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Abstract 

 

Tagging and stable isotopic studies suggest that blue cod (Parapercis colias) in 

Fiordland form discrete sub-populations at the scale of tens of kilometres with a high degree 

of residency, particularly in the inner fjord basins. Observations of a bias in movements 

towards the heads of the fjords has led to the hypothesis that inner fjord sub-populations 

function as sinks, into which a small but non-trivial proportion of the more mobile and 

interactive outer fjord and outer coast populations drain. Limited movement between fjord 

basins suggests that populations could be better managed at a smaller spatial scale than the 

current management regime dictates. 

Here, multiple lines of evidence are used to investigate population structure and 

connectivity in the southern fjords. A source–sink metapopulation structure hypothesis is 

tested by comparing demography, trophic ecology and otolith microchemistry between paired 

inner and outer fjord sites. Age and size structure, growth rates and sex ratios were 

consistently different between inner and outer fjord habitats; inner fjord sub-populations were 

typically slower growing, female-dominated and included a higher proportion of older, larger 

individuals, while in the outer fjords the sex ratio was closer to 50:50 or male-dominated and 

fish were on average smaller and younger. Stomach content analysis revealed consistent 

differences in diet composition, diversity and energy equivalent between habitats; inner fjord 

diets tended to be benthic in nature, more diverse and nutritionally poorer than in the outer 

fjords, where abundant, energetically rich pelagic food resources predominated. Stable 

isotopic ratios reflected sustained trophic uncoupling between habitats over a period of 

months to years. Despite this spatial pattern in diet, asynchronous growth rates between 

habitats were largely associated with sex and not trophic ecology. 

Otolith trace elemental composition differed between paired inner and outer fjord 

habitats in Bradshaw–Thompson, Breaksea and Dusky Sounds; three discrete groups of 

fingerprints within Dusky Sound corresponded to inner, mid and outer fjord signatures, 

implying limited mixing between sub-populations over the timescale of months to years. The 

association between microchemical signature and local environmental conditions was 

confirmed by translocation studies for both blue cod otolith and mussel shell tissue. Temporal 

variability in elemental incorporation into otoliths prevented comparison across years; 

ontogenetic trends in the incorporation of certain elements necessitated demography to be 

considered when comparing between sub-populations. 
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Fecundity was related to maternal characteristics, in particular female age; 

demography exerted a stronger influence on the reproductive potential of a population than 

did population size. The higher reproductive potential of inner fjord populations counters the 

sink functioning implied by tagging and stable isotopic studies. Although the hypothesised 

source–sink structure cannot be confirmed or refuted without better understanding of 

spawning behaviour and pelagic dispersal trajectories, these findings highlight the importance 

of including demographic as well as biomass information in fisheries models and the potential 

for closed areas to function as net exporters of reproductive potential. 

These results help further our understanding of the structure, trophic ecology and 

connectivity of blue cod populations in Fiordland and have important ramifications for the 

effective management of blue cod stocks in enclosed waterways. 
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Fiordland, a vast tract of mountainous terrain that occupies the south-west 
corner of South Island, New Zealand, is one of the most astounding pieces of 
land anywhere on earth, and one's first impulse, standing on a cliff top 
surveying it all, is simply to burst into spontaneous applause. 
 

     Douglas Adams, Last Chance to See (1991) 
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Probably all the great sea fisheries are inexhaustible; that is to say, that 
nothing we do seriously affects the number of fish. And any attempt to 
regulate these fisheries seems consequently, from the nature of the case, to 
be useless. 
                 T.H. Huxley (1883) 
 

 
 
80 per cent of the world’s fish stocks for which assessment information is 
available are reported as fully exploited or overexploited and, thus, requiring 
effective and precautionary management. The maximum wild capture 
fisheries potential from the world’s oceans has probably been reached. 

 
The Food & Agriculture Organization of the United Nations (2010) 

 

 
 
If we look at fisheries that have been successful over the long term, the 
reason for their success is not to be found in assessment, learning and 
management models, but in the existence of a spatial accident, something 
about the spatial structure of population dynamics interacting with regulatory 
systems or about the behaviour of the species and fishers that creates a large 
scale refuge for a substantial segment of the spawning population. 
 

C. Walters (1995) 



 

 2 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1.1 Marine ecology in the 21st century 

 

1.1.1 Diminishing resources, increasing demand 

The world-wide trends of depletion of fish stocks, degradation of marine habitats and 

undermining of ecosystem services and the inevitable advance of exploitation from shallow 

coastal seas, across the continental shelf to the oceans’ abyss have been increasingly well 

documented since industrial extraction of marine resources began in earnest following the end 

of the Second World War (Anon. 1946; Morato et al. 2006). The global biomass of large 

predatory fish species has been reduced to around 10% of pre-industrial levels (Myers & 

Worm 2003) with serious consequences for coastal ecosystem functioning (Jackson et al. 

2001). As yields of predatory species become ecologically and economically unsustainable 

fishing effort has shifted to lower trophic levels, a process termed ‘fishing down marine food 

webs’ (Pauly et al. 1998); while catches may increase in the short term, in the long term this 

approach is also proving unsustainable. 

Globally around one billion people rely on fish as their main source of animal protein, 

with 20% of the world's population deriving at least 20% of its protein from fish and some 

small island states depending on it almost exclusively (FAO 2010). As the global population 

continues to increase and capture fisheries catches level off or decline, supply is set to outstrip 

demand. Aquaculture has been touted as the solution to the food security crisis, with industry 

growth currently outpacing global population growth (FAO 2010), but comes with major 

problems of its own; for example coastal habitat conversion, environmental pollution, 

pathogenic and genetic contamination of wild populations and regulatory challenges in 

developing nations. 

Despite well-publicised failures of management organisations in developed nations to 

protect iconic socio-economically and culturally important species from collapse, for example 

Canadian cod (Gadus morhua) stocks (Myers et al. 1997), and calls for more rigorous 

controls on catch limits and fishing practices (Anon. 2010b), the gaping rift between the 

advice of the scientific community and the actions of politicians and managers persists (for 

example, the widely-condemned, continued failure of the International Commission for the 

Conservation of Atlantic Tunas (ICCAT) to protect stocks of the chronically overexploited 

bluefin tuna, Thunnus thynnus). 
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1.1.2 Marine management & metapopulations 

Marine populations typically vary through space and time independent of 

anthropogenic pressures and can be structured into local populations, which may vary in life-

history traits (Law 2000), on surprisingly small geographical scales (Campana 1999; Knutsen 

et al. 2003). This variability results from oceanographic processes, environmental 

heterogeneity, fluctuating recruitment success and competitive interactions with other species. 

Understanding these natural dynamics provides a baseline against which to measure the 

impacts of human activity and thus design suitable management strategies. Increasingly, the 

efforts of scientists and conservation advocates have been directed towards the introduction of 

spatially explicit management measures. In particular, the use of marine protected areas 

(MPAs) is widely endorsed as a means of safeguarding island populations with the capacity to 

rescue other exploited populations at risk of extinction and of freeing representative areas of 

habitat from exploitation to allow ecosystems to rebuild. In order to select appropriate areas 

for MPA designation, an understanding of the spatial structure of populations is needed. 

Increased focus on protecting key populations and habitats and the resultant effort to identify 

such areas has led to the recent integration of marine ecology and metapopulation ecology 

(Sale et al. 2006). 

 

The metapopulation concept is here to stay in marine ecology. Science 
demands it, fisheries management needs it, and it is the last hope for marine 
conservation (Roughgarden 2006). 

 

The metapopulation paradigm was first used to describe the effects of environmental 

heterogeneity on agricultural pest dynamics, which were modelled as a ‘population of 

populations’ (Levins 1969). The term has since been used widely to describe terrestrial 

systems but did not become part of the marine ecologist’s parlance for another 20 years (see 

Kritzer & Sale 2004 for review). For the purposes of this study, I have chosen to use Kritzer 

& Sale’s (2004) definition of a marine metapopulation: 

 

A system of discrete local populations, each of which determines its own 
internal dynamics to a large extent, but with a degree of identifiable and non-
trivial demographic influence from other local populations through dispersal 
of individuals. 
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1.1.3 Source–sink dynamics 

Metapopulation dynamics are often modelled under a source–sink conceptual 

framework (Pulliam 1988). In sink habitats, within-habitat reproduction is insufficient to 

balance local mortality and populations may only persist here through immigration of 

juveniles and adults from source habitats, where local reproductive output exceeds mortality. 

For species with active habitat selection, an equilibrium with both source and sink habitats 

occupied can be evolutionarily and ecologically stable despite the fact that sink populations 

would eventually disappear without continued immigration from source habitats (Pulliam & 

Danielson 1991). If the reproductive surplus of the source is large and the reproductive deficit 

of the sink is small, a great majority of the population may occur in the sink habitat (Pulliam 

& Danielson 1991). In some cases, back-dispersal to the source habitat can occur (Dias 1996). 

Individuals in sink habitats tend to be maladapted; adaptation is prevented by the regular 

influx of migrants from source habitats (Dias 1996). The abundance observed in a sink habitat 

reflects a combination of local processes (the rate of decline in the sink population 

independent of immigration) and regional processes (source productivity and immigration rate 

into the sink; Dias 1996).  

Although natural systems rarely fit the theoretical metapopulation model, identifying a 

system as a metapopulation or a particular type of metapopulation can help provide a general 

frame of reference for managers (Fleishman et al. 2002). The strongest evidence for sources 

and sinks may come directly from comparison of demographic rates of the same species in 

different habitats (Pulliam & Danielson 1991) although the potential existence of pseudo-

sinks (i.e. viable populations into which individuals disperse) may complicate this approach 

(Watkinson & Sutherland 1995). The interaction between habitat-specific dynamics and 

migration between habitats is key to understanding how spatially-structured metapopulations 

can be optimally managed; within a source–sink structured population, failure to recognise 

habitat characteristics in management models can put sustainability at risk (Jonzén et al. 

2000). 
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1.2 Fiordland 

 

1.2.1 Natural history & ecology 

The combination of glacial ice masses and intense tectonic activity during the 

Pleistocene created a deeply invaginated and mountainous coastline in the southwestern 

corner of New Zealand’s South Island (Cotton 1956). At the height of the last glaciation, 

~18,000 years ago, glacially carved lakes underwent a transgression to marine fjords as rising 

sea levels overtopped entrance sills (Smith 2001). The resulting series of fourteen fjords, 

ranging over 200km of remote coastline (Figure 1.1) are long (10–44km), narrow (0.7–2.3km) 

U-shaped valleys characterised by steep sides, with peaks of >2000m descending as sheer 

granite cliff-faces to sea-level, then down to depths of <420m (Stanton & Pickard 1981). 

The fjords represent not only a highly subdivided landscape but also an unusually 

intact ecosystem with a high degree of connectivity between land and sea. The fjords’ 

isolation and location within the Fiordland National Park and the Southwest New Zealand (Te 

Wahipounamu) World Heritage Area, combined with the difficult terrain and a wet climate 

have ensured that anthropogenic impacts have been minimal and the marine and terrestrial 

environments have been preserved in a relatively pristine condition. 

The steep topography and exposure to prevailing westerly weather systems result in a 

high orographic rainfall (<7m yr-1), and a steady influx of freshwater into the fjords. This 

forms a low-salinity layer (LSL) that overlies the denser, more saline water beneath. One or 

more shallow (30–145m) submarine sills formed by the glacial moraines separate the deep 

basins of the fjords from the open Tasman Sea (Stanton & Pickard 1981). The seaward flow 

of the low salinity surface waters and compensatory influx of oceanic water establishes an 

estuarine circulation pattern; the LSL becomes progressively more mixed with the underlying 

seawater towards the mouth of the fjord, resulting in a stratified water column and a salinity 

gradient along the axis of the fjord. 

As approximately two-thirds of Fiordland National Park is covered in dense virgin 

Nothofagus rainforest, the freshwater run-off carries with it substantial inputs of terrigenous 

organic material. The tannins in this material significantly reduce the irradiance penetrating 

the LSL and severely restrict the depth of the photic zone. This leads to phenomena such as 

deep-water emergence, with species including the endemic black coral (Antipathella 

fiordensis) occurring at far shallower depths then elsewhere in their range. 

The physical and hydrographic conditions in the fjords result in a series of discrete 

habitats, in close proximity to but isolated from each other by barriers to dispersal and 
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environmental tolerance (Perrin et al. 2004). Extreme environmental gradients exist over 

relatively small spatial scales, both vertically through the water column and horizontally 

along the fjord axis. Large, along-fjord gradients have been measured in light penetration 

through the brackish surface water, salinity, nutrient availability, topographic shading and 

wave exposure (Goebel et al. 2005; Miller et al. 2006b; Wing et al. 2007). This results in a 

decrease in macrophyte biomass and cover from the mouth to the head of the fjord, with a 

change in kelp morphology and a transition from dense kelp-dominated communities to 

primarily coralline encrusting and estuarine algal communities (Clark 2005; Wing et al. 2007; 

Wing et al. 2008; Wing 2009). 

