that sites located further inside 

McMurdo Sound have a wider range of resources available for benthic populations of ice 

fish inhabiting these locations. The greater duration of sea ice cover at inner and 

intermediate sites within McMurdo Sound may result in more complex communities at 

these sites, as previously mentioned in the present chapter. A more complex community 

could result in a larger range of resources being available to ice fish and hence a wider 

niche breadth and a greater degree of individual level specialisation. Greater individual 

variation may in turn act to reduce the level of both interspecific and intraspecific 

competition. 

The dispersion of trophic positions in multivariate space was not found to be 

significantly different among sites for the species P. borchgrevinki. This result is consistent 
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with a pelagic mode of life with fish populations being highly mobile, encountering a range 

of sites, and having similar opportunities for niche specialisation. Pelagic habitats are also 

generally less complex than benthic habitats (Schindler & Scheuerell 2002, Rooney & 

McCann 2012), which is a factor likely to reduce the degree of specialisation possible by 

pelagic individuals.  

Individual level variations can strongly affect a population’s ecological and 

evolutionary dynamics, and the study of this niche metric will better our understanding 

of the factors that likely influence the abundance and distribution of ice fish at the regional 

scale in McMurdo Sound, and throughout Antarctica. 

 

2.5.6 Caveats 

There are several limitations associated with the use of dietary analysis and stable 

isotope analysis in trophic ecology studies. Dietary analysis is useful for characterising 

specific prey items, however this technique is variable and highly dependent on factors 

affecting an organism and its environment at the time of collection. Season, tidal cycle, 

prey availability, prey type, fish size, and digestion time are all factors that can influence 

the results of dietary analysis (Hyslop 1980). Fish were not sampled over tidal cycles or 

seasons, thus we can only consider the results of the dietary analysis presented here to be 

a short term reflection of the prey items consumed by each species. Further collections 

across seasons, and tidal cycles would be required to complete a full dietary analyses for 

all species.  

Stable isotope analysis is a useful tool for studying resource use over a longer period 

of time than dietary analysis e.g. for stable isotopes in muscle tissue turnover is typically 

months and possibly longer for slow growing Antarctic species. However SIA relies on 

several key assumptions. One assumption is that values for signatures of the basal carbon 

source phytoplankton must be relatively stable over time, and across sites, otherwise 

there is no baseline from which to measure fractionation (Bearhop et al. 2004). Carbon 

baseline values for pelagic SPOM are difficult to obtain precise measures for  due largely 

to the difficulties encountered when sampling SPOM. Here literature values were mainly 

relied upon for these baseline values. Changes in basal source values could have affected 

conclusions on source pool use and trophic level.  Another key assumption made is that 

average values of fractionation calculated for aquatic organisms can be applied to a wide 
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range of aquatic species. However, TEFs have been shown to vary as a result of 

environmental and/or physiological factors (Newsome et al. 2007). While we have 

addressed this uncertainty, in part, earlier in the present chapter by estimating the mean 

trophic enrichment of carbon and nitrogen isotopes between ice fish and their prey, 

variation in trophic enrichment values remain a potential source of error in mixing 

models. 

 

2.6 Conclusions 

The aim of the present chapter was to determine whether there were differences in 

resource use among species, sites, and years by using a two-fold approach; analysing 

stomach contents, which reflects recent diet of ice fish, and analysing stable isotopes of 

muscle tissue, which reflects resource use over a longer time period. The following 

conclusions were reached: 

 The trophic enrichment of nitrogen in the step immediately before ice fish in 

Antarctic food webs may be slightly lower than the widely used value suggested 

by Mccutchan et al. (2003) for aquatic food webs. However, after considering the 

large variation in Δ15N and Δ13C values among individuals, use of the generalised 

Δ15N and Δ13C values for aquatic organisms in further models for isotope analysis 

was deemed appropriate.  

 Linear models of total length against % SIMCO, and trophic level indicated little 

effect of fish size on trophic position. However, trophic level was found to increase 

significantly with total length for T. newnesi, suggesting larger fish of this species 

may occupy niches higher up in food webs. 

 Gut content and stable isotope analyses indicated niche partitioning occurs among 

co-existing species. Benthic species feed at higher trophic levels on average than 

pelagic species, and have a higher proportion of carbon sourced from SIMCO in 

their diet.  

 Stable isotope analysis indicated spatial variation in resource use occurred for 

benthic species, along the sea ice gradient in McMurdo Sound. Benthic fish 

captured at sites with more persistent sea ice cover were supported by food webs 

that sourced a higher proportion of dietary carbon from SIMCO, and these fish 

occupied a higher average trophic level than fish captured at sites with highly 

seasonal sea ice cover. 
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 A significant difference in the proportion of diet derived from SIMCO was found 

among sampling years for T. bernacchii. While a significant difference in trophic 

level was found among sampling years for T. pennellii. This result suggests benthic 

species can respond to temporal changes in sea ice conditions. 

 PERMDISP analysis of stable isotope values indicated that the dispersion of trophic 

positions is lower in the outer region of McMurdo Sound than in the inner and 

intermediate region for benthic species. This suggests that individual level 

specialisation is higher at regions with more persistent sea ice cover, possibly due 

to a more complex benthic food web.  

 Result for P. borchgrevinki were consistent with a pelagic mode of life where 

populations move frequently between sites and have a high degree of connectivity. 

This was shown by the homogenous trophic position values, and the consistent 

dispersion of trophic positions, for fish collected at different sites. 

 

Carbon flux appeared to change along the sea ice gradient in McMurdo Sound as 

benthic ice fish were supported by food webs with SIMCO sourced basal organic matter, 

and tended to feed at lower trophic levels in regions with less persistent sea ice. The 

composition of basal organic matter, and trophic level also varied among species at the 

Cape Evans Wall site where all four species co-exist. This indicates that these species play 

specific roles in regulating biogeochemical recycling and routing of carbon through the 

near shore food web in Antarctica. Individual level variation in basal organic matter use 

and trophic level was more variable at sites in the inner sound, further demonstration of 

benthic community changes occurring along the sound axis.  

Ice fish are useful food web sentinels, therefore studying their patterns of resource 

use in Antarctic food webs allows us to investigate how physical changes to the 

environment, such as those associated with sea ice thickness and persistence, may impact 

ecosystems spatially and temporally.  
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CHAPTER THREE: Age and growth 
 

 

3.1 Introduction 

 

3.1.1 Age and growth as it relates to niche partitioning 

The determination of age and growth patterns in fishes is an essential source of 

information to fisheries biology and management. Studies of age at size in fish can help 

biologists to estimate longevity, mortality, age at first maturity, population responses to 

changes in habitat, population age structure, and recruitment success (Campana 2001). 

Along with being fundamental for the successful management of commercial fish stocks, 

resolving patterns in age and growth are also important indicators of ontogenetic niche 

shifts, optimal niche space among sympatric species, and the influence of resource 

availability on growth (Stephens et al. 1970). Studying the factors that influence growth 

is therefore important for developing a better understanding of community dynamics, 

and for managing populations.  

In addition to intrinsic differences among species, resource availability may influence 

patterns in the age and growth of individual species. If the resource quality varies 

between two locations this may be reflected in the somatic growth rates of individuals 

from different populations, particularly if the species are sedentary (Stephens et al. 1970). 

In Antarctica the availability of organic matter from primary producers varies along the 

gradient of sea ice thickness and persistence, this resource gradient may have 

implications for fish growth rates. 

Variation in age and growth as they relate to resource use and resource availability 

may also be a useful indicator of niche partitioning among species (Beer & Wing 2013). 

Interspecific trade-offs (i.e. a species performing one ecological function well at the cost 

of performing another function less well), allow species to co-exist in a community 

(Kneitel & Chase 2004). Trade-offs within a community represent niche differentiation 

among species, which is due to the constraints placed upon individuals in an environment 

(Chase & Leibold 2003). Trade-offs may include differential use of resource types, and 

often result in negative interactions between traits e.g. growth and reproduction (Zera & 

Harshman 2001). These functional traits arise from species specific life-history strategies 

that maintain co-existence. Life history traits can therefore be used to understand 
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community dynamics and the trade-offs made to support species co-existence (McGill et 

al. 2006). 

The condition of a fish is a product of physiology and several interacting habitat 

characteristics which include; food and habitat availability, competition, physical factors, 

and pollution (Lloret & Planes 2003). Thus growth rate can be used as a measure of energy 

reserves, which have consequences for the health of individual fish and for population 

success (Marshall & Frank 1999). 

 

3.1.2 Age and growth among Ice fish 

In the present chapter the age and growth of T. bernacchii, T. pennellii, P. borchgrevinki, 

and T. newnesi will be characterised and evaluated as indicators of resource use by the 

four species.  Age and growth has been documented for T. bernacchii, P. borchgrevinki, and 

T. newnesi using otoliths, however less is known about the age and growth for T. pennellii 

(Targett & Radtke 1984, Pankhurst 1990, La Mesa et al. 1996). Antarctic fishes have been 

reported to be slow-growing and long-lived (La Mesa et al. 1996), however growth is a 

complex process, subject to a number of controls and limitations. Temperature, light 

levels, food availability, reproduction, and activity all have the potential to affect the 

growth of an organism and some previous studies have reported the growth trajectories 

of nototheniids to exhibit large variation (Clarke & North 1991, Kock & Everson 1998). 

The explanations used to support the hypothesis of slow growth in Antarctic fish are:  

 Direct limitation by low temperature 

 Adaptation to sub-zero temperatures necessitates an elevation of metabolic rate 

which results in a reduction in the energy available for growth 

 Seasonality in food availability (Clarke & North 1991) 

However later studies, particularly those on larval fish were found to indicate that 

seasonal food availability was more limiting for growth than temperature (Clarke & North 

1991). This would suggest that the ecological constraints within a fish’s niche are more 

likely to account for differences in growth performances among species than the 

constraints of an extreme environment (Zimmermann 1997). Further studies on the 

growth and age of Antarctic ice fish will be useful for describing the general biology of 

species along with community niche dynamics. 
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3.1.3 Factors affecting age and growth in Antarctica 

The oceanographic system present in McMurdo Sound provides an opportunity to 

study the effects of resource type, and resource availability on the growth dynamics of 

fish populations, and communities. In McMurdo Sound there exists a physical gradient in 

sea ice conditions that in turn produces a productivity gradient due to different levels of 

irradiance reaching the underside of the ice and water column along this gradient. 

Differences in the composition of the primary producers that supply organic matter to 

food webs along this gradient is likely to produce differences in the composition and 

productivity of biological communities, particularly prey species for nototheniids. 

Differences in biological communities may be reflected in the growth rates of consumers, 

such as ice fish, between the inner, intermediate, and outer sites of McMurdo Sound. 

Within the present chapter we will investigate how general patterns of growth trajectory 

vary among ice fish species, and within species distributed across habitat types. Here we 

will focus specifically on persistence of sea ice as a primary determinant of physical 

habitat.  We will then consider the implications that differences in growth rates may have 

for species, population, and community dynamics. 

 

3.1.4 Methods of age determination 

In the animal kingdom, annual or daily growth increments recorded in the bony parts 

of organisms can be used to estimate age and reconstruct growth rates in a diverse groups 

of species using structures such as; bivalve shells (Lutz & Rhoads 1980), coral skeletons 

(Dodge & Thomson 1974), squid statoliths (Arkhipkin 1997), brittle star skeletons (Gage 

1990), and mammalian teeth (Goren et al. 1987). Several calcified structures produce 

periodic growth increments useful for age determination in fish, these are; scales, 

vertebrae, fin rays, opercula, scales, and otoliths (Campana 2001). 

There are several methods by which age may be determined in fish, these include: 

length frequency analysis, which involves monitoring the progression of identifiable 

modes or cohorts of size classes through time; direct estimates, which are age 

determinations through measurements of growth rates extrapolated to the population 

level, e.g. mark-recapture or age-at-size analysis (Campana 2001).  Presently the most 

popular method of aging fish uses an anatomical approach (Morales-Nin 1992, Campana 

2001). The anatomical method is based on ageing individual fish from bony structures, 

such as scales, bones of the operculum, vertebrae, fin rays, and otoliths. This method relies 
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on the existence of regular periodic growth markings on the bony structures (Campana & 

John 1982). A regular time scale can be assigned to growth marking if the rate at which 

they are formed is known. Seasonal changes in the growth of fish in temperate waters are 

usually recorded as contrasting rings in hard body parts that form during the deposition 

of calcified tissue as the fish grows.   

Scales have been frequently used to age a variety of fish species however a number of 

problems have been reported, including false annuli, crowding of annuli along the outer 

scale margin of older individuals, and difficulties locating the first annulus (Merriman 

1941, Frost & Kipling 1959). The benefits of using scales to age fish are that scales require 

minimal preparation, and can be sampled without killing the fish.  

Otoliths have been found, in some instances, to provide more accurate and precise 

age estimates than scales (Boxrucker 1986, Welch et al. 1993). The downside of using 

otoliths for age estimation is that the fish must be sacrificed, therefore this method is not 

suitable for studies that involve long term monitoring of fish. Otoliths also require 

considerably more preparation time compared to scales, as most otoliths must be 

sectioned, or ground and polished before growth rings are visible.  

The choice of a structure for age determination should depend on whether the 

improved accuracy and precision expected from otoliths is worth killing the fish. For the 

present study it was necessary to sacrifice the fish caught, in order to obtain; muscle tissue 

samples, gonads, and stomach contents. Otoliths were thus chosen for aging given the 

superior age data they can provide. 

 

3.1.5 Age determination using otoliths 

Otoliths are the most commonly used structures for aging in teleost fish and have 

previously been used for aging a range of fishes in the family Nototheniidae, including; T. 

bernacchii (La Mesa et al. 1996), P. borchgrevinki (Foster et al. 1987), and T. newnesi 

(Targett & Radtke 1984). Otoliths are commonly referred to “earstones” or “fish ear 

bones”. They are hard, paired structures consisting of calcium carbonate, which are 

located directly behind the brain of teleost fish (Popper & Lu 2000). Otoliths are formed 

prior to hatching, and help with balance, orientation, and sound detection (Popper & Lu 

2000). They are contained within their own chambers in the soft inner ear canals, where 

they float in endolymphatic fluid (Popper & Lu 2000).  Because this fluid is in chemical 
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equilibrium with the surrounding water for some trace elements, otoliths also 

incorporate a valuable “fingerprint” of the chemical environment surrounding fish as they 

move from place to place. 

The growth of an otolith is an irreversible process, protein and calcium carbonate is 

deposited on the exposed surface of the otolith over time, however otoliths cannot be 

reabsorbed like other calcified structures which ensures a complete growth record 

(Campana & Neilson 1985). Yearly growth rings are laid down on otoliths. For fish 

inhabiting waters with considerable seasonal contrasts there are usually clear visual 

differences between the slow growth occurring during winter months and the faster 

growth occurring during the more productive summer months. These differences in 

seasonal growth rates appear as alternating opaque winter and translucent summer 

bands (Haddon 2011). 

 

3.1.6 Forms of error in age determination 

The process of estimating age of fish incorporates two main sources of error. One 

source is through processing error, associated with the structure being examined, not all 

bony structures in fish form a complete growth sequence throughout the life time of the 

fish (Beamish 1979). This type of error is usually biased towards under estimates of age. 

The second major source of error in fish aging is due to the subjectivity by readers, 

involved in all age estimates. Subjectivity arises from the variation among readers in 

preparation and interpretation of the growth features in calcified structures (Campana 

2001). 

Ensuring the accuracy of age determination is vital for a comprehensive 

understanding of population dynamics to be established (Lai & Gunderson 1987). There 

are many instances where aging error has contributed to the over exploitation of a 

population or species. One example is the orange roughy (Hoplostethus atlanticus) that 

was fished intensively off New Zealand and, at the onset of development of the fishery was 

thought to have a live span of 20-30 years (Van Den Broek 1983). The orange roughy is 

now thought to live for over 100 years with a very slow growth rate (Smith et al. 1995). 

The gross underestimation of this species’ longevity has resulted in it being fished to the 

point of population collapse, and presently many of the areas that previously contained 

major stocks are closed to fishing.   
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Errors in age determination may affect accuracy; the closeness of the estimates to the 

true value, or precision; the reproducibility of repeated measurements on a given 

structure (Kalish et al. 1995). Quantifying aging accuracy and precision, and including 

quality control in data analysis, is important for reducing ageing error and improving the 

quality of age data (Campana, Annand, et al. 1995, Campana 2001). 

 

 

3.2 Objectives and research questions  
 

3.2.1 Objectives: 

The objective of the current chapter was to evaluate the life history strategies of each 

species in terms of growth rates, longevity, and size at age. Growth dynamics were then 

compared among species, and sites. Differences in growth dynamics may provide 

evidence for niche partitioning among species and variability in resource use along the 

sea ice gradient. 

 

3.2.2. Questions: 

1. What are the age and growth trajectories for each species? 

2. Do the age and growth trajectories determined via the von Bertalanffy growth 

function, vary among T. bernacchii, T. pennellii, T. newnesi and P. borchgrevinki? 

3. Do age and growth trajectories differ among sites along the sea ice gradient for the  

species T. bernacchii and P. borchgrevinki? 

4. How do the differences in growth strategies observed relate to resource 

partitioning in ice fish? 

 

 

3.3 Methods 

 

3.3.1 Sample collection and otolith extraction 

T. bernacchii, T. pennellii, T. newnesi, and P. borchgrevinki, were collected in McMurdo 

Sound, Ross Sea, Antarctica during the austral spring of 2012, 2013 and 2014. All fish were 

captured either by the conventional hook and line technique, or by divers that caught the 
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fish in a net before transferring fish into a catch bag. Efforts were made to collect species 

from as many sites as possible, and to collect each species in numbers sufficient to create 

robust growth curves. However, due to limited time and resources we were unable to 

collect each species at all sampling sites. Fish underwent flash freezing on the sea ice once 

caught (-100C - -200C), and were then kept frozen at between -200C and -800C until 

dissection in the laboratory.  

The fish (n=159) were defrosted under running tap water at PML. Each fish was 

measured to the nearest 1mm, weighed to the nearest 0.01g, and sagittal otoliths were 

then extracted. To remove otoliths fish were cut down the transverse plane at the point 

where the upper operculum slit begins (approximately one eye diameter behind the eye). 

Otoliths were then located and removed by using fine tweezers to dig into the small 

capsules called Sacculus below the brain where the otoliths or sagitta are located. Otoliths 

were rinsed in Milli-Q water to remove any soft tissue, and then allowed to air dry before 

being stored in Eppendorf tubes. 

 

3.3.2 Otolith preparation for aging 

One otolith from each pair was placed sulcus side up on a standard 25mm x 58mm 

microscope slide and set in Crystalbond 509 Amber thermoplastic cement by heating the 

slide, crystal bond, and otolith on a hot plate to 1800C. Once the crystal bond cooled, the 

surface of each mounted otolith was gently sanded using the wet surface of 1200 grit (~9 

micron) wet and dry sand paper. To ensure the otolith surface was sanded evenly and 

parallel to the slide, sand paper was placed on a piece of glass (~20cm x 20cm x 0.5cm). 

The slide was then grasped on its edges and the otolith was sanded by moving the slide 

over the sandpaper in a consistent, circular motion to polish all parts of the otolith evenly. 

The position of the slide relative to the sanding board was monitored to keep the surface 

of the otolith as parallel with the slide as possible. The slide was periodically rinsed in 

water, and the progress of polishing was checked under a microscope. Once the outer 

most annuli were revealed the otolith surface was polished on a polishing cloth using an 

alumina polishing compound mixed into a paste with the addition of water. After 

polishing, the slide was rinsed, dried and reheated to allow the otolith to be flipped over. 

The sanding procedures were repeated for the other side of the otolith (sulcus side down), 

with sanding progress being monitored closely with regular checks under the microscope.  
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The otolith was sanded until the annual rings and core became visible and then given a 

final polish with alumina paste. 

In some cases, where the annual otolith rings were particularly difficult to distinguish, 

the otoliths were burnt on a hot plate after sectioning. Burning can act to increase the 

visibility of the annual bands (Christensen 1964). To burn the otoliths the slide was 

reheated and the otolith removed from the crystal bond. The otolith was placed on the 

hotplate until dark brown, and then re-embedded in crystal bond. Otoliths were then 

sanded for a short time to remove the charred surface layer and reveal the annual rings.  

 

3.3.3 Age estimation 

Due to their multidimensional structure otoliths were viewed and photographed 

under both transmitted and reflective light in order to obtain a satisfactory image (Figure 

3.1). The age of each otolith was estimated three times, by two independent readers; twice 

by reader one, and once by reader two. The readers had no information about the age or 

length of the fish from which each otolith originated. Age estimates were compared 

between readers and age estimates that differed by more than two years were re-read, if 

age estimates still disagreed by more than two years after this the re-read otoliths were 

removed from the analysis. Final age estimates were obtained by averaging the three 

readings for each fish. 

At the centre of an otolith is the core, which is surrounded by a hyaline zone and then 

alternating opaque and hyaline zones, these form concentric rings around the core. Each 

hyaline and opaque zone together forms one annuli, which represents one year of life for 

the fish. Every paired hyaline and opaque zone moving out from the core was considered 

to represent one year’s growth. The mean co-efficient of variation was calculated and age 

bias plots were constructed to determine the precision of age estimates (Campana 2001). 
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Figure 3.1. Ice fish otoliths aged a) 8 years, b) 10 years, c) 19 years, and d) 10 years. 

Otoliths a) and b) are photographed under reflected light, otolith c) has been burnt and is 

photographed under reflected light, and otolith d) is photographed under transmitted 

light. Red arrows on each photograph indicate the position of each hyaline zone. 

 

3.3.4 Data analysis 

Data were analysed in Microsoft Excel 2013. Fish that had otoliths deemed 

unreadable by both reader one and reader two, and readings that differed by more than 

2 years between readers were removed from the analysis (n=5). Individual growth curves 

were estimated with regards to region and species using the von Bertalanffy growth 

function (von Bertalanffy 1938) which uses a nonlinear model fitting procedure. 

 

3.3.5 von Bertalanffy growth function 

Growth curves were constructed from age at total length data using the von 

Bertalanffy growth model as described by Haddon (2011).  

Lt = L∞ (1 – e –K [ t -t0 ] ) 

a) b) 

c) d) 
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Where Lt is the length-at-age t, L∞ is the asymptotic average maximum body size, K is 

a growth rate coefficient that determines how quickly the maximum length is attained, 

and t0 is the hypothetical age at which the species has zero length. Because t0 is an 

extrapolation from available data it can be difficult to interpret (Haddon 2011), for the 

purpose of the present study it was interpreted as zero for all growth curves as no fish 

were sampled from the age classes <2 years. Optimal values for L∞ and K were determined 

by minimising residual sum of squares with the Solver Add in for Microsoft Excel 2013. 

 

3.3.6 Growth curve comparison 

Growth curves were compared among species and regions along the sea ice gradient. 

The non-linear nature of the von Bertalanffy growth function meant we could not use a 

standard analysis of co-variance to compare growth curves (Haddon 2011), instead we 

used the analysis of residual sum of squares (AoRSS) method proposed by Chen et al. 

(1992). 

The AoRSS is a total comparison, it does not compare the parameters separately but 

simply tests whether two or more curves are statistically different (Haddon 2011). The 

AoRSS method calculates an F-statistic and a p-value for the F-statistic. The F-statistic is 

calculated as in the following equation:  

F = ((RSSp - ∑ RSSi)/(DFp - ∑ DFi))/(∑RSSi /∑DFi) = ((RSSp - ∑ RSSi)/(3.(K-1)))/(∑RSSi/(N-

3.K)) 

 

Where F is the F statistic with 3.(K-1) and (N-3.K) degrees of freedom, K is the number 

of curves being compared, and N is the total or pooled sample size. RSSi is the residual 

sum of squares for a curve fitted to the data set i, and DF i is the associated degree of 

freedom. ∑RSSi and ∑DFi are obtained by adding the resulting RSSi and DFi from each 

curve respectively. RSSp and DFp are calculated by pooling data for all curves and fitting 

a new curve to the combined data. 
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3.4 Results 
 

3.4.1 Length frequency 

A total of 35 Pagothenia borchgrevinki were collected from the Erebus Ice Tongue 

(n=23) and the Cape Evans Wall (n=12) sites for analysis of growth. A total of 82 

Trematomus bernacchii were collected from inner sites (n=21) comprising Arrival 

Heights, Cape Armitage, McMurdo Jetty, Scott Base, Turtle Rock, and Dayton’s Wall, 

intermediate sites (n=39) comprising Cape Evans, Cape Evans Wall, and Little Razorback, 

and outer sites (n=22) comprising Cape Royds. A total of 12 Trematomus newnesi were 

collected from the Cape Evans Wall site. A total of 25 Trematomus pennellii were collected 

from inner sites (n=15) comprising Cape Armitage, Dayton’s Wall, McMurdo Jetty and 

Turtle Rock, and intermediate sites (n=10) comprising Cape Evans, Cape Evans Wall, and 

Little Razorback.  

P. borchgrevinki ranged from 167mm to 263mm in total length and from 42.8g to 

162.8g in total weight. T. bernacchii ranged from 64mm to 281mm in total length and 2.2g 

to 397.1g in total weight. T. newnesi ranged from 177mm to 245mm in total length and 

70.5g to 193.4g in total weight. T. pennellii ranged from 67mm to 184mm in total length 

and 2.4g to 74.0g in total weight. The mean total lengths and weights for groups of fish 

collected from each site/region are shown in Table 3.1, and size frequency distributions 

for each species are illustrated in Figure 3.2. 
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Table 3.1. Summary of size and weight data for Trematomus bernacchii, Pagothenia 

borchgrevinki, Trematomus pennellii, and Trematomus newnesi collected for growth 

analysis from McMurdo Sound, Antarctica during 2012, 2013, and 2014. 

Species Site n Mean Length 

(mm), (Range) 

Mean Weight (g), 

(Range) 

Trematomus 

bernacchii 

Inner 21  181.7 (99-264) 104.9 (14.2-382.9) 

 Intermediate 39 201.8 (64-281) 139.6 (2.2-397.1)  

 Outer 22 187.8 (139-252) 109.3 (34.2-294.2) 

Pagothenia 

borchgrevinki 

Cape Evans Wall 23 225.8 (183-263) 113.8 (60.4-162.8)  

 Erebus Ice Tongue 12 203.4 (167-239) 77.4 (42.8-131.6) 

Trematomus 

newnesi 

Cape Evans Wall 12 220.6 (177-245) 146.3 (70.5-193.4) 

Trematomus 

pennellii 

Inner 15 136 (111-184) 30.3 (14.6-61.2) 

 Intermediate 10 121.9 (67-174) 24.5 (2.4-74.0) 

 Total 154   

 

 

 

  

 

   

(a) 
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Figure 3.2. Length-frequency distributions for (a) Trematomus bernacchii (n=82), (b) 

Pagothenia borchgrevinki (n=35), (c) Trematomus newnesi (n=12), and (d) Trematomus 

pennellii (n=25) from McMurdo Sound, Antarctica.   