The estuarine circulation pattern can act to isolate populations on the scale of 

individual fjord basins, making localised depletion a real threat. Genetic studies of the sea 

urchin Evechinus chloroticus (Mladenov et al. 1997; Perrin et al. 2003), the sea star 

Coscinasterias muricata (Perrin et al. 2004; Sköld et al. 2003), black coral Antipathella 

fiordensis (Miller 1997), red coral Errina novaezelandiae (Miller et al. 2004) and the 

brachiopod Terebratella sanguinea (Ostrow et al. 2000) have shown a high degree of 

differentiation at relatively small spatial scales in Fiordland, largely attributed to 

oceanographic forcing of larval dispersal and survival (Lamare 1998; Smith & Witman 1999; 

Wing et al. 2003b). Long Sound may harbour especially isolated populations, as larvae are 

apparently rarely able to disperse out of the inner fjord basin with its narrow bottleneck and 

shallow entrance sills (Perrin et al. 2003; Wing 2009). For some species phenotypic plasticity 

consistent with a source–sink population structure is also evident in morphology and vital 

rates between inner and outer fjord habitats. For example, E. chloroticus (Wing et al. 2003b) 

and sea perch Helicolenus percoides (Lawton et al. 2010) show evidence of discrete sub-

populations within and among fjords. Inner fjord habitat may be marginal for growth and 

E. chloroticus populations here are subject to periodic mass mortality and re-colonisation 

events, resulting in greater demographic variability than on the open coast (Wing 2009). 

Several populations within the fjords have been described as closed or semi-closed; for 

example bottlenose dolphins Tursiops sp. (Lusseau et al. 2003; Schneider 1999) and 

E. chloroticus in Doubtful Sound (Lamare 1998). 
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1.2.2 The Fiordland Marine Management Act (2005) 

The marine environment of the fjords is protected by a series of nested management 

measures (Figure 1.1). A stakeholder group comprised of representatives from recreational 

and commercial fisheries, the tourism industry, government agencies, Maori and local 

communities and environmental groups, the Fiordland Marine Guardians, was established in 

1995 in response to concerns about “the escalating pressures on the Fiordland Marine Area 

resulting from increasing human use, the need for improved integrated management of the 

area and a desire that the local community be more involved in the management of 

Fiordland’s marine environment” (FMG 2003). The Guardians’ Fiordland Marine 

Conservation Strategy (Wing et al. 2003a) led to the passing of the Fiordland Marine 

Management Act (FMMA) in 2005. This set out a series of spatial management measures 

designed to protect vulnerable species and habitats from increasing human pressure. 

Under the FMMA, the inner waters of all fourteen fjords were closed to commercial 

fishing. Nested within the commercial exclusion zone are ten no-take marine reserves, the 

only such network of marine reserves in New Zealand. The first two reserves were created at 

Piopiotahi (Milford Sound) and Te Awaatu (The Gut) in Doubtful Sound in 1993 and were 

proposed by the New Zealand Federation of Commercial Fishermen. In 2005 a further eight 

reserves were created as part of the Fiordland Marine Conservation Strategy, including Kutu 

Parera (Gaer Arm, Bradshaw Sound), Taipari Roa (Elizabeth Island, Doubtful Sound), 

Taumoana (Five Fingers Peninsula, Dusky Sound) and Te Tapuwae O Hua (Long Sound). 

Discrete areas of outstanding abundance and/or diversity of communities or particular species, 

termed china shops, are afforded special protection measures such as anchoring and lobster 

pot storage restrictions. 
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Figure 1.1: The location of Fiordland within New Zealand (inset), with detail showing the 

fjords and major arms and the nested management measures. The commercial exclusion zone 

(the internal waters of all fjords) is shown in dark grey; the internal waters of Doubtful and 

Milford Sounds are also closed to recreational fishing for blue cod. Old marine reserves 

(established 1993) are denoted by black stars; new marine reserves (established 2005) are 

denoted by white stars. 
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1.3 Blue cod 

 

The blue cod (Parapercis colias: Pinguipedidae, Forster 1801) is endemic to New 

Zealand waters where it has been recorded from the Three Kings Islands in the north to the 

Snares Islands in the south (Francis 2001). Widely distributed from the shore to the shelf 

edge, abundance is concentrated south of Cook Strait. Blue cod are commonly found on reef 

edges and biogenic structures or nearby shingle, gravel or sand, in water up to 150m deep 

(Carbines 2004b; Mutch 1983). 

 

1.3.1 Fisheries & management 

Blue cod are the target of major commercial and recreational inshore fisheries, 

particularly around the South Island (Anon. 2010a). Under the Quota Management System 

(QMS) blue cod in Fiordland are managed as part of one large southern stock (Fisheries 

Management Area BCO 5); fishing effort in BCO 5 is concentrated in the Foveaux Strait and 

around Stewart Island and only a small proportion of the annual catch (36 tonnes, <3%) is 

likely to be landed along the Fiordland coast (Starr & Kendrick 2008).  

In addition to the protection afforded by the commercial exclusion zone (CEZ) and the 

network of no-take marine reserves (MR), Doubtful and Milford Sounds (the only fjords 

accessible by road and therefore subject to the greatest human pressure) have been closed to 

recreational fishing for blue cod since 2005. Recreational fishing pressure in Fiordland is 

most intense around Preservation Inlet and the outer regions of Doubtful and Dusky Sounds 

(Davey & Hartill 2008). 

 

1.3.2 Stock structure & movement 

Studies into the fine-scale movement of adult blue cod have shown them to be largely 

sedentary (Cole et al. 2000) and territorial (Mutch 1983). However, larger scale studies have 

found that a small proportion of a population may move considerable distances (Carbines & 

McKenzie 2004; Mace & Johnston 1983; Rapson 1956). Details of the timing and 

permanence of movements are lacking, as is knowledge of any geographical variation in 

movement patterns (Cole et al. 2000). 

Several studies have suggested a decoupling of blue cod populations and limited 

mixing over relatively small spatial scales in enclosed waterways. In a Marlborough Sounds 

study, 90% of tagged blue cod moved less than 100m in a year (Cole et al. 2000). A large-

scale tagging study in Dusky Sound found that although a few individuals moved over 20km, 



Chapter 1                                              General introduction
   

  11 

65% of recaptured blue cod moved less than 1km from their release site (Carbines & 

McKenzie 2004). Movement patterns were not explained by size, sex, release site, bottom 

type or fishing pressure and were generally in an up-fjord direction, generating the hypothesis 

that the more mobile and interactive outer fjord and open coast populations act as a source 

population draining up to 10% annually into the inner fjord sink population, where residency 

was estimated at 100% (Carbines & McKenzie 2004). 

Stable isotope analyses have identified discrete sub-populations in inner and outer 

regions of the Doubtful–Bradshaw Sound complex over the scale of one year, with a high 

degree of residency (Rodgers & Wing 2008). Less than 20% of the population showed 

evidence of interaction between the two habitats, with movements predominantly towards the 

head of the fjord; inner fjord populations contained a higher proportion of potential 

immigrants than open coast populations, supporting the existence of a source–sink population 

structure (Rodgers & Wing 2008). A spatial separation in growth rates and sex ratio between 

inner and outer fjord habitats also suggests that these habitats may support discrete sub-

populations (Rodgers 2005).  

Carbines & McKenzie (2004) detected minimal rates of movement of blue cod 

between fjord basins with only 2 out of 219 tagged and recaptured fish found to have moved 

out of Dusky Sound during <17 months at liberty, suggesting that blue cod populations within 

the fjords may be closed to some degree. A highly divided stock structure combined with low 

rates of movement among regions may render these populations vulnerable to localised 

depletion. For species with a social hierarchy, such as blue cod, metapopulation structuring is 

likely to be related to the Ideal Despotic Distribution (Fretwell 1972). A modification of the 

Ideal Free Distribution (Fretwell 1972), this assumes that a dominant individual — typically a 

large male — will occupy optimal source habitat, thus forcing subordinates to select 

successively poorer-quality habitat patches as territories are filled. This means that individuals 

with lower social status, who are also likely to have a lower fitness, are forced to occupy sink 

habitat that may not be of sufficient quality to allow effective reproduction to proceed, 

thereby further strengthening the source–sink dynamics (Dias 1996). 
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1.4 General aims & objectives 

 

The metapopulation approach in ecological studies assumes that space is discrete and 

that there is a binary distinction between suitable and unsuitable habitat types (Hanski & 

Simberloff 1997) and is therefore especially applicable in fragmented landscapes such as 

Fiordland. Temperate reef habitat tends by its very nature to be patchily distributed; combined 

with the resulting restricted home ranges and typically high degree of residency this 

patchiness hinders the application of traditional fisheries management, which is based on a 

‘dynamic pool’ assumption of population dynamics (Beverton & Holt 1957; Gunderson & 

Vetter 2006; Kramer & Chapman 1999). The population dynamics of species inhabiting 

complex habitat mosaics involve two components: the distribution of individuals among 

habitats and habitat-specific demographic rates (Pulliam & Danielson 1991). Despite the fact 

that a species occurring in several distinct habitat types in the same local region may 

experience different demographic rates, few studies directly compare demographic rates of 

the same species between habitats (Pulliam & Danielson 1991).  

In order to be effective, marine management measures must be both robust and 

relevant i.e. they must be conservative enough to ensure the survival of a reproductively 

viable population through space and time, and they must act at an ecologically appropriate 

spatial scale. Mounting evidence supports the potential for blue cod to be managed at smaller 

spatial scales than is currently the case, especially in sheltered and enclosed areas such as the 

fjords. This study employs an orthogonal sampling design, with paired inner and outer fjord 

sites in five southern fjord basins, to build on previous demographic observations made in 

Doubtful and Dusky Sounds. By defining the ecologically appropriate spatial scale the 

relevance of the current management regime can be assessed.  

 

1.5 Thesis structure 

 

This thesis comprises six empirical data chapters followed by a general discussion: 

 

Chapter 2 describes the spatio-temporal variability in Fiordland blue cod population structure 

and dynamics in relation to habitat (inner versus outer fjord) and management. 

 

Chapter 3 investigates the trophic ecology of inner and outer fjord populations and relates 

this to differences in growth rate between habitats. Diet composition, diversity and energy 
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content are described based on stomach content analysis; stable isotope analysis of muscle 

tissue is used to infer food web structure. 

 

Chapter 4 introduces the use of trace element analysis of biogenic carbonates as a tool to 

elucidate the environmental history of populations. An in situ experiment in Doubtful Sound 

relates spatial variability in trace element uptake by mussels to horizontal and vertical 

heterogeneity in physico-chemical conditions and trace element inputs. This chapter has been 

submitted for publication.1  

 

Chapter 5 establishes the relative degree of spatial and temporal variability in otolith trace 

element fingerprints among Fiordland blue cod sub-populations, and relates this variability to 

environmental and physiological heterogeneity. 

 

Chapter 6 employs a finer-scale sampling design within Dusky Sound to refine the spatial 

scale at which otolith microchemical differences can be detected. Retrospective sampling of 

post-settlement otolith trace elemental composition is used to explore the source–sink 

hypothesis via natal source variability within a single cohort. The ability of otolith 

microchemistry to identify known migrants is investigated using tagged individuals. 

 

Chapter 7 models the reproductive potential of inner and outer fjord sub-populations to test 

the source–sink hypothesis. To achieve this, the first estimates of blue cod fecundity are 

calculated and the relationship between fecundity and maternal characteristics is investigated. 

The potential of protected populations to act as net exporters of propagules is assessed. 

 

Chapter 8 draws together the findings of Chapters 1–7 and poses the following key 

questions: 

 

1. How connected are inner and outer fjord sub-populations? 

2. Do Fiordland blue cod constitute a source–sink metapopulation? 

3. How relevant is the current management regime? 

                                                        

1 Appendix I. ‘Physical versus biological control of trace element incorporation into biogenic 
carbonate: an in situ experiment in a New Zealand fjord’. 
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1.6 Statistical inference 

 

Throughout this thesis, statistical significance is defined as p<0.05, and represents a 

compromise between rates Type I (‘false positive’) and Type II (‘false negative’) errors (i.e. 