 

(b) 

(c) 

(d) 
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3.4.2 Analysis of precision between readers 

An age bias plot was constructed by taking reader 1’s average age for all fish of a given 

age by reader 2 (Figure 3.3). The age bias plot allows age estimates to be compared 

between readers. The equivalence line represents a situation in which all age estimations 

agree between readers. The error bars represent the 95% confidence interval of the mean 

age given by reader 1. Precision between the readers was good with the mean co-efficient 

of variation for all fish aged being 7.216%, however ageing precision did tend to decrease 

in fish of an older age. The mean co-efficient of variation for T. bernacchii, P. borchgrevinki, 

T. newnesi, and T. pennellii were; 7.027%, 7.240%, 6.465%, and 8.163% respectively. All 

ages used in further analyses were taken as an average of the estimates by reader 1 and 

2.  

  

 

Figure 3.3. Age-bias plot showing the precision between readers. The equivalence line 

represents a situation in which both readers estimates are in agreement with each other 

for each age estimation (n=154). The error bars represent the confidence interval for the 

mean age estimate by reader 1.  
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3.4.3 von Bertalanffy growth curves for T. bernacchii, P. borchgrevinki, T. newnesi, and T. 

pennellii 

What is the age and growth strategy for each species of ice fish? 

von Bertalanffy curves were generated for each species of ice fish to determine 

species growth patterns (Table 3.2). Average age estimates ranged from 4.3 to 18.5 years 

for T. bernacchii (Figure 3.4a), 6 to 11.7 years for P. borchgrevinki (Figure 3.4b), 6.8 to 

13.7 years for T. newnesi (Figure 3.4c), and 4.3 to 12.7 years for T. pennellii (Figure 3.4d). 

 

Table 3.2. von Bertalanffy parameters for growth curves obtained for the species: T. 

bernacchii (n=82), P. borchgrevinki (n=35), T. newnesi (n=12), and T. pennellii (n=25). L∞ 

= asymptotic length, K = growth rate, n = sample size. 

Species L∞ K n 

T. bernacchii 324.3 0.083 82 

P. borchgrevinki 234.9 0.278 35 

T. newnesi 234.4 0.292 12 

T. pennellii 171.2 0.185 25 
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Figure 3.4. von Bertalanffy curves for (a) Trematomus bernacchii, L∞ = 324.3, K = 0.083 (n 

= 82), (b) Pagothenia borchgrevinki, L∞ = 234.9, K = 0.278, (n = 35), (c) Trematomus 

newnesi, L∞ = 234.4, K = 0.292 (n = 12), and (d) Trematomus pennellii, L∞ = 171.2, K = 

0.185 (n = 25). Open circles represent individual age estimates, dashed lines represent 

von Bertalanffy growth functions.  

 

3.4.4 Comparing growth curve among species of ice fish 

Do the age and growth trajectories determined via the von Bertalanffy growth function, vary 

among T. bernacchii, T. pennellii, T. newnesi and P. borchgrevinki? 

Comparing growth curves via the AoRSS method revealed that a significant difference 

in the age and growth trajectories existed between species (AoRSS, F= 22.9, P < 0.001). 

Pair-wise tests revealed that there were significant differences between the age and 

growth trajectories of; T. bernacchii and P. borchgrevinki, T. bernacchii and T. newnesi, T. 

bernacchii and T. pennellii, P. borchgrevinki and T. pennellii, and T. newnesi and T. pennellii 

(Table 3.3, Figure 3.5). P. borchgrevinki and T. newnesi did not differ significantly in their 

age and growth trajectories (Table 3.3, Figure 3.5).  

 

 

 

 

 

(d) 
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Table 3.3. Results from growth curve comparisons among ice fish species using the AoRSS 

method. Significant p-values are in bold. 

Species comparison  F-statistic    p-value 

T. bernacchii, P. borchgrevinki 28.3 <0.001 

T. bernacchii, T. newnesi 8.9 <0.001 

T. bernacchii, T. pennellii 10.7 <0.001 

P. borchgrevinki, T. newnesi 0.01 >0.99 

P. borchgrevinki, T. pennellii 69.2 <0.001 

T. newnesi, T pennellii 35.0 <0.001 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. von Bertalanffy growth curves as predicted for Trematomus bernacchii, 

Pagothenia borchgrevinki, Trematomus newnesi, and Trematomus pennellii. 

 

3.4.5 Comparing growth curves among sites 

Do the age and growth trajectories determined via the von Bertalanffy growth function vary 

among sites along the sea ice gradient? 

Comparing growth curves among, inner sites (comprising: Cape Armitage, McMurdo 

Jetty, Arrival Heights, Dayton’s Wall, Scott Base, and Turtle Rock) (n=21), Cape Evans 

(comprising: Little Razorback and Cape Evans) (n=22), Cape Evans Wall (n=17), and Cape 

Royds (n=22), for T. bernacchii did not return a significant result (Table 3.4, Figures 3.6a 
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– 3.6d, & 3.8a). The large differences in L∞ and K values observed among populations of 

T. bernacchii from different sites may not have resulted in significant differences among 

growth curves as they are co-incident for the length and age range captured in this 

analysis (Table 3.4, Figure 3.8a).  

Growth curves for P. borchgrevinki collected from the Cape Evans Wall site (n=12), 

and the Erebus Ice Tongue site (n=23), were compared and were found to be significantly 

different (Table 3.4, Figures 3.7a, 3.7b, & 3.8b). This statistical difference may reflect 

differences in the growth and age trajectories of populations of P. borchgrevinki at the 

different sites, however it could also be caused by the disproportionate number of females 

and males caught from the sites (Figure 3.7). 

 

Table 3.4. von Bertalanffy growth parameters for T. bernacchii, and P. borchgrevinki from 

different sites spanning the sea ice gradient in McMurdo Sound, Antarctica, and AoRSS 

results for comparisons of growth curves between sites. L∞ = Asymptotic length, k = 

growth rate, n = sample size. Significant p-values are in bold. 

Species Site L∞ K n F-ratio p-value 

T. bernacchii Inner 284.7 0.101 21 0.712 0.548 

 Cape Evans 345.6 0.075 22   

 Cape Evans Wall 453.9 0.054 17   

 Cape Royds 303.4 0.089 22   

P. borchgrevinki Erebus Ice Tongue 245.5 0.208 23 6.38 0.002 

 Cape Evans Wall 270.9 0.227 12   
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Figure 3.6. von Bertalanffy curves for T. bernacchii collected from the; (a) Inner McMurdo 

Sound (Cape Armitage, Dayton’s Wall, McMurdo Jetty, Scott Base, Arrival Heights and 

Turtle Rock) (n = 21), (b) Cape Evans (Little Razorback and Cape Evans) (n = 22), (c) Cape 

Evans Wall (n = 17), and (d) Cape Royds (n = 22) sites in McMurdo Sound, Antarctica. 

Dashed lines represent the von Bertalanffy growth functions, closed grey circles represent 

individual age estimates for unsexed fish. Symbols represent a subset of sexed fish where 

symbols indicate sex of individual fish. 
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Figure 3.7. von Bertalanffy curves for P. borchgrevinki collected from the; (a) Erebus Ice 

Tongue (n = 23), and (b) Cape Evans Wall (n = 12) sites in McMurdo Sound, Antarctica. 

Dashed lines represent von Bertalanffy growth functions, closed grey circles represent 

individual age estimates for unsexed fish. Symbols represent a subset of sexed fish where 

symbols indicate sex of individual fish. 
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Figure 3.8. von Bertalanffy curves for (a) T. bernacchii as predicted for fish from the inner 

McMurdo Sound, Cape Evans, Cape Evans Wall, and Cape Royds sites,  and (b) P. 

borchgrevinki as predicted for fish from the Erebus Ice Tongue, and Cape Evans Wall sites 

in McMurdo Sound, Antarctica. 

 

3.4.6 Comparing growth curves between sexes 

Do the age and growth trajectories determined via the von Bertalanffy growth function vary 

between females and males for T. bernacchii and P. borchgrevinki? 

von Bertalanffy growth models were fitted to the data for each sex by species to 

determine if differential growth was present between the sexes (Figure 3.9). Comparing 

growth curves between males (n=12) and females (n=29), for T. bernacchii, and between 

males (n=12) and females (n=10), for P. borchgrevinki, did not result in a significant 

(a) 

(b) 
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difference between the sexes for either species (Table 3.5). Despite this statistically 

insignificant result Figure 3.9a indicates that the larger size classes for T. bernacchii were 

dominated by females, which displayed slower growth and obtained a greater asymptotic 

length compared with males. In contrast, Figure 3.9b indicates larger size classes for P. 

borchgrevinki were dominated by males which displayed slower growth and obtained a 

greater asymptotic length compared with females. 

 

Table 3.5. von Bertalanffy growth parameters for female (n=29) and male (n=12) T. 

bernacchii, and female (n=10) and male (n=12) P. borchgrevinki from McMurdo Sound 

Antarctica, and AoRSS results for comparisons of growth curves between the sexes.  L∞ = 

Asymptotic length, k = growth rate, n = sample size. 

Species Sex L∞ K n F-ratio p-value 

T. bernacchii F 349.5 0.078 29 1.613 0.204 

 M 230.5 0.160 12   

P. borchgrevinki F 232.9 0.246 10 2.55 0.093 

 M 272.2 0.219 12   
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Figure 3.9. von Bertalanffy curves for (a) T. bernacchii females (n = 29) and males (n = 12), 

and for (b) P. borchgrevinki females (n = 10) and males (n = 12) from McMurdo Sound, 

Antarctica. Solid lines represent von Bertalanffy growth estimates for males, dashed lines 

represent von Bertalanffy growth estimates for females. Symbols indicate sex of 

individual fish and represent individual age estimates.  

 

 

3.5 Discussion 
 

3.5.1 Aging precision between readers 

The co-efficient of variation for ageing precision fell within the acceptable limits, as 

suggested by Campana (2001), of between 5% and 10% for all four fish species. This 

(a) 

(b) 
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indicates aging precision was at a suitable level for analysis of age growth data for the four 

species of ice fish used in the present study. Ageing precision was observed to decrease in 

older fish, this may have been due to outer rings being smaller in older fish making them 

more difficult to accurately count. 

 

3.5.2 Length frequency  

Size-frequency distributions were examined for each species. The size-frequency 

distribution for T. bernacchii appeared as a bell curve with two peaks, which are likely due 

to a difference in the mean total lengths for females and males. P. borchgrevinki also 

displayed a bell-shaped distribution, indicating that over the size range sampled 

individuals gave a good representation of the true size-frequency distribution for the 

species. While a bell curve distribution was visible for the size-frequency data collected 

from T. pennellii, fish were lacking from the size categories 150-159mm and 160-169mm. 

The size-frequency distribution observed for T. newnesi did not appear as a bell curve and 

lacked individuals from several size categories.  

These observations suggest that we collected a thorough and wide range of size 

classes for T. bernacchii and P. borchgrevinki, though individuals are absent from the 

smaller size classes for these species. Sample sizes are likely lacking for T. pennellii and T. 

newnesi and further collections are needed to produce a robust and reliable growth model 

for these species. 

 

3.5.3 Age and growth trajectories as indicators of differences in life histories and resource use 

among species 

Differences in age and growth trajectories were observed among all species with the 

exception of P. borchgrevinki and T. newnesi which were found to have very similar age 

and growth trajectories. This suggests that T. pennellii, T. bernacchii, and the two pelagic 

inhabitants occupy a unique niche space in the community living under the McMurdo 

Sound sea ice. T. pennellii and T. bernacchii are both benthic inhabitants and have lower k 

values (growth constants) compared to their pelagic counterparts. The higher k values 

resolved for the growth trajectories of the pelagic species indicate that these species grow 

more quickly, attaining maximal L∞ (asymptotic length) at a younger age. T. bernacchii  

had the lowest k value and the greatest asymptotic length of the four species 
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characterising it as a slow growing species with a large maximum size. T. pennellii 

achieved the lowest asymptotic length of the four species. 

The different age and growth trajectories observed among ice fish may have arisen 

partially through the evolutionary diversification of the Antarctic fish fauna during the 

past 40 million years (Near et al. 2012). The bulk of species richness and ecological 

diversity evident in present day notothens originated during the Late Miocene (11.6 – 5.3 

Ma) (Near et al. 2012). The adaptive radiation of Antarctic notothenioids occurred in 

response to a combination of; freeze avoidance offered by the origin of antifreeze 

glycoproteins, diversification of structural buoyancy adaptations, and subsequent 

exploitation of new habitats and open niches created by increased glacial and ice sheet 

activity (Eastman 1993, Near et al. 2012). Although the notothenioid species share a 

common benthic ancestor they now occupy an array of habitats spanning benthic to 

epibenthic, semipelagic, cryopelagic, and pelagic habitats at various depths (Eastman 

1993, 2005). A correlation between phenotype and habitat utilisation is evident in 

notothenioids, thus the driving forces behind the adaptive radiation of this taxa likely 

resulted in species with highly variable age and growth trajectories.  

The age and length ranges found in the present study were similar to those presented 

in previous studies for T. bernacchii, which report maximum ages between 9 and 21 years 

and maximum lengths between 244 and 333 mm (Woshlschlag 1961, Hureau 1970, Ekau 

1988, La Mesa et al. 1996). The maximum age recorded in previous studies for P. 

borchgrevinki and T. newnesi was 7 years, this is lower than the maximum age reported 

here however these studies also sampled smaller size classes (Ekau 1988, Radtke et al. 

1989, Pankhurst 1990). There have been few studies on the age and growth of T. pennellii. 

Ekau (1988) determined the age of T. pennellii individuals between 90 - 244 mm in total 

length, and recorded the oldest fish to have reached 20 years of age. The total length of 

the longest individual T. pennellii we aged was 184 mm and the oldest age estimate was 

13 years. This suggests that either a) T. pennellii grow to a smaller maximum length, and 

reach a lower maximum age in McMurdo Sound compared to the Weddell Sea where 

Ekau’s (1988) collections were made, or b) we sampled a smaller size class from the T. 

pennellii populations than Ekau (1988), and thus require fish from larger size classes to 

gain an accurate representation of the population’s true size distribution. Sampling fish of 

a size range that is representative of the entire species or population is important for 

developing an accurate description of the species’ age and growth trajectory.  
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La Mesa et al. (1996) carried out an age analysis on T. bernacchii caught off Tera Nova 

Bay (Ross Sea). They found a significant difference between the growth curves estimated 

for females and males from the von Bertalanffy growth equation. La Mesa et al. (1996) 

estimated the asymptotic length and k value for female T. bernacchii to be 422.2 and 0.055 

respectively, and the asymptotic length and k value for males to be 273.5 and 0.109 

respectively. While the results presented here for males are comparable to La Mesa et al. 

(1996) findings, our results for females show the sex to grow more quickly yet attain a 

smaller asymptotic length than described by La Mesa et al. (1996). A possible explanation 

for this difference is that the maximum total length of a female T. bernacchii in our 

collection was 281 mm while the maximum total length of a female T. bernacchii in the 

collection by La Mesa et al. (1996) was 333 mm. There is considerable variation in the 

estimates of k and L∞ for T. bernacchii populations published in previous studies, 

particularly for females. This suggests that defining the asymptotic length for female T. 

bernacchii has proved difficult which may be for one of two reasons. 1. The larger female 

T. bernacchii in the population are often not caught in these studies meaning the 

parameter L∞ could not be accurately defined. 2. Females succumb to old age before their 

growth trajectory begins to plateau meaning the von Bertalanffy curve may not be the 

best way to model their age and growth trajectory. 

The results from our study, on the growth of P. borchgrevinki, differed considerably 

from those of Pankhurst (1990) who found P. borchgrevinki collected from McMurdo 

Sound to exhibit a linear growth in length over the size range they examined (84 mm – 

249 mm). The Walford plot (Ricker 1958) was used by Pankhurst (1990) to estimate the 

asymptotic length of P. borchgrevinki. This method estimated the value of L∞ to be 531 

mm. This L∞ value was then used to calculate the k values using the von bertalanffy growth 

function which were found to range from 0.070 – 0.076. The cohort of fish we sampled 

had a mean total length which was more than 50 mm greater than the mean total length 

of the fish sampled by Pankhurst (1990). We did not find P. borchgrevinki to exhibit linear 

growth across the size range we examined, instead fish growth appeared to have 

plateaued. The von Bertalanffy growth parameters estimated from our data gave a lower 

asymptotic length and greater k value than given by Pankhurst (1990). Our results may 

differ from those of Pankhurst's (1990) previous study as different methods were used to 

attain an estimate for the parameter L∞. Our samples also had different size distributions 

which again emphasises the need for a size distribution that is representative of the entire 
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species or population, something that proves challenging to achieve in an environment as 

isolated as Antarctica, where time and resources are limiting. 

The asymptotic length estimated for T. newnesi in the present study was greater than 

that estimated by Radtke et al. (1989) (L∞=194.8mm) who, similar to Pankhurst, sampled 

fish from a size range that had a smaller mean total length than the fish in the present 

study. The k value estimated by Radtke et al. (1989) was within a feasible distance from 

our estimate for this parameter at 0.36. The difference in size distributions of fish between 

the studies again likely explains the large differences in the estimate for the parameter 

L∞.  

As mentioned earlier in the present chapter interspecific trade-offs within 

communities represent niche differentiation among species, which is due to the 

constraints placed upon individuals in an environment (Chase & Leibold 2003). These 

functional traits arise from species specific life-history strategies that maintain co-

existence. Life history traits can therefore be used to understand community dynamics 

and the trade-offs made to support species co-existence (McGill et al. 2006). 

 

3.5.4 Age and growth trajectories as indicators of spatial variation in resource use across the 

sea ice gradient in Antarctica 

Energy from resources utilised by consumers may be invested in the reproduction 

or growth of an organism. Both reproduction and growth of individuals have been found 

to be related to resource availability in the population (Roff 1983).  

Temporal and spatial differences in the availability of the two main primary 

producers in Antarctica, provides a situation where we can compare growth among 

populations, at sites where the availability of basal organic matter sources are different.  

Here we are considering the age and growth trajectories for populations of benthic 

T. bernacchii and pelagic P. borchgrevinki from sites which vary in the degree of sea ice 

thickness and persistence they experience. We are assuming that differences in the age 

and growth trajectories of populations from sites with different physical and ecological 

properties are driven by spatial variation in the availability of resources. However, it 

should be noted that variation in genetics, physiology and competition among 

population may also be pronounced enough to contribute to differences in age and 

growth trajectories (Loveless & Hamrick 1984, Osenberg et al. 1988, Lambers & Poorter 
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2004). Another assumption being made is that environmental variation along the sea ice 

gradient is producing site specific conditions which limit food for ice fish populations.  

 

Trematomus bernacchii 

There have been few, if any, previous studies that have examined how growth of ice 

fish species vary between sites or regions in any area of Antarctica, making the present 

study a novel endeavour. There was no significant spatial variability in the growth of T. 

bernacchii among the sites sampled in McMurdo Sound, Antarctica. This suggests that 

external factors that regulate growth may not vary enough across sites to produce a 

significant difference in the growth of populations. One possibility is that individuals of T. 

bernacchii allocate the same amount of energy to growth despite the variability in the 

availability of organic matter between sites with almost permanent sea ice cover, and sites 

with ephemeral sea ice cover. Perhaps maintaining growth in the face of changing 

resource availability is a strategy used by some ice fish. Reducing the energy allocated to 

growth may be more costly than reducing energy allocated to other areas of survival, such 

as metabolism and reproduction. Hence a significant change in growth for T. bernacchii 

may only be observed if sources of organic matter supplied to the food web are altered 

more dramatically. 

Although significant differences were not found for the growth of T. bernacchii among 

sites, biologically important differences may exist.  Our results suggest that intermediate 

sites harbour the healthiest fish populations, while populations of T. bernacchii at the 

inner and outer sites grow faster yet reach a smaller asymptotic length. Perhaps a balance 

in the sea ice conditions present at intermediate sites produces the highest levels of 

productivity to fuel food webs, while conditions at either end of the sea ice gradient 

results in growth rates that are less than the optimum.  

In spring the sea ice melts and SIMCO in annual sea ice is released into the water 

column as a substantial population of primary producers. The spring sea ice melt 

coincides with a peak in primary and secondary production (Smith & Nelson 1985). The 

inner sites in McMurdo Sound experience almost persistent, year round, sea ice cover, 

hence the light reaching the water column in summer is limited, and pelagic primary 

production is lower compared to intermediate and outer sites which consistently 

experience periods of open water. At the most northern/outer sites in McMurdo Sound 
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the annual sea ice layer will be thinnest. SIMCO within sea ice at the outer sites may 

therefore act as a smaller source of productivity to the water column during the spring 

melt compared with intermediate sites which have thicker annual sea ice. The conditions 

at intermediate sites may offer a compromise between the irradiance reaching the water 

column during ice free periods, and the amount of SIMCO released into the water column 

during the spring, both of which are factors important for fuelling primary and secondary 

productivity. A dynamic such as this, which enhances primary and secondary production 

at the intermediate region of the Sound, could enhance the growth of ice fish. 

 

Pagothenia borchgrevinki 

There was a significant difference found between the growth of P. borchgrevinki at 

the Cape Evans Wall and Erebus Ice Tongue sites. While P. borchgrevinki from each site 

grew at a similar rate, P. borchgrevinki at the Cape Evans Wall site were ultimately found 

to reach a greater asymptotic length than those at the Erebus Ice Tongue site. The 

differences that exist between the growth of P. borchgrevinki at the Erebus Ice Tongue and 

Cape Evans Wall sites, are likely, in part, due to the differences in the sex ratios of 

individuals collected from each site. In the Erebus Ice Tongue collection, there was a 

higher proportion of females recorded, while in the Cape Evans Wall collection, there was 

a higher proportion of males recorded. The differences between the sex ratios of fish 

collected from the sites may not alone explain the significant difference seen between 

sites as we did not find a significant difference between the growth rates of male and 

female P. borchgrevinki. It is possible that individuals from similar size and age classes, or 

of similar developmental stages tend to congregate together, contributing to the 

differences in age and growth trajectories observed in the present chapter. 

 Although we did not manage to elucidate clear differences in the growth of 

individuals among sites for either T. bernacchii or P. borchgrevinki, we did find that both 

species attained their maximum asymptotic length at the Cape Evans Wall site.  P. 

borchgrevinki at Cape Evans Wall had an asymptotic length of 270.9 mm, which is 25 mm 

longer than the asymptotic size estimated for individuals at the Erebus Ice Tongue site. T. 

bernacchii at Cape Evans Wall had an asymptotic length of 453.9 mm which is 108 mm 

longer than the asymptotic length estimated for fish from the Cape Evans site, which had 

the second greatest asymptotic length for the species. Cape Evans Wall is a unique site in 

that it is the only site that we have managed to collected all four of the species under study. 
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The Cape Evans Wall site may also have unique or important physical features that are 

linked closely to the ecology of southern benthic communities (Barry & Dayton 1988). 

Such unique aspects of the physical geography at Cape Evans Wall could produce an 

environment that supports a community quite different from those found at our other 

study sites. Different food web dynamics present in such a community could influence the 

resource availability for ice fish, and in turn age and growth trajectories. 

 

3.5.5 Limitation of growth estimates from length at age data 

Using length at age data to determine growth of species comes with challenges. The 

type of methods used to collect fish can result in a biased estimate of mean length-at-age 

and consequently lead to incorrect growth curves. We used fishing rods with lures and 

divers equipped with nets to capture benthic fish species, however we were only able to 

capture pelagic species via use of a rod, reel, and line. Employing both techniques helps to 

capture a range of fish with a wider size distribution.  

Most age and growth studies require hundreds of samples (La Mesa et al. 1996), 

however sample size alone is not all that needs to be considered when attempting to 

produce a robust and reliable model of growth. It is also important to obtain a wide range 

of size classes and ages in order to reduce the amount of extrapolation in the model. It 

should be considered that in the present study there were small sample sizes for some of 

the site comparisons which may have reduced the power of some of the results in the 

present chapter. An effort was made to sample fish with a wide size distribution, however 

the remote nature of the study locations, and the limited time available prevented further 

sampling effort. The age-growth curves constructed for P. borchgrevinki and T. newnesi 

would have benefited from including more individuals from smaller size classes, while the 

age-growth curve for T. pennellii excluded individuals from larger size classes if they were 

present at the sampling sites.  

 

3.5.6 Implications for species conservation and management, and climate change 

A review by La Mesa & Vacchi (2001) stated that Antarctic notothenioids are 

predominantly small species of less than 45 mm in total length, the four species in the 

present study adhere to this finding. We found benthic species to be slower growing 

compared to their pelagic counterparts, however T. bernacchii was found to reach a 
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greater maximum length and age compared to either of the pelagic species. Faster 

potential recovery is associated with rapid individual growth rather than slow individual 

growth (Denney et al. 2002), hence the slower growth displayed by the benthic notothens 

indicates that their populations take longer to recover when subject to a population 

decline. Our results also indicate there may be differences in growth between the sexes of 

T. bernacchii and P. borchgrevinki (Figures 3.9a and 3.9b). Therefore not only species but 

also sex ratios need to be considered when evaluating how quickly a population will 

recover after a decline.  Declines in the populations of these ice fish species may come 

about through changes in community dynamics.  E.g. Ice fish species may be less able to 

maintain a stable population if predation pressure from top trophic level predators were 

to increase. Increased predation pressure could arise due to a decline in a primary food 

source such as the Patagonian toothfish (Dissostichus eleginoides), and Antarctic toothfish 

(Dissostichus mawsoni), both of which are important resources for Southern Ocean 

fisheries (Gordon & Judd 2006). The pelagic populations of ice fish which attain their 

maximum size faster would be more resilient to increased predation pressure and would 

be expected to recover faster from a population decline.  

If no true difference exists in the growth of species among sites, then the contrasting 

sea ice dynamics among the study sites are currently not having an effect on size at age. It 

is therefore possible that ice fish are surprisingly resilient to the changes in sea ice 

thickness and persistence associated with a changing climate. If this were the case severe 

effects on the growth of ice fish species may not be observed for some time. However, 

biologically important differences may exist in the growth of benthic ice fish among sites, 

and if so changing sea ice conditions are likely already effecting the health of ice fish 

populations.  

Sea ice dynamics are certainly an important factor in determining the patterns of 

productivity in McMurdo Sound. The way in which climate change influences the sea ice 

conditions in the Sound, and in the wider Antarctic, will impact the supply of productivity 

to Antarctic communities beneath the sea ice. In turn, the influence of productivity 

patterns on the growth of ice fish will determine how the health of fish populations’, along 

with the condition of the wider community, changes as the climate warms and sea ice 

dynamics change.  
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3.6 Conclusions 

The present investigation builds on early attempts to describe the age and growth 

parameters of several species of ice fish by La Mesa et al. (1996); Pankhurst (1990); 

Radtke et al. (1989), and Ekau (1988). Observed differences in these parameters were 

used as evidence for niche partitioning between the species as well as among 

regions/sites across the sea ice gradient in McMurdo Sound, Antarctica. Statistical 

analyses of differences in growth were achieved by fitting von Bertalanffy growth curves 

to each species and site, and using the AoRSS method to compare the curves. The results 

and conclusions of these analyses are as follows: 

 Otoliths from ice fish provide a way to determine the age of fish to a level of 

precision that falls within the range of acceptable limits of variation. 