α=0.05; β=0.95). Type I errors, when we reject a null hypothesis that is in fact true, lead us to 

accept a spurious effect. Conversely, Type II error leads us to overlook a true effect when we 

accept an erroneous null hypothesis. In field-based observation studies such as those reported 

here, sample sizes tend to be small, limiting our power to detect experimental effects and 

increasing the likelihood of accepting the null hypothesis. With a 0.05 significance level, 

conventional in ecological studies, we assume that we will obtain a test statistic greater than 

the critical value by chance alone (i.e. a Type I error) 5% of the time; while this rate of error 

is relatively conservative, it means that null hypotheses are rejected more often than if the 

significance level was set at p<0.01, for example. 

An important distinction to consider when drawing inferences from ecological studies 

is that between statistical significance and biological significance. A statistically significant 

result will cause us to reject the null hypothesis, but the ‘effect’ we have detected may not 

necessarily be biologically significant. Similarly, a Type II error can cause us to overlook a 

biologically significant effect because it does not meet our chosen definition of statistical 

significance. Recognising the potential for erroneous inference is especially important when 

p-values obtained fall close to our chosen significance level. 

In addition to conventional hypothesis testing, certain studies in this thesis adopt an 

information theoretic approach. This avoids the common pitfalls associated with hypothesis 

testing, such as data dredging and over-fitted models, and is particularly applicable to 

observational type studies (Burnham & Anderson 1998). The combination of the two 

statistical frameworks is designed to maximise the power and reliability of inferences drawn 

from the data available. 
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Spatio-temporal variability in the abundance & 

structure of blue cod populations in Fiordland 

Divers swim along a transect line in The Narrows, Long Sound, April 2009 

 

Divers swim through a plankton bloom in The Narrows, Long Sound 
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2.1 Introduction 

 

2.1.1 Spatially-structured populations 

Understanding population connectivity is essential from a management perspective, 

firstly to quantify appropriate spatial scales for management and secondly to identify areas to 

be protected from exploitation, which are nested within broader management units (Fogarty & 

Botsford 2007). Spatially-structured stocks pose additional challenges to managers (Tuck & 

Possingham 1994): for example, should the source or sink be protected? Exploiting the source 

population can potentially devastate the metapopulation while models have shown that yields 

may be maximised by exploiting the sink population (Tuck & Possingham 2000). Restocking 

will be most successfully accomplished via protection of productive source populations; 

however, protecting sink habitats can be advantageous from a habitat-restoration perspective, 

as larvae from source habitats are likely to recruit to these areas (Lipcius et al. 2006). 

However, areas of source and sink habitat may not be constant through time, and 

demographic restructuring as a result of fishing pressure, for example, has the potential to 

reverse the balance of productivity among local populations within the metapopulation. 

This study focuses on the southern fjords, from Bradshaw–Thompson Sound south to 

Long Sound–Preservation Inlet. This area encompasses five no-take marine reserves: three 

inner fjord reserves are likely to support highly resident, sink populations of blue cod. One 

reserve, the Gut (Te Awaatu) in outer Doubtful Sound has been a full no-take zone since 

1993. This nested spatial management regime is conducive to the investigation of the relative 

influence of habitat type, latitude, and management measures on blue cod population size and 

structure. 

 

2.1.2 Estimating abundance of fish populations 

Trawl surveys are not a viable option for sampling blue cod as they inhabit reef edge 

and foul ground (Mutch 1983); in Fiordland this is compounded by the steep rock walls and 

complex topography characteristic of many sites (Carbines 2004a). Underwater visual census 

techniques are relatively inexpensive to conduct, requiring little specialist equipment other 

than SCUBA, permitting the recording of a wide range of other data (e.g. environmental and 

physical factors) in situ and allowing for a high level of replication. Conversely, they are 

limited to a narrow range of conditions (i.e. <30m depth, light current flow, good visibility), 

are time consuming, subject to a high degree of inter-observer variability and may be biased 

by fish behaviour towards divers. Exploited species such as blue cod tend to be behaviourally 
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adaptable predatory fish that may rapidly change their behaviour towards divers; blue cod are 

inquisitive of divers (Francis 2001) and a shift from diver-negative to diver-positive 

behaviour has reported among marine reserve populations (Cole 1994).  

 

2.1.3 Age & growth 

 Vital rates such as individual growth rate, mortality and fecundity vary with size and 

therefore age; these rates combine to control the size and potential productivity of a 

population — and, in the case of commercially exploited species such as blue cod, for the size 

of the harvestable biomass — and necessitate an accurate method of estimating individual 

age. Calcareous tissues of many aquatic organisms, including coral skeletons, bivalve shells, 

squid statoliths, mammal teeth and fish scales, vertebrae, fin rays and otoliths exhibit growth 

bands corresponding to daily, seasonal or annual deposition (Campana 2001) which, provided 

periodicity can be validated through manipulative methods such as mark–recapture or 

marginal increment analysis, can be enumerated to provide age estimates (Beamish & 

McFarlane 1983; Campana 2001). 

Otoliths are unparalleled in the animal kingdom as biochronological recorders and are 

commonly used in fisheries science to provide age-structured information for stock 

assessments and yield models and in ecological studies to elucidate age-specific demographic 

processes, as they tend to provide more accurate information than other tissues and are 

relatively easy to prepare and read (Campana & Thorrold 2001). Being non-skeletal, otolith 

growth is continuous and is maintained even when somatic growth is nonexistent (Maillet & 

Checkley 1990), perhaps reflecting their unique biomineralization form of calcification 

(Campana 1999). Studies that rely on age-structured information require careful consideration 

of potential sources of error in age determination. Aging error (Kalish et al. 1993) can affect 

either accuracy (the closeness of an estimate to the true value) or precision (the 

reproducibility of repeated measurements for a given structure). Sectioned blue cod otoliths 

have been demonstrated to show a consistent banding pattern with annual periodicity 

validated by marginal increment analysis of oxytetracycline marked individuals (Carbines 

2004a). Sectioned otoliths provide more reliable age estimates than scales, broken and burnt 

otoliths and whole otoliths, all of which tend to underestimate age, and counts are highly 

repeatable between readers (Carbines 2004a). 

 Despite several criticisms (Haddon 2001), the most commonly used model describing 

individual growth is that of von Bertalanffy (1934) which is based on three parameters: the 

asymptotic average maximum length (L∞); a growth rate coefficient which determines how 
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quickly the maximum size is attained (k) and the hypothetical age at which the species has 

zero length (t0). Studies of blue cod have found growth rates to be higher in males than 

females but comparable between geographical regions (Carbines 2004a; Mutch 1983); 

previous reports of higher growth rates in northern waters compared to the southern limit of 

blue cod range (Mutch 1983; Rapson 1956) may be due to inaccurate aging (Carbines 2004a). 

The sexual disparity in growth rates is complicated by the apparent protogynous 

hermaphroditism of blue cod. Sex inversion in blue cod is thought to be triggered by 

demographic changes rather than size (Carbines 2004a) and may occur more commonly in 

heavily fished populations where large, typically male, individuals are constantly being 

removed, leading to a more male-dominated population structure (Beentjes & Carbines 2005). 
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2.2 Aims & objectives 

 

2.1. To describe spatial patterns in abundance and distribution of blue cod, in relation to 

habitat, fjord and management zone. 

2.2. To assess the stability of these spatial patterns through time. 

2.3. To relate demographic variability (age and size structure, sex ratio and growth rates) 

to habitat, fjord and management effects. 

 

2.3 Specific hypotheses 

 

2.1. The size and structure of protected populations will have been altered by the 

introduction of management measures under the FMMA (2005): a higher degree of 

protection will allow for the development of a more abundant population of older, 

larger individuals. 

2.2. Abundance and population structure will fluctuate between years 2000–2010. 

2.3. Population size will be driven to varying degrees by spatial and temporal factors. 

2.4. Population structure and growth rate will vary with habitat and sex: inner fjord 

individuals will be on average older, larger and slower growing than outer fjord fish. 

Inner fjord populations will be female-dominated and outer fjord populations male-

dominated. Males will typically be older, larger and faster growing than females. 

Population structure and growth rates will be most variable between habitats in Long 

Sound–Preservation Inlet. 

2.5. Individual growth will be driven to varying degrees by intrinsic, extrinsic and 

anthropogenic factors. 
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2.4 Methods 

 

2.4.1 Abundance & distribution 

 

2.4.1.1 Sampling sites & dates 

Monitoring surveys were conducted in 2005, 2006, 2007 and 2010 by The University 

of Otago’s Subtidal Ecology Research Group and the Department of Conservation (Wing & 

Jack 2008,  2010). This sampling period follows the introduction of the Fiordland Marine 

Management Act (FMMA; 2005). As sampling was carried out during February–March each 

year, seasonal variability is not expected to complicate interpretation of annual variability. 

Sampling sites are shown in Figure 2.1. 

 

2.4.1.2 Catch Per Unit Effort (CPUE) data collection 

Information on the abundance and distribution of blue cod throughout the southern 

fjords was collected by SCUBA teams. Abundance was estimated as the total number of blue 

cod recorded by each dive team at all sites surveyed in 2005–2010, scaled to bottom time to 

provide a standardised ‘CPUE’ measure. Although only a relative index as it is not scaled to 

area, these data are expected to be more sensitive than traditional transect counts at low 

densities. Sample sizes at each site are given in Table 2.1; details of the locations and sizes of 

the marine reserves in the study area are given in Table 2.2. 

Spatial and temporal trends in abundance were examined using permutational analysis 

of variance (ANOVA) in PERMANOVA+ for PRIMER v6 (PRIMER-E Ltd, Plymouth, UK) 

based on a Euclidean distance matrix of untransformed data (Anderson 2001). As p-values are 

calculated under permutation, the assumptions of normal distribution and homogeneity of 

variance inherent in traditional ANOVA methods are avoided. For univariate comparisons 

based on Euclidean distance, the test yields Fisher’s F statistic. When the number of unique 

permutations (the number of unique values of the test statistic obtained under permutation) 

was deemed too low for a reasonable test (<100), Monte Carlo p-values are reported 

(Anderson & Robinson 2003). These are an approximation only and rely on the central limit 

theorem, so when sample sizes are small inferences should be drawn with caution. 

PERMANOVA tests used 9999 permutations under a reduced model for two-way tests or 

unrestricted permutation of raw data for one-way tests (Anderson 2001). Post-hoc pairwise 

comparisons yielded a pseudo-t statistic (the square root of pseudo-F); for univariate tests 

based on Euclidean distance this is directly analagous to Gosset’s t statistic (Student 1908).  
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Table 2.1: Details of blue cod abundance surveys conducted in Fiordland between 2005 and 

2010, including the management zones surveyed, the number of dive sites included at each 

site and the number of replicate observations recorded at each site (n). MR is marine reserve 

(established 2005), MRO is old marine reserve (established 1993), REZ is recreational 

exclusion zone, CEZ is commercial exclusion zone and OC is open coast (unprotected). 

Site Management Zone Dive Sites Year n 
2006 4 
2007 4 Bradshaw Sound (inner) MR 2 
2010 8 

MR 1 2005 2 
2007 4 Doubtful Sound (inner) 

REZ/CEZ 1 
2010 8 
2005 2 
2006 6 
2007 10 

MRO 2 

2010 17 
2005 2 
2006 3 

Doubtful Sound (outer) 

OC 1 
2010 13 
2005 2 
2006 3 Breaksea Sound (inner) CEZ 1 
2010 10 
2005 4 
2006 3 Dusky Sound (inner) CEZ 1 
2010 10 
2006 6 
2007 4 MR 1 
2010 10 
2006 8 

Dusky Sound (outer) 

OC 1 
2010 10 
2005 2 
2006 6 
2007 8 

Long Sound (inner) MR 2 

2010 20 
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Table 2.2: The location and size of the five marine reserves in the study area. Also given is 

the year of establishment. 

Marine Reserve Location Size (ha) Established 
Gaer Arm (Kutu Parera) Bradshaw Sound (inner) 433 2005 
Elizabeth Island (Taipari Roa) Doubtful Sound (inner) 613 2005 
The Gut (Te Awaatu) Doubtful Sound (outer) 93 1993 
Five Fingers Peninsula (Taumoana) Dusky Sound (outer) 1466 2005 
Long Sound (Te Tapuwae o Hua) Long Sound (inner) 3672 2005 
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Figure 2.1: Abundance and population structure sampling sites. Dive sites sampled using 

SCUBA between 2005 and 2010 are displayed by management zone (unprotected open coast 

= white circle; CEZ = grey circle; REZ/CEZ = black circle; MR = white star; MRO = black 

star). Not all sites were sampled on all occasions due to vessel and weather constraints. 

Population structure surveys were conducted between 2000 and 2009 within the broad regions 

indicated by dashed lines. 
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2.4.2 Population structure 

 

2.4.2.1 Sampling sites & dates 

Sampling was conducted at sites throughout Fiordland between 2000 and 2009 (Table 

2.3; Figure 2.1). Inner fjord sites were within the CEZ; outer fjord sites were outside the CEZ. 