 The age and growth trajectories of all species were found to be distinct with the 

exception of the two pelagic species; P. borchgrevinki and T. newnesi. Variation in 

age and growth among species may be a consequence of interspecific trade-offs 

which represent niche partitioning among species. 

 Benthic species had slower growth rates than their pelagic counter parts, with T. 

bernacchii estimated to attain the greatest asymptotic length and T. pennellii 

estimated to attain the smallest asymptotic length. 

 There was no significant difference found in the growth of populations among sites 

for T. bernacchii, however the populations at the intermediate sites were estimated 

to attain the largest asymptotic size. This may represent a biological important 

difference in growth among benthic populations. 

 A significant difference was detected in the growth of P. borchgrevinki between 

sites, this was likely, in part, due to unequal sex ratios in collections. 

 Significant differences in growth were not detected between female and male ice 

fish, however there was some indication that T. bernacchii females grow slower 

and reach a larger asymptotic size than males, while the reverse was observed for 

P. borchgrevinki. 

 

The age and growth parameters determined in the present study indicate that there is 

variation in life history strategies among species of ice fish. Variation in growth among ice 

fish species means they will respond differently to ecological or anthropogenic changes 
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that potentially impact their populations. Sex ratio may also play a role in how quickly a 

population can recover after a decline. The degree of influence sea ice dynamics, and 

primary production has on the growth of ice fish populations in McMurdo Sound is 

currently less clear. If sea ice conditions are not already an important factor influencing 

the growth and survival of under-sea-ice populations it likely will become important as 

climate change produces more extreme variation in environmental conditions.  
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CHAPTER FOUR: Reproductive strategies 
 

 

4.1 Introduction 

 

4.1.1 Reproductive strategies in Nototheniidae 

Group synchronous development is a form of gonadal development exhibited by 

seasonal spawners, in which a cluster of vitellogenic oocytes is recruited, and advances 

synchronously through further stages of development, while the rest of the oocytes 

remain arrested (Cabrita et al. 2008). A type of group synchronous development in which 

only one clutch of eggs is matured during a reproductive cycle (single-batch spawners) is 

common in polar species and may be related to the highly seasonal production peaks that 

occur in Antarctica (Clarke 1988). Synchronised reproduction may allow spawning in 

Antarctic fish to precede, or coincide with the peaks in production; this allows newly 

hatched larvae to feed and grow in peak conditions. Low absolute fecundity and large egg 

size are also common in Antarctic nototheniids including, P. borchgrevinki (Pankhurst 

1990) and T. bernacchii (Dearborn 1965), this results in fish with a relatively large larval 

stage. The large egg size found in gonads of fish from the genus Trematomus suggest that 

their eggs are likely benthic, this has been directly observed in T. bernacchii (Moreno 

1980). 

Spawning periods are quite variable among species within the Nototheniidae family 

(La Mesa et al. 2006). Previous work suggests that P. borchgrevinki spawns during the 

austral winter, with gravid females being captured in July (Eastman & DeVries 1985, 

Butskaya & Faleeva 1987). In contrast T. bernacchii captured in McMurdo Sound were 

found to mainly spawn between mid-December and mid-January (Dearborn 1965). 

Geographically separate populations of the same species have also been found to spawn 

at different times. This brought Dearborn (1965) to the conclusion that the variable 

breeding periods observed in Antarctic fish are due to specific ecological requirements of 

individual species or separate populations of the same species, and not because 

environmental conditions are so stable that breeding is equally favourable throughout the 

year. Local environmental conditions are known to be important in influencing the 

activities of marine animals in specific habitats, particularly at high latitudes. This would 

suggest that the timing of reproductive events in members of the family Nototheniidae 
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may not only differ among species but also among sites along the sea ice gradient within 

McMurdo Sound. Factors such as the local seasonal production cycle, food competition, 

and the extent of sea ice cover may influence the timing of spawning in different species. 

 

4.1.2 Relationships between resource availability and reproduction 

Energy that a consumer receives from feeding can be allocated towards different vital 

functions including; growth of the organism, reproduction (i.e. maturation of gonads), 

excretion, activity and movement, or metabolism (Chapman et al. 2011). Sufficient energy 

must be allocated to the development of gonads in fish for spawning to occur, this requires 

adequate nutritional inputs.  

It is believed that reproduction in many Antarctic species is restricted to the summer 

months because of resource limitation (Clarke 1988). Underpinning this pattern, Hart 

(1942) demonstrated that there is distinct seasonality in patterns of open ocean primary 

production and that the period of maximum standing phytoplankton crop was later and 

of shorter duration at higher latitudes. Sea ice algae (SIMCO) is also an important primary 

producer in the Southern Ocean that displays less seasonal variation than pelagic primary 

producers (Garrison et al. 1986). The community within the sea ice comprises micro-

algae, heterotrophic bacteria and protozoa, and is adapted to grow at very low light levels. 

In spring the SIMCO may receive only 1% of the photosynthetically active radiation (PAR) 

that reaches the surface of the sea ice (Clarke 1988). The formation of SIMCO in annual 

sea ice will result in the release of a substantial population of primary producers into the 

water column when the sea ice melts during the spring months. In Antarctica the spring 

melt will progress southwards as temperatures increase. The spring melt coincides with 

a bloom of high primary and secondary production, that is followed by a slow decline as 

nutrients are depleted (Smith & Nelson 1985). 

The highly seasonal patterns of production in Antarctica may explain why many 

organisms are restricted to reproducing in the warmer months, when production peaks. 

However peak production levels are not uniform in timing across all geographic zones of 

Antarctica, or even McMurdo Sound. Thus the time of spawning is likely to vary between 

fish species and possibly across sites in McMurdo Sound. This may be reflected through 

differences in oocyte sizes, reproductive stages, or gonado-somatic index (GSI) in ice fish. 
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4.1.3 Complications with sexing and staging gonads 

The gonads used in the present study had been frozen prior to dissection and fixation. 

Freezing gonads prior to their use for microscopic histological analyses presents some 

difficulties when attempting to classify an individual by reproductive stage. Freezing prior 

to histological processing usually reduces the quality of sections produced due to rupture 

of cells and deterioration of tissue when frozen (Mackie & Lewis 2001). The main 

complication which arose from this method of processing in the present study was 

difficulty distinguishing between oocytes undergoing atresia and oocytes which were 

ruptured due to freezing. The result of this complication was that individuals were 

classified as being in the regressing/regenerating phase with less confidence than those 

individuals classed into the other phases of the reproductive cycle. 

Another issue encountered was the inability to sex many of the gonads taken from 

immature fish using microscopic histological analysis. This was due to the lack of features 

which could be distinguished as male or female in immature gonads.  

 

 

4.2 Objectives and research questions 
 

4.2.1 Objectives: 

The objective of the present chapter was to evaluate the reproductive strategies of T. 

bernacchii and P. borchgrevinki in terms of GSI, oocyte size and stage, reproductive stage, 

and length at maturity and first spawning. These indicators of overall reproductive 

strategy were then compared among species and sites to determine if strategies related 

to resource availability and niche partitioning among species. 

 

4.2.2 Questions: 

1. What do the estimates of GSI, oocyte size, reproductive stage, and length at 

maturity and first spawning, in T. bernacchii and P. borchgrevinki indicate about 

their reproductive strategies? 

2. Do the reproductive strategies of each species differ among sites along the sea ice 

gradient? 
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3. Do the reproductive strategies observed reflect patterns of primary productivity, 

and niche partitioning in benthic and pelagic ice fish? 

 

 

4.3 Methods 

 

4.3.1 Sample collection and gonad preparation 

Fish used in this portion of the study comprised the species; T. bernacchii (n=50) and 

P. borchgrevinki (n=23), collected in McMurdo Sound, Antarctica during the austral spring 

of 2012 and 2014.  All fish were captured either by the conventional rod and line 

technique through holes cut in the sea ice, or by divers that caught the fish in a hand net. 

Capture methods targeted a range of size classes. Fish flash froze at the site of capture and 

were stored frozen until the time of dissections. 

Once thawed, each fish was weighed to the nearest 0.01 gram and total length was 

measured to the nearest mm. Fish were cut along the ventral surface for the removal of 

stomachs and gonads. The skin and underlying muscle along the belly of the fish was cut 

from the anal fin to the operculum. A cut was then made vertically up from the base of the 

operculum and through the operculum, revealing the internal organs. Gonads were 

located in the top, rear of the fish’s body cavity and removed using a scalpel to cut away 

tissue attaching the gonad to the cavity. Gonads were then blotted dry and weighed to the 

nearest 0.1 gram. Immediately following weighing, gonads were fixed in Davidson’s 

Solution for 24-48hrs before transferal to 70% ethanol for storage.  

Gonads were processed and sectioned in the histology laboratory of the Pathology 

Department, University of Otago.  Processing of gonad tissue was automated and involved 

tissue being dehydrated in an ethanol series. Dehydrated tissue was then embedded in 

paraffin wax and allowed to cool before removal from moulds. Cooled wax blocks were 

trimmed at 12µm using a microtome until the surface of the embedded tissue was 

adequately exposed. Wax blocks were then placed into a freezer at -40C for at least 15 

minutes. After removal from the freezer wax blocks were kept cut surface down on ice 

when not in use.  

Embedded tissue was sectioned at 4µm-7µm using a microtome. Once cut, sections 

were transferred to the surface of 50% ethanol, at room temperature, for 30-60 seconds, 
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then to the surface of a water bath at 600C for 30-60 seconds. Each section was then 

transferred onto a 25mm x 58mm slide and left to dry on a hot plate. Once dried slides 

were baked in an oven at 600C for 1 hour. After baking slides were stained with 

hematoxylin and eosin using the following steps. 

1. Deparaffinise the slides by immersing them in xylene three times for 5 minutes 

2. Rehydrate sections by immersing the slides into 100% ethanol (5min x2), and 70% 

ethanol (5min x2)  

3. Tap water for 5min 

4. Immerse slides in filtered Harris hematoxylin for 4 minutes 

5. Rinse in water for 2 minutes 

6. Immerse slides in 0.2% ammonia water for 30 seconds to 1 minute 

7. Rinse in water for 2 minutes 

8. Immerse slides in Eosin-Y for 30 seconds 

9. Dehydrate through 95% alcohol, 2 changes of absolute alcohol, 5 minutes each 

10.  Polystyrene mountant is applied to the section followed by a cover slip 

 

4.3.2 Sexing and staging of gonads 

Classification of sex and stage of gonad development was made based on microscopic 

criteria described by Brown-Peterson et al. (2011). This model of the reproductive cycle 

in fishes describes the major phases of the cycle using standardised terminology and can 

be applied to a range of species with different reproductive strategies (Table 4.1a & 4.1b). 
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Table 4.1a. Microscopic descriptions of the phases in the reproductive cycle of female fish 

(adapted from (Brown-Peterson et al. 2011)). (CA = cortical alveolar; GVBD = germinal 

vesicle breakdown; GVM = germinal vesicle migration; OM = oocyte maturation; PG = 

primary growth; POF = postovulatory follicle complex; Vtg1 = primary vitellogenic; Vtg2 

= secondary vitellogenic; Vtg3 = tertiary vitellogenic).  

Phase Histological features 

Immature (never spawned) Only oogonia and PG oocytes present. No 

atresia or muscle bundles. Thin ovarian 

wall and little space between oocytes. 

 

Developing (ovaries beginning to develop 

but not ready to spawn) 

PG, CA, Vtg1, and Vtg2 oocytes present. 

No evidence of POFs or Vtg3 oocytes. 

Some atresia can be present. Early 

developing sub phase: PG and CA oocytes 

only. 
 

Spawning capable (fish are 

developmentally and physiologically able 

to spawn in this cycle) 

Vtg3 oocytes present. Atresia of 

vitellogenic and/or hydrated oocytes may 

be present. Early stages of OM can be 

present. Actively spawning sub phase: 

oocytes undergoing late GVM, GVBD, 

hydration, or ovulation. 
 

Regressing (cessation of spawning) Atresia (any stage) and POFs present. 

Some CA and/or vitellogenic (Vtg1, Vtg2) 

oocytes present. 

  

Regenerating (sexually mature, 

reproductively inactive) 

Only oogonia and PG oocytes present. 

Muscle bundles, enlarged blood vessels, 

thick ovarian wall and/or gamma/delta 

atresia or old, degenerating POFs may be 

present. 
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Table 4.1b. Microscopic descriptions of the phases in the reproductive cycle of male fish 

(adapted from (Brown-Peterson et al. 2011)). (GE = germinal epithelium; Sc1 = primary 

spermatocyte; Sc2 = secondary spermatocyte; Sg1 = primary spermatogonia; Sg2 = 

secondary spermatogonia; St = spermatid; Sz = spermatozoa). 

Phase Histological features 

Immature (never spawned) 

 

Only Sg1 present; no lumen in lobules. 

Developing (testes beginning to develop 

but not ready to spawn) 

Spermatocysts along lobules. Sg2, Sc1, 

Sc2, St, and Sz can be present in 

spermatocysts. Sz not present in lumen of 

lobules. GE continuous throughout. Early 

developing sub phase: Sg1, Sg2, and Sc1 

only. 

 

Spawning capable (fish are 

developmentally and physiologically able 

to spawn in this cycle) 

Sz in lumen of lobules. All stages of 
spermatogenesis (Sg2, Sc, St, Sz) can be 
present. Spermatocysts throughout testis, 
active spermatogenesis. GE can be 
continuous or discontinuous. 
 

Regressing (cessation of spawning) Residual Sz present in lumen of lobules 

and in sperm ducts. Widely scattered 

spermatocysts near periphery containing 

Sc2, St, Sz. 

 

Regenerating (sexually mature, 

reproductively inactive) 

No spermatocysts. Lumen of lobule often 

non-existent. Proliferation of 

spermatogonia throughout testes. GE 

continuous throughout. Small amount of 

residual Sz occasionally present in lumen 

of lobules and in sperm duct. 

 

 

4.3.3 GSI  

Gonadosomatic indices were calculated as the percentage of gonad weight to total body 

weight (GSI = 100 x Wg/TW), where Wg is gonad weight and TW is total weight of fish.  

 

4.3.4 Determining stages and sizes of oocytes 

Oocytes in the gonads of developing and spawning capable females were staged 

according to the microscopic criteria described by Brown-Peterson et al. (2011). Oocyte 
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were identified as being in one of the following stages of maturity: Primary growth (PG), 

Cortical alveoli (CA), Primary vitellogenesis (Vtg1), Secondary vitellogenesis (Vtg2), 

Tertiary vitellogenesis (Vtg3), Oocyte maturation (OM), or Hydration.  

For each female that had entered the reproductive cycle (developing, or spawning 

capable), the mean cellular diameter of oocytes from each maturity stage present were 

measured. Cellular diameters of oocytes transected through the nucleus were measured 

from three cross sectional areas of each gonad examined with an optical microscope at 

magnifications of 2x-4x. Measurements of oocytes were made using the software package 

ImageJ 1.49v. A one way ANOVA, and a Tukey HSD post-hoc test were used to test for 

significant size differences between oocytes at different stages of maturity and between 

oocytes at the same stage of maturity in different species.  

The number of each stage of oocyte, within three cross sectional areas, from each 

gonad were counted. Pooling these counts for each species gave the proportion of each 

type of oocyte found within sexually mature fish in the developing and spawning capable 

stages of the reproductive cycle, for each species.  

 

4.3.5 Length at sexual maturity and first spawning 

To get an idea of the size at which female T. bernacchii reach sexual maturity across 

regions, the total length of the smallest female fish from each region (inner, intermediate, 

outer), identified as sexually mature, was divided by the asymptotic length calculated for 

the corresponding population in chapter three. The result was then multiplied by 100 to 

give a percentage of total length at which sexual maturity is reached for each population.  

To get an idea of the size at which female T. bernacchii achieve spawning capability 

across regions, the total length of the smallest fish from each region (inner, intermediate, 

outer), identified as spawning capable, was divided by the asymptotic length calculated 

for the corresponding population in chapter three. The result was then multiplied by 100 

to give a percentage of total length at which spawning capability is reached for each 

population.  

Length at which T. bernacchii reaches sexual maturity and first spawning was also 

estimated for females and males from collections pooled from all regions.  
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4.4 Results 

 

4.4.1 Sex ratio 

Females caught (n=31), outnumbered males caught (n=12), for T. bernacchii with a 

female to male ratio of 2.6. Seven immature T. bernacchii individuals were unable to be 

confidently sexed. Males caught (n=13), outnumbered females caught (n=10), for P. 

borchgrevinki with a female to male ratio of 0.8. 

 

4.4.2 Gonadosomatic index 

The gonadosomatic index of T. bernacchii females (n=31), showed a dramatic increase 

after a total length of ~200 mm was attained (Figure 4.1a), while the GSI of male T. 

bernacchii (n=12), increased by a smaller amount in individuals close to 200 mm in total 

length (Figure 4.1b). In contrast the GSI of both male (n=13) and female (n=10) P. 

borchgrevinki does not appear to change considerably with length, although the GSI’s of 

female P. borchgrevinki are consistently higher than those of males (Figures 4.2a & 4.2b). 
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Figure 4.1. Total length vs gonadosomatic index (GSI) for (a) female (n=31), and (b) male 

(n=12) T. bernacchii collected from McMurdo Sound, Antarctica. Immature individuals are 

represented by shaded triangles, developing individuals are represented by closed circles, 

spawning capable individuals (individuals undergoing both oocyte maturation and oocyte 

hydration for females) are represented by crosses, and regressing/regenerating 

individuals are represented by open circles.  

(a) 

(b) 
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Figure 4.2. Total length vs gonadosomatic index (GSI) for (a) female (n=10), and (b) male 

(n=13), P. borchgrevinki collected from McMurdo Sound, Antarctica. Developing 

individuals are represented by closed circles, spawning capable individuals (individuals 

undergoing oocyte maturation for females) are represented by crosses, and 

regressing/regenerating individuals are represented by open circles.  

 

4.4.3 Comparing gonad stages among species 

The gonads of T. bernacchii individuals examined displayed a wide range of stages 

within the reproductive cycle. Females captured were mostly immature or in the actively 

spawning sub-phase of the spawning capable phase of development (Figure 4.3). 

However, females were present in all stages of reproductive development. Gonads from 

male T. bernacchii were also identified from all stages of the reproductive cycle, although 

(b) 

(a) 
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none were found to be in the actively spawning sub-phase of the spawning capable phase 

(Figure 4.3).  

Most gonads examined from P. borchgrevinki individuals were identified as being in 

the developing phase, this was the case for both males and females (Figure 4.4). However, 

the presence of a few individuals in the spawning capable and regressing/regenerating 

phases provides evidence for spawning to be occurring, or to have occurred recently in a 

small number of individuals (Figure 4.4). 

 

 

Figure 4.3. Number of female and male T. bernacchii collected at various stages of the 

reproductive cycle from McMurdo Sound Antarctica. Females are represented by white 

bars, males are represented by black bars. Stages of reproductive development were 

determined via microscopic inspection of gonads. 
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Figure 4.4. Number of female and male P. borchgrevinki collected at various stages of the 

reproductive cycle from McMurdo Sound, Antarctica. Females are represented by white 

bars, males are represented by black bars. Stages of reproductive development were 

determined via microscopic inspection of gonads. 

 

4.4.4 Comparing gonad stages among sites 

The groups of female T. bernacchii captured at sites in the outer region of McMurdo 

Sound had the highest proportion of immature individuals, while a higher proportion of 

the female T. bernacchii collected from inner and intermediate regions were in the 

developing or spawning capable phase of the reproductive cycle (Figure 4.5a). All male T. 

bernacchii captured from the inner region were classed as immature while all males 

captured from the outer region were classed as developing (Figure 4.5b).   The collection 

of T. bernacchii from the intermediate region contained the only male individuals 

identified as spawning capable (Figure 4.5b).  

The vast majority of P. borchgrevinki captured were in the developing phase of the 

reproductive cycle (Figures 4.6a & 4.6b). However a few individuals captured at the Cape 

Evans Wall sites were identified as being in the spawning capable and 

regressing/regenerating phases of the reproductive cycle. 
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Figure 4.5. Proportion of (a) female, and (b) male, T. bernacchii collected at various stages 

of the reproductive cycle from three regions (inner (n=8), intermediate (n=25), and outer 

(n=10)), across the sea ice gradient in McMurdo Sound. Stages of reproduction were 

determined via microscopic inspection of gonads. 

 

(b) 

(a) 
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Figure 4.6. Proportion of (a) female, and (b) male, P. borchgrevinki collected at various 

stages of the reproductive cycle from two sites (Cape Evans Wall (n=13), and Erebus Ice 

Tongue (n=10)), along the sea ice gradient in McMurdo Sound. Stages of reproduction 

were determined via microscopic inspection of gonads. 

 

4.4.5 Comparing size and stage of oocytes among species 

The size of oocytes differed significantly among stages within a species for both T. 

bernacchii and P. borchgrevinki, however no significant differences in size were found 

among oocytes of T. bernacchii and P. borchgrevinki that were at the same stage of 

maturity (Table 4.2, Figure 4.7).  

(a) 

(b) 
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Gonads from T. bernacchii and P. borchgrevinki individuals identified as being in the 

developing stage of the reproductive cycle had oocytes from a range of stages, with the 

majority of oocytes being pre-vitellogenic i.e. PG and CA stages. Gonads from T. bernacchii 

and P. borchgrevinki individuals identified as being in the spawning capable phase of the 

reproductive cycle contained a greater proportion of oocytes in the later stages of 

development i.e Vtg 3, OM, and hydration stages (Figure 4.8a & 4.8b). 

 

Table 4.2. Results from an ANOVA analysis comparing the diameters of oocytes at 

different stages of reproductive development in two species of ice fish; T. bernacchii and 

P. borchgrevinki. Pairwise tests indicate which groups are significantly different (groups 

not connected by the same letter are significantly different). Hyd=hydrated oocyte, 

OM=oocyte maturation, Vtg1=primary vitellogenic oocyte, Vtg2=secondary vitellogenic 

oocyte, Vtg3=tertiary vitellogenic oocyte, CA= cortical alveolar oocyte, PG= primary 

growth oocyte. 

Source DF F ratio p-value Pairwise tests  

Species[Oocyte stage] 5, 1423 14.019 <0.0001 T. bernacchii [Hyd] 
P. borchgrevinki [OM] 
P. borchgrevinki [Vtg3] 
T. bernacchii [Vtg3] 

T. bernacchii [Vtg2] 

P. borchgrevinki [Vtg2] 

P. borchgrevinki [Vtg1] 

T. bernacchii [Vtg1] 

P. borchgrevinki [CA] 

T. bernacchii [CA] 

P. borchgrevinki [PG] 

T. bernacchii [PG] 

A 

B 

C 

C 

C,D 

C,D 

D,E 

E 

F 

F 

G 

G 
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Figure 4.7. Average diameters of oocytes at various stages of development, from the 

ovaries of T. bernacchii and P. borchgrevinki individuals collected in McMurdo Sound. 

Error bars show plus and minus one standard error. Columns not connected by the same 

letter are significantly different. 
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Figure 4.8. Percentage of oocytes at various stages of development in the ovaries of T. 

bernacchii and P. borchgrevinki at (a) the developing stage of the reproductive cycle, and 

(b) the spawning capable phase of the reproductive cycle. 

 

4.4.6 Gonadal development 

Group synchronous development was exhibited by both T. bernacchii and P. 

borchgrevinki. This form of gonadal development was evident from the photomicrographs 

taken of ovarian tissue (Figures 4.9a - 4.9d, 4.10a - 4.10c). Females in the developing, and 

spawning capable phases of the reproductive cycles displayed an obvious cluster of 

vitellogenic oocytes in the same phase of maturity, indicating these oocytes had been 

advanced synchronously through the various stages of development (Cabrita et al. 2008). 
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Also present in the ovarian tissue of these individuals was a more heterogeneous group 

of oocytes which had remained in a state of arrested development (Cabrita et al. 2008).  

Figures 4.9 and 4.10 are photomicrographs of histological sections taken from the ovarian 

tissue of T. bernacchii and P. borchgrevinki, respectively Figures 4.11 and 4.12 are 

photomicrographs of histological sections taken from the testicular tissue of T. bernacchii 

and P. borchgrevinki, respectively. Histology of individuals in all stages of the reproductive 

cycle identified in the present study are shown (Figures 4.9 - 4.12).   

 

 

Figure 4.9. Photomicrographs of histological sections of ovarian tissue from T. bernacchii. 

(a) Immature phase, oocytes are present at the cortical alveoli (CA) stage (arrow), and 

primary growth (PG) stage (triangle), (b) Developing phase, presence of oocytes in the 

early stages of vitellogenesis (vtg) (arrow), also oocytes in CA stage (arrow head), and PG 

stage (triangle), (c) Spawning capable-actively spawning sub phase, presence of hydrated 

oocytes (arrow), oocytes in late vitellogenesis (triangle), and pre-vitellogenic oocytes 

(arrow head), (d) Regressing phase, atretic oocytes (arrow), and postovulatory follicle 

complexes (POF) (triangle) present. 

100um 200um 

500um 500um 

(a) (b) 

(c) (d) 
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Figure 4.10. Photomicrographs of histological sections of ovarian tissue from P. 

borchgrevinki. (a) Developing phase, oocytes present in stages 1-2 of vitellogenesis  

(vtg1/vtg2) (arrow), also present are CA oocytes (triangle), and PG oocytes (arrow 

head), (b) Developing phase, oocytes in stage 3 of vitellogenesis (vtg3) (arrow), CA 

oocytes (triangle), and PG oocytes (arrow head) present, (c) Spawning capable phase, 

oocytes in early stages of oocyte maturation (arrow), CA oocytes (triangle), and PG 

oocytes (arrow head) also present. 

 

 

 

 

 

200um 200um 

200um 

(a) (b) 

(c) 



127 
 

     

 

 

 

 

 

 

 

 

Figure 4.11. Photomicrographs of histological sections of testicular tissue from T. 

bernacchii. (a) Immature phase, primary spermatogonia (Sg1) present (arrow), (b) 

Developing phase- Early developing subphase, secondary spermatogonia (Sg2) present 

(arrow), (c) Developing phase, spermatid/spermatozoa (St/Sz) present (arrow), (d) 

Spawning capable, continuous germinal epithelium (CGE) (arrow) and Sz (triangle) 

present, (e) Regressing/regenerating phase showing reduced spermatogenesis and 

residual spermatozoa (arrow). 

 

  50um   100um 

  100um   100um 

   20um 
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(c) (d) 

(e) 



128 
 

 

  

 

 

 

 

 

 

 

Figure 4.12. Photomicrographs of histological sections of testicular tissue from P. 

borchgrevinki. (a) Developing phase- Early developing subphase, Lumen (arrow) and Sg2 

(triangle) present, (b) Developing phase, Sz (arrow) and St (triangle) present, (c) 

Regressing/regenerating phase, Lumen (arrow) and Sg1 (triangle) present. 