Post-2005, inner Bradshaw Sound and inner Long Sound sites were within no-take marine 

reserves (Kutu Parera/Gaer Arm and Te Tapuwae o Hua respectively) and inner Doubtful 

Sound was within the REZ/CEZ. Sampling within marine reserves was conducted with the 

permission of the Department of Conservation and the Fiordland Marine Guardians; sample 

sizes were limited to 10 individuals at each site. Sampling within the Doubtful Sound 

REZ/CEZ was conducted under the University of Otago’s research permit. 

 

2.4.2.2 Sample collection & processing 

Fish were caught by hook and line using size 6/0 hooks to minimise catch-and-release 

mortality (Carbines 1999) and reduce by-catch of other species (e.g. wrasses; sea perch, 

Helicolenus percoides). A standardised methodology was used for all sampling occasions to 

avoid effects of gear selectivity on the size structure of samples. All fish were measured 

(±1mm total length, TL) and sexed by macroscopic examination of the gonads. The largest 

pair of otoliths (the sagittae, from here on referred to simply as ‘otoliths’) was removed by 

cranial dissection, rinsed in deionised water, transferred to sterile centrifuge tubes and left to 

air dry for several days. 
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Table 2.3: Details of blue cod population structure sampling events, including sample sizes 

(n) at each site in each year, month and total sample size for each site. Abbreviated site names 

are used throughout this thesis in certain figures. *Fish sampled in Dusky Sound in 2008 were 

caught in cod pots as part of a fecundity study (see Chapter 7); to avoid potential bias 

resulting from gear and survey design these data were only used to construct growth models.  

Site name Abbreviation Year Month n Total n 
2003 November 5 
2004 November 11 Bradshaw Sound (inner) BRDIn 
2009 April/July 10 

26 

2004 November 2 Thompson Sound (outer) THOMOut 
2009 April/June 10 

12 

2002 September/October 2 
2003 November 4 
2004 November 24 

Doubtful Sound (inner) DBTIn 

2009 July 5 

35 

2004 November 33 Doubtful Sound (outer) DBTOut 
2009 June 10 

43 

2000 November 15 
2002 October 8 
2003 November 14 
2004 November 9 

Breaksea Sound (inner) BSIn 

2009 April 10 

56 

2000 November 13 
2002 October 11 
2004 November 11 

Breaksea Sound (outer) BSOut 

2009 April 10 

45 

2003 October 34 
2004 November 10 
2008 October 29 

Dusky Sound (inner) DUSKIn 

2009 April 11 

84 

2003 October 35 
2008 October 33 Dusky Sound (outer) DUSKOut 
2009 April 10 

78 

2000 November 15 
2002 October 8 
2003 November 14 
2004 November 17 

Long Sound (inner) LONGIn 

2009 April 10 

64 

2000 November 21 
2002 October 12 
2004 November 25 

Preservation Inlet (outer) PRESOut 

2009 April 10 

68 
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2.4.2.3 Age estimation 

One of each pair of otoliths was embedded in K142 epoxy resin (NUPLEX 

Construction Products, Auckland). It is not expected that left and right otoliths of a pair would 

yield different age estimates; however, for consistency and ease of sectioning, whenever 

possible the right otolith was selected for age estimation. Transverse sections (~0.7mm thick) 

were cut through the primordium using a Buehler Isomet low speed diamond-tipped saw and 

the sections mounted on glass slides using a small amount of resin. Ages were estimated from 

photomicrographs of sectioned otoliths taken under transmitted light. Only opaque (winter 

growth) zones bordered on both sides by translucent (summer growth) zones were counted. 

Image editing software was used to enhance images and allow more accurate identification of 

annual growth rings, in particular those nearer the core. Ages were recorded by two 

independent agers and the readability of the sections was scored from 1 (easy to determine all 

growth bands) to 5 (unreadable); any otoliths graded as unreadable by either reader were 

excluded from age structure and growth analyses. The coefficient of variance, CV (Campana 

2001) for the two estimates was estimated for each otolith as:  

 

     (Equation 2.1) 

 

 

Where: 

CVj is the age precision estimate for the jth fish 

Xij is the ith age determination of the jth fish 

Xj is the mean age estimate of the jth fish 

R is the number of times each fish is aged 

 

The age estimate of the original reader (S.R. Wing) was used for fish sampled between 

2000 and 2005. As the mean CV for all otoliths sampled in 2009 was less than 5%, ager bias 

was deemed to be within acceptable limits and the age estimates of the more experienced ager 

(S.R. Wing) were used for all further analyses to be consistent with previous years. Fish 

sampled in Dusky Sound in 2008 were aged by experienced agers as part of another project 

(Carbines & Beentjes In prep.). 
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2.4.2.4 Sex ratio analysis 

Immature fish were excluded from the data set. The ratio of males to females was 

calculated and represented as a percentage of each population. The Pearson Chi-squared 

statistic (Pearson 1900) was then calculated for each sample as: 

         

          (Equation 2.2)

   

 

Where: 

X2 is the test statistic that asymptotically approaches a χ2 distribution 

Oi is the number of males or females observed in a sample 

Ei is the number of males or females expected under a 50:50 sex ratio 

n is the number of possible outcomes for each event 

 

X2 contingency tables were used to test for significant differences in sex ratio between 

samples. 

 

2.4.2.5 Age structure analysis 

Fish of indeterminable age were removed from the data set. Age structure was 

examined visually by plotting age frequency curves of 2-year binned data. Distributions were 

compared statistically using two-sample Kolmogorov–Smirnov (K–S) tests (Sokal & Rohlf 

1981). A K–S test has the null hypothesis that two samples are identical in their distribution 

and as such is sensitive to differences in location, dispersion and skewness. For small sample 

sizes (n≤25), an exact test was conducted by comparing a calculated value of the test statistic 

D (Dcalc) to tabulated critical values at the 0.05 significance level (Rohlf & Sokal 1981): 

 

     (Equation 2.3)

   

             

Where: 

Dcalc is the calculated value of the difference between two distributions 

n1 and n2 are the sizes of samples 1 and 2 

F1 and F2 are the cumulative frequencies for samples 1 and 2 
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For larger sample sizes, an approximate K–S test was performed (Sokal & Rohlf 1981). The 

difference between distributions was calculated as: 

 

                       (Equation 2.4) 

 

Where: 

Dcalc is the calculated value of the difference between two distributions 

n1 and n2 are the sizes of samples 1 and 2 

F1 and F2 are the cumulative frequencies for samples 1 and 2 

 

This calculated value for D was then compared to a critical value for D computed as: 

 

                   (Equation 2.5)

               

                 

        (Equation 2.6) 

 

Where: 

α is the significance level (i.e. 0.05) 

n1 and n2 are the sizes of samples 1 and 2 

 

For both exact and approximate tests, two distributions are considered significantly different 

in their shape and location when Dcalc>D0.05. 

 

2.4.2.6 Size structure analysis 

Size structure was compared visually between populations by plotting size frequency 

curves of 50mm binned data. K–S tests were conducted as for age distributions, using 50mm 

binned data. 
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2.4.2.7 Growth rate analysis 

In order to increase sample sizes and maximise model strength, size-at-age data were 

included from fish sampled in Dusky Sound in October 2008 (Carbines & Beentjes In prep.). 

Although these individuals were sampled using baited cod pots and primarily females were 

selected, it is not expected that this will introduce any bias to growth models. Fish of 

unknown age were excluded from the data set. Growth models were constructed using von 

Bertalanffy’s individual growth model (von Bertalanffy 1934): 

 

                (Equation 2.7) 

 

Where: 

Lt is length at time t 

L∞ is the asymptotic length (i.e. the length an individual would reach were it to grow to an 

infinite age) 

k is the growth constant expressing the rate at which length approaches the asymptote 

t0 is the theoretical age of an individual at zero size 

 

Optimal values for L∞ and k were obtained for each sample by minimising residual sums of 

squares with the Solver application (Frontline Systems Inc.) for Excel 2008 (Microsoft 

Corporation 2007). This least-squared residuals method fits a curve representing the average 

growth of individuals in a sample. The parameter t0 is extrapolated from available data and 

can be difficult to interpret in a biologically meaningful way (Haddon 2001). No fish were 

sampled from the youngest age classes (<2yrs) so t0 was set to zero for all models. 

 Size-at-age curves were compared statistically using multivariate analysis of 

similarity, ANOSIM (Clarke 1993), in PRIMER v6 (PRIMER-E Ltd, Plymouth, UK). 

Manhattan distance was calculated between samples (individual fish), using size and age as 

variables. One-way ANOSIM tests were then used to look for differences between 

populations; test outputs are an R statistic, which is scaled to take a value between -1 and 1, 

and a p-value, which is dependent on the number of replicates in the comparison. The size of 

the R statistic gives useful information on the degree to which two groups are distinct in their 

multivariate composition, with low values indicating that groups are strongly overlapping. It 

is important to consider both outputs when interpreting ANOSIM results, as statistically 

significant differences may be biologically trivial if R is negligibly small. Some degree of 

overlap is to be expected when comparing size-at-age curves, as both variables will lie within 
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fairly narrow biological limits. For the purposes of this analysis, the relative size of the R 

statistic for each test was considered in addition to the absolute value. As the distribution of R 

is obtained by permutation of sample labels, there are no assumptions of normality or 

independence of errors as with traditional tests. This method also has the advantage that 

values for R can be directly compared between tests, regardless of the associated degrees of 

freedom. 

 

Equation 2.7 was rearranged to estimate the age-at-minimum landing size (MLS; 330mm for 

blue cod in Fiordland) for each group: 

 

(Equation 2.8) 

   

             

Where: 

t330 is the age at MLS 

Lt is length at time t (330mm) 

L∞ is the asymptotic length 

k is the growth constant describing the rate at which length approaches the asymptote 

 

In the absence of data specifically for Fiordland populations, estimated age-at-MLS was 

compared to values of age-at-maturity of 4yrs for male and 6yrs for female blue cod in 

Southland (Carbines 2004a). As age-at-MLS estimates are obtained from models based on 

sometimes-limited data, care should be taken to interpret results cautiously, bearing in mind 

sample sizes and the goodness of the model fit. 

 

2.4.2.8 Model selection 

In addition to standard hypothesis testing, an information-theoretic approach was used 

to rank models in terms of their statistical power to describe variability in individual growth. 

Akaike’s Information Criterion, AIC (Akaike 1974) is an extension of Kullback-Liebler 

information and likelihood theory and enables the combination of estimation (e.g. maximum 

likelihood or least squares) and model selection under an optimisation theoretical framework. 

It is particularly applicable to observational type studies and avoids the pitfalls of data 

dredging, over-fitted models and subsequent problems with inference associated with 

traditional hypothesis-testing methods (Burnham & Anderson 1998). Models were 
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constructed using the DistLM procedure in PERMANOVA+ for PRIMER v6. When 

Euclidean distance is used as the basis of the analysis, DistLM equates to traditional 

multivariate multiple regression, or redundancy analysis. As p-values are obtained under 

permutation, the usual assumptions (e.g. that errors are normally distributed) are avoided. AIC 

values are calculated for each model, with lower values indicating a better approximation of 

the truth for a given data set: 

 

                (Equation 2.9) 

 

Where: 

AIC is the index of model power to describe the ‘true’ situation for a given data set 

L is the value of the likelihood 

K is the number of parameters included in a model 

 

For small sample sizes (n) Equation 2.9 is modified by a bias correction term (Equation 2.10). 

If the ratio of n/K is sufficiently large AIC and AICc will be similar and tend to select the same 

model. 

 

            (Equation 2.10) 

 

As it is the relative power of a particular model compared to all other proposed models that is 

of interest, results are scaled to the minimum value of AIC achieved: 

 

                (Equation 2.11) 

 

Where: 

AICi is the value of AICc for the ith model 

AICmin is the minimum value of AICc achieved 

 

Akaike weights are then calculated from normalised likelihoods: 

 

        (Equation 2.12) 

 

These weights represent the weight of evidence in favour of model i from the set of models R.  
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2.4.3 Statistical analyses 

 In order to address the aims and objectives listed in Section 2.2, statistically testable 

hypotheses were constructed based on the methods described above.  

 

1. Abundance and population structure will vary with management zone 

Abundance (CPUE) was compared between management zones (fixed effect; 5 levels) 

using permutational ANOVA (PERMANOVA). Dive site and sampling year were treated as 

random effects nested within management zone and site; neither had a significant effect on 

abundance (dive site: pseudo-F4,188=1.8242, p=0.1320; year: pseudo-F17,188=1.6010, 

p=0.1592). Subsequent tests pooled across dive sites at the broader sampling site level and 

across years. Within marine reserves, the effect of reserve size on abundance was assessed 

using permutational ANOVA.  

Any potential changes in the population structure as a result of the FMMA (2005) 

were investigated by comparing data from prior to the commercial closure of the inner fjord 

habitats with 2009, four years after the closure. As the FMMA (2005) established a 

hierarchical management regime, pre- versus post-2005 patterns were investigated among 

different levels of protection. Inner Breaksea Sound and inner Dusky Sound represent areas 

where commercial fishing is excluded but recreational fishing is permitted (CEZ). Inner 

Doubtful Sound is used as an example of a region from which all commercial fishing and 

targeted recreational fishing for blue cod are excluded, but recreational fishing for other 

species is permitted (CEZ/REZ). Inner Bradshaw Sound and inner Long Sound are used as 

examples of full-protection no-take marine reserves (MR). Open coast (OC) populations were 

afforded no protection by the FMMA. 

 

2. Abundance and population structure will vary through time 

Baseline variability in population structure was determined for each habitat by 

pairwise comparisons of sex ratio and age and size structure between years from 2000 to 

2004; temporal variability in abundance was examined from 2005–2010, the period 

immediately following ratification of the FMMA. 

 

3. Population size will be driven to varying degrees by spatial and temporal factors 

 The relative contribution of spatial (habitat, fjord, management zone) and temporal 

factors (sampling year) to the total variability in population size was assessed using model 

selection. The population in The Gut (Te Awaatu) marine reserve in outer Doubtful Sound 
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has been protected since 1993; other marine reserve, CEZ and REZ populations have been 

protected since 2005; open coast populations have never been afforded any protection. For 

marine reserve populations, model selection was used to investigate the relative importance of 

fjord, habitat, reserve size and years since protection was afforded as drivers of population 

size. 

 

4. Population structure and growth rate will vary with habitat and sex; Long Sound will differ 

from the other fjords 

Sex ratio, age and size structure and size-at-age curves were compared between fjords, 

habitats and paired inner and outer fjord sites using data pooled across all sampling years. 

Age and size structure and growth rates were also compared between sexes (pooled across 

years; immature fish excluded). 

 

5. Individual growth will be driven to varying degrees by intrinsic, extrinsic and 

anthropogenic factors 

The relative statistical power of intrinsic, extrinsic and anthropogenic factors (sex, 

habitat/fjord and management zone respectively) to explain variability in individual growth 

(size-at-age) was assessed by ranking models using AICc. Only data collected post-FMMA 

were used (i.e. 2009 only). Von Bertalanffy growth parameters were not included in the 

model; limited sample sizes meant that the most robust growth models were fitted by 

sex/habitat. Attempting to then rank factors influencing individual growth would introduce 

bias as sex and habitat factors had been used in the estimation of growth parameters. 
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2.5 Results 

 

2.5.1 Abundance & distribution 

 

2.5.1.1 Spatial trends 

 Hypothesis 2.1 predicts that abundance will vary between management zones. 

Abundance differed significantly between sites (pseudo-F6,188=4.8761; p=0.0006), fjords 

(pseudo-F4,188=6.1840; p=0.0001) and management zones (pseudo-F4,188=7.6563; p=0.0001) 

but not habitats (pseudo-F1,188=1.6944; p=0.1949). The spatial sampling design did not 

support paired inner–outer fjord comparisons. Pairwise tests were used to identify the 

underlying mechanism for the overall difference between management zones and showed that 

abundance was highest in the CEZ, followed by marine reserves with the lowest abundances 

observed in the Doubtful Sound REZ and the OC (Figure 2.2a). These results partially 

support Hypothesis 2.1. The higher abundance in the CEZ than MR or MRO areas may be 

related to the larger area included in the CEZ and the likely higher availability of suitable 

habitat. 

 Where the sampling design permitted, more fine-scale investigations of spatial 

patterns in abundance were conducted. Within outer Dusky Sound, abundance was 

significantly higher on the OC than within the Five Fingers Peninsula (Taumoana) MR, 

established in 2005 (pseudo-F1,39=3.9293; p=0.0075). This contradicts Hypothesis 2.1. Within 

outer Doubtful Sound however, abundance within The Gut (Te Awaatu) MR, established in 

1993, was significantly higher than in the unprotected population sampled a short distance 

away (pseudo-F1,52=31.182; p=0.0001), supporting Hypothesis 2.1. In inner Doubtful Sound, 

abundance was significantly higher in Elizabeth Island (Taipari Roa) MR, established in 

2005, than in the surrounding REZ (pseudo-F1,52=81.155; p(MC)=0.0002), also supporting 

Hypothesis 2.1. The small sample size at Elizabeth Island (n=2) necessitates cautious 

interpretation of this result, however, and abundances at both MR and REZ sites in inner 

Doubtful Sound were low. Within Doubtful Sound, abundance differed significantly between 

management zones overall (pseudo-F3,66=17.729; p=0.0001) with pairwise tests able to 

differentiate between MR/MRO sites (high abundance) and REZ/OC sites (lower abundance; 

Figure 2.2b). 

Within the inner fjord CEZ (including the Doubtful Sound CEZ/REZ), abundance 

differed significantly between fjords (pseudo-F2,43=12.587; p=0.0002). Pairwise tests showed 

that despite the increased protection (exclusion of recreational fishing), abundance was 



 

 36 

significantly lower in inner Doubtful Sound than in inner Breaksea Sound (pseudo-t=3.9201; 

p=0.0001; df=27) or inner Dusky Sound (pseudo-t=5.3984; p=0.0002; df=27), contradicting 

Hypothesis 2.1. 

 Comparisons among the marine reserves found significant differences in abundance 

between reserves (pseudo-F4,108=4.7787; p=0.0017). Abundance was lowest in the Gaer Arm 

and Elizabeth Island reserves and highest in The Gut, Five Fingers Peninsula and Long Sound 

reserves, although the latter three did not significantly differ from each other (Figure 2.2c). 

Reserve size had a significant effect on abundance (pseudo-F4,108=4.7787; p=0.0022) and in 

general higher abundances were observed in the larger reserves. However, The Gut — at 93ha 

substantially smaller than the other reserves — supported an anomalously high abundance of 

blue cod (Figure 2.2c). This may be related to its age, as it was established 12 years prior to 

the other reserves; however, reserve age (measured as years passed between the establishment 

of reserve and sampling) was not found to significantly affect abundance overall (pseudo-

F2,108=0.9929; p=0.3171). 
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Figure 2.2: Mean abundance in each management zone (a) throughout the study area and 

(b) within Doubtful Sound. MR is marine reserve (established 2005), MRO is old marine 

reserve (established 1993), REZ is recreational exclusion zone, CEZ is commercial exclusion 

zone and OC is open coast (unprotected). (c) Mean abundance in the five marine reserves 

within the study area. Standard error bars are shown. Groups not connected by the same letter 

are significantly different (p<0.05). 
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2.5.1.2 Temporal trends 

 Hypothesis 2.2 predicts that abundance will vary among years. Temporal trends in 

abundance were examined within each management zone (Figure 2.3). In MR areas, no 

significant temporal effect was detected (pseudo-F3,73=0.9720; p=0.4095) although abundance 

increased non-significantly during the two years following protection then decreased slightly 

between 2007 and 2010. No significant temporal trend was observed within the MRO zone 

(pseudo-F3,34=0.7621; p=0.5295). In the CEZ, abundance differed significantly between years 

(pseudo-F3,49=4.7672; p=0.0081): an initial increase in abundance following the cessation of 

commercial fishing was followed by a significant decrease, despite a relatively high sampling 

effort in 2010. On the open coast, no significant differences were detected between years 

(pseudo-F2,17=0.5424; p=0.5145) although a decrease was observed between 2006 and 2010. 

Within the REZ sampling was only conducted in 2007 and 2010; very low abundances in both 

years (<0.01 individuals min-1) and small sample sizes made statistical comparison unreliable. 
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Figure 2.3: Mean abundance in each sampling year in (a) marine reserves established 2005 

(b) the old marine reserve (The Gut) established 1993 (c) the commercial exclusion zone and 

(d) the open coast. Standard error bars are shown. Years not connected by the same letter are 

statistically different (p<0.05). Years in which sampling was not conducted in a management 

zone are marked X. 
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2.5.1.3 Model selection 

 Hypothesis 2.3 predicts that population size will be influenced by a combination of 

spatial and temporal factors. The relative effect of spatial and temporal factors was 

investigated by modelling: 

 

Abundance = management zone + fjord + habitat + sampling year 

 

Marginal tests showed that management zone (pseudo-F5,184=7.6563; p=0.0002) and 

fjord (pseudo-F5,184=6.1840; p=0.0007) explained significant proportions of the variability in 

abundance but habitat (pseudo-F2,187=1.6944; p=0.2021) and sampling year (pseudo-

F2,187=0.7288; p=0.4229) did not. Sequential tests showed that fjord (pseudo-F9,180=3.7942; 

p=0.0150) and habitat (pseudo-F6,183=5.8439; p=0.0133) explained significant proportions of 

the variability on top of that already explained by management zone. Table 2.4 details the ten 

best models while Table 2.5 ranks the factors in terms of their contribution by weight to the 

set of models. Management zone, fjord and habitat were similarly weighted; temporal effects 

were relatively unimportant. However, the best model fit only explained 24% of the total 

variance in abundance. 

 

Model selection was also used to investigate the relative importance of spatial and 

temporal factors in determining abundance within marine reserves, by modelling: 

 

Abundance = fjord + habitat + reserve size + years since protection 

 

Marginal tests showed that fjord (pseudo-F4,107=6.0016; p=0.0011) and reserve size 

(pseudo-F2,107=5.3825; p=0.0246) explained significant proportions of the variability in 

abundance but habitat (pseudo-F2,107=0.2818; p=0.5964) and years since protection (pseudo-

F2,107=0.9929; p=0.3209) did not. Sequential tests showed that reserve size did not explain a 

significant proportion of the variability given that explained by fjord (pseudo-F5,104=1.0937; 

p=0.2919). The ten best models are summarised in Table 2.6 and the factors are ranked in 

terms of their contribution to the model set in Table 2.7. Reserve size carried the highest 

factor weighting followed by years since protection, fjord and habitat. Again, the best model 

only explained a very low proportion of the total variability in abundance (16%) implying that 

other factors are important in influencing distribution (e.g. inter- and intra-specific 

competition, habitat availability). 
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Table 2.4: Details of log-likelihood, number of parameters (K), AICc values, relative power 

(Δ i), Akaike weights and variance explained (R2) for the top ten ranked models describing 

spatial variability in abundance. 

Abundance = Log (L) K AICc Δ i wi R2 
Zone + fjord + habitat 0.819 3 -612.87 0.00 0.666 0.24 
Zone + fjord + habitat + year 0.819 4 -610.83 2.04 0.240 0.24 
Zone + fjord 0.836 2 -607.81 5.06 0.053 0.21 
Zone + fjord + year 0.835 3 -605.91 6.96 2.050*10-2 0.21 
Zone + habitat 0.858 2 -605.00 7.87 1.301*10-2 0.17 
Zone + habitat + year 0.857 3 -603.00 9.88 4.773*10-3 0.17 
Zone 0.871 1 -601.19 11.68 1.936*10-3 0.14 
Zone + year 0.871 2 -599.27 13.60 7.412*10-4 0.14 
Fjord + habitat 0.874 2 -597.84 15.03 3.626*10-4 0.14 
Fjord + habitat + year 0.873 3 -596.30 16.57 1.679*10-4 0.14 

 

Table 2.5: Summed weights for each factor calculated as the sum of the Akaike weights for 

each model in Table 2.4 that includes a given factor. 

Factor Summed weight 
Management zone 0.999 
Fjord 0.980 
Habitat 0.924 
Year 0.266 
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Table 2.6: Details of log-likelihood, number of parameters (K), AICc values, relative power 

(Δ i), Akaike weights and variance explained (R2) for the top ten ranked models describing 

variability in abundance among marine reserves. 

Abundance = Log (L) K AICc Δ i wi R2 
Size + habitat + years since protection 0.231 3 -445.10 0.00 0.241 0.16 
Size + years since protection 0.242 2 -444.40 0.70 0.170 0.13 
Fjord 0.235 1 -443.95 1.15 0.136 0.15 
Fjord + years since protection 0.229 2 -443.26 1.84 0.096 0.16 
Fjord + size 0.231 2 -442.90 2.20 0.080 0.16 
Fjord + habitat + size 0.231 3 -442.90 2.20 0.080 0.16 
Fjord + habitat 0.231 2 -442.90 2.20 0.080 0.16 
Habitat + size 0.252 2 -441.97 3.13 0.050 0.11 
Fjord + size + years since protection 0.229 3 -441.08 4.02 0.032 0.16 
Fjord + habitat + years since protection 0.229 3 -441.08 4.02 0.032 0.16 

 

Table 2.7: Summed weights for each factor calculated as the sum of the Akaike weights for 

each model in Table 2.6 that includes a given factor. 