 

4.4.7 Length at sexual maturity and length at spawning 

The smallest total length at which sexual maturity was reached by a female T. 

bernacchii in the present study was 189mm, while the smallest total length of a spawning 

capable female was 211mm; approximately 54%, and 60% respectively, of the asymptotic 

length calculated for female T. bernacchii in Chapter three (349.5mm) (Table 4.3). The 

smallest total length at which sexual maturity was reached by a male T. bernacchii in the 

present study was 170mm, while the smallest total length of a spawning capable male was 

196mm; approximately 74%, and 85% respectively, of the asymptotic length calculated 

for male T. bernacchii in chapter three (230.5mm) (Table 4.3).  Kock & Kellermann (1991) 

reported total length at first spawning in notothenioid fish may range from 55% of 

   50um   100um 

  200um 

(a) (b) 

(c) 
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maximum length onwards, however in many species may not be attained until 70-80% of 

the maximum length. As we did not collect any immature P. borchgrevinki individuals we 

were unable to estimate total length at which sexual maturity, and first spawning are 

reached for this species.  

The group of female T. bernacchii captured from the inner region of McMurdo Sound 

contained the smallest female, by total length, to have reached sexual maturity (Table 4.3). 

The group of female T. bernacchii captured from the intermediate region of McMurdo 

Sound contained the smallest female, by total length, to have reached spawning capability 

(Table 4.3). The percentage of maximum total length at which sexual maturity, and first 

spawning were reached by an individual were both lowest for the group of female T. 

bernacchii collected from the intermediate region of the Sound (Table 4.3). 
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Table 4.3. Smallest total length at which sexual maturity, and spawning capability were 

reached by female and male T. bernacchii from all sites, and for female T. bernacchii 

collected from the inner (n=8), intermediate (n=25), and outer (n=10) regions of 

McMurdo Sound. Percentage of maximum total length at which sexual maturity and 

spawning capability were reached are also given. Asymptotic lengths are those calculated 

in chapter three of the present thesis. 

Species, 

Sex, 

Location 

Smallest 

total 

length at 

sexual 

maturity 

Smallest 

total 

length at 

spawning 

Asymptotic 

length (L∞) 

Percentage 

of max. 

total length 

at sexual 

maturity 

Percentage 

of max. 

total length 

at spawning 

T. bernacchii, 

Females,    

All sites 

189mm 211mm 349.5mm 54.1% 60.4% 

T. bernacchii, 

Males,        

All sites    

170mm 196mm 230.5mm 73.8% 85.0% 

T. bernacchii, 

Females, 

Inner region 

189mm 230mm 284.7 66.4% 80.8% 

T. bernacchii, 

Females, 

Intermediate 

region 

204mm 211mm 399.75mm 51.0% 52.8% 

T. bernacchii, 

Females, 

Outer region 

195mm 236mm 303.4mm 64.3% 77.8% 
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4.5 Discussion 
 

4.5.1 Comparing reproductive strategies between species 

Microscopic examination of ovarian tissue from the gonads of T. bernacchii and P. 

borchgrevinki indicated both species used the group synchronous method of reproduction 

where by a cluster of vitellogenic oocytes is recruited, and advanced in synchrony through 

further stages of development. The clutch of oocytes proceeding through the 

developmental phases is recruited from a more heterogeneous population of smaller 

oocytes (Wallace & Selman 1981). The group synchronous reproductive strategy is 

typically exhibited by notothenioids (Wallace & Selman 1981, Kock & Kellermann 1991). 

In gonads of spawning capable and developing females of the species, T. bernacchii and P. 

borchgrevinki, two clutches of oocytes could be distinguished; one clutch of larger, 

vitellogenic oocytes, and a smaller clutch of pre-vitellogenic oocytes. The more mature 

clutch of oocytes will likely be ovulated in the current or upcoming spawning season, 

while development of the smaller clutch of oocytes remains arrested until their 

recruitment in the following spawning season (La Mesa et al. 2006). Groups synchronous 

spawning may be an effective strategy in polar teleost species as synchrony could ensure 

reproduction coincides with the highly seasonal production peaks which occur in 

Antarctic waters. Group synchronous reproduction may also help to reduce interspecific 

competition among other species from the Nototheniidae family. 

Results from the staging of T. bernacchii and P. borchgrevinki gonads indicate the two 

species spawn at different times of the year. Mature females from the species T. bernacchii 

were largely in the spawning capable phase of the reproductive cycle, similarly a 

proportion of male T. bernacchii were also found to be spawning capable. This suggests 

the populations of T. bernacchii in McMurdo Sound are late spring and early summer 

spawners, a finding that agrees with observations by Moreno (1980), Dearborn (1965) 

and La Mesa et al. (1996). Spawning of T. bernacchii likely coincides with the onset of the 

seasonal production cycle, occurring between October and December in the Antarctic.  

Gonads examined from the species P. borchgrevinki were almost all in the developing 

phase of the reproductive cycle, indicating these individuals were primarily not spring-

early summer spawners. Previous studies have found evidence indicating P. borchgrevinki 

spawn in the austral winter, with oocytes part way through vitellogenesis being found 
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from October through to March (Pankhurst 1990), and gravid females being captured in 

July (Eastman & DeVries 1985). However the capture of females with hydrated oocytes in 

October/November by Pankhurst (1990), along with the capture of a female undergoing 

oocyte maturation in the present study, suggests spawning does not occur exclusively in 

winter. The developing phase of the reproductive cycle is the longest phase and has high 

nutritional demand due to vitellogenesis. P. borchgrevinki may benefit from undergoing 

the energetically costly process of egg yolk production (vitellogenesis) during the 

productive spring and summer months when food is most abundant.   

Considerable differences in the timing of spawning between related species living in 

the same area may have arisen due to environmental factors such as resource 

competition, or seasonal production cycles, both of which are associated with sea ice 

conditions. Plasticity, and mismatch in the timing of reproductive events between species 

of ice fish living sympatrically may increase the probability of offspring survival as well 

as ensuring sufficient food is available at the time of larval hatching.  

The sex ratio observed for T. bernacchii was unequal, displaying a strong bias for 

females over males. Capturing a large majority of females may indicate differences in 

feeding habits, or habitat use between the sexes at the time of sample collection. Female 

T. bernacchii are observed to have a considerably larger GSI at the time of spawning 

compared to males, therefore the energy loss by females during spawning is greater. It is 

possible that females are feeding more intensely in the austral spring to make up for this 

energy deficit, and thus are more likely to be caught during this season. However, 

secondary commitments such as territoriality, courtship, and parental care would likely 

increase reproductive effort in males, balancing out the difference in energy loss between 

sexes (Kock & Kellermann 1991).  

The GSI of female notothenioid fish is 15-40% at spawning while the GSI of males is 

usually considerable lower at around 15-20% of that of females (Kock & Kellermann 

1991). The GSI of gravid female T. bernacchii in the present study ranged between 8%-

19%, suggesting that either hydration of oocytes was not complete in some individuals, 

or the freezing process reduced gonad weight. Mature males that had entered the 

spawning capable phase of the reproductive cycle had GSI ’s between 2%-2.5%, which is 

approximately 16% of that of the gravid females in our study. The GSI values of female P. 

borchgrevinki were higher than those for males of the species, however it is evident from 

the low GSI values exhibited by both sexes (3.2%-4.05% for females, 0.04%-0.49% for 
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males) that the ovaries of most females, and testes of males are yet to undergo oocyte 

maturation and active spermatogenesis, respectively.  

There were no significant differences found in the sizes of PG oocytes, CA oocytes, 

Vtg1 oocytes, Vtg2 oocytes, or Vtg3 oocytes, between the species T. bernacchii and P. 

borchgrevinki. While the absence of any gravid P. borchgrevinki females prevented a 

comparison of mature oocyte size between the species, the mature oocyte diameters and 

fecundity of these species recorded in previous studies can be compared. The maximum 

potential fecundity of T. bernacchii has been estimated by Moreno (1980) to be 1730, 

while the mean egg diameter after fertilisation was found to be 4.1mm. A similar result by 

Dearborn (1965) found T. bernacchii females to release 1154-3123 heavily yoked eggs in 

a single spawn, with a diameter between 1.9mm-3.9mm. A study on the reproductive 

biology of P. borchgrevinki by Pankhurst (1990), found absolute fecundity to range from 

1100-2750, and the diameter of mature, hydrated oocytes to range from 3.5-4.0mm in 

diameter. Oocyte diameter is closely related to fecundity, with egg size increasing 

exponentially with decreasing fecundity (Kock & Kellermann 1991). Therefore we would 

expect two ice fish species with very similar oocyte diameters in all stages of development 

to have a similar level of fecundity. It is interesting that despite the large degree of 

morphological, behavioural, and physiological divergence between the two species, the 

physiological processes of gamete development occurring throughout the reproductive 

cycles remain very similar.  

T. bernacchii were found to reach sexual maturity at 54% of their asymptotic length 

in the present study. This value lies at the lower end of the spectrum of length at first 

spawning reported by Kock & Kellermann (1991) who estimated first spawning in 

notothenioid fish to occur at between 55%-80% of their maximum total length. Achieving 

sexual maturity and spawning capability at a smaller proportion of their asymptotic 

length, compared to the majority of other notothenioid species, may be a way for female 

T. bernacchii to compensate for their relatively low fecundity compared with other species 

in the suborder (Kock & Kellermann 1991). By reaching sexual maturity earlier in life, T. 

bernacchii females will likely experience more spawning seasons during which they are 

sexually mature compared with species that reach sexual maturity at a greater percentage 

of their maximum total length.  
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4.5.2 Spatial variation in reproductive cycles 

The group of T. bernacchii collected from sites in the intermediate region of McMurdo 

Sound had the highest proportion of spawning capable females, as well as the smallest 

female to have reached spawning capability, and the female with the lowest percentage 

of total length at which sexual maturity, and first spawning was recorded (Table 4.3). The 

collection of male T. bernacchii collected from intermediate sites also contained 

individuals further progressed in the reproductive cycle than those collected from inner 

and outer regions, including the only males identified as being spawning capable. 

The sites within the intermediate region of McMurdo Sound may provide some 

survival or reproductive advantage to T. bernacchii inhabiting this area. Such an 

advantage may be evident as variation in the growth or reproduction of fish from different 

locations across McMurdo Sound. We found that the growth trajectories of T. bernacchii  

did not vary greatly among regions, across McMurdo Sound (Chapter 3). It is possible that 

differences in resource availability among sites influences the allocation of energy to 

reproduction more so than to growth. In such a situation, populations inhabiting sites 

with greater resource availability may be observed to reach reproductive maturity and 

spawning capability earlier in life, compared with populations inhabiting sites with more 

limited energy supplies.  

 

4.5.3 Caveats 

The lack of sufficient sample sizes for ice fish captured across the three regions in 

McMurdo Sound, in conjunction with the absence of immature P. borchgrevinki from the 

present study, prevented the statistical comparisons of reproductive strategies among 

sites. The current chapter does however back up the findings of previous research on the 

reproduction of fish in the Nototheniidae family. Data presented here also provides 

evidence to warrant further investigation into how the resource gradient in Antarctica 

may influence reproduction in these important food web sentinels.  

 

4.5.4 Implications 

Temporal differences in the timing of reproductive cycles between T. bernacchii and 

P. borchgrevinki suggest the species have different habitat requirements when spawning 

occurs. Winter spawning by P. borchgrevinki may be necessary if sea ice cover is a 
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requirement for the survival of larvae. Sea ice would provide an environment with less 

exposure to irradiance and predators, as well as hosting a larval food source. The benefits 

offered by the specialised sea ice environment may outweigh the benefits of spawning in 

synchrony with the production peak in late spring and early summer, a time that is likely 

also accompanied by higher levels of competition. If P. borchgrevinki is highly dependent 

on sea ice cover for reproduction, climate related changes in sea ice persistence and 

thickness may affect their distribution in Antarctica, or narrow the window of opportunity 

during which this species can spawn. In such a case effects of sea ice change on 

reproduction would likely be more severe for P. borchgrevinki than for the benthic T. 

bernacchii whose larval stage is not as closely associated with the sea ice.  

Sites located in the intermediate region across the sea ice gradient appear to offer a 

reproductive advantage to T. bernacchii inhabiting this area. A reproductive advantage 

may be linked to differences in resource availability among sites, which in turn is 

influenced by sea ice conditions and food web dynamics. Any changes to sea ice 

conditions, or disruptions to Antarctic food webs could alter the allocation of energy 

towards the growing and maturing of gonads, and we may see populations effected 

differently depending on their location. 

 

 

4.6 Conclusions 

The aim of the present chapter was to evaluate the reproductive strategies of T. 

bernacchii, and P. borchgrevinki, by quantitative and qualitative analysis of gonads. We 

determined the GSI and reproductive stages of fish, evaluated oocyte sizes and stages, and 

estimated length at sexual maturity and first spawning for species and populations of ice 

fish. These metrics were used to characterise the reproductive strategies used by the two 

species of ice fish from different habitats. Reproductive strategies were then compared 

among species, and sites, and conclusions were drawn as to how reproductive strategies 

may relate to resource availability and niche partitioning in species. The following 

conclusions were reached: 

 The female to male ratio was much higher for T. bernacchii than for P. 

borchgrevinki who had a sex ratio closer to 1. This may indicate a difference 
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in feeding intensity, or habitat use between male and female T. bernacchii 

at the time of capture.   

 All P. borchgrevinki individuals captured were reproductively mature, 

while T. bernacchii caught were found to consist of both immature and 

mature individuals. The lack of immature P. borchgrevinki in the present 

study prevented comparisons for all reproductive stages of this species.  

 P. borchgrevinki individuals were mainly in the developing phase of the 

reproductive cycle at the time of capture, while a large proportion of 

sexually mature T. bernacchii were in the spawning capable phase of the 

reproductive cycle. This observation supports previous research that 

indicates T. bernacchii in McMurdo Sound are late spring and summer 

spawners, while P. borchgrevinki spawn mainly, although not exclusively, in 

winter. Plasticity, and mismatch in the timing of reproductive events may 

decrease interspecific competition and increase the probability of offspring 

survival. 

 Female and male T. bernacchii captured from the intermediate region of 

McMurdo Sound were on average further progressed in the reproductive 

cycle compared to fish captured from the other regions. This suggests that 

sites in the intermediate region of the Sound may convey a reproductive 

advantage to T. bernacchii inhabiting this zone. 

 No significant differences were found between the size of oocytes from the 

gonads of P. borchgrevinki and T. bernacchii at each stage of development. 

Therefore, despite the large degree of morphological, behavioural, and 

physiological divergence between the two species, the physiological 

processes of gamete development remain very similar. 

 Group synchronous development was identified as the means of gonadal 

development for both T. bernacchii and P. borchgrevinki. Group 

synchronous gonadal development may act to ensure that times of high 

energy demand coincides with production peaks. This form of gonadal 

development may also act to reduce interspecific competition among 

notothenioid species. 
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T. bernacchii and P. borchgrevinki exhibit clear contrasts in terms of their 

reproductive strategies. Differences in the timing of spawning, and differences in the 

habitat requirements of each species at the time of spawning, are key for reducing 

interspecific competition among reproducing adult fish, and larvae.   

The nature of the surrounding habitat required during spawning is likely different for 

pelagic and benthic species. Winter spawning in P. borchgrevinki could indicate a need for 

sea ice cover to protect, and act as a food source for larvae. If sea ice is an important factor 

for reproduction in P. borchgrevinki then we may expect climate related changes in sea ice 

cover to affect the distribution, timing, and success of reproduction in this species. 

Sea ice conditions and food web dynamics have a strong influence on local resource 

availability in McMurdo Sound. If variation in resource availability is driving the spatial 

differences in reproduction observed we are likely to see populations effected differently 

by changes in sea ice conditions, and disruptions to food webs depending on their 

location. 
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CHAPTER FIVE: Otolith trace element analysis 
 

 

5.1 Introduction 
 

5.1.1 Otoliths as environmental records 

Otoliths contain useful information on environmental conditions during the life of a 

fish, as do calcified structures in several other types of marine organisms (Chivas et al. 

1985, Dettman et al. 1999, Campana & Thorrold 2001). Otoliths possess unique chemical 

and chronological properties which allow applications and questions to be answered that 

cannot be answered by other types of calcified structures such as bones or scales. This is 

the main reason why the pace of research in the discipline of otolith trace element analysis 

has proceeded so quickly over the last few decades.  

Otolith growth is continual unlike the majority of other calcified structures found in 

aquatic organisms. Most calcified structures are skeletal, e.g. the shells of bivalves, bones 

of fish and mammals, and tests of coral all provide support or protective functions for the 

organism (Campana & Thorrold 2001). Skeletal elements due not continue to grow during 

times of poor feeding or slow growth of the organism. In contrast to skeletal elements, 

otoliths continue to grow even when the somatic growth of an organism ceases (Maillet & 

Checkley 1990). A complete chronological record is essential if the environment 

corresponding to a previously deposited growth increment is to be dated, otoliths provide 

a rare example of a structure that can provide such a reliable record. 

Another property of otoliths that makes them one of the few calcified structures able 

to preserve a complete growth and environmental record is that previously deposited 

otolith material is not subject to reabsorption (Campana & Neilson 1985). This property 

is not shared with other calcified structures in fish or other vertebrates (Campana & 

Thorrold 2001). Bones and scales are susceptible to reabsorption during periods of 

starvation, while bones and teeth are continuously subject to metabolic reworking (Bilton 

1974).  

There is experimental evidence to demonstrate that some elements in otoliths are 

useful as proxies of ambient environmental conditions. Accordingly, the application of 

otolith microchemistry as a natural tag has provided unique information on spatial 
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distributions of fish populations throughout their life cycles. Otolith microchemistry has 

been successfully used to provide information on the patterns of migration, stock 

discrimination, and habitat utilisation by fish, particularly those with an anadromous life 

history (Secor et al. 1995, Dou et al. 2012). 

 

5.1.2 Uptake of trace elements by otoliths 

Otoliths are relatively pure calcium carbonate and have very low levels of 

contaminating elements compared to other calcified structures, this is likely due to the 

fact that otoliths grow in isolation from the surrounding water (Campana et al. 1997, 

Campana & Thorrold 2001). The basic pathway for the bulk of inorganic elements that are 

incorporated into the otolith begins with the movement of elements from sea water into 

the blood plasma of the fish via the gills or intestine, then into the endolymph which 

surrounds the otolith, and finally into the crystallising otolith (Campana 1999). 

There are several factors that can influence the composition of trace elements in 

otoliths. The presence and abundance of trace elements in otoliths are not solely 

influenced by the environment, but also the physiology and diet of the fish. Factors such 

as species type, age, condition, metabolic rate, diet, and somatic growth rate, can influence 

the deposition of trace elements into the aragonite matrix of otoliths (Kalish 1989, Buckel 

et al. 2004).  

The uptake of some elements in the otoliths of marine fishes have been found to be 

controlled by water chemistry rather than physiology or diet. Examples include the 

chemical signatures of Strontium (Sr) and Barium (Ba) recorded in marine fishes, which 

have been found to reflect the ambient water composition of these elements at the time 

of deposition (Bath et al. 2000, Walther & Thorrold 2006). The element magnesium (Mg) 

has also been found to reflect chemical and physical characteristic of ambient water 

(Thorrold et al. 1998), and although data is limited, the relative concentration of the trace 

elements; zinc (Zn), lead (Pb), manganese (Mn), and Iron (Fe)  in marine and freshwater 

otoliths are consistent with an environmental effect (Campana 1999). 

 

5.1.3 Uses of trace element analysis 

In theory the otolith may contain a complete record of the temperature and elemental 

composition of ambient water, yet in practice interpretation of the chemical record of 
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otoliths is not straightforward, because there are physiological filters that influence the 

uptake of trace elements by otoliths (Kalish 1989). Despite the challenges presented when 

attempting to reconstruct the life history of fish using otolith microchemistry analysis, 

there are many examples of studies that have used this technique to successfully 

reconstruct temperature histories (Patterson et al. 1993), determine migration pathways 

(Thresher et al. 1994), detect anadromy (Secor 1992), for stock identification (Edmonds 

et al. 1989), and as a natural tag indicating geographic origin (Campana, Gagne, et al. 

1995). 

Geographic variations in the ambient concentrations of trace elements used in otolith 

studies are common, particularly for coastal and inland waters (Balls et al. 1993). The 

presence of temporal and geographic variation in trace element concentrations is 

important in the context of the present study. We are relying on the variation in water 

borne concentrations of elements between our study sites to resolve how interconnected 

populations of benthic and pelagic ice fish may be. We are also interested in whether 

differences in trace element signatures reflect life history patterns of ice fish, along with 

the chemical, physical and ecological properties of each site. The temporal differences in 

trace elements are also important as these may allow us to determine if local changes in 

sea ice dynamics are reflected in the composition of elements within yearly bands of 

otoliths. 

 

5.1.4 LA-ICPMS  

Laser ablation quadrupole inductively coupled plasma mass spectrometry (LA-

ICPMS) is a commonly used technique for otolith microchemical analysis. The LA-ICPMS 

technique is useful for in-situ analyses of trace elements, and for understanding the spatial 

variation of element content within the sample. LA-ICPMS has several advantages over 

other approaches used to measure otolith microchemistry, including; higher sensitivity, 

multi element analysis capability, and high sample throughput (Campana 1999). LA-

ICPMS also requires little sample preparation, other than sectioning when preablating the 

otolith surface, and is less prone to contamination compared with solution based ICPMS. 

The reason we have elected to use LA-ICPMS in the present study is because of its 

unmatched ability to record chronological detail in otolith microchemistry. This 

chronological detail can be interpreted alongside optical characteristics of the otolith to 

reconstruct the environmental and physiological history of the fish.  
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5.1.5 Trace Elements in Seawater 

Trace elements can be grouped into three principle categories reflecting their 

biogeochemical interactions with particles: 

Conservative trace elements interact weakly with particles, and have 

concentrations that maintain a constant ratio to one another, varying only as a result of 

water mass mixing. Conservative trace elements include Li, Sr and Mg (Bruland 1983, 

Donat & Bruland 1995).  

Recycled elements/nutrient-type elements are involved with the internal cycles 

of biologically derived particulate material (Donat & Bruland 1995). Their concentrations 

are depleted in surface waters due to direct uptake by phytoplankton and absorption onto 

biogenic particles, and increase with depth due to microbial decomposition. Examples of 

recycled elements include; Cd, Zn, Cu, P, Sr, Ba, and Fe (Donat & Bruland 1995).  

Scavenged elements have strong interactions with particles, and thus short oceanic 

residence times (Donat & Bruland 1995). The concentrations of scavenged elements are 

at maximum levels near to their sources which include; rivers, atmospheric dust, 

hydrothermal sources, and bottom sediments, and decrease with distance from their 

source. Scavenged elements include; Al, Pb, Mn, and, Sn (Donat & Bruland 1995). 

The concentration of lithium, along with that of strontium and magnesium, commonly 

increases with salinity resulting in higher concentrations in saltwater compared to 

freshwater (Hall et al. 2005). Barium behaves conservatively in coastal waters, decreasing 

with increasing salinity above ~8 (Broecker et al. 1982).  

Zinc, copper, and barium have nutrient-like profiles, while lead and manganese 

display surface enrichment from atmospheric input, and river/coastal inputs (Bruland 

1983). Iron and manganese can have mid-depth maximums due to hydrothermal inputs 

(Bruland 1983). Copper and manganese may have near bottom enrichment from 

sediment sources, while lead, aluminium, and manganese can display deep depletion 

through scavenging (Bruland 1983). 

In recent decades there had been considerable development in the understanding of 

trace element distribution and the biogeochemical nature of trace elements in the major 

oceans (Bruland 1983, Donat & Bruland 1995). However, there is considerably less 
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known about trace element distribution and behaviour in ice covered regions of the 

Southern Ocean. Grotti et al. (2001) investigated the temporal distribution of trace metals 

in Antarctic coastal waters at Tera Nova Bay (Western Ross Sea) and found that 

concentrations of Fe, Cu, and Mn in the surface layer are mainly affected by the dynamic 

of the pack ice melting and phytoplankton activity. The melting of sea ice influences both 

the input of trace elements from meltwaters, and the covering of the seawater surface 

which determines atmospheric dust input (Grotti et al. 2001). Evidence was found by 

Grotti et al. (2001) for the input of certain trace elements into the water column, such as 

Fe and Mn, due to atmospheric dust. However, phytoplankton activity, which removes Fe 

from the water for incorporation into organic particulate matter, complicates the seasonal 

pattern that might be expected for Fe concentrations in surface waters. Westerlund & 

Ohman (1991) studied the concentration, and distribution of trace metals in the Weddell 

Sea and found the lowest concentrations of Cu, and Zn to be in the surface layer of the 

water column. Westerlund & Ohman (1991) also concluding that these elements were not 

directly linked to the bio-production cycle. 

The otolith trace element records presented in the present chapter provide an 

important time series from which more can be learned with regard to trace element 

dynamics. As further information is discovered about trace elements in ice covered 

habitats of the Southern Ocean, it will be possible to extend and develop conclusions 

drawn from the long term trace element records that otoliths provide. 

  

 

5.2 Objectives and research questions 
 

5.2.1 Objectives: 

The objective of the present chapter was to use the chemical properties of otoliths in 

combination with their chronological properties to determine how otolith trace element 

signatures differ among species, sites, and years. The changes observed in trace elements 

incorporated into otoliths over time can give insight into the life history patterns of 

individual species, the unique environment occupied by fish at sites across the sea ice 

gradient, and the physical changes occurring at these sites. 
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5.2.2 Questions: 

1. Do differences in otolith trace element signatures recorded among years 

correspond to differences in sea ice dynamics in McMurdo Sound? 

2. How different are otolith trace element signatures among co-existing species, 

and do these differences reflect the lifestyle of ice fish? Are there differences in 

the dispersion of trace element concentration ratios among species?  

3. How distinct are otolith trace element signatures within a species among sites? 

Are there differences in the dispersion of trace element concentration ratios 

among sites? 

4. Do trace element profiles from ice fish otoliths show seasonal variation, or 

other frequently occurring patterns? And if so what may cause this variation? 

 

 

5.3 Methods 
 

5.3.1 Sample collection  

Otoliths used in the present thesis chapter were selected from benthic (T. bernacchii 

(n=59) and T. pennellii (n=10)), and pelagic species (P. borchgrevinki (n=22) and T. 

newnesi (n=1)) of ice fish collected at a range of sites along the sea ice gradient in 

McMurdo Sound. Collection sites comprised, Cape Royds, Cape Evans Wall, Cape Evans, 

Erebus Ice Tongue, and several inner sites around McMurdo Station. At several collection 

sites the otoliths selected for analysis were from multiple sampling years (2012, 2013, 

and 2014). Analysing trace element signatures in otoliths from a range of sites, and a 

range of years across those sites will allow site specific and yearly comparisons to be 

made among species, and among individuals within a species. 

To remove sagittal otoliths fish were cut down the transverse plane at the point 

where the upper operculum slit begins (approximately one eye diameter behind the eye). 

Saggital otoliths were then located and removed from the Sacculus by using fine tweezers. 