Factor Summed weight 
Size 0.655 
Years since protection 0.573 
Fjord 0.538 
Habitat 0.485 
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2.5.2 Population structure – spatial variability 

 

2.5.2.1 Sex ratio 

A significant deviation from a 50:50 sex ratio was detected at most sites (Table 2.8). 

Sex ratios differed significantly between inner and outer fjord habitats in Doubtful Sound, 

Breaksea Sound and Long Sound–Preservation Inlet (Table 2.9); in all cases, the inner fjord 

habitat supported a higher proportion of females than the corresponding outer fjord habitat. 

The pattern was most pronounced in Long Sound–Preservation Inlet where 69% of fish 

sampled from the inner fjord habitat were female compared to just 22% in the outer fjord 

habitat. These results support Hypothesis 2.4. Dusky Sound is anomalous in that the 

population in both inner and outer fjord was strongly female-dominated and the sex ratio was 

almost identical in the two habitats. 

 

Table 2.8: The proportion of males to females sampled at each site (pooled across years), 

represented as a percentage of the total sample (n) and results of X2 tests for deviation from a 

50:50 sex ratio including the test statistic X2, the significance level p and the degrees of 

freedom (df). Significant differences (p<0.05) are shown in bold. 

Test % Male % Female X2 p df n 
Bradshaw Sound (inner) 64 36 3.92 0.0064 1 22 
Thompson Sound (outer) 58 42 1.28 0.0956 1 12 
Doubtful Sound (inner) 38 62 2.88 0.0158 1 29 
Doubtful Sound (outer) 53 47 0.18 0.5785 1 36 
Breaksea Sound (inner) 30 70 8.00 <0.0001 1 56 
Breaksea Sound (outer) 48 52 0.08 0.6494 1 44 
Dusky Sound (inner) 33 67 5.78 0.0009 1 54 
Dusky Sound (outer) 30 70 8.00 <0.0001 1 43 
Long Sound (inner) 31 69 7.22 0.0002 1 64 
Preservation Inlet (outer) 78 22 15.68 <0.0001 1 51 

  

Table 2.9: Results of X2 contingency tests for differences in sex ratio between paired inner 

and outer fjord sites (pooled across years). Significant differences (p<0.05) are shown in bold. 

Test X2 p 
Bradshaw–Thompson Sound 0.76 0.4661 
Doubtful Sound 4.54 0.0321 
Breaksea Sound 6.81 0.0132 
Dusky Sound 0.21 0.6471 
Long Sound–Preservation Inlet 44.5 <0.0001 
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2.5.2.2 Age & size structure 

Age and size structure were compared between inner and outer fjord habitats, pooled 

across years, sexes and sites (Figure 2.4). Inner fjord habitats supported an older age structure 

than outer fjord habitats, supporting Hypothesis 2.4 (Figure 2.4a). The average age of inner 

fjord fish was 10.6yrs (± 4.1) whereas outer fjord fish were on average 7.8yrs (± 2.5); the 

inner fjord age distribution was broader and flatter than the outer fjord distribution, which had 

a pronounced peak at 7–8yrs. Evidence was also found to support the hypothesis that inner 

fjord habitats support larger blue cod: although the largest individual sampled (625mm) was 

caught at an outer fjord site, inner fjord fish had a mean size of 391mm (± 73.4) whereas outer 

fjord fish were on average 367mm (± 71.1). Size frequency distributions in the two habitats 

were broadly similar in shape (Figure 2.4b). Approximate K–S tests detected a significant 

difference in both the age and size distributions between the two habitats (Table 2.10). 

 

 

Figure 2.4: (a) Age and (b) size frequency distributions of fish sampled in inner (solid line; 

n≤232) and outer (dashed line; n≤213) fjord habitats. Data are binned and pooled across 

years, sites and sexes. The minimum landing size (330mm) is marked as a solid vertical line. 
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Table 2.10: Results of K–S tests comparing age and size distributions between inner and 

outer fjord habitats (pooled across sites, sexes and years). Significant results (Dcalc>D0.05) are 

shown in bold. 

Test Dcalc D0.05 
Age 0.391 0.130 
Size 0.170 0.129 

 

To investigate whether this difference is region-wide or was driven by a large 

difference in the distributions within one fjord, age and size structure were compared between 

paired inner and outer fjord sites (Figures 2.5–2.7). For all site pairs, the inner fjord 

population had a higher mean and median age than the outer fjord population (Table 2.11). 

For all comparisons except inner Bradshaw Sound versus outer Thompson Sound, modal age 

was greater in the inner fjord than the outer fjord (Figures 2.5–2.7). This anomaly is likely 

related to the small age sample size for outer Thompson Sound (n=11): the narrow range of 

ages sampled here (4–9yrs) is unlikely to be representative of the whole population and is 

considerably shortened relative to nearby outer Doubtful Sound (4–15yrs). For all 

comparisons inner fjord modal size was greater than or equal to outer fjord modal size. These 

patterns were most pronounced in Long Sound–Preservation Inlet (Figure 2.7a). Approximate 

K–S tests detected significant differences in age distributions between inner and outer regions 

of all fjords expect Doubtful Sound (Table 2.12). Although size distributions only differed 

significantly in Long Sound–Preservation Inlet (Figure 2.7b), the trend towards a larger size 

structure among inner fjord populations was also visible to a lesser extent in Bradshaw–

Thompson Sound and Dusky Sound. Doubtful Sound exhibits anomalous inner versus outer 

fjord patterns in both its age and size distributions, which may be related to the historically 

intense fishing pressure to which this population has been subjected. The age distribution in 

both habitats is restricted to a relatively narrow range (4–15yrs). 
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Table 2.11: Minimum, maximum, mean and standard error age (years) and size (TL, mm) at 

each site and sample sizes (pooled across years and sexes). 

Site Variable Min Max Mean SE n 
Age 4 17 9.9 0.7 26 Bradshaw Sound (inner) 
Size 250 555 398 15.7 26 
Age 4 9 6.8 0.4 11 Thompson Sound (outer) 
Size 270 520 372 21.6 12 
Age 5 15 9.0 0.5 34 Doubtful Sound (inner) 
Size 215 490 356 11.1 31 
Age 4 15 7.5 0.4 42 Doubtful Sound (outer) 
Size 250 525 361 10.9 43 
Age 5 21 11.3 0.4 56 

Breaksea Sound (inner) 
Size 300 550 412 8.8 56 
Age 3 23 9.0 0.6 44 Breaksea Sound (outer) 
Size 250 625 412 12.4 45 
Age 3 24 9.0 0.6 55 Dusky Sound (inner) 
Size 185 545 355 10.9 55 
Age 5 12 7.3 0.3 42 

Dusky Sound (outer) 
Size 260 510 346 8.4 45 
Age 6 26 12.7 0.6 57 Long Sound (inner) 
Size 290 545 416 7.1 64 
Age 4 12 7.7 0.2 68 Preservation Inlet (outer) 
Size 215 485 353 7.1 68 

 

Table 2.12: Results of approximate K–S tests comparing age and size distributions between 

paired inner and outer fjord sites (pooled across sexes and years). Significant results 

(Dcalc>D0.05) are shown in bold. 

Site pair Test Dcalc D0.05 
Age 0.615 0.488 Bradshaw Sound (inner) vs. Thompson Sound (outer) 
Size 0.167 0.474 
Age 0.169 0.313 Doubtful Sound inner vs. outer 
Size 0.123 0.320 
Age 0.377 0.274 Breaksea Sound inner vs. outer 
Size 0.067 0.272 
Age 0.342 0.278 Dusky Sound inner vs. outer 
Size 0.194 0.273 
Age 0.573 0.244 Long Sound (inner) vs. Preservation Inlet (outer) 
Size 0.407 0.237 
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Figure 2.5: (a) Age and (b) size frequency distributions of fish sampled in inner Bradshaw 

Sound (solid line; n=26) and outer Thompson Sound (dashed line; n≤12). (c) Age and (d) size 

frequency distributions of fish sampled in inner (solid line; n≤34) and outer (dashed line; 

n≤43) Doubtful Sound. The minimum landing size (330mm) is marked as a solid vertical line. 
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Figure 2.6: (a) Age and (b) size frequency distributions of fish sampled in inner (solid line; 

n=56) and outer (dashed line; n≤45) Breaksea Sound. (c) Age and (d) size frequency 

distributions of fish sampled in inner (solid line; n=55) and outer (dashed line; n≤45) Dusky 

Sound. Data are binned and pooled across years and sexes. The minimum landing size 

(330mm) is marked as a solid vertical line. 
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Figure 2.7: (a) Age and (b) size frequency distributions of fish sampled in inner Long Sound 

(solid line; n≤64) and outer Preservation Inlet (dashed line; n=68). Data are binned and 

pooled across years and sexes. The minimum landing size (330mm) is marked as a solid 

vertical line. 
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Hypothesis 2.4 predicts that older, larger fish will on average be male. To investigate 

this, age and size structure were compared between male and female fish, pooled across years. 

As age and size have been shown to vary between inner and outer fjord habitats, comparisons 

were made separately within each habitat. Figure 2.8 shows that in inner fjord habitats, the 

largest and oldest individuals sampled were males, although the females were on average 

older than males. Males were on average 420mm (± 80.4) and 10.2yrs (± 3.6) whereas 

females were on average 376mm (± 64.9) and 10.8yrs (± 4.4). Conversely, in outer fjord 

habitats, males represented the largest individuals but females represented the oldest 

individuals sampled. Males in outer fjord habitats were on average 390mm (± 72.7) and 

7.9yrs (± 2.3) and females were on average 349mm (± 63.3) and 8.0yrs (± 2.95). In the outer 

fjords, male and female age distributions were very similar. Approximate K–S tests detected 

significant differences in the size distributions of males and females in both inner and outer 

fjord habitats but age distributions did not differ significantly between the sexes in either 

habitat (Table 2.13). 

 

Table 2.13: Results of approximate K–S tests comparing age and size distributions between 

sexes in inner and outer fjord habitats (pooled across sites and years; immature fish excluded). 

Significant results (Dcalc>D0.05) are shown in bold. 

Habitat Test Dcalc D0.05 
Age 0.086 0.192 Inner Size 0.303 0.151 
Age 0.054 0.203 Outer 
Size 0.296 0.200 
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Figure 2.8: (a) Age and (b) size frequency distributions of male (solid line; n≤80) and female 

(dashed line; n≤145) fish sampled in inner fjord habitats. (c) Age and (d) size frequency 

distributions of male (solid line; n≤100) and female (dashed line; n≤86) fish sampled in outer 

fjord habitats. Data are binned and pooled across years and sites. Immature individuals have 

been excluded. The minimum landing size (330mm) is marked as a solid vertical line. 
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In order to investigate the consistency of these patterns at a more local spatial scale, 

comparisons were made between the age and size distributions of males and females within 

each site. At this spatial scale, K–S tests found no significant differences between the age 

distributions of males and females; size distributions varied significantly between sexes in 

inner Long Sound (Dcalc=0.536; D0.05=0.366) and Preservation Inlet (Dcalc=0.584; 

D0.05=0.462) but not at any other site pair. The lack of significant results may be due to 

limited power as a result of smaller sample sizes at this scale of investigation (n<40 in each 

group); non-significant results are not detailed. 

 

For each sex (excluding immature fish) age and size distributions were compared 

between inner and outer fjord habitats (Figure 2.9). For both males and females, the oldest 

individuals were sampled from an inner fjord site. Female age and size distributions were 

clearly shifted towards older, larger individuals in the inner fjord habitat compared to the 

outer fjords. Male age distribution was right-shifted in the inner fjords relative to the outer 

fjords; male size distribution was also right-shifted to some degree although the largest male 

sampled was from an outer fjord site. Approximate K–S tests found significant differences in 

the age and size distributions of females in inner and outer fjord habitats and in the age but 

not size distributions of males (Table 2.14). 

 

Table 2.14: Results of approximate K–S tests comparing age and size distributions between 

inner and outer fjord habitats for each sex (pooled across sites and years; immature fish 

excluded). Significant results (Dcalc>D0.05) are shown in bold. 