Otoliths were then rinsed in Milli-Q water to remove any soft tissue, and allowed to air 

dry before being stored in Eppendorf tubes. 
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5.3.2 Processing otoliths for laser ablation ICP-MS 

One otolith from each pair was placed sulcus side down on a standard 25mm x 58mm 

microscope slide and set in Crystalbond 509 Amber thermoplastic cement by heating the 

slide, crystal bond, and otolith on a hot plate to 1800C. Once the crystal bond cooled, the 

convex side of each mounted otolith was gently sanded using 1200 grit (~9 micron) wet 

and dry sand paper. To ensure the otolith surface was sanded evenly and parallel to the 

slide, sand paper was placed on a piece of glass (~20cm x 20cm x 0.5cm). The slide was 

then grasped on its edges and the otolith was sanded by moving the slide over the 

sandpaper in a consistent, circular motion to polish all parts of the otolith evenly. The 

position of the slide relative to the sanding board was monitored to keep the surface of 

the otolith as parallel with the slide as possible. The otolith was polished just enough to 

flatten the very top of the convex otolith surface so that when the otolith was flipped the 

sulcus side sat parallel to the slide surface. The crystal bond was then reheated, the otolith 

was flipped sulcus side up, and the crystal bond was allowed to re-harden. The otolith was 

then sanded in the same manner on the sulcus side. The otolith was checked continually 

under the microscope for the appearance of age rings. Once the otolith core was reached 

the otolith was polished with alumina powder to enhance the clarity of age bands. The 

slide was then reheated once more, the otolith removed using the tip of fine tweezers, and 

placed sulcus side up, on a slide, within the boundaries of a square on a 4 x 8 square grid 

(23mm x 58mm). The otolith was again examined under the microscope to check the 

surface was clear of crystal bond. Any crystal bond that had covered the surface of the 

otolith during slide transferal was carefully removed by gently sanding and polishing the 

surface of the otolith. 

 

5.3.3 LA-ICP-MS 

LA ICP-MS was carried out using an Agilent 7500cs ICP-MS coupled to a Resonetics 

RESOlution M-50 laser ablation system located in the Otago Centre for Trace Element 

Analysis at the Department of Chemistry, University of Otago, Dunedin, New Zealand. 

Samples collected in 2012, 2013 and 2014 were analysed in 2015. A total of 13 elements 

were selected to be included in the LA-ICPMS analysis; Li, B, Mg, P, S, Mn, Fe, Cu, Zn, Sr, Sn, 

Ba, and Pb. These elements were chosen as they are commonly detected in trace element 

analysis of otoliths (Campana, Gagne, et al. 1995, Campana et al. 1997, Thorrold et al. 

1998, Elsdon & Gillanders 2003, Arslan & Secor 2008, Fairclough et al. 2011). During LA-
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ICP-MS all selected elements, with the exception of Sn and Pb, were consistently measured 

at limits above their calculated limits of detection (Table 5.1). To examine how trace 

element levels changed over the life time of a fish we collected horizontal profiling 

ablation transects from the core of the otolith to the outer edge. The ablation system was 

powered by a Coherent 193 nm ArF excimer laser. Slides with otolith mounts were placed 

in the sampling cell and visually located via a 400X magnification video imaging system.  

A 75µm diameter transect running from the otolith core to the otolith edge was 

preablated twice to remove contaminants on the surface of the sectioned otolith plane. A 

transect of 75µm was then run over the pre-ablated zone and ablated from the core to 

edge at a speed of 10µm s-1 in order to record a trace element signature representative of 

the entire life history of the fish. The diameter of the transect run was chosen as a 

compromise between temporal sensitivity and detection power. The laser was operated 

with a firing frequency of 5Hz, and an average on sample fluence of 2.2 ± 0.1 J/cm2.  

Ablation occurred in an atmosphere of pure helium to minimise re-condensation of 

ablated materials and potential elemental fractionation (Eggins et al. 1998). Software-

controlled gas flows of helium and nitrogen and ICP-MS-controlled argon carrier gas were 

tuned to maximise signal intensities on 138Ba and 88Sr while minimising oxides and mass 

fractionation by monitoring ablation of the NIST SRM 612 certified reference calibration 

glass (National Institute of Standards and Technology, U.S.A). The duration of the ablation 

for each otolith was varied to suit the size of each individual otolith.  

Before, between and after blocks of 5-7 samples, standards (NIST 610, NIST 612 and 

MACS-3) were analysed in the same way as samples bar the pre-ablation procedure. 

Samples were analysed in a random order to avoid machine drift confounding 

examination of spatial and temporal variability in otolith trace element concentrations.  

 

5.3.4 Data processing 

Data were processed using the software IOLITE (Version 2.50) run on Igor Pro 

(Version 6.37) (Paton et al. 2011). Data collected from otoliths was compared with data 

from standards in order to make adjustments for the changes in machine sensitivity that 

occur over the course of a sample run. Instrument count rate ratios were then converted 

into concentration ratios (ppm or mg kg-1) relative to the internal standard, 43Ca. 

Concentration ratios in ppm relative to 43Ca were then converted into molar ratios 

relative to 43Ca (mol/mmol). NIST SRM 610 was used as the calibration standard. The data 
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were smoothed using a moving average to reduce the influence of high frequency noise in 

the data (due to analytical imprecision) that can mask ‘true’ variation among samples. 

Detection limits were calculated for each element using algorithms in the programme 

IOLITE (Table 5.1).  

 

Table 5.1. The suite of elements analysed by LA-ICP-MS.  Details of isotopes, and detection 

limits are given.  

Element Isotope DL (µmol/mol) 

Lithium 7Li 3.282964621 

Boron 11B 6.45599445 

Magnesium 24Mg 37.84390103 

Phosphorus 31P 48.76488572 

Sulphur 34S 169.2336246 

Manganese 55Mn 1.071099033 

Iron 57Fe 17.79643155 

Copper 63Cu 2.501771097 

Zinc 66Zn 2.687034489 

Strontium 88Sr 51.57034486 

Tin 118Sn 0.072913321 

Barium 138Ba 0.155399738 

Lead 208Pb 0.564525302 

 

5.3.5 Relating element profiles to fish age 

After otoliths were analysed using LA-ICPMS a digital image of each otolith was taken 

under reflected light, using an optical microscope, in order to visualise the ablated 

transect line and annual growth bands. Using this image the width of each annual 

increment along the laser transect was measured in ImageJ 1.49v. Measurements were 

made between the outer edges of consecutive opaque zones, so that each measurement 

encompassed one year’s growth. The distance measurements were then converted into 

time periods (time=distance/speed, where the speed of the laser was known to be 

0.001mm/s) during which data was collected for the corresponding otolith band. Finally 

the elemental concentration profiles were divided into years according to the time period 
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during which data for each band was collected. The estimated year each band was formed 

was determined according to age determination methods cited earlier, in chapter three of 

the present thesis. 

For each otolith an annual mean was calculated from the series of elemental reading  

that were assigned to each year. Thus providing a series of annual means relating to each 

year in a fish’s life.  

 

5.3.6 Satellite Imagery Analysis 

Satellite images were used to develop a time series of sea ice cover for each of our 

study sites during the month of February, from 2002-2014. The month of February is 

when sea ice cover is approximately at the yearly minimum. Therefore, we used the 

assumption that sea ice conditions, as they appeared in satellite images from February, 

represented yearly minimums. The purpose of developing this time series was to 

determine in which year’s sea ice broke out completely in McMurdo Sound i.e. up to the 

Ross Sea ice shelf.  

Satellite images were obtained from two sources. Images from 2002-2011 were 

acquired from an animation provided on the NASA Earth Observatory website (Allen & 

Riebeek 2011), and images from 2013-2014 were taken from the NASA Worldview 

website (Boller 2016). Unfortunately we were unable to acquire a satellite image from 

February 2012, but we were able to determine that sea ice broke out completely within 

McMurdo Sound during this year (Allen & Riebeek 2011).  

For each image from 2002-2011 and 2013-2014, we observed and recorded whether 

sea ice break out had proceeded all the way to the Ross Sea ice shelf during that year. 

Years were then categorised as having complete sea ice break out or incomplete sea ice 

break out. These categories were used to determine whether regional differences in sea 

ice cover were coincident with patterns that we observed in otolith trace element 

concentrations. 
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5.3.7 Statistical analysis 

 

Univariate analyses 

To test whether the concentration ratios of the 13 otolith trace elements were 

significantly different among years during which the sea ice broke out completely in 

McMurdo Sound, and years during which sea ice broke out partially in the Sound, linear 

models were fitted using the Standard Least Squares personality, in the Fit Model 

platform, in JMP.  Sea ice condition (Y=complete sea ice break out, N= partial sea ice break 

out) nested within the random factor ID (unique for each fish), sea ice condition, and 

site/region, were listed as independent variables, and trace element concentration ratios 

for Li, B, Mg, P, S, Mn, Fe, Cu, Zn, Sr, Sn, Ba, and Pb were listed as dependent variables. 

Separate analyses were run for T. bernacchii and P. borchgrevinki. 

To test whether the concentration ratios of the 13 otolith trace elements were 

significantly different among species at the Cape Evans Wall site, linear models were fitted 

using the Standard Least Squares personality, in the Fit Model platform, in JMP. Species 

(T. bernacchii, T. pennellii, P. borchgrevinki) nested within the random factor ID (unique 

for each fish), and species, were listed as independent variables, and trace element 

concentration ratios for Li, B, Mg, P, S, Mn, Fe, Cu, Zn, Sr, Sn, Ba, and Pb were list ed as 

dependent variables.  

To test whether the concentration ratios of trace elements differed significantly 

among regions or sites, for each species, along the sea ice gradient, linear models were 

fitted using the Standard Least Squares personality, in the Fit Model platform, in JMP. For 

the species T. bernacchii, region (inner (n=10), intermediate (n=30), outer (n=19)) nested 

within the random factor ID (unique for each fish), and region, were listed as independent 

variables. For the species P. borchgrevinki, site (Erebus Ice Tongue (n=15), Cape Evans 

Wall (n=7)) nested within the random factor ID (unique for each fish), and site, were listed 

as independent variables. Trace element concentration ratios for Li, B, Mg, P, S, Mn, Fe, Cu, 

Zn, Sr, Sn, Ba, and Pb were listed as dependent variables in both models.  

 

Multivariate analyses 

To test whether the trace element profiles of ice fish are influenced by changing sea 

ice conditions on a spatial scale along the sea ice gradient in McMurdo Sound, average 

yearly trace element concentration ratios were compared using a 3-way crossed and 
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nested ANOVA design with fixed factors; sea ice (Y(incomplete sea ice break out in 

McMurdo Sound) vs N(complete sea ice break out in McMurdo Sound)), and region (inner 

vs intermediate vs outer), and the random, nested factor ID[sea ice). The analysis was run 

using a permutational analysis of variance in the program PERMANOVA+ version 1.0.2 as 

an add-on to PRIMER v6. Pair-wise comparisons were made between sea ice conditions 

within sites (P. borchgrevinki) or regions (T. bernacchii). The PERMANOVA design was 

applied to this matrix using a maximum of 9999 permutations with unrestricted 

permutation of the raw data. Significant terms and interactions were tested for using 

posteriori pair-wise comparisons with the PERMANOVA t-statistic and 9999 

permutations. 

Principal coordinate analysis (PCO) plots were used as an unconstrained ordination 

method to visualise multivariate patterns in trace element concentrations between 

otolith bands formed during years with different sea ice conditions. 

To test the idea that ice fish species co-existing at a site during times with sea ice cover 

respond differently to changes in sea ice conditions, a PERMANOVA design was applied to 

trace element data from Cape Evans Wall in the form of a Euclidean resemblance matrix 

for P. borchgrevinki, T. bernacchii, and T. pennellii. A three-way nested and crossed design 

was carried out with the fixed factors; species (P. borchgrevinki, T. bernacchii, and T. 

pennellii) and sea ice (sea ice (Y(incomplete sea ice break out) and N(complete sea ice 

break out)), and the random, nested factor ID[sea ice], with ID being a unique code for 

each fish. Post-hoc analysis was carried out as previously described for trace elements.  

To test whether otolith trace element signatures differ among co-existing species at 

the Cape Evans Wall site, a PERMANOVA design was applied to trace element data in the 

form of a Euclidean resemblance matrix. A two-factor, nested design was carried out with 

the nested, random factor ID[Species], and the fixed factor species (T. bernacchii, T. 

pennellii, P. borchgrevinki). Post-hoc analysis was carried out as previously described for 

trace elements. To test whether the dispersion of trace element signatures differed 

significantly among species at the Cape Evans Wall site a two-factor, nested PERMDISP 

design was carried out with the nested, random factor ID[Species], and the fixed factor 

species (T. bernacchii, T. pennellii, P. borchgrevinki, T. newnesi). The PERMDISP was run 

using 9999 permutations and distance from centroid measures. 

To test whether otolith trace element signatures of species differ across regions/sites 

in McMurdo Sound, a PERMANOVA design was applied to trace element data for the 
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species; T. bernacchii, and P. borchgrevinki, in the form of Euclidean resemblance matrices. 

To analyse differences among regions for T. bernacchii a two-way nested design was 

carried out with the fixed factor region (inner, intermediate, and outer), and the random, 

nested factor ID[region]. To analyse differences among sites for P. borchgrevinki, a two-

way nested design was carried out with the fixed factor site (Erebus Ice Tongue, Cape 

Evans Wall), and the random, nested factor ID[site]. Post-hoc analyses were carried out 

as previously described for trace elements. PERMDISP analyses of the same designs was 

run using 9999 permutations and distance from centroid measures to test for differences 

in the dispersion of otolith trace elements among regions and sites for T. bernacchii, and 

P. borchgrevinki, respectively.  

Constrained ordination (canonical analysis of principal components (CAP)) plots 

were used as a method to visualise multivariate patterns in trace element concentration 

data when classified by species, or site.  

 

5.3.8 Qualitative analyses of seasonal and annual trace element variation 

Seasonal and annual variation present in the elemental profiles of ice fish otoliths was 

examined and compared between species and sites. Generalised patterns of trace element 

variation were then described and related to potential environmental causes.  

 

 

5.4 Results 
 

5.4.1 Do differences in otolith trace element concentrations recorded among years correspond 

to differences in sea ice dynamics? 

 

Trace element concentrations in ice fish otoliths were compared between years when 

the sea ice did not break out completely in McMurdo Sound (2002-2010), and years when 

the sea ice broke out completely (2011-2014). Trace elements from Trematomus 

bernacchii otoliths were compared among inner sites, intermediate sites, and outer sites 

in McMurdo Sound, while trace elements from Pagothenia borchgrevinki were compared 

between the Erebus Ice Tongue site, and the Cape Evans Wall site.  
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Univariate results 

 

Pagothenia borchgrevinki 

Concentrations of the trace elements B, Mn and Sr were found to be significantly 

higher in otolith bands of P. borchgrevinki formed during years in which sea ice broke out 

completely in McMurdo Sound. The concentration of P was significantly lower in bands 

formed during years with complete sea ice break out. Although Li concentration did not 

differ significantly between groups of years with different sea ice regimes, a significant 

site effect was found. (Table 5.2, Figure 5.1) 
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Table 5.2. Results from linear models run using the Standard Least Squares analyses in 

JMP. Univariate tests were run to determine if mean, annual, trace element concentration 

ratios in Pagothenia borchgrevinki otoliths (n=22), were significantly different between 

years during which sea ice broke out completely in McMurdo Sound, and years with 

incomplete sea ice break out. Site was included as a co-variable in the analysis to 

determine if responses to sea ice conditions were significantly different between sites 

(Erebus Ice Tongue (n=15), Cape Evans Wall (n=7)). Significant p-values are in bold. 

 Sea ice conditions   Site   

Trace 

element 

R square F ratio p-value F ratio p-value 

Li 0.691 1.77 0.1905 43.00 <0.0001 

B 0.738 7.24 0.0102 0.01 0.9299 

Mg 0.595 2.01 0.1634 3.70 0.0613 

P 0.147 7.77 0.0077 0.01 0.9380 

S 0.772 0.38 0.5434 0.97 0.3308 

Mn 0.347 7.31 0.0100 0.87 0.3556 

Fe 0.767 2.81 0.1012 2.60 0.1143 

Cu 0.704 0.84 0.3634 0.40 0.5282 

Zn 0.836 3.58 0.0654 0.06 0.8136 

Sr 0.674 109.72 <0.0001 0.49 0.4877 

Sn 0.088 1.18 0.2828 1.80 0.1854 

Ba 0.710 0.83 0.3671 0.0009 0.9756 

Pb 0.597 0.03 0.8545 1.28 0.2646 
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Figure 5.1. Mean concentrations of (a) Boron, (b) Phosphorus, (c) Manganese, and (d) 

Strontium, in otoliths of Pagothenia borchgrevinki (n=22) collected from the Cape Evans 

Wall (n=15), and Erebus Ice Tongue (n=7) sites along the sea ice gradient in McMurdo 

Sound. Graphs compare mean trace element ratios in otolith bands formed when sea ice 

broke out completely in McMurdo Sound (columns labelled complete) and otolith bands 

formed when sea ice did not break out completely (columns labelled incomplete). Error 

bars represent plus and minus one standard error. Columns not connected by the same 

letter indicate significant differences between groups.  

 

Trematomus bernacchii 

Concentrations of the trace elements B, Mn, Fe, Cu, Sr and Ba were found to be 

significantly higher in otolith bands of T. bernacchii formed during years in which sea ice 

broke out completely in McMurdo Sound (Table 5.3, Figure 5.2). A significant site effect 

was found for Li, Mg, Sr and Ba after accounting for differences in trace elements between 

years with different sea ice conditions (Table 5.3). 

(a) (b) 

(c) (d) 
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Table 5.3. Results from linear models run using the Standard Least Squares analysis in 

JMP. Univariate tests were run to determine if mean, annual, trace element concentration 

ratios in Trematomus bernacchii otoliths (n=59) were significantly different between 

years during which sea ice completely broke out in McMurdo Sound, and years with 

incomplete sea ice break out. Region was included as a co-variable in the analysis to 

determine if responses to sea ice conditions were significantly different between regions 

(inner (n=10), intermediate (n=30), outer (n=19)). Significant p-values are in bold. 

 Sea ice conditions   Region   

Trace 

element 

R 

squared 

F ratio p-value F ratio p-value Pair-wise 

tests 

Li 0.562 0.0639 0.8009 8.7292 0.0003 Inner   AB 

Mid      A 

Outer   B 

B 0.757 23.6235 <0.0001 0.1181 0.8887  

Mg 0.726 1.2232 0.2712 10.8667 <0.0001 Inner   AB 

Mid      A 

Outer   B 

P 0.350 0.0147 0.9036 2.0933 0.1287  

S 0.715 3.9168 0.0504 1.5266 0.2220  

Mn 0.720 11.4191 0.0010 2.3776 0.0980  

Fe 0.696 6.3146 0.0135 0.1294 0.8787  

Cu 0.567 9.7168 0.0024 0.2632 0.7681  

Zn 0.668 0.0000 0.9981 0.5527 0.5771  

Sr 0.705 42.9520 <0.0001 10.6774 <0.001 Inner  A 

Mid     B 

Outer  A 

Sn 0.547 2.2087 0.1405 0.5492 0.5792  

Ba 0.709 8.0338 0.0056 9.7651 0.0001 Inner    A 

Mid      B 

Outer   A 

Pb 0.271 0.0853 0.7708 0.6317 0.5341  
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Figure 5.2. Mean concentrations of (a) Boron, (b) Manganese, (c) Iron, (d) Copper, (e) 

Strontium, and (f) Barium, in otoliths of Trematomus bernacchii (n=59), collected from the 

inner (n=10), intermediate (n=30), and outer (n=19) regions along the sea ice gradient in 

McMurdo Sound. Graphs compare mean trace element concentration ratios in otolith 

bands formed when sea ice broke out completely in McMurdo Sound (columns labelled 

complete) and otolith bands formed when sea ice did not break out completely (columns 

labelled incomplete). Error bars represent plus and minus one standard error. Columns 

not connected by the same letter indicate significant differences between groups.  

 

 

 

(a) (b) 

(c) (d) 

(e) (f) 
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Multivariate results 

 

Pagothenia borchgrevinki 

The PERMANOVA analysis for P. borchgrevinki found sea ice condition to have a 

significant effect on otolith trace element concentrations (Table 5.4, Figure 5.3). The 

factor “site”, and the interaction factor “sea ice x site” were not significant in the model for 

P. borchgrevinki meaning site does not affect trace element signatures, and the effect of 

sea ice condition on trace elements does not differ between sites.  Pair-wise tests found 

otolith trace element signatures to be significantly different among years with different 

sea ice conditions, at both study sites (Table 5.5). 

 

Table 5.4. Results of PERMANOVA using a 3-factor design (ID[Sea ice], Site, Sea ice) to test 

for differences in trace element signatures in P. borchgrevinki otoliths over times of 

different sea ice conditions in McMurdo Sound. Significant results are in bold. 

Source df Pseudo-F P (perm) Unique perms 

Sea ice 1 152.23 0.0001 9929 

Site 1 1.6021 0.197 9924 

Sea ice x Site 1 1.644 0.1915 9927 

 

Table 5.5. Pair-wise PERMANOVA results based on Euclidean distance of otolith trace 

element data from P. borchgrevinki for differences between sea ice conditions at two sites 

in McMurdo Sound. Y= incomplete sea ice break out in McMurdo Sound, N= complete sea 

ice break out in McMurdo Sound. Significant results are in bold. 

Site Sea ice t P (perm) Unique perms 

Erebus Ice 

Tongue 

Y, N 11.244 0.001 9954 

Cape Evans Wall Y, N 6.6656 0.001 9943 
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Figure 5.3. Principal co-ordinates analysis (PCO) plot comparing otolith trace element 

signatures for P. borchgrevinki between years with different sea ice conditions (Y= 

incomplete sea ice break up in McMurdo Sound, N= complete sea ice break up in McMurdo 

Sound). Data was based in a Euclidean distance similarity matrix. A vector plot for otolith 

trace element concentrations is overlaid.  

 

Trematomus bernacchii 

The PERMANOVA analysis for T. bernacchii found the factors ”sea ice condition”, and 

“region” to have a significant effect on otolith trace element concentrations (Table 5.6, 

Figure 5.4). The interaction factor “sea ice x region” was also significant in the model for 

T. bernacchii meaning the effect of sea ice condition on otolith trace elements varies with 

position along the sea ice gradient. Pair-wise tests found otolith trace element signatures 

to be significantly different among years with different sea ice conditions, at the middle, 

and outer regions of McMurdo Sound (Table 5.7). 

 

Table 5.6. Results of PERMANOVA using a 3-factor design (ID[Sea ice], Region, Sea ice) to 

test for differences in trace element signatures in T. bernacchii otoliths over times of 

different sea ice conditions in McMurdo Sound. Significant results are in bold. 

Source df Pseudo-F P (perm) Unique perms 

Sea ice 1 40.034 0.001 9930 

Region 2 23.373 0.001 9935 

Sea ice x Region 2 4.7046 0.0042 9956 

 



158 
 

Table 5.7. Pair-wise PERMANOVA results based on Euclidean distance of otolith trace 

element data from T. bernacchii for differences between sea ice conditions at 3 regions in 

McMurdo Sound. Y= incomplete sea ice break out in McMurdo Sound, N= complete sea ice 

break out in McMurdo Sound. Significant results are in bold. 

Region Sea ice t P (perm) Unique perms 

Inner Y, N 1.1123 0.271 9978 

Mid Y, N 7.9453 0.001 9982 

Outer Y, N 4.6268 0.001 9965 

 

 

 

 

Figure 5.4 Principal co-ordinates analysis (PCO) plot comparing otolith trace element 

signatures for T. bernacchii between years with different sea ice conditions (Y= 

incomplete sea ice break up in McMurdo Sound, N= complete sea ice break up in McMurdo 

Sound). Data was based in a Euclidean distance similarity matrix.  A vector plot for otolith 

trace element concentrations is overlaid.  

 

Cape Evans Wall 

The PERMANOVA analysis for co-existing species at Cape Evans Wall, which included 

T. bernacchii (n=22), P. borchgrevinki (n=7), and T. pennellii (n=2), found the factors; ”sea 
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ice condition”, and “species” to have a significant effect on otolith trace elements 

concentrations (Table 5.8). The interaction factor “sea ice x species” was also significant 

in this model meaning the effect of sea ice condition on otolith trace element 

concentrations varies among species collected at the Cape Evans Wall site.  Pair-wise tests 

found otolith trace element signatures to be significantly different between species pairs: 

P. borchgrevinki and T. pennellii, and T. bernacchii and T. pennellii during years in which 

sea ice broke out partially in McMurdo Sound, and between species pairs: P. borchgrevinki  

and T. bernacchii, P. borchgrevinki and T. pennellii, and T. bernacchii and T. pennellii during 

years in which sea ice broke out completely in the Sound (Table 5.9). 

 

Table 5.8. Results of PERMANOVA using a 3-factor design (ID[Sea ice], Species, Sea ice) to 

test for differences in otolith trace element signatures among species at Cape Evans Wall 

during times of different sea ice conditions in McMurdo Sound. Significant results are in 

bold. 

Source df Pseudo-F P (perm) Unique perms 

Sea ice 1 49.938 0.0001 9950 

Species 2 20.753 0.0001 9943 

Sea ice x Species 2 4.7541 0.0072 9951 

 

Table 5.9. Pair-wise PERMANOVA results based on Euclidean distance of otolith trace 

element data from ice fish at Cape Evans Wall for differences among species during times 

of different sea ice conditions in McMurdo Sound. Y= incomplete sea ice break out in 

McMurdo Sound, N= complete sea ice break out in McMurdo Sound. Significant results are 

in bold. 

Sea ice 

Condition 

Groups t P (perm) Unique 

perms 

Y P. borchgrevinki, T. bernacchii 

P. borchgrevinki, T. pennellii 

T. bernacchii, T. pennellii 

1.8226 

3.4008 

3.1837 

0.0573 

0.0013 

0.0025 

9940 

9933 

9931 

N P. borchgrevinki, T. bernacchii 

P. borchgrevinki, T. pennellii 

T. bernacchii, T. pennellii 

4.1546 

3.7731 

2.0031 

0.0002 

0.0006 

0.0277 

9936 

9781 

9937 
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5.4.2 How different are trace element signatures among co-existing species, and do these 

differences reflect life history? Are there differences in the dispersion of trace element 

concentration ratios among species? 

 

Univariate analyses 

Concentrations of the otolith trace elements Li, Mn, Zn, and Sr were found to be 

significantly different among the co-existing species, T. bernacchii (n=22), P. borchgrevinki 

(n=7), and T. pennellii (n=2), at Cape Evans Wall (Table 5.10). The concentration of Li and 

Sr was significantly higher in the otoliths of P. borchgrevinki, while the concentration of 

Mn was significantly lower in the otoliths of this species, when compared with benthic 

species (Table 5.10, Figure 5.5). The concentration of zinc within otoliths of T. bernacchii 

and T. pennellii differed significantly, with T. pennellii otoliths containing higher Zn 

concentrations (Table 5.10, Figure 5.5). 
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Table 5.10. Results from linear models run using the Standard Least Squares analyses in 

JMP. Univariate tests were run to determine if mean, annual, trace element concentration 

ratios in otoliths from ice fish collected at Cape Evans Wall were significantly different 

among species. Pair wise tests indicate which species significant differences exist between 

for each trace element. Significant p-values are in bold. 

 Species    

Trace element R square F ratio p-value Pair-wise tests 

Li 0.3625 7.3555 0.0024 P. borchgrevinki    A 

T. bernacchii          B 

T. pennellii              B 

B 0.2635 0.4780 0.6246  

Mg 0.5073 0.3979 0.6753  

P 0.2780 0.4120 0.6670  

S 0.5083 0.8128 0.4533  

Mn 0.3842 6.5675 0.0039 P. borchgrevinki    A 

T. bernacchii          B 

T. pennellii              B 

Fe 0.2306 0.4242 0.6577  

Cu 0.0929 0.0453 0.9558  

Zn 0.2285 4.7996 0.0144 P. borchgrevinki    AB 

T. bernacchii          B 

T. pennellii              A 

Sr 0.2794 8.2342 0.0011 P. borchgrevinki    A 

T. bernacchii          B 

T. pennellii              B 

Sn 0.0970 0.1822 0.8340  

Ba 0.3212 0.3101 0.7354  

Pb 0.1347 0.2832 0.7548  
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Figure 5.5. Mean concentrations of (a) Lithium, (b) Manganese, (c) Zinc, and (d) 

Strontium, in otoliths of P. borchgrevinki (n=7), T. bernacchii (n=22), and T. pennellii (n=2), 

collected from the Cape Evans Wall site in McMurdo Sound. Error bars represent plus and 

minus one standard error. Columns not connected by the same letter indicate significant 

differences between groups.  

 

Multivariate analyses 

In order to test whether there were significant differences in otolith trace element 

concentrations among species at the Cape Evans Wall site a PERMANOVA was performed. 

Results of the PERMANOVA found a significant difference in trace element concentrations 

among species (Table 5.11). Post-hoc tests found trace element signatures to differ 

significantly between the species pairs: T. bernacchii and P. borchgrevinki, P. borchgrevinki 

and T. pennellii (Table 5.12). 

To test whether or not there were significant differences in the dispersion of trace 

element concentration ratios among species at the Cape Evans Wall site a PERMDISP 

analyses were performed. The PERMDISP analysis returned a significant result for 

differences in the dispersion of trace element concentrations among species. Pair-wise 

tests showed significant differences in dispersion existed between species pairs; T. 

bernacchii and P. borchgrevinki, and T. bernacchii and T. newnesi (Table 5.13, Figures 5.6 

(a) (b) 

(c) (d) 
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& 5.7). Dispersion of trace element signatures was higher for pelagic species than for 

benthic species. 

 

Table 5.11. Results of PERMANOVA using a 2-factor design (ID[Species], Species) to test 

for differences in otolith trace element signatures among co-existing species at Cape 

Evans Wall in McMurdo Sound. Trace elements signatures comprised concentration ratios 

of: Li, B, Mg, P, S, Mn, Fe, Cu, Zn, Sr, Sn, Ba, and Pb. Significant results are in bold. 

Source df Pseudo-F P (perm) Unique perms 

Species 2, 308 7.158 0.0015 9950 

ID (Species) 27, 308 3.506 0.0001 9886 

 

Table 5.12. Pair-wise PERMANOVA results based on Euclidean distance of otolith trace 

element data for differences among species co-existing at Cape Evans Wall in McMurdo 

Sound. Significant results are in bold. 

Groups t P (perm) Unique perms 

T. bernacchii, P. borchgrevinki 

T. bernacchii, T. pennellii 

P. borchgrevinki, T. pennellii 

3.2913 

1.3638 

2.9147 

0.001 

0.1494 

0.0258 

9952 

9935 

8453 

 

Table 5.13. Results of PERMDISP comparing dispersion of trace element signatures 

among species at the Cape Evans Wall site. Pair-wise tests show comparisons among all 

species pairs. Significant results are in bold. 

Group df F value P 

(perm) 

Pair-wise comparisons t P 

(perm) 

Species 3, 

316 

5.7475 0.0039  

T. bernacchii, P. borchgrevinki 

T. bernacchii, T. pennellii 

T. bernacchii, T. newnesi 

P. borchgrevinki, T. pennellii 

P. borchgrevinki, T. newnesi 

T. pennellii, T. newnesi 

 

3.7515 

0.3151 

2.1154 

1.212 

0.3720 

1.772 

 

0.0009 

0.7804 

0.0380 

0.2708 

0.7581 

0.1661 
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Figure 5.6. Mean dispersion of trace element concentration ratios for T. bernacchii (n=22), 

T. pennellii (n=2), P. borchgrevinki (n=7), and T. newnesi (n=1) otoliths, collected from 

Cape Evans Wall. Error bars show plus and minus one standard error. Groups not 

connected by the same letter are significantly different.  

 

 

Figure 5.7. A constrained ordination (canonical analysis of principal components (CAP)) 

of otolith trace element concentrations for four species of ice fish at Cape Evans Wall. Data 

was based in a Euclidean distance similarity matrix. A vector plot for trace element 

concentration ratios is overlaid.  

A A B B B 
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5.4.3 How distinct are otolith trace element signatures within a species among sites? Are there 

differences in the dispersion of trace element concentration ratios among sites? 

 

Univariate analyses 

 

Trematomus bernacchii 

Concentrations of the otolith trace elements Li, Mg, Sr and Ba were found to be 

significantly different among regions of capture (inner (n=10), intermediate (n=30), and 

outer (n=19)), for T. bernacchii. The concentration of Li was significantly higher, while the 

concentration of Mg was significantly lower in otoliths of T. bernacchii captured from the 

intermediate region of the Sound, when compared to those from fish captured in the outer 

region (Table 5.14, Figure 5.8). Concentrations of Sr and Ba were highest in otoliths of fish 

captured from the intermediate region, with Sr being significantly higher than in otoliths 

from the inner region, and Ba being significantly higher than in otoliths from both the 

inner and outer regions (Table 5.14, Figure 5.8).  
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Table 5.14. Results from linear models run using the Standard Least Squares analyses in 

JMP. Univariate tests were run to determine if mean, annual, trace element concentration 

ratios in otoliths from Trematomus bernacchii were significantly different among regions 

across the sea ice gradient. Pair wise tests indicate which regions significant differences 

exist between for each trace element. Significant p-values are in bold.  

Trace element R square F ratio p-value Pair-wise tests 

Li 0.4960 5.5502 0.0064 Inner       A,B 

Mid         A  

Outer      B 

B 0.4406 0.6337 0.5345  

Mg 0.6452 6.2504 0.0036 Inner       A,B 

Mid         A  

Outer      B 

P 0.2892 0.7987 0.4562  

S 0.5481 0.8076 0.4512  

Mn 0.2005 1.6863 0.1943  

Fe 0.5537 0.4764 0.6236  

Cu 0.3597 0.0180 0.9822  

Zn 0.2823 0.6199 0.5417  

Sr 0.3465 5.5049 0.0065 Inner       A 

Mid         B  

Outer      A,B 

Sn 0.1024 0.3962 0.6747  

Ba 0.4322 7.7724 0.0010 Inner       A 

Mid         B  

Outer      A 

Pb 0.1191 0.8825 0.4217  
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Figure 5.8. Mean concentrations of (a) Lithium, (b) Boron, (c) Magnesium, (d) 

Phosphorus, (e) Sulphur, (f) Manganese, (g) Iron, (h) Strontium, and (i) Barium, in otoliths 

of Trematomus bernacchii collected from the inner (Scott Base, Arrival Heights, Cape 

Armitage, Dayton’s Wall, McMurdo Jetty) (n=10), intermediate (Cape Evans, Cape Evans 

Wall) (n=30), and outer regions (Cape Royds) (n=19), of McMurdo Sound. Error bars 

show plus and minus one standard error. Columns not connected by the same letter 

indicate significant differences between groups.  

 

Pagothenia borchgrevinki 

The concentration of Li was significantly higher in otoliths of P. borchgrevinki 

captured at the Cape Evans Wall site (n=7), when compared with the Erebus Ice Tongue 

site (n=15) (Table 5.15, Figure 5.9). Lithium was the only otolith trace element found to 

differ significantly in concentration between the two collection sites.  

 

 

 

(g) (h) 

(i) 
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Table 5.15. Results from linear models run using the Standard Least Squares analyses in 

JMP. Univariate tests were run to determine if mean, annual, trace element concentration 

ratios in otoliths from Pagothenia borchgrevinki were significantly different between sites 

across the sea ice gradient. Pair wise tests indicate which sites significant differences exist 

between for each trace element. Significant p-values are in bold. 

Trace element R square F ratio p-value 

Li 0.5086 44.8824 <0.0001 

B 0.5390 0.0047 0.9459 

Mg 0.4830 2.0891 0.1642 

P 0.1116 0.0114 0.9159 

S 0.7460 0.4395 0.5150 

Mn 0.2771 0.3185 0.5789 

Fe 0.6916 1.5200 0.2318 

Cu 0.5839 0.3705 0.5495 

Zn 0.7091 0.0361 0.8512 

Sr 0.0319 1.9640 0.1751 

Sn 0.0872 1.3786 0.2540 

Ba 0.4118 0.0033 0.9544 

Pb 0.5273 0.5867 0.4526 

 

 

 

 

 

 

 

 

 

Figure 5.9. Mean concentrations of lithium in otoliths of Pagothenia borchgrevinki 

collected from the Erebus Ice Tongue site (n=15), and Cape Evans Wall site (n=7), in 

McMurdo Sound. Error bars show plus and minus one standard error. Columns not 

connected by the same letter indicate significant differences between groups.  
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Multivariate analyses 

In order to test whether or not there were significant differences in otolith trace 

element concentrations among site/regions for the species T. bernacchii, and P. 

borchgrevinki, PERMANOVA’s were performed.   

The PERMANOVA testing for differences in otolith trace element signatures among 

regions for T. bernacchii returned a significant result (Table 5.16). Post-hoc tests then 

revealed that otolith trace element signatures for T. bernacchii were significantly different 

between the inner and intermediate regions, and between the intermediate and outer 

regions of the Sound (Table 5.17). 

The PERMANOVA analyses that tested for differences in otolith trace element 

signatures between sites for P. borchgrevinki returned a non-significant result (Table 

5.18).  

To test whether or not there were significant differences in the dispersion of trace 

element concentration ratios among sites/regions for the species T. bernacchii and P. 

borchgrevinki, PERMDISP analyses were performed. PERMDISP returned a significant 

result when testing for differences in the dispersion of P. borchgrevinki otolith trace 

element concentrations among sites (Table 5.19, Figure 5.10a). PERMDISP found no 

significant difference in the dispersion of otolith trace elements among regions for T. 

bernacchii (Table 5.19, Figure 5.10b).  

 

Table 5.16. Results of PERMANOVA using a 2-factor design (Region, ID [Region]) to test 

for differences in otolith trace element signatures among regions in McMurdo Sound for 

T. bernacchii. Significant results are in bold. 

Source df Pseudo-F P (perm) Unique perms 

Region 2, 630 4.3908 0.0059 9958 

ID(Region) 54, 630 5.5184 0.0001 9827 
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Table 5.17. Pair-wise PERMANOVA results based on Euclidean distance of otolith trace 

element data for differences among regions in McMurdo Sound for T. bernacchii. The inner 

region includes samples from; McMurdo Jetty, Cape Armitage, Scott Base, Dayton’s Wall 

and Arrival Heights. The intermediate region includes samples from; Cape Evans, and 

Cape Evans Wall. The outer region includes samples from Cape Royds. Significant results 

are in bold. 

Species Group comparisons t P (perm) Unique perms 

T. bernacchii Inner, Intermediate 

Inner, Outer 

Intermediate, Outer 

2.4133 

1.1019 

4.1803 

0.0111 

0.2907 

0.0157 

9952 

9959 

9942 

 

Table 5.18. Results of PERMANOVA using a 2-factor design (Site, ID [Site]) to test for 

differences in otolith trace element signatures between sites in McMurdo Sound for P. 

borchgrevinki. 

Source df Pseudo-F P (perm) Unique perms 

Site 1, 169 1.008 0.3399 9958 

ID (Site) 20, 169 1.175 0.2688 9909 

 

Table 5.19. Results of PERMDISP comparing dispersion of trace element signatures 

among sites/regions for T. bernacchii, and P. borchgrevinki. Pair-wise tests show 

comparisons among all site/region pairs. Significant results are shown in bold.  

Species df F 
value 

P 
(perm) 

Pair-wise 
comparisons 

t P 
(perm) 

T. bernacchii 2, 
628 

0.3471 0.7373    

P. borchgrevinki 1, 
168 

5.529 0.0348  

Erebus Ice Tongue, 
Cape Evans Wall 

 

2.2514 

 

0.0312 
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Figure 5.10a. A constrained ordination (canonical analysis of principal components 

(CAP)) of otolith trace element concentrations for Pagothenia borchgrevinki collected at 

two sites along the sea ice gradient in McMurdo Sound. Data was based in a Euclidean 

distance similarity matrix.  

Figure 5.10b. A constrained ordination (canonical analysis of principal components 

(CAP)) of otolith trace element concentrations for Trematomus bernacchii collected at 

three regions along the sea ice gradient in McMurdo Sound. Data was based in a Euclidean 

distance similarity matrix. A vector plot for trace element concentration ratios is overlaid.   
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5.4.4 Seasonal and annual variation of otolith trace elements 

Elemental profiles for 13 trace elements analysed were successfully related to age for 

a total of 14 P. borchgrevinki from the Erebus Ice Tongue site, 7 P. borchgrevinki from the 

Cape Evans Wall site, 9 T. bernacchii collected from sites within the inner region of 

McMurdo Sound, 30 T. bernacchii from the intermediate region of McMurdo Sound, and 

19 T. bernacchii collected from the outer region of the Sound. It is not possible to present 

all these profiles here, therefore the profiles for the trace elements Sr, P, and Ba are 

presented for a single fish from each site/region listed, in order to demonstrate the annual 

and seasonal variation that exists for otolith trace elements. The trace elements Sr, P, and 

Ba were chosen as they were found to exhibit the clearest patterns of seasonal variation.  

The profiles of Sr, P, and Ba showed several different levels of variation. Most otoliths 

showed some level of systematic, sinusoidal variation with an annual periodicity, often 

appearing as peaks and troughs within years. This variation appeared to be stronger for 

the profiles of Sr, and Ba.  A second level of variation observed was the differences in the 

amplitude of peaks and troughs across the transect profile, reflecting considerable 

between year variation in concentration for these elements. Thirdly there is the larger 

scale, temporal trend that is apparent when the changes in trace element concentrations 

are observed over the entire life time of the fish.  

In some fish otoliths annual peaks and troughs were discernible for all years of the 

fish’s life represented by the length of the transect (e.g. Figures 5.12c & 5.13a). In other 

otolith profiles, annual peaks and troughs were apparent for only part of the transect 

length (e.g. Figures 5.14c & 5.15b). Variation was also present with respect to the 

alignment of peaks and troughs with the opaque and translucent zones. In most cases the 

peaks in Sr were aligned with the translucent zones for the annuli that represent growth 

bands formed in the summer, while troughs aligned with the opaque zones for the annuli 

that represent growth over winter. Elemental profiles for Ba aligned with otolith growth 

annuli in a similar way to Sr profiles, although alignment sometimes shifted so that peaks 

in Ba were aligned with the translucent zones for annuli (e.g. Figure 5.11c). 

Elemental profiles for P displayed sinusoidal variation, however this variation was 

less regular than that observed for Sr and Ba, with the concentration of P often not 

exhibiting an annual periodicity. Larger differences among the amplitude of peaks and 

troughs for P profiles were also apparent when compared with profiles for Sr and Ba.  
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The elemental profiles for P. borchgrevinki had some notable differences when 

compared to those of T. bernacchii. The amplitude of annual peaks and troughs were more 

regular across the otoliths transects for P. borchgrevinki. Peaks and troughs also appeared 

to align better with annuli, for Sr and Ba profiles (Figures 5.15 & 5.16).  
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Trematomus bernacchii- Cape Royds 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11. Age-related trace element profiles for each of (a) 88Sr, (b) 31P, and (c) 138Ba, 

for one T. bernacchii individual from the Cape Royds collection site, demonstrating the 

types of annual and seasonal variation in elemental concentration that were observed. 

Vertical, dashed lines represent the division of annual age increments on otoliths. 

Numbers to the right of each line give the year of life for the corresponding age band.  
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(c) 
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Trematomus bernacchii- Cape Evans Wall 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. Age-related trace element profiles for each of (a) 88Sr, (b) 31P, and (c) 138Ba, 

for one T. bernacchii individual from the Cape Evans Wall collection site, demonstrating 

the types of annual and seasonal variation in elemental concentration that were observed. 

Vertical, dashed lines represent the division of annual age increments on otoliths. 

Numbers to the right of each line give the year of life for the corresponding age band. 

(a) 

(b) 

(c) 
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Trematomus bernacchii- Cape Evans 

 

 

 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13. Age-related trace element profiles for each of (a) 88Sr, (b) 31P, and (c) 138Ba, 

for one T. bernacchii individual from the Cape Evans collection site, demonstrating the 

types of annual and seasonal variation in elemental concentration that were observed. 

Vertical, dashed lines represent the division of annual age increments on otoliths. 

Numbers to the right of each line give the year of life for the corresponding age band. 
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Trematomus bernacchii- Cape Armitage 

                                                                              

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14. Age-related trace element profiles for each of (a) 88Sr, (b) 31P, and (c) 138Ba, 

for one T. bernacchii individual from the Cape Armitage collection site, demonstrating the 

types of annual and seasonal variation in elemental concentration that were observed. 

Vertical, dashed lines represent the division of annual age increments on otoliths. 

Numbers to the right of each line give the year of life for the corresponding age band. 
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Pagothenia borchgrevinki- Erebus Ice Tongue 

 

                                                        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15. Age-related trace element profiles for each of (a) 88Sr, (b) 31P, and (c) 138Ba, 

for one P. borchgrevinki individual from the Erebus Ice Tongue collection site, 

demonstrating the types of annual and seasonal variation in elemental concentration that 

were observed. Vertical, dashed lines represent the division of annual age increments on 

otoliths. Numbers to the right of each line give the year of life for the corresponding age 

band. 
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Pagothenia borchgrevinki- Cape Evans Wall 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16. Age-related trace element profiles for each of (a) 88Sr, (b) 31P, and (c) 138Ba, 

for one P. borchgrevinki individual from the Cape Evans Wall collection site, 

demonstrating the types of annual and seasonal variation in elemental concentration that 

were observed. Vertical, dashed lines represent the division of annual age increments on 

otoliths. Numbers to the right of each line give the year of life for the corresponding age 

band. 
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5.5 Discussion 

 

5.5.1 Do trace element profiles reflect past changes in sea ice dynamics in McMurdo Sound, 

Antarctica?  

In the otoliths of T. bernacchii, concentrations of the trace elements B, Mn, Fe, Cu, Sr, 

and Ba were found to be significantly higher in years with complete sea ice break out in 

McMurdo Sound.  

Trace element concentrations may increase in years with more sea ice melt if the 

process of sea ice formation removes these trace elements from the water column, and 

the process of sea ice melt releases them back into the water column. Sedwick et al. (2000) 

suggested melting of sea ice in the Ross Sea as a likely source of iron and manganese in 

the upper water column. One process by which the melting of sea ice could contribute 

significant concentrations of Fe and Mn into the upper water column is via the release of 

sediment-derived metals contained in the sea ice that formed in coastal waters (Sedwick 

et al. 2000). During winter intense sea ice formation is thought to incorporate particulate 

Fe and Mn that is upwelled from bottom sediments (Sedwick et al. 2000). A second 

process that could cause sea ice melt to introduce Fe and Mn into the water column is the 

release of mineral-aerosol dust contained in snow on the sea ice (Sedwick et al. 2000). As 

most of the pack ice in McMurdo Sound melts in late November and early December 

(Jacobs & Comiso 1989), the input of trace elements, derived from melting sea ice, into 

surface waters is likely highest during late spring and early summer. 

Concentrations of the trace elements B, Mg, and Sr, in P. borchgrevinki otoliths were 

found to increase significantly in years during which the sea ice broke out completely in 

McMurdo Sound, while the concentration of the trace element P decreased significantly. 

The concentration of Fe was found to increase in the otoliths of P. borchgrevinki, although 

not significantly. 

Fewer significant increases in trace element concentrations were observed in P. 

borchgrevinki otoliths during years in which sea ice broke out to the ice shelf. This may 

indicate the species moves with retreating sea ice during spring and summer, and 

therefore experiences less of an increase in ambient trace elements due to sea ice melt. 

Multivariate analyses found trace element concentrations in P. borchgrevinki otoliths 

to be significantly different between years with complete sea ice break out, and 
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incomplete sea ice break out at both the Cape Evans Wall and Erebus Ice Tongue sites. For 

T. bernacchii otoliths collected at the intermediate and outer regions of the Sound, trace 

element concentrations were found to be significantly different between years with 

complete and incomplete sea ice break up, whereas trace elements in otoliths collected 

from the inner region did not differ significantly. This result is consistent with the degree 

of sea ice break out expected at the three regions, within McMurdo Sound, each year. Sites 

within the inner region would only experience a short period of ice free time even during 

years in which sea ice broke out to the Ross sea ice shelf, while the intermediate and outer 

regions experience relatively longer ice free periods, and more sea ice melt. Accordingly, 

changes in the ambient water chemistry would likely be of a smaller magnitude at the 

inner sites. Results from multivariate analyses presented in the present chapter indicate 

that the chemistry of water masses inhabited by both benthic and pelagic species are 

effected by regional sea ice conditions in McMurdo Sound, and some of the changes in 

ambient water chemistry caused by changing sea ice conditions are relayed into the 

otoliths of ice fish.  

Otolith trace element signatures of fish collected from Cape Evans Wall were found to 

be more similar between benthic and pelagic species during years when sea ice did not 

break out completely in McMurdo Sound, when compared with otolith trace element 

signatures in years with complete sea ice break out. This result is consistent with the idea 

that pelagic P. borchgrevinki travel with the sea ice when it retreats, while benthic species 

remain in the same location throughout the year, and their respective trace elemental 

signatures reflect this difference in site fidelity. In years during which sea ice remains for 

longer and breaks out to a lesser extent within McMurdo Sound, pelagic and benthic 

species may remain in close proximity for a longer period, whereas in years that have 

earlier, and more widespread sea ice break up, P. borchgrevinki may leave the Cape Evans 

Wall site earlier, resulting in more distinct trace element profiles between species of 

different habits.  

The nature of physical and chemical changes occurring in Antarctic waters is complex, 

and current knowledge as to the behaviour of trace elements in ice covered environments 

is relatively limited. This makes it difficult to understand exactly how each environmental 

variability is influencing the incorporation of trace elements into fish otoliths. Yet our 

results suggest that sea ice conditions have a significant, and detectable effect on the trace 

element concentration ratios found within otoliths of Trematomus bernacchii and 
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Pagothenia borchgrevinki, and the patterns that we observe are consistent with key 

differences in life history between the species.  

The data presented here provides novel evidence for a link between environmental 

conditions in an ice covered environment and chemical signatures recorded in the otoliths 

of these important sentinel species for Antarctic food web structure and function. Our 

findings will contribute to achieving a sound knowledge of how environmental factors 

such as sea ice formation, sea ice melt, temperature, and salinity, influence water 

chemistry and otolith microchemistry in ice cover regions. The implications of the results 

presented here include, a new basis for interpreting environmental histories of ice fish, 

novel data for understanding the physical and chemical changes occurring in key  

Antarctic habitats, and development of sentinel species for forecasting the effects of 

climate driven changes on ecosystems. 

 

5.5.2 How different are the concentrations and dispersions of trace elements among co-

existing species, and do these differences reflect lifestyle?  

Otoliths of benthic ice fish species were significantly lower in Li, and Sr, but higher in 

Mn than their pelagic counterparts. 

The trace elements lithium and strontium are known to be associated with salinity, 

with concentrations usually higher in saltwater compared to freshwater (Hall et al. 2005). 

The distributions and concentrations of these elements could be different in the upper 

water column of McMurdo Sound depending on how the elements behave in ice covered 

regions. If certain elements are removed from the water column as sea ice forms, it would 

be expected that their concentrations would decrease in winter and increase in summer 

as sea ice melts. On the other hand some elements may be rejected from sea ice as it forms, 

in which case concentrations of such elements should increase in winter and decrease in 

summer, as freshwater melt has a diluting effect.  

Our results indicate overall concentrations of Li and Sr are higher in the upper water 

column inhabited by P. borchgrevinki compared with bottom waters inhabited by benthic 

ice fish. This finding is contrary to the depth profile usually observed for the element Sr 

which follows a nutrient-type profile. A nutrient-type profile is characterised by 

concentrations of Sr depleted in surface waters due to direct uptake by phytoplankton 

and absorption onto biogenic particles, and increasing with depth due to microbial 



184 
 

decomposition (Donat & Bruland 1995). Strontium in the upper water column of 

McMurdo Sound may not be used as readily by biogenic particles, it is also possible that 

benthic ice fish do not inhabit waters deep enough to observe the enrichment of Sr with 

depth. The trapping of Sr into sea ice as it freezes may also impair the process of Sr 

depletion in the surface water layer in ice covered habitats. 

Concentrations of Mn are likely to be higher in the otoliths of benthic species due to 

near bottom enrichment from sediment sources (Bruland 1983). Upwelling of bottom 

water is partially responsible for supplying Mn into the upper water column (Sedwick et 

al. 2000).  

Despite strong evidence suggesting T. bernacchii and T. pennellii share very similar 

niches (Brenner et al. 2001, Cherel et al. 2011), otoliths of T. pennellii had significantly 

higher concentrations of Zn. This difference may, in part, be related to diet, and/or 

environmental factors such as depth. Results presented in chapter two of the present 

thesis found T. pennellii to source a higher proportion of dietary carbon from SIMCO, and 

consume a higher proportion of benthic prey items relative to T. bernacchii. This suggests 

T. pennellii feeds at a lower position in the water column compared to T. bernacchii, a 

niche difference that may be reflected in the trace element profiles of these species’ 

otoliths.  

Multivariate analyses found trace element concentrations to be significantly different 

between the species pairs; P. borchgrevinki and T. bernacchii, and P. borchgrevinki and T. 

pennellii. This result indicates that benthic and pelagic species inhabit water masses with 

distinct chemical and physical properties, and some of these differences are incorporated 

into otoliths as they grow.  

The dispersion of trace element signatures was found to be higher in pelagic species 

than in benthic species. A greater dispersion of trace elements suggests pelagic species 

are more active in the water column, moving through water masses with different 

physical and chemical properties. This dynamic lifestyle is recorded in otoliths as more 

variation in trace element signatures over time when compared with trace elements in 

the otoliths of benthic species. T. newnesi appears to be especially mobile having the 

highest dispersion of trace element signatures despite a very small sample size being 

obtained for this species. In agreement with the findings of La Mesa et al. (2000), we 

suggest that T. newnesi is likely to have high niche plasticity in response to environmental 

conditions such as variability and extent of sea ice cover. The lower dispersion of trace 
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element signatures observed for benthic species indicates that these species live a more 

sedentary lifestyle, with the position they inhabit being less influenced by immediate 

environmental conditions.  

 

5.5.3 Can otolith microchemical analysis be used to determine spatial differences among ice 

fish populations? 