Sex Test Dcalc D0.05 
Age 0.380 0.207 Male Size 0.200 0.204 
Age 0.390 0.188 Female 
Size 0.233 0.185 
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Figure 2.9: (a) Age and (b) size frequency distributions of male fish sampled in inner (solid 

line; n≤80) and outer (dashed line; n≤100) fjord habitats. (c) Age and (b) size frequency 

distributions of female fish sampled in inner (solid line; n≤145) and outer (dashed line; n≤86) 

fjord habitats. Data are binned and pooled across years and sites. Immature individuals have 

been excluded. The minimum landing size (330mm) is marked as a solid vertical line. 
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Age and size structure were examined over a latitudinal gradient within inner and 

outer habitats, treating each sex separately and excluding immature fish. In the inner fjord 

habitats, male age (Dcalc=0.579; D0.05=0.531) and size (Dcalc=0.577; D0.05=0.510) and female 

age (Dcalc=0.453; D0.05=0.389) and size (Dcalc=0.520; D0.05=0.380) distributions differed 

significantly between inner Doubtful Sound and inner Long Sound; female age (Dcalc=0.380; 

D0.05=0.316) and size (Dcalc=0.409; D0.05=0.305) distributions differed between inner Dusky 

Sound and inner Long Sound; male age distributions differed between inner Doubtful Sound 

and inner Breaksea Sound (Dcalc=0.588; D0.05=0.541); and female size distributions in inner 

Breaksea Sound differed from those in inner Doubtful Sound (Dcalc=0.432; D0.05=0.387) and 

inner Dusky Sound (Dcalc=0.321; D0.05=0.314). For the outer fjord habitats, no pairwise tests 

comparing female age or male age or size distributions between fjord basins were significant. 

Female size distribution in outer Breaksea Sound differed from outer Dusky Sound 

(Dcalc=0.401; D0.05=0.376) and Preservation Inlet (Dcalc=0.648; D0.05=0.498). Non-significant 

results are not detailed here. 
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2.5.2.3 Growth rates 

Hypothesis 2.4 predicts that the rate of growth (k) will be higher in outer fjord habitats 

than inner fjord habitats but L∞ will be higher in inner fjord habitats. To investigate this, size-

at-age data were pooled across sites, years and sexes within each habitat and compared to 

size-at-age curves predicted by von Bertalanffy growth models for each habitat (Table 2.15; 

Figure 2.10). These models show that although fish sampled in inner fjord habitats tend 

towards a slightly larger L∞ than fish in outer fjord habitats, k is indeed greater for outer fjord 

individuals, therefore supporting Hypothesis 2.4. ANOSIM detected significant difference 

between raw size-at-age curves in inner and outer fjord habitats (p=0.0003) but the R statistic 

was close to zero (0.024) indicating a high degree of overlap, as evident in Figure 2.10. The 

models predict very similar values for age-at-MLS (t330) which just exceeds the estimated 

age-at-maturity for females of 6yrs (Carbines 2004). 

 

Table 2.15: von Bertalanffy growth model parameters, degrees of freedom and residual sum 

of squares for inner and outer fjord (pooled across sites, years and sexes) and sample sizes (n). 

Model L∞ (mm) k t0 (yrs) t330 (yrs) df RSS n 
Inner fjord 494 0.162 0 6.8 250 518052 253 
Outer fjord 489 0.184 0 6.1 236 667963 239 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: Raw size-at-age and von Bertalanffy growth curve models for fish sampled in 

inner (n=253) and outer (n=239) fjord habitats (pooled across sites, years and sexes). Values 

for L∞ predicted by the growth models are marked as a solid horizontal line (inner fjord) and 

dashed horizontal line (outer fjord). Predicted values for t330 are marked as a solid vertical line 

(inner fjord) and dashed vertical line (outer fjord). 
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The effect of habitat on growth was investigated at a more local spatial scale by 

comparing size-at-age between paired inner and outer fjord sites. No difference was detected 

between inner and outer fjord habitats in Bradshaw–Thompson Sound (R=-0.063; p=0.9150), 

Doubtful Sound (R=-0.003; p=0.4510) or Breaksea Sound (R=0.004; p=0.3260). A significant 

difference was detected in Dusky Sound (R=0.017; p=0.0052) although the very low R-value 

indicates a high degree of overlap between groups here. A significant difference was also 

detected in Long Sound–Preservation Inlet (p=0.0001) and the R statistic was relatively high 

here (0.183), implying that groups are more discrete in their size-at-age structure. However, 

the pattern observed here contradicts Hypothesis 2.4 as outer fjord individuals grew more 

slowly and tended towards a larger asymptotic size than inner fjord fish. Growth rates were 

also modelled for paired inner and outer fjord habitats (pooled across years and sexes). These 

models are shown in Figure 2.11 and are summarised in Table 2.16. 

The growth model for inner Bradshaw Sound gave both the highest value for L∞ and 

the lowest value for k. L∞ was inflated here by the absence of older fish (>9yrs) in the sample 

and is considerably higher than other values. This results in a curve that stops prematurely 

before starting to level off. Discounting this model, inner Breaksea Sound had the highest 

predicted value for L∞ and the lowest value for k. The minimum value of L∞ was predicted by 

the inner Doubtful Sound model while the maximum value for k was predicted by the outer 

Thompson Sound model. As this was based on just 11 samples it is not considered a reliable 

model however; excluding this model, growth was fastest in outer Breaksea Sound. For 

Bradshaw–Thompson Sound and Breaksea Sound the overall pattern of inner fjord 

individuals tending towards a larger L∞ than fish in outer fjord habitats but outer fjord 

samples exhibiting a greater k is upheld. However, the reverse is true for Doubtful Sound and 

Long Sound–Preservation Inlet while inner and outer fjord samples from Dusky Sound gave 

very similar values for both L∞ and k, with the two curves nearly superimposed upon one 

another (Figure 2.11). In inner Long Sound L∞ is lowered by the presence of old individuals 

which are relatively small for their age, while individuals sampled from Preservation Inlet are 

younger (<12yrs) but relatively large. This under-representation of older age groups distorts 

the Preservation Inlet curve by shortening it in the x-axis and artificially inflates the predicted 

value for L∞; Long Sound samples are relatively widely dispersed along the y-axis meaning 

that the predicted value for L∞ may not be an accurate representation of the true population 

(Figure 2.11). Doubtful Sound models are also biased by a lack of older individuals in both 

inner and outer fjord samples. Age-at-MLS for some sites (outer Thompson Sound, outer 

Doubtful Sound, outer Breaksea Sound and inner Long Sound) is less than the age-at-maturity 
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for females and in outer Thompson Sound and outer Breaksea Sound it only just exceeds the 

sex-averaged age-at-maturity (5yrs). This may be related to bias in the age distribution of 

samples skewing the growth models as t330 is an extrapolation of available data. 

 

Table 2.16: von Bertalanffy growth model parameters, degrees of freedom and the residual 

sum of squares for paired inner and outer fjord sites (pooled across years and sexes) and 

sample sizes (n). 

Model L∞ (mm) k t0 (yrs) t330 (yrs) df RSS n 
Bradshaw Sound (inner) 602 0.109 0 7.3 23 55468 26 
Thompson Sound (outer) 472 0.237 0 5.1 8 46141 11 
Doubtful Sound (inner) 435 0.208 0 6.8 27 61035 30 
Doubtful Sound (outer) 477 0.204 0 5.8 39 127427 42 
Breaksea Sound (inner) 557 0.123 0 7.3 53 98014 55 
Breaksea Sound (outer) 526 0.195 0 5.1 40 180065 43 
Dusky Sound (inner) 474 0.175 0 6.8 81 139681 84 
Dusky Sound (outer) 469 0.181 0 6.7 72 87477 75 
Long Sound (inner) 461 0.220 0 5.7 54 116741 57 
Preservation Inlet (outer) 509 0.158 0 6.6 65 119737 68 
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Figure 2.11: Raw size-at-age data and von Bertalanffy growth curve models for fish sampled 

in inner and outer fjord habitats in (a) Bradshaw–Thompson Sound (n=37) (b) Doubtful 

Sound (n=72) (c) Breaksea Sound (n=99) (d) Dusky Sound (n=159) and (e) Long Sound–

Preservation Inlet (n=125). Values for L∞ predicted by the growth models are marked as a 

solid horizontal line (inner fjord) and dashed horizontal line (outer fjord). Predicted values for 

t330 are marked as a solid vertical line (inner fjord) and dashed vertical line (outer fjord). 
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Growth rates were also compared between sexes in order to investigate the hypothesis 

that males will have both a higher growth rate (k) and larger L∞ than females. Males did 

indeed tend towards a larger L∞ than females, but female growth rate (k) was higher (Table 

2.17; Figure 2.12). Age-at-MLS for males is well above the estimated age-at-maturity (4yrs) 

but for females it is only just above the age-at-maturity (6yrs). ANOSIM detected a 

significant difference between size-at-age curves for males and females (p=0.0001) but sexes 

were highly overlapping (R=0.078). 

 

Table 2.17: von Bertalanffy growth model parameters, degrees of freedom and the residual 

sum of squares for male and female individuals (pooled across sites and years; immature fish 

excluded) and sample sizes (n). 

Model L∞ (mm) k t0 (yrs) t330 (yrs) df RSS n 
Males 541 0.158 0 5.9 199 498427 202 
Females 451 0.193 0 6.8 253 421717 256 

 

 

 

 

 

 

 

 

Figure 2.12: Raw size-at-age and von Bertalanffy growth curve models for male (n=202) and 

female fish (n=256) (pooled across years and sites). Values for L∞ predicted by the growth 

models are marked as a solid horizontal line (males) and dashed horizontal line (females). 

Predicted values for t330 are marked as a solid vertical line (males) and dashed vertical line 

(females).  
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As growth rates and L∞ varied between inner and outer fjord habitats, male and female 

growth was compared within each habitat separately. These models are shown in Figure 2.13 

and are summarised in Table 2.18. The overall trend of males reaching a larger L∞ than 

females but female growth rate (k) being higher is true for both habitats. Hypothesis 2.4 is 

supported when examining each sex individually: for both males and females, the inner fjord 

model tends towards a higher L∞ but growth rate (k) is higher in the outer fjord habitat. Age-

at-MLS is substantially higher than age-at-maturity for both sexes in inner fjord habitats and 

for males in outer fjord habitats, but for outer fjord females the age-at-MLS again is only just 

greater than age-at-maturity (6yrs). ANOSIM detected significant differences between inner 

and outer fjord size-at-age curves for males (p=0.0001; R=0.078) and females (p=0.0450; 

R=0.028) but in both cases overlap between groups was high. Tests comparing male and 

female size-at-age curves within each habitat were also significant (p=0.0001); for outer fjord 

habitats the test again implied a high level of overlap (R=0.062) but a more pronounced 

difference was detected for inner fjord habitats (R=0.158). 

It was not generally appropriate to fit growth models individually by sex at the site 

level as the small sample sizes rendered the models unrealistic. Samples from inner Dusky 

Sound and inner Long Sound were considered robust enough to model male and female 

growth separately and upheld the trend of males tending towards a larger L∞ than females 

with growth rates (k) being higher for females (Figure 2.14; Table 2.19). This trend was also 

observed for the majority of sites but these models are not reported here. Age-at-MLS 

estimates for inner Long Sound are extrapolated beyond the lower age limit of samples in the 

case of males and to the lower limit for females and are therefore not considered reliable. 

ANOSIM detected significant differences between male and female size-at-age curves in both 

habitats in Breaksea Sound, Dusky Sound and Long Sound–Preservation Inlet, although in 

outer Breaksea Sound the test was only just significant (Table 2.20). 
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Table 2.18: von Bertalanffy growth model parameters, degrees of freedom and the residual 

sum of squares for male and female fish sampled in inner and outer fjord habitats (pooled 

across sites and years; immature fish excluded) and sample sizes (n). 

Model L∞ (mm) k t0 (yrs) t330 (yrs) df RSS n 
Inner fjord males 575 0.130 0 6.5 87 190238 90 
Inner fjord females 454 0.186 0 7.0 153 196902 158 
Outer fjord males 523 0.178 0 5.6 109 284639 112 
Outer fjord females 443 0.205 0 6.7 97 222977 100 

 

 

Figure 2.13: (a) Raw size-at-age and von Bertalanffy growth curve models for male (n=90) 

and female (n=156) fish sampled in inner fjord habitats (pooled across years and sites). (b) 

Raw size-at-age and von Bertalanffy growth curve models for male (n=112) and female 

(n=100) fish sampled in outer fjord habitats (pooled across years and sites). Values for L∞ 

predicted by the growth models are marked as a solid horizontal line (males) and dashed 

horizontal line (females). Predicted values for t330 are marked as a solid vertical line (males) 

and dashed vertical line (females). 
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Table 2.19: von Bertalanffy growth model parameters, degrees of freedom and the residual 

sum of squares for male and female fish sampled in inner Dusky Sound and inner Long 

Sound (pooled across years; immature fish excluded) and sample sizes (n). 

Site Model L∞ (mm) k t0 (yrs) t330 (yrs) df RSS n 
Males 523 0.158 0 6.3 27 38964 30 Dusky Sound 

(inner) Females 426 0.213 0 7.0 50 63309 53 
Males 547 0.163 0 5.7 16 40192 19 Long Sound 

(inner) Females 439 0.224 0 6.2 35 31736 38 
 

 

Figure 2.14: Raw size-at-age and von Bertalanffy growth curve models for male and female 

fish sampled in (a) inner Dusky Sound (n=83) and (b) inner Long Sound (n=57) Data are 

pooled across years. Values for L∞ predicted by the growth models are marked as a solid 

horizontal line (males) and dashed horizontal line (females). Predicted values for t330 are 

marked as a solid vertical line (males) and dashed vertical line (females). 
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Table 2.20: The results of ANOSIM tests for differences between size-at-age curves for 

males and females at each site. The R statistic (-1≤R≤1) gives an indication of the degree to 

which two groups are distinct in their multivariate composition and should be examined in 

conjunction with p-values. Significant results (p<0.05) are shown in bold. 

Test R p 
Bradshaw Sound (inner) -0.006 0.4130 
Thompson Sound (outer) -0.032 0.4520 
Doubtful Sound (inner) -0.033 0.6180 
Doubtful Sound (outer) 0.000 0.3860 
Breaksea Sound (inner) 0.209 0.0020 
Breaksea Sound (outer) 0.065 0.0490 
Dusky Sound (inner) 0.203 0.0002 
Dusky Sound (outer) 0.193 0.0040 
Long Sound (inner) 0.277 0.0020 
Preservation Inlet (outer) 0.289 0.0080 
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2.5.3 Population structure – temporal variability  

 

2.5.3.1 Sex ratio 

Sex ratios in inner and outer fjord habitats in each year sampled before the FMMA 

was introduced in 2005 (pooled across sites) deviated from a 50:50 ratio in all cases except 

the outer fjords in 2004 (Table 2.21). For all years, inner fjord habitats supported a higher 

proportion of females than outer fjord habitats. Inner and outer fjord sex ratios differed 

significantly in all years except 2003 (Table 2.22). This matches the spatial pattern previously 

observed for paired inner and outer fjord sites, pooled across years. The anomalous pattern 

observed in 2003 is likely due to the fact that the only outer fjord site sampled that year was 

in outer Dusky Sound, the sex ratio is strongly skewed towards females (70%, pooled across 

years 2000–2009), in contrast to other outer fjord sites which are typically male-biased. X2 

contingency tests also detected significant differences in the sex ratio for three out of six 

pairwise comparisons between years in inner fjord waters (Table 2.23) although general 

patterns are consistent among years. Closer investigation reveals that the significant 

differences were detected between 2004 and all other years; although the sex ratio in 2004 

was still skewed towards females, it did not significantly differ from a 50:50 ratio in contrast 

to all other years sampled. Excluding 2004, no significant differences were found between 

any other pairs of years, meaning that sex ratios are in fact generally stable through time in 

this habitat. In outer fjord waters, the sex ratio in 2003 differed significantly to all other years. 

Again, this is most likely an artefact of the sampling design as only outer Dusky Sound was 

sampled in 2003. Excluding 2003, no significant differences were detected between any other 

pair of years meaning that sex ratios are also temporally stable in the outer fjord habitat. 
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Table 2.21: The proportion of males to females sampled in inner and outer fjord habitats 

(pooled across sites) in each year before the ratification of the FMMA (2005), represented as 

a percentage of the total sample (n). Also given are results of X2 tests for deviation from a 

50:50 sex ratio including the test statistic X2, the significance level p and the degrees of 

freedom (df). Significant differences (p<0.05) are shown in bold. 

Year Test % Male % Female X2 p df n 
Inner 33 67 11.6 0.0009 1 30 2000 
Outer 66 34 10.2 0.0019 1 29 
Inner 31 69 14.4 0.0002 1 16 2002 
Outer 63 38 6.3 0.0124 1 16 
Inner 22 78 31.4 0.0000 1 64 2003 
Outer 31 69 14.4 0.0002 1 35 
Inner 48 52 0.16 0.6637 1 69 2004 
Outer 66 34 10.2 0.0018 1 61 

 

Table 2.22: Results of X2 contingency tests for differences in sex ratio between inner and 

outer fjord habitats for each year (pooled across sites). Significant differences (p<0.05) are 

shown in bold. 

Test X2 p 
2000 21.8 <0.0001 
2002 19.9 <0.0001 
2003 2.08 0.1063 
2004 6.61 0.0099 

 

Table 2.23: Results of X2 contingency tests for differences in sex ratio between pairs of years 

for inner (top) and outer (bottom) fjord habitats (pooled across sites). Significant differences 

(p<0.05) are shown in bold. 

Year 2000 2002 2003 2004 
2000  0.7612 0.0555 0.0426 
2002 0.6566  0.1063 0.0200 
2003 <0.0001 <0.0001  <0.0001 
2004 1.0000 0.6566 <0.0001  
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The relative impact of the hierarchical management measures on the sex ratio was 

examined by comparing pre- versus post-FMMA (2005) patterns within each management 

zone (Tables 2.24 and 2.25). Data from 2003 were excluded from the open coast pre-FMMA 

average as only outer Dusky Sound was sampled in this year and the sex ratio here was 

considered unrepresentative of outer fjord habitats in general. In the CEZ, a shift was 

observed from a female-dominated to a male-dominated population, although post-FMMA 

the sex ratio was not significantly different to 50:50; the pre- and post-FMMA sex ratio did 

differ significantly. The comparison of pre- and post-FMMA sex ratio in the Doubtful Sound 

CEZ/REZ was compromised by the small sample size (n=5) in 2009. The 100% female sex 

ratio sampled is unlikely to be representative of the whole population. In the inner fjord 

marine reserve sites, the non-significant female dominance observed pre-FMMA becomes 

more extreme and highly significant by 2009. On the open coast, a shift was observed from a 

significantly male-dominated sex ratio to one that did not differ significantly from 50:50; pre- 

and post-FMMA sex ratios differed significantly. 

 

Table 2.24: The proportion of males to females sampled in different management zones 

before and after the ratification of the FMMA (2005), represented as a percentage of the total 

sample (n). Also given are results of X2 tests for deviation from a 50:50 sex ratio including the 

test statistic X2, the significance level p and the degrees of freedom (df). Significant 

differences (p<0.05) are shown in bold. 

Management zone Test % Male % Female X2 p df n 
Pre-FMMA 25 75 25.0 0.0001 1 88 Inner CEZ Post-FMMA 57 43 1.96 0.3332 1 21 
Pre-FMMA 46 54 0.64 0.4047 1 24 Inner CEZ/REZ 
Post-FMMA 0 100 100.0 0.0000 1 5 
Pre-FMMA 43 57 1.96 0.1792 1 67 Inner MR 
Post-FMMA 30 70 16.0 0.0001 1 20 
Pre-FMMA 65 35 9.00 0.0025 1 106 Open coast 
Post-FMMA 44 56 1.44 0.2665 1 45 

  

Table 2.25: Results of X2 contingency tests for differences in sex ratio before and after the 

ratification of the FMMA (2005) in each management zone. Significant differences (p<0.05) 

are shown in bold. 

Test X2 p 
Inner CEZ 21.2 <0.0001 
Inner CEZ/REZ 59.7 <0.0001 
Inner MR 3.65 0.0493 
Open coast 8.89 0.0027 
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2.5.3.2 Age and size structure 

 Pairwise comparisons of the age structure between years pre-2005 for inner and outer 

fjord habitats were made using approximate K–S tests. In both inner and outer fjord habitats, 

age distributions shifted towards a younger population between 2000 and 2004. No clear 

temporal trends were observed in size distributions in either habitat and results are not 

reported here. 

The impact of the introduction of the FMMA (2005) on age and size structure was 

examined by management zone (Table 2.26; Figures 2.15 and 2.16). In the CEZ, mean age 

decreased while mean size increased; age distribution morphed from a broad distribution pre-

FMMA to a narrower distribution with a sharp peak at 9–10yrs post-FMMA while the size 

distribution remained very similar. In the CEZ/REZ, mean and modal age and mean size 

increased and both age and size distributions appear to have shifted towards the right post-

FMMA. However, due to the small sample size in 2009 (n=5), patterns here cannot be 

reliably inferred. In both marine reserve sites and open coast sites, mean age showed very 

little change while mean size increased, although size distributions in both management zones 

appear very similar pre- and post-FMMA. On the unprotected open coast, age distributions 

are also almost identical pre- and post-FMMA. The upper age and size limits were higher in 

pre-FMMA samples than post-FMMA in CEZ and marine reserve sites; the marine reserve 

age distribution has shifted from a broad distribution to a narrower distribution post-FMMA 

with older fish (>20yrs) absent from 2009 samples. Approximate K–S tests were used to test 

for differences in age and size structure of populations pre- and post-FMMA. No significant 

differences were detected in age or size structure for any management zone (Table 2.27). 

Again, comparisons in the CEZ/REZ were undermined by the small sample size in 2009 

(n=5). 
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Table 2.26: Minimum, maximum, mean and standard error age (years) and size (total length, 

mm) of fish sampled in each management zone pre- and post-FMMA (2005) and sample sizes 

(pooled across years, sites and sexes). 

Zone Variable Test Min Max Mean SE n 
Pre-FMMA 3 24 10.3 0.4 90 Age 
Post-FMMA 6 14 9.7 0.5 21 
Pre-FMMA 185 550 382 8.7 91 

Inner CEZ 
Size 

Post-FMMA 300 500 392 11.8 21 
Pre-FMMA 5 15 8.7 0.5 29 Age 
Post-FMMA 5 14 8.6 1.3 5 
Pre-FMMA 215 460 344 11.0 26 

Inner CEZ/ 
REZ 

Size 
Post-FMMA 302 490 401 23.5 5 
Pre-FMMA 4 26 11.8 0.6 63 Age 
Post-FMMA 8 18 12.0 0.6 20 
Pre-FMMA 250 555 407 7.9 70 

Inner MR 
Size 

Post-FMMA 295 530 425 12.9 20 
Pre-FMMA 3 23 7.9 0.2 157 Age 
Post-FMMA 4 11 7.4 0.2 50 
Pre-FMMA 215 625 366 5.9 163 

Open coast 
Size 

Post-FMMA 270 520 370 8.3 50 
 

Table 2.27: Results of approximate K–S tests comparing age and size distributions before 

and after the ratification of the FMMA (2005) for each management zone. Significant results 

(Dcalc>D0.05) are shown in bold. 

Management zone Test Dcalc D0.05 
Age 0.195 0.329 Inner CEZ 
Size 0.165 0.329 
Age 0.621 0.658 Inner CEZ/REZ 
Size 0.615 0.663 
Age 0.256 0.349 Inner MR 
Size 0.121 0.344 
Age 0.107 0.221 Open coast 
Size 0.110 0.220 
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Figure 2.15: (a) Age and (b) size frequency distributions of fish sampled from the inner fjord 

CEZ pre-FMMA (dashed line; n≤91) and post-2005 (solid line; n=21). (c) Age and (d) size 

frequency distributions of fish sampled from the Doubtful Sound inner fjord CEZ/REZ pre-

2005 (dashed line; n≤29) and post-FMMA (solid line; n=5). Data are binned and pooled 

across sites. The minimum landing size (330mm) is marked as a solid vertical line. 
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Figure 2.16: (a) Age and (b) size frequency distributions of fish sampled from inner fjord 

marine reserves pre-FMMA (dashed line; n≤70) and post-2005 (solid line; n=20). (c) Age and 

(d) size frequency distributions of fish sampled from unprotected open coast waters pre-

FMMA (dashed line; n≤163) and post-2005 (solid line; n=50). Data are binned and pooled 

across sites. The minimum landing size (330mm) is marked as a solid vertical line. 
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2.5.4 Population structure – model selection 

Hypothesis 2.5 predicts that individual growth rates will be determined by a 

combination of intrinsic, extrinsic and anthropogenic factors. The relative importance of these 

factors was assessed using the following global model and all associated nested models: 

 

Growth (age, size) = sex + habitat + fjord + management zone 

 

Sex (pseudo-F2,89=6.8329, p=0.0046), habitat (pseudo-F2,89=24.614, p=0.0001) and 

management zone (pseudo-F4,87=11.139, p=0.0001) explained significant portions of the 

variability in individual growth rate but fjord did not (pseudo-F5,86=1.6132, p=0.1479). Sex 

explained a significant portion of the variability given that already explained by habitat