Multivariate analyses demonstrated that otolith trace element signatures were 

significantly different between the inner and intermediate regions, and the intermediate 

and outer regions, for the species T. bernacchii. In contrast, no significant differences were 

found among sites for the species P. borchgrevinki. This observed pattern is consistent 

with results from the previous section that categorises T. bernacchii as a resident species, 

remaining close to a fixed location throughout the year. Little transfer of individuals 

among populations inhabiting different sites in McMurdo Sound would be expected for T. 

bernacchii. Otolith trace element signatures are therefore likely to be more unique among 

regions for T. bernacchii, because otolith material was deposited with elemental 

composition influenced by site specific water chemistry. In this manner otoliths could be 

used to identify the home site of benthic individuals, and to identify chemical, physical 

and ecological changes occurring at a site over time. Trace elements are likely less distinct 

between otoliths of P. borchgrevinki collected at different sites due to the more ephemeral 

nature of pelagic species at a location. The trace element signatures in their otoliths being 

the result of integrating water chemistry from a range of locations.  

Concentrations of Li, Ba, and Sr were highest in the otoliths of T. bernacchii captured 

at sites in the intermediate region of the sound, while levels of Mg and Mn were lowest in 

these otoliths. Otoliths from the outer region were highest in B, Mg, P, and Fe, while 

otoliths from the inner region had the lowest concentrations of Ba.  

Elements that differ in concentration among regions may be associated with 

differences in environmental conditions such as, sea ice melt, seeding of microalgae and 

microbes into the water column, salinity, temperature, upwelling of sediments, and 

stratification of the water column. The high levels of Sr accompanied by low levels of Mn 

at intermediate sites may be indicative of a habitat with more pelagic influence, as these 

elements were found in higher concentrations in the otoliths of pelagic species. Perhaps 

this is a region of high freshwater input from sea ice melt, and low sediment upwelling.  
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Shallow near shore waters are important sources of iron in coastal regions of the Ross 

Sea with bottom waters supplying trace metals to the upper water column. The higher 

levels of Fe observed in otoliths from the outer region may be caused by increased vertical 

mixing in the water column, and subsequent incorporation and release of Fe from the 

formation and melting of sea ice. Fe contributes to the phytoplankton blooms that occur 

in the spring and early summer in Antarctica (Sedwick et al. 2000). The higher levels of 

iron in the waters of the outer region likely play a role in determining the duration of algal 

community growth in the area.  

There was little evidence for differences in the dispersion of trace element signatures 

among sites, with T. bernacchii otoliths showing no significant difference in the dispersion 

of trace elements among regions, while the difference in dispersion of trace elements in 

P. borchgrevinki otoliths was weakly significant between sites. From these results we can 

conclude that no one population of benthic species displays greater movement than any 

other. Pelagic species likely display more inter-individual variability in their movement 

behaviour, consistent with variability in trace element signatures observed here, though 

the difference detected could also be explained by the differences in sample sizes between 

sites for P. borchgrevinki. 

The concentrations of some trace elements within otoliths can act as records of diet, 

physiology, and environmental changes, as fish populations often inhabit areas of water 

with distinct trace metal compositions, and different prey availability.  This ‘elemental 

fingerprint’ can be used as a biological tag to discriminate among groups of fish with 

different life histories (Campana 1999). The results presented here demonstrate that 

otolith elemental composition has the potential to serve as a natural marker for groups of 

benthic ice fish that have high site fidelity. However the large amount of variability in 

otolith trace element signatures among individuals means a large sample size will be 

required to distinguish populations, and to characterise habitat conditions. 

 

5.5.4 Seasonal and annual variation of otolith trace elements 

The systematic, sinusoidal variation, with annual periodicity observed in elemental 

profiles for Sr, and Ba, indicates considerable within year variation possibly related to a 

seasonal effect. The amplitude of peaks and troughs across transect profiles also differed, 

reflecting considerable between year variation in concentrations for Sr, P, and Ba.  
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The Antarctic environment experiences extreme seasonality with a large amount of 

freshwater being released into McMurdo Sound in spring and summer as sea ice melts, 

and brine rejection occurring as sea ice forms in the autumn and winter months. These 

sea ice dynamics drive physical and chemical changes in the water chemistry of ice 

covered regions, and biological changes to communities living beneath the sea ice. If the 

concentrations of strontium and barium within ice fish otoliths reflect the relative 

ambient concentrations of these elements at the time of crystalline matrix formation it is 

likely that the annual peaks and troughs observed along otolith transects are a result of 

seasonal formation and thaw of sea ice.  

Variation in the amplitude of trace element peaks and troughs among years may 

occur, in part, as a result of local or regional differences in sea ice persistence and 

thickness from year to year. A year with extreme sea ice conditions may cause an 

unusually high peak or low trough in the elemental profile of a fish’s otolith.  

The peaks in Sr and Ba largely aligned with the translucent annuli formed in spring 

and summer months suggesting the concentration of these trace elements peak in 

summer when sea ice breaks up and thaws, and decline in winter as sea ice reforms. This 

observation is in agreement with our findings presented earlier in the present chapter 

that demonstrated the concentration of Sr and Ba to be significantly higher in otolith  

bands formed during years with complete sea ice break up within McMurdo Sound i.e. 

more sea ice melt results in higher ambient levels of strontium and barium. 

Occasional shifts in the alignment of Sr and Ba peaks and troughs with otolith annuli 

may be the result of slight error in the visual division of annual bands on otoliths. Shifts 

in alignment could also be caused by variation in the timing of seasonal events e.g. annual 

differences in the day at which maximum and minimum sea ice cover or thickness within 

McMurdo Sound is reached.  

Annual peaks and troughs were not discernible for all years across the otolith transect 

of some fish. This may be due to peaks and troughs being harder to distinguish in the outer 

bands of older fish that have more narrow annuli. The environment of benthic species 

may also act to disguise some of the seasonal changes occurring, as their habitat is a 

greater distance from the environmental influences of sea ice.  

The less frequent, and more unpredictable sinusoidal variation displayed by P 

suggests that that sea ice dynamics are unlikely to be driving this pattern. Variations in 
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diet could explain the fluctuations observed, however if this were the case we would 

expect the magnitude of change to be greater for T. bernacchii given their greater diet 

diversity, yet this is not observed. The variation in P could also be due to physiological 

changes, or the result of an environmental influence that follows a non-seasonal cycle.  

Greater regularity of sinusoidal variation, and better alignment of peaks and troughs 

with annuli were observed in the elemental profiles of P. borchgrevinki otoliths when 

compared to those of T. bernacchii. This may indicate that P. borchgrevinki is more 

strongly effected by a seasonal environmental change. P. borchgrevinki have a close 

interaction with sea ice. They are often observed by divers to be feeding within cracks on 

the underside of ice and may follow retreating sea ice so that they can continue to use this 

habitat to feed and reproduce. This close association with sea ice could produce the 

greater seasonal fluxes in Sr and Ba concentrations observed in the otoliths of P. 

borchgrevinki. 

Here we have observed the seasonal and annual changes present in trace element 

profiles of individual ice fish. These fine scale observations complement findings from the 

analyses of larger scale changes, presented earlier in the present chapter, by providing 

further details on the link between the environment and the chemical traces recorded in 

otoliths. Further understanding of this dynamic could provide opportunity to investigate 

paleoclimate data from ancient otolith material. 

 

 

5.6 Conclusions 

The objective of the present chapter was to use the chemical properties of otoliths in 

combination with their chronological properties to determine how trace element 

signatures differ among species and sites, and among years with different sea ice regimes. 

Changes in the trace elements incorporated into otoliths over time can give insight into 

the life history patterns of species, the unique environment occupied by fish at sites across 

the sea ice gradient, and the physical changes occurring at these sites. The following 

conclusions were reached from the analyses presented in the present chapter: 

 Otolith trace element signatures were found to differ significantly between years 

with complete and incomplete sea ice break out in McMurdo Sound. This was true 
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for T. bernacchii collected from the intermediate and outer regions, and P. 

borchgrevinki collected from the Cape Evans Wall and Erebus Ice Tongue sites. 

 Trace elements in the otoliths of ice fish species collected at the Cape Evans Wall 

site were effected differently by changing sea ice conditions. Trace element 

signatures of T. bernacchii and P. borchgrevinki were more different in years with 

less sea ice/complete sea ice break up. This indicates that P. borchgrevinki may 

move with the retreating sea ice. 

 Trace element signatures were found to be significantly different among species 

co-existing at the Cape Evans Wall site. Multivariate otolith trace element 

signatures differed significantly between pelagic and benthic species but not 

between the two benthic species, indicating the benthic species share a more 

similar lifestyle.   

 The dispersion of trace element signatures was greater for pelagic species than for 

benthic species. This suggests pelagic species are active in the water column, while 

benthic species have a more sedentary lifestyle. 

 The trace elements signatures in otoliths of T. bernacchii were found to differ 

significantly among regions, while trace element signatures did not differ 

significantly among sites for P. borchgrevinki. This hints again at the ephemeral 

nature of pelagic species at a site, and the resident nature of benthic ice fish 

species. This result also suggests that trace elements in the otoliths of benthic 

species may be useful for distinguishing among populations and habitats. 

 Considerable within year variation was observed in the elemental profiles of Sr 

and Ba for ice fish otoliths. This within year variation may be related to the 

seasonal effect of sea ice formation and melt.  

 The amplitude of within year variation in Sr and Ba concentrations also differed. 

This may be caused by yearly changes in the magnitude of influences of sea ice 

formation on water chemistry at a site. 

 

The Antarctic environment experiences extreme seasonality, with one of the major 

seasonal changes being the melting and formation of sea ice through the year. We found 

evidence to suggest that changes in water chemistry associated with sea ice dynamics are 

recorded in the trace element profiles of ice fish otoliths. As recorders of environmental 

change, otoliths may offer a means to better understand the sea ice changes that have 
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occurred in the past and how such changes impact chemical, physical and ecological 

factors in marine, ice cover environments. Not all species of ice fish were found to respond 

in the same way to changes in sea ice conditions. As these ice fish are sentinels for pelagic 

and benthic communities we may conclude that their respective communities will 

respond differently to future changes in sea ice cover and persistence.  

Otoliths may also provide information about the lifestyle and habitat of ice fish species. 

The sedentary nature of benthic species may allow for benthic populations of ice fish to 

be distinguished based on their otolith trace element profiles, and for individual fish to be 

traced back to a source location. Trace elements in the otoliths of benthic fish could also 

provide information about the nature of the fishes habitat e.g. freshwater input, sediment 

upwelling, depth of a habitat, inputs from land erosion.  

We predict that as more is discovered about the behaviour of trace elements in marine, 

ice covered environments, ice fish otoliths will become a more useful tool for investigating 

how environmental changes affect the ecology of communities associated with the sea ice.  
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CHAPTER SIX:  Synthesis 
 

 

6.1 Introduction 

Here we attempted to synthesise the findings presented in earlier chapters of the 

present thesis, and further compare the various aspects of the ecological niche of ice fish. 

Developing a holistic view as to the role of ice fish in Antarctic food webs will aid in 

predicting how environmental changes may influence both populations of these food web 

sentinels and the higher trophic level predators that rely on ice fish as an important food 

source.  

 

 

6.2 Objectives and research questions 
 

6.2.1 Objectives: 

The objective of the present chapter was to compare data collected across chapters 

2-5 of the present thesis to determine how the trophic ecology, age and growth, 

reproductive strategies, and otolith microchemistry, of benthic and pelagic ice fish 

species, related to one another. In doing this we aimed to further the understanding of 

how different species of ice fish will respond to environment changes, and the 

consequences this will have for them and other near shore consumer species.  

 

6.2.2 Questions: 

1. Is the trophic position of faster growing individuals different from that of 

slower growing individuals, and are trends consistent across species?  

2. Are the otolith trace element signatures of faster growing individuals different 

from that of slower growing individuals, and are trends consistent across 

species? 

3. Do the otolith trace element signatures of individuals vary with the two 

components of trophic position, and are trends consistent across species? 

4. Do the otolith trace element signatures of individuals vary with gonadosomatic 

index, and are trends consistent across species? 
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5. Does the trophic level, and the proportion of diet derived from SIMCO by 

individuals vary with gonadosomatic index, and are trends consistent across 

species? 

6. Do otolith trace element signatures, trophic level, or proportion of diet derived 

from SIMCO, differ between males and females of each species? 

7. Are otolith trace element concentrations within annual age bands related to the 

age of the fish at the time of incorporation? 

 

 

6.3 Methods 
 

6.3.1 Growth and trophic position 

Growth residuals were calculated for each individual using the von Bertalanffy 

growth models developed for each species in chapter three (residual= total length – E(L), 

where E(L) is the expected length calculated from the von Bertalanffy growth equation).  

To test whether the trophic level, or the proportion of diet derived from SIMCO by 

individuals differed significantly between fish that grew at a faster rate than estimated by 

the von Bertalanffy growth model (those with positive residuals), and fish that grew at a 

slower rate than estimated by the growth model (those with negative residuals), linear 

models were fitted using the Standard Least Squares personality, in the Fit Model 

platform, in JMP. The categorical variable ‘growth residuals’ (positive residuals, negative 

residuals) was listed as independent, and trophic level and proportion of SIMCO were 

listed as dependent variables in the model. Separate models were run for each species, 

using residuals specific to the species von Bertalanffy growth model. 

 

6.3.2 Growth and trace elements 

To test whether the concentration ratios of the 13 otolith trace elements were 

significantly different between fish that grew at a faster rate than estimated by the von 

Bertalanffy growth model (those with positive residuals), and fish that grew at a slower 

rate than estimated by the growth model (those with negative residuals), linear models 

were fitted using the Standard Least Squares personality, in the Fit Model platform, in 

JMP.  Mean trace element concentrations were calculated by pooling data across all years 
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for each individual to give a single concentration ratio for each trace element analysed, 

for each otolith. These mean trace element concentrations were used in all subsequent 

analyses in the present chapter (with the exception of the ‘Age and trace elements’ 

section). The categorical variable ‘growth residuals’ (positive residuals, negative 

residuals) was listed as an independent variable, and trace element concentration ratios 

were listed as dependent variables. Separate models were run for each species, using 

residuals specific to the species von Bertalanffy growth model. 

A principal coordinate analysis (PCO) plot was used as an unconstrained ordination 

method to visualise multivariate patterns in trace element concentrations. This 

ordination orders the samples in Euclidean space using the information from the 

variables to better visualise the most prominent patterns (Anderson et al. 2008).  

 

6.3.3 Trophic positions and trace elements 

To test whether concentration ratios of the 13 otolith trace elements differed 

significantly with trophic level, or proportion of diet derived from SIMCO, linear models 

were fitted using the Standard Least Squares personality, in the Fit Model platform, in 

JMP. The variables trophic level and proportion of SIMCO were listed as independent 

variables, and trace element concentration ratios were listed as dependent variables. 

Separate models were run for each species. 

 

6.3.4 Reproduction and trace elements 

To test whether concentration ratios of the 13 otolith trace elements differed 

significantly with gonadosomatic index (GSI), linear models were fitted using the 

Standard Least Squares personality, in the Fit Model platform, in JMP. The variable GSI 

was listed as an independent variable, age was listed as a co-variable, and trace element 

concentration ratios were listed as dependent variables. Separate models were run for 

each species. 

 

6.3.5 Reproduction and trophic position 

To test whether the trophic level, or proportion of diet derived from SIMCO differed 

significantly with GSI, linear models were fitted using the Standard Least Squares 
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personality, in the Fit Model platform, in JMP. The variable GSI was listed as an 

independent variable, and trophic level and proportion of SIMCO were listed as 

dependent variables. Separate models were run for each species.  

 

6.3.6 Sex, trophic position, and trace elements 

To test whether concentration ratios of the 13 otolith trace elements differed 

significantly between males and females of the species T. bernacchii and P. borchgrevinki, 

linear models were fitted using the Standard Least Squares personality, in the Fit Model 

platform, in JMP. The variable sex (male, female) was listed as an independent variable, 

and the otolith trace element concentrations were listed as dependent variables. Separate 

models were run for each species.  

To test whether the trophic level or the proportion of diet derived from SIMCO, 

differed significantly between males and females of the species T. bernacchii and P. 

borchgrevinki, linear models were fitted using the Standard Least Squares personality, in 

the Fit Model platform, in JMP. The variable sex (male, female) was listed as an 

independent variable, and trophic level and proportion of SIMCO were listed as 

dependent variables. Separate models were run for each species.  

 

6.3.7 Age and trace elements 

To test whether concentration ratios of otolith trace elements, within annual age 

bands, were related to the age of the fish at the time the trace elements were incorporated, 

linear models were fitted using the Standard Least Squares personality, in the Fit Model 

platform, in JMP. The variable age (the age of the fish at the time an age band was formed) 

was listed as an independent, continuous variable, and the mean otolith trace element 

concentrations for each age band were listed as dependent variables. Separate models 

were run for T. bernacchii, and P. borchgrevinki.  
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6.4 Results 

 

6.4.1 Growth and trophic position  

The trophic level and proportion of diet derived from SIMCO was found to be 

significantly different between P. borchgrevinki with above average growth, and below 

average growth.  P. borchgrevinki with above average growth had a significantly higher 

mean trophic level but a significantly lower proportion of diet derived from SIMCO 

compared with P. borchgrevinki that had below average growth (Table 6.1, Figure 6.1). 

The trophic level and proportion of diet derived from SIMCO was not found to differ 

significantly between groups of T. bernacchii, T. pennellii, and T. newnesi with higher and 

lower growth than average (Table 6.1). 

 

Table 6.1. Results from the linear models run using the Standard Least Squares analysis 

in JMP. Univariate tests were run to determine if trophic level and % SIMCO calculated for 

T. bernacchii (n=81), P. borchgrevinki (n=35), T. pennellii (n=25), and T. newnesi (n=12) 

individuals, differed significantly between fishes with positive, and negative growth 

residuals. Significant p-values are in bold. 

Species  Std Error t ratio p-value 

T. bernacchii (Trophic level) 0.059922 0.88 0.3826 

T. bernacchii (SIMCO) 0.02596 0.49 0.6283 

P. borchgrevinki (Trophic level) 0.032098 -2.34 0.0255 

P. borchgrevinki (SIMCO) 0.014656 2.15 0.0389 

T. pennellii (Trophic level) 0.12674 -0.30 0.7685 

T. pennellii (SIMCO) 0.04320 -0.01 0.9916 

T. newnesi (Trophic level) 0.043525 -2.02 0.0714 

T. newnesi (SIMCO) 0.033938 0.29 0.7755 
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Figure 6.1. Mean (a) Trophic level, and (b) Proportion of SIMCO, for T. bernacchii (n=81), 

P. borchgrevinki (n=35), T. pennellii (n=25), and T. newnesi (n=12), who exhibited lesser 

(T. b -, P. b -, T. p -, T. n-), or greater (T. b +, P. b +, T. p +, T. n+) growth than average for 

the species. Error bars show plus and minus one standard error. 

 

6.4.2 Growth and trace elements  

There were no significant differences found between trace element concentrations in 

the otoliths of P. borchgrevinki (n=21), with positive growth residuals and those 

individuals with negative growth residuals (Table 6.2a). In the otoliths of T. bernacchii 

(a) 

(b) 
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(n=59), the concentration ratio of Sr was significantly higher in the group with positive 

growth residuals, while the concentration ratio of P was significantly lower in this group 

(Table 6.2b, Figure 6.2).  

Multivariate analysis found faster and slower growing T. bernacchii to differ 

significantly in terms of their otolith trace element signatures (Table 6.3, Figure 6.3) 

 

Table 6.2. Result from the linear models run using the Standard Least Squares analysis in 

JMP. Univariate tests were run to determine if trace element concentrations calculated for 

(a) P. borchgrevinki otoliths (n=21), and (b) T. bernacchii otoliths (n=59), differed 

significantly between fish with positive, and negative growth residuals. Significant p-

values are in bold. 

(a) Trace elements (P. borchgrevinki) Std Error t ratio p-value 

Lithium 0.001886 -1.85 0.0797 

Boron 0.00205 0.57 0.5732 

Magnesium 0.00683 1.75 0.0957 

Phosphorus 0.05207 0.13 0.8981 

Sulphur 0.04558 0.21 0.8363 

Manganese 0.00006 0.58 0.5662 

Iron 0.00128 -0.89 0.3859 

Copper 0.00028 1.39 0.1805 

Zinc 0.00120 1.77 0.0924 

Strontium 0.11808 0.13 0.9016 

Tin <0.00001 -0.03 0.9792 

Barium 0.00051 0.93 0.3655 

Lead 0.00002 1.61 0.1245 

 

(b) Trace elements (T. bernacchii) Std Error t ratio p-value 

Lithium 0.000725 -1.22 0.2275 

Boron 0.001264 1.58 0.1205 

Magnesium 0.004958 1.78 0.0803 

Phosphorus 0.059082 2.05 0.0457 

Sulphur 0.029084 0.44 0.6624 

Manganese 0.000080 1.03 0.3079 

Iron 0.00109 -0.65 0.5186 

Copper 0.000103 -0.31 0.7574 

Zinc 0.000621 -0.57 0.5677 

Strontium 0.080713 -2.11 0.0400 

Tin 0.000013 -0.69 0.4937 

Barium 0.000201 -1.80 0.0768 

Lead 0.000125 -1.16 0.2495 
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Figure 6.2. Mean concentration ratios for (a) Phosphorus, and (b) Strontium, in otoliths of 

T. bernacchii, with faster growth than average for the species i.e. positive growth 

residuals, and T. bernacchii with slower growth than average i.e. negative growth 

residuals. Error bars show plus and minus one standard error. 

 

 

Table 6.3. Results of PERMANOVA using a 1-factor design (growth residuals) to test for 

differences in trace element signatures of T. bernacchii (n=59), and P. borchgrevinki 

(n=21), otoliths from faster (positive residuals) and slower (negative residuals) growing 

individuals. Significant results are in bold. 

Source df Pseudo-F P(perm) Unique perms 

T. bernacchii  1, 55 4.0187 0.018 9961 

P. borchgrevinki 1, 20 1.5555 0.2298 9710 

 

 

(a) (b) 
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Figure 6.3. Principal co-ordinates analysis (PCO) plot comparing otolith trace element 

concentration ratios between T. bernacchii with positive growth residuals (plus), and T. 

bernacchii with negative growth residuals (minus). Data was based in a Euclidean 

distance similarity matrix.  A vector plot for trace element concentrations is overlaid.  

 

6.4.3 Trophic position and trace element data 

The concentration of phosphorus in otoliths of P. borchgrevinki was found to increase 

significantly with trophic level (Table 6.4a, Figure 6.4a). The concentration of zinc was 

observed to decrease with trophic level in P. borchgrevinki otoliths, although this trend 

was not significant (Table 6.4a, Figure 6.4b). In T. bernacchii otoliths, the concentration 

ratio of strontium increased significantly with trophic level (Table 6.4b, Figure 6.5). No 

otolith trace element concentrations were found to vary significantly with the changing 

proportion of diet derived from SIMCO for T. bernacchii or P. borchgrevinki.   
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Table 6.4. Results from the linear models run using the Standard Least Squares analysis 

in JMP. Univariate tests were run to determine if otolith trace element concentrations 

calculated for (a) P. borchgrevinki (n=22), and (b) T. bernacchii (n=56), differed 

significantly with trophic level, and % SIMCO calculated for fish.  Significant p-values are 

in bold. 

(a) Trace elements (P. borchgrevinki) Std Error t ratio p-value 

Lithium (TL) 0.00925 0.17 0.8702 

Boron (TL) 0.00823 0.60 0.5567 

Magnesium (TL) 0.03614 1.01 0.3255 

Phosphorus (TL) 0.20099 2.62 0.0162 

Sulphur (TL) 0.20076 1.09 0.2908 

Manganese (TL)  0.00029 0.39 0.7031 

Iron (TL) 0.00561 1.27 0.2170 

Copper (TL) 0.00130 -1.46 0.1589 

Zinc (TL) 0.00543 -1.99 0.0604 

Strontium (TL) 0.52072 -0.53 0.6015 

Tin (TL) 0.00002 1.00 0.3281 

Barium (TL) 0.00229 -0.84 0.4084 

Lead (TL) 0.00012 0.36 0.7207 

 

(b) Trace elements (T. bernacchii) Std Error t ratio p-value 

Lithium (TL) 0.00165 1.33 0.1888 

Boron (TL) 0.00293 -0.25 0.8036 

Magnesium (TL) 0.01159 -0.61 0.5430 

Phosphorus (TL) 0.13958 -0.29 0.7738 

Sulphur (TL) 0.06560 1.17 0.2469 

Manganese (TL)  0.00018 0.93 0.3588 

Iron (TL) 0.00247 0.55 0.5868 

Copper (TL) 0.00024 -0.75 0.4588 

Zinc (TL) 0.00141 -1.01 0.3168 

Strontium (TL) 0.18096 2.01 0.0493 

Tin (TL) 0.00003 -0.14 0.8879 

Barium (TL) 0.00047 0.26 0.7963 

Lead (TL) 0.00029 -0.94 0.3500 
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Figure 6.4. Trophic level vs (a) Phosphorus and (b) Zinc concentration ratios in otoliths of 

P. borchgrevinki (n=22). Each point on the graph represent a single individual. Dotted 

lines represent lines of best fit. 

 

 

 

 

 

 

 

 

 

Figure 6.5. Trophic level vs Strontium concentration ratio, in otoliths of T. bernacchii 

(n=56). Each point on the graph represent a single individual. Dotted line represents line 

of best fit. 

 

6.4.4 Reproduction and trace elements 

Trace element concentrations in the otoliths of P. borchgrevinki (n=15), were not 

found to differ significantly with GSI when age was included as a co-variable in the 

analysis (Table 6.5a). The concentration ratios of lithium and strontium in the otoliths of 

T. bernacchii (n=37), were found to increase significantly with increasing GSI when age 

was included as a co-variable in the analysis (Figure 6.6, Table 6.5b).  

 

(a) (b) 
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Table 6.5. Results from the linear models run using the Standard Least Squares analysis 

in JMP. Univariate tests were run to determine if otolith trace element concentrations 

calculated for (a) P. borchgrevinki (n=15), and (b) T. bernacchii (n=37) differed 

significantly with GSI values calculated for fish. Significant p-values are in bold.  

(a) Trace elements (P. borchgrevinki) Std Error t ratio p-value 

Lithium (GSI) 0.00166 -0.65 0.5308 

Boron (GSI) 0.00121 -1.04 0.3201 

Magnesium (GSI) 0.00457 -1.35 0.2016 

Phosphorus (GSI) 0.02287 0.14 0.8916 

Sulphur (GSI) 0.02481 0.17 0.8689 

Manganese (GSI) 0.00004 0.85 0.4109 

Iron (GSI) 0.00082 -1.28 0.2260 

Copper (GSI) 0.00014 -0.85 0.4138 

Zinc (GSI) 0.00079 0.09 0.9308 

Strontium (GSI) 0.05364 0.07 0.9446 

Tin (GSI) <0.00001 0.12 0.9032 

Barium (GSI) 0.00037 1.01 0.3302 

Lead (GSI) 0.00002 0.10 0.9218 

 

(b) Trace elements (T. bernacchii) Std Error t ratio p-value 

Lithium (GSI) 0.0002 2.24 0.0315 

Boron (GSI) 0.000321 0.15 0.8779 

Magnesium (GSI) 0.000911 0.46 0.6457 

Phosphorus (GSI) 0.017737 1.12 0.2701 

Sulphur (GSI) 0.007731 1.18 0.2471 

Manganese (GSI) 0.000020 -0.32 0.7523 

Iron (GSI) 0.000187 0.83 0.4110 

Copper (GSI) 0.000027 1.46 0.1548 

Zinc (GSI) 0.000155 -0.84 0.4079 

Strontium (GSI) 0.019625 2.31 0.0273 

Tin (GSI) 0.000001 -0.72 0.4786 

Barium (GSI) 0.000055 1.46 0.1536 

Lead (GSI) 0.000045 -0.01 0.9884 
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Figure 6.6. Gonadosomatic index vs trace element concentration ratios of (a) Li, and (b) 

Sr, in otoliths of T. bernacchii (n=37). Each point on the graph represent a single 

individual. Dotted lines represent lines of best fit.  

 

 

 

 

 

(a) 

(b) 
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6.4.5 Reproduction and trophic position 

We found GSI of fish to have no significant effect on the trophic level or proportion of 

diet derived from SIMCO for T. bernacchii (n=50), or P. borchgrevinki (n=23) (Table 6.6). 

 

Table 6.6. Results from the linear models run using the Standard Least Squares analysis 

in JMP. Univariate tests were run to determine if trophic level, and % SIMCO determined 

for (a) T. bernacchii (n=50) and (b) P. borchgrevinki (n=23), differed significantly with GSI 

values calculated. 

(a) Trophic position (T. bernacchii) Std error t ratio p-value 

Trophic level 0.15506 -1.18 0.2440 

% SIMCO 0.006471 -0.44 0.6618 

 

(b) Trophic position (P. borchgrevinki) Std error t ratio p-value 

Trophic level 0.026688 -1.11 0.2800 

% SIMCO 0.011444 1.27 0.2189 

 

 

6.4.6 Sex and trace elements 

The concentrations of the trace elements sulphur, copper and tin varied significantly 

among otoliths of female (n=23), and male (n=12), T. bernacchii (Table 6.7a, Figure 6.7). 

None of the otolith trace element concentrations differed significantly between female 

(n=8), and male (n=7), P. borchgrevinki (Table 6.7b). Multivariate analysis of the trace 

element data sets found no significant difference to exist between the overall trace 

element signatures of male and female T. bernacchii or P. borchgrevinki (Table 6.8). 
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Table 6.7. Results from the linear models run using the Standard Least Squares analysis 

in JMP. Univariate tests were run to determine if otolith trace element concentrations for 

(a) T. bernacchii, and (b) P. borchgrevinki, differed significantly between males (n=12), 

and females (n=23). Significant differences are in bold. 

(a) Trace elements (T. bernacchii) Std error t ratio p-value 

Lithium 0.000903 1.38 0.1757 

Boron 0.001464 -2.03 0.0502 

Magnesium 0.004039 0.37 0.7102 

Phosphorus 0.042548 -1.42 0.1638 

Sulphur 0.032804 2.11 0.0426 

Manganese 0.000092 -0.70 0.4865 

Iron 0.000857 -1.37 0.1798 

Copper 0.000103 2.06 0.0477 

Zinc 0.000707 0.63 0.5300 

Strontium 0.112236 0.89 0.3781 

Tin 0.000004 -2.69 0.0111 

Barium 0.000274 0.95 0.3507 

Lead 0.000204 -1.61 0.1172 

 

(b) Trace elements (P. borchgrevinki) Std error t ratio p-value 

Lithium 0.002655 -0.58 0.5709 

Boron 0.002339 -1.04 0.3172 

Magnesium 0.007325 -1.37 0.1949 

Phosphorus 0.036158 0.45 0.6616 

Sulphur 0.039374 0.19 0.8508 

Manganese 0.000073 0.58 0.5751 

Iron 0.001337 -1.32 0.2112 

Copper 0.000242 -1.01 0.3297 

Zinc 0.001287 0.07 0.9470 

Strontium 0.121919 0.41 0.6887 

Tin 0.000004 -0.20 0.8450 

Barium 0.000597 1.20 0.2502 

Lead 0.000027 -0.15 0.8804 
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Figure 6.7. Concentration ratios for the trace elements (a) Tin, (b) Copper, (c) Sulphur, 

and (d) Boron, in otoliths of male (n=12), and female (n=23), T. bernacchii. Error bars 

show plus and minus one standard error. 

 

Table 6.8. Results of PERMANOVA using a 1-factor design (sex) to test for differences in 

otolith trace element signatures between females and males of the species T. bernacchii 

and P. borchgrevinki. 

Source df Pseudo-F P(perm) Unique perms 

T. bernacchii  1, 34 1.1951 0.2773 9951 

P. borchgrevinki 1, 14 0.16448 0.8457 5028 

 

 

6.4.7 Sex and Trophic position 

No significant differences in trophic level or proportion of diet derived from SIMCO 

were detected between male (n=12), and female (n=31), T. bernacchii, or between male 

(n=13), and female (n=10), P. borchgrevinki (Table 6.9).  

 

(a) (b) 

(c) (d) 
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Table 6.9. Results from the linear models run using the Standard Least Squares analysis 

in JMP. Univariate tests were run to determine if trophic level and % SIMCO values for T. 

bernacchii and P. borchgrevinki differed significantly between males and females.  

Source Std Error t Ratio P vaue 

T. bernacchii (Trophic level) 0.111257 -1.34 0.1888 

P. borchgrevinki (Trophic level) 0.044396 -1.20 0.2449 

T. bernacchii (% SIMCO) 0.045403 -0.87 0.3872 

P. borchgrevinki (% SIMCO) 0.0191 1.29 0.2114 

 

 

6.4.8 Age and trace elements 

Concentrations of the otolith trace elements; boron, manganese, strontium, barium, 

copper, tin, and iron, were found to increase significantly with year of life for T. bernacchii 

(n=59), while concentrations of magnesium, phosphorus, and zinc, were found to 

decrease significantly with year of life for the species (Table 6.10, Figure 6.8).  

 

Table 6.10. Results from the linear models run using the Standard Least Squares analysis 

in JMP. Univariate tests were run to determine if otolith trace element concentrations, 

measured for annual growth bands, changed significantly with year of life (the year of a 

fish’s life during which a growth band is formed) for T. bernacchii (n=59). Significant p-

values are in bold. 

Trace element df R square F ratio p-value 

Li 1, 627 0.0021 1.3400 0.2475 

B 1, 629 0.0667 44.8827 <0.0001 

Mg 1, 615 0.0291 18.3921 <0.0001 

P 1, 616 0.0274 17.3233 <0.0001 

S 1, 629 0.0057 3.5853 0.0588 

Mn 1, 628 0.1220 87.1035 <0.0001 

Fe 1, 625 0.0263 16.8647 <0.0001 

Cu 1, 619 0.0145 9.0639 0.0027 

Zn 1, 622 0.0090 5.6521 0.0177 

Sr 1, 632 0.3488 338.0420 <0.0001 

Sn 1, 626 0.0088 5.5172 0.0191 

Ba 1, 626 0.1444 105.5080 <0.0001 

Pb 1, 621 0.0019 1.1944 0.8001 
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(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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Figure 6.8. Linear regressions of (a) Boron, (b) Magnesium, (c) Manganese, (d) 

Phosphorus, (e) Strontium, (f) Barium, (g) Zinc, (h) Copper, (i) Tin, and (j) Iron, against 

year of life for T. bernacchii (n=59), pooled across sites and years of collection. 

 

Concentrations of the otolith trace elements; boron, manganese, strontium, barium, 

iron, and sulphur, were found to increase significantly with year of life for P. borchgrevinki 

(n=22), while concentrations of magnesium, phosphorus, and zinc, were found to 

decrease significantly with year of life (Table 6.11, Figure 6.9).  

 

Table 6.11. Results from the linear models run using the Standard Least Squares analysis 

in JMP. Univariate tests were run to determine if otolith trace element concentrations, 

measured for annual growth bands, changed significantly with year of life (the year of a 

fish’s life during which a growth band is formed) for P. borchgrevinki (n=22). Significant 

p-values are in bold. 

Trace element df R square F ratio p-value 

Li 1, 170 0.01897 3.2874 0.0716 

B 1, 171 0.0976 18.3830 <0.0001 

Mg 1, 170 0.0736 13.4196 0.0003 

P 1, 170 0.0471 8.3733 0.0043 

S 1, 171 0.0286 5.0051 0.0266 

Mn 1, 171 0.0826 15.2996 0.0001 

Fe 1, 170 0.0780 14.2955 0.0002 

Cu 1, 171 0.0038 0.6433 0.4237 

Zn 1, 171 0.0757 13.9325 0.0003 

Sr 1, 171 0.6728 349.49 0.0001 

Sn 1, 171 0.0119 2.0463 0.1544 

Ba 1, 171 0.0555 9.9923 0.0019 

Pb 1, 168 0.0027 0.4529 0.5019 

(i) (j) 
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(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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Figure 6.9. Linear regressions of (a) Boron, (b) Magnesium, (c) Phosphorus, (d) Sulphur, 

(e) Iron, (f) Zinc,(g) Strontium, (h) Barium, and (i) Manganese, against year of life for P. 

borchgrevinki (n=22), pooled across sites and years of collection. 

 

 

6.5 Discussion 

 

6.5.1 Growth and trophic position 

The trophic positions of T. bernacchii, T. pennellii, and T. newnesi were not found to 

differ significantly among faster and slower growing individuals. In contrast, P. 

borchgrevinki with higher growth rates were found to exhibit, on average, a significantly 

higher trophic level, and a significantly lower proportion of diet derived from SIMCO 

compared to those with slower growth. This indicates that feeding at a higher trophic 

level, and relying less on SIMCO as a source of basal organic matter (i.e. having a more 

pelagic diet), may enhance growth in P. borchgrevinki individuals. The growth of benthic 

icefish species does not appear to be influenced by trophic level or the proportion of their 

diet derived from SIMCO.  

A change in the amount of SIMCO available for use in Antarctic food webs may affect 

the growth rates of P. borchgrevinki. The manner in which growth is effected will depend 

on how changes in sea ice cover, and food web interactions, influence the availability of 

primary producers, and the complexity and stability of Antarctic food webs.   

 

(i) 
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6.5.2 Growth and trace elements 

Multivariate analyses found an overall difference in the otolith trace element 

concentrations among growth categories for T. bernacchii, but not for P. borchgrevinki. 

The phosphorus concentration was significantly lower, while the strontium concentration 

was significantly higher in the otoliths of faster growing T. bernacchii.  

This result suggests that benthic species with different growth rates display distinct 

trace element signatures. This may arise due to environmental, or physiological 

differences. It is possible that faster and slower growing individuals of T. bernacchii  

inhabit different micro-niches, or incorporate trace elements into otoliths at a difference 

rate.  

Faster and slower growing P. borchgrevinki appear not to exhibit habitat partitioning, 

or differences in the rate of trace element incorporation into otoliths. Lack of habitat 

division between individuals of different growth categories may increase the level of 

intraspecific competition within the species. 

 

6.5.3 Trophic positions and trace elements 

In the otoliths of P. borchgrevinki the concentration of phosphorus was found to 

increase significantly with trophic level, and the concentration of zinc was found to 

decrease with trophic level, although not significantly. The trace element strontium 

increased significantly with trophic level in the otoliths of T. bernacchii. 

These results indicate that the concentrations of some otolith trace elements vary 

with the trophic level of ice fish, and therefore may be useful for estimating this aspect of 

trophic position. In contrast, trace element concentrations do not appear to vary with the 

proportion of diet an individual derives from SIMCO. The differences in trace element 

profiles that exist at the level of the primary producers do not appear to be incorporated 

into the otoliths of these consumers. Therefore the potential for otolith trace element 

profiles to be used to determine where an individual sources basal organic matter from, 

or which food web an individual is connected to, may be limited.  Instead these elements 

are likely to be more useful as environmental indicators.  
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6.5.4 Reproduction, trace elements and trophic position  

The concentrations of lithium and strontium in the otoliths of T. bernacchii were 

found to increase significantly with increasing gonadosomatic index (GSI), when age was 

included in the model as a co-variable. In contrast, trace elements in the otoliths of P. 

borchgrevinki were not found to change significantly with GSI. 

Significant variation in the trace element concentrations with GSI were mostly due to 

the presence of gravid females in the group of T. bernacchii sampled. However, strontium 

concentrations in the otoliths of male T. bernacchii followed the same trends as seen in 

females. This was observed as a higher mean concentration of Sr in the otoliths of the 

three male T. bernacchii identified as being spawning capable, when compared to the 

otoliths of immature and developing males (Figure 6.6).  

Li and Sr concentrations may be higher in the otoliths of spawning capable individuals 

for environmental or physiological reasons. The trace elements Li and Sr are known to be 

useful tracers of environmental history. T. bernacchii individuals that have undergone a 

large increase in GSI due to ripening of the gonads may occupy a different niche space 

compared to individuals in the immature and developing phases of the reproductive cycle. 

A niche shift by spawning capable individuals may involve a change in diet, which could 

be recorded in the trace element profile of otoliths. Trophic position was not found to vary 

significantly with GSI for T. bernacchii or P. borchgrevinki, which indicates that if spawning 

capable individuals do undergo a niche shift in response to the physiological change of 

gonad ripening, it is not detected by stable isotope analysis.  

 

6.5.5 Sex, trace elements and trophic position 

When the overall otolith trace element signatures were compared between males and 

females of the species T. bernacchii and P. borchgrevinki, using multivariate analysis, no 

significant differences were found. There was also no significant relationship between sex 

and trophic level, or sex and % SIMCO, for both T. bernacchii and P. borchgrevinki.  

These results indicate that T. bernacchii and P. borchgrevinki do not exhibit a large 

degree of sexual differentiation in terms of habitat, diet, and position within their 

respective food webs. Morphologically the sexes of both species are difficult to distinguish 

without inspection of their reproductive organs. It would therefore make sense for the 

sexes of each species to share a similar niche breadth, and feed on similar prey items. If 
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specialisation into separate micro-niches by males and females is occurring, it does not 

appear to be measurable as a change in trophic position, or recorded as a change in the 

otolith trace element signatures of individuals.  

 

6.5.6 Age and trace elements 

Age effects were found for the trace elements: B, Mn, Sr, Ba, Cu, Sn, Fe, Mg, P, and Zn, 

with Sr displaying the clearest trend. Age related changes have been reported for the 

concentration of Sr within otoliths of freshwater and marine fish species, including 

Atlantic salmon (Friedland et al. 1998), southern blue fin tuna (Proctor et al. 1995), 

snapper (Fowler et al. 2005), and Blue cod (Beer 2011). The increase in Sr observed in 

the present study could reflect an ontogenetic shift in habitat use (i.e. an environmental 

effect), or a physiological effect related to changes in the rate of Sr incorporation into 

otoliths. The age related changes in otolith Sr concentrations have mainly been attributed 

to changes in relative protein growth during a fish’s life span, or increases in fecundity 

and gonado-somatic index following maturation (Kalish 1989, Friedland et al. 1998). This 

agrees with our observation made in a previous section of the present chapter which 

found that Sr increased significantly with GSI in T. bernacchii, while P. borchgrevinki 

individuals, which had all reached sexual maturity, did not display a significant 

relationship between strontium content of otoliths and GSI.  

 Kalish (1989) reported a decrease in the concentration of S in the otoliths of blue 

grenadier (Macruronus novaezelandiae) with increasing age. This observation contrasts 

with the trend of increasing S concentration, with age, observed in the otoliths of ice fish. 

Changes in the concentration of S with age could be a result of variations in the levels of 

protein incorporated into the otolith. 

Age related decreases for Zn have been reported previously for scombrids 

(Papadopoulou et al. 1978, Grady et al. 1989), anadromous and freshwater Arctic Char 

populations (Halden et al. 1998), and Blue cod (Beer 2011). These changes have been 

attributed to a dietary shift, or declining metabolic need for zinc in older, larger 

individuals (Halden et al. 1998). 

The concentration of barium has been found to increase with age in the otoliths of 

snapper (Fowler et al. 2005). The rate at which Ba is incorporated into the crystalline 

structure of otoliths can be influenced by ambient concentrations in water (Bath et al. 
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2000, Milton & Chenery 2001, Elsdon & Gillanders 2003, Kraus & Secor 2004), 

environmental changes, and physiological influences including growth rate and 

developmental status of the fish (Secor & Rooker 2000).  

The results presented here indicate that age can be a driving factor for elemental 

incorporation into the otoliths of ice fish, and much of the variation observed in otolith 

trace element profiles is due to influences other than the environment. Environmental 

conditions, such as the annual degree of sea ice cover and sea ice melt, appear to have a 

detectable effect on the incorporation of trace elements into otoliths of Antarctic ice fish. 

Yet it is important to understand that these changes will likely be occurring alongside 

those related to ontogeny. To be able to reliably separate out the effects of environmental, 

physiological and ontogenetic influences on otolith trace element signatures, controlled 

experiments would be necessary. Such experiments would help to better understand how 

a specific source of environmental variation effects otolith trace element composition 

throughout the life of ice fish.  
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CHAPTER SEVEN: General discussion 
 

 

7.1 Ice fish as sentinels for understanding how environmental changes impact food 

web diversity and stability in Antarctica 
 

7.1.1 Summary of findings 

The research presented here helps further our understanding of the niche space of 

four species of Antarctic ice fish. These ice fish are important sentinel species that can 

help us to make inferences as to how environmental changes may affect a wider range of 

species, and in turn the structure and stability of entire food webs in Antarctica. The 

findings presented in the present thesis are not only relevant to McMurdo Sound where 

sample collections were made, but to ice covered, marine environments throughout 

Antarctica. 

While individual aspects of niche space have been reasonably well studied for several 

species of ice fish, the development of a robust and holistic understanding of sea ice 

associated food web dynamics is lacking. In the present thesis we investigated multiple 

aspects of niche for benthic and pelagic ice fish species, and considered the findings 

conjointly. Our objective was to gain a broad perspective of how ice fish contribute to the 

communities at multiple study sites situated along a gradient in sea ice persistence within 

McMurdo Sound. Each study site had different physical and ecological characteristics 

largely coincident with differences in the seasonal pattern of sea ice cover.   

Our findings showed that environmental factors related to sea ice dynamics had 

considerable influence over the niche space of ice fish species, where species from 

different habitats responded differently to environmental variation. With climatic 

conditions predicted to become more extreme, and ocean temperatures continuing to 

rise; increasing the rate of sea ice melt, we can expect to see changes in several aspects of 

the niche space of ice fish.  

Ice fish form an important link in food webs between top trophic level predators and 

smaller invertebrate species. Therefore, changes in the abundance, distribution, and 

overall health of ice fish populations will have cascading effects through Antarctic food 

webs. Apex predators such as the Weddell seal (Leptonychotes weddellii), Adélie penguin 
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(Pygoscelis adeliae), and Emperor penguin (Aptenodytes forsteri) are likely to be impacted 

by a probable decrease in food web diversity and stability. The effects of environmental 

changes on the ecology of Antarctic communities will not be uniform across the continent 

but instead dependent on the physical and biological characteristics of a location.  

 

7.1.2 What do stable isotope analysis and diet analysis tell us about resource use and trophic 

dynamics in Antarctic ice fish?  

Stable isotope analysis used in conjunction with diet analysis provided an indication 

of species resource use over longer (multiple years) and shorter (within a year) time 

scales, respectively. We observed clear differences in resource use among species, with 

benthic species deriving a greater proportion of their basal organic matter from SIMCO, 

and feeding at a higher trophic level, on average, compared to their pelagic counterparts. 

The results pertaining to the trophic ecology of species also revealed slight differences in 

the niche space of species that share an ecological habit. This indicates that the 

methodology used can elucidate relatively fine scale differences in resource use.  

Trophic level and proportion of diet derived from SIMCO were found to vary across 

space for benthic ice fish species, providing evidence to suggest populations inhabiting 

sites with more persistent sea ice cover are generally part of more stable, diverse food 

webs. The diversity of trophic positions was found to be lowest for populations inhabiting 

the region that experiences the longest periods of open water, further indication of a more 

uniform, less diverse population of inhabitants here. 

Differences in the trophic ecology of ice fish among species, and across space, will 

determine how populations at different locations are affected by, and respond to, 

environmental changes.   

 

7.1.3 How do the age and growth trajectories of ice fish differ among species, and sites along 

the sea ice gradient, and how do these differences relate to resource use? 

A comparisons of age and growth trajectories among species found that pelagic 

species exhibit faster growth rates than benthic species, and have shorter life spans. This 

result suggests that populations of benthic ice fish take longer to recover if subject to a 

population decline when compared to their pelagic counterparts.  
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Evidence for spatial variation in age and growth trajectories for T. bernacchii was not 

supported statistically, which suggests the differences in resource use observed across 

the sea ice gradient may not have a strong effect on the growth of individuals. More severe 

variation in sea ice conditions may alter resource availability to a point at which 

significant changes in growth will be observed.  

While no significant differences were detected for the age and growth trajectories of 

T. bernacchii among regions, fish captured from the intermediate region of the Sound 

were predicted to achieve a greater asymptotic length, at a slower growth rate than fish 

from the inner and outer regions. An increase in the number of T. bernacchii sampled from 

each site, and the collection of more individuals from larger size classes may reveal 

statistically significant differences in age and growth trajectories among sites.  

The differences in age and growth trajectories between sexes were not significant for 

T. bernacchii and P. borchgrevinki. However, visual comparison of von Bertalanffy growth 

curves indicated a difference in growth was present between the sexes of both species. A 

difference in the growth and age trajectories between the sexes of a species will likely 

mean males and females will be effected differently by environmental , and population 

changes. 

 

7.1.4 How do the reproductive strategies used by ice fish differ among species and sites along 

the sea ice gradient, and do these strategies reflect patterns of resource use? 

 The reproductive strategies of benthic T. bernacchii and pelagic P. borchgrevinki had 

shared characteristics, and unique features that distinguished the species. Both species 

were found to exhibit group synchronous gonadal development which may ensure 

reproduction coincides with seasonal production peaks, and that interspecific 

competition is reduced between ice fish species. Oocyte size was another similarity 

identified between the two species, with no differences being identified in the size of 

oocytes at the same stage of maturity. The lack of a divergence in this physiological aspect 

of reproduction, between species, suggests differences in other aspects of their 

reproductive strategies are likely sufficient for reducing interspecific competition. 

Avoiding competition for resources will be especially important during periods of gonadal 

ripening, spawning, and larval growth.  
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The timing of spawning was a key difference identified in the reproductive strategies 

of T. bernacchii and P. borchgrevinki. T. bernacchii spawns in spring/summer, while P. 

borchgrevinki mainly spawns in winter. This pattern indicates that the species have very 

different environmental requirements during periods of reproductive development, 

spawning, and larval growth. T. bernacchii coincides spawning and larval growth with 

high levels of primary productivity in the water column, while P. borchgrevinki may 

require the presence of sea ice to achieve an optimum level of larval survival. Adaptations 

that allow species to spawn successfully at different times of the year are key for reducing 

interspecific competition, and increasing the survival chance of offspring.  

We did find some evidence to support the hypothesis that resource availability will 

affect the timing of reproductive events for T. bernacchii, however further collections are 

necessary to give this hypothesis full statistical support. If the resource gradient present 

in McMurdo Sound effects the timing of events in the reproductive cycle of T. bernacchii, 

then climate related changes in sea ice cover and persistence will likely influence the time 

span during which spawning is viable, and the rate of larval survivorship.   

 

7.1.5 What can otolith trace element signatures tell us about environmental changes occurring 

in ice covered habitats, and the life history of benthic and pelagic ice fish species? 

Sea ice conditions in McMurdo Sound, Antarctica were found to be coincident with 

the otolith trace element signatures of T. bernacchii and P. borchgrevinki. The ability for 

ice fish otoliths to acts as environmental recorders identifies them as useful tools for 

understanding how environmental changes in ice covered habitats may affect water 

chemistry, physical processes related to trace element changes in the water, and 

ecological processes at the species, population, and community levels.  

Otolith trace elements were found to be informative for identifying contrasting 

patterns in the life history of different species of ice fish. Co-existing species with different 

habits had distinct trace element signatures, and also displayed different levels of otolith 

trace element dispersion. These findings indicate that pelagic and benthic species not only 

occupy different positions in the water column but also exhibit different degrees of site 

fidelity, with pelagic species displaying a much larger degree of between site movements.     

Trace elements in the otoliths of T. bernacchii were found to be distinct among 

regions. This finding provides support for the use of otoliths trace elements to distinguish 
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between populations of benthic ice fish, and identify source populations for captured 

individuals. Identifying an elemental fingerprint for populations of benthic ice fish has 

applications for monitoring the movement of individuals over time with regard to 

environmental changes, and observing how chemical properties of ambient water at a 

location may change through time.  

 

7.1.6 How do the chapters presented in the present thesis fit together to improve our overall 

understanding of the niche of ice fish? And will these sentinel species be useful indicators of 

how environmental changes can affect entire communities in Antarctica? 

Integrating data from the various chapters of the present thesis has allowed us to 

draw further conclusions about the ecology of ice fish and the effects of environmental 

change not only at the species level but also at the population, community, and ecosystem 

levels.  

Analytical comparisons run between data presented in chapters 2-5 of the present 

thesis resulted in the following conclusions: 

 Faster growing P. borchgrevinki individuals occupy a higher trophic level on 

average and derived a lower proportion of their diet from food webs supported by 

SIMCO. A change in the amount of SIMCO available for use in Antarctic food webs 

may affect the growth rates of P. borchgrevinki. 

 Otolith trace element profiles differed between faster and slower growing T. 

bernacchii individuals, due to either environmental or physiological differences. 

Habitat partitioning may be partially responsible for these trace element 

differences observed. 

 The trophic position and trace element signatures of ice fish did not vary 

significantly between the sexes for T. bernacchii or P. borchgrevinki. This may be 

due to similar morphology of the sexes producing similar feeding habits, and a 

similar niche breadth. 

 Trace element concentrations in the otoliths of ice fish were found to vary 

significantly with the trophic level of fish but not with the proportion of diet they 

derived from food webs supported by SIMCO. This indicates that differences in 

trace element profiles that exist at the level of the primary producers, are likely 

not incorporated into the otoliths of these consumers. 
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 The gonadosomatic index calculated for T. bernacchii individuals correlated 

significantly with concentrations of the trace elements Li, and Sr. Physiological, 

and environmental effects are possible drivers of this pattern. 

 The concentrations of a large number of trace elements varied significantly with 

year of life for T. bernacchii and P. borchgrevinki. This emphasises the need for 

controlled experiments in order to separate out variation in otolith trace elements 

due to, environmental, physiological, and ontogenetic effects.  

 
The present thesis contributes to our understanding of the ecological position of ice 

fish species in Antarctica. The ice fish species used in the present research occupy 

contrasting habitats in the Antarctic marine environment, and behave as sentinels 

for the changes occurring in communities connected to their respective food webs. 

Studying the niche space of ice fish, and linking aspects of this to environmental 

variation present in a region, provides insight into the dynamics of Antarctic marine 

ecosystems, and the effect climate change and food web exploitation may have in the 

area.  
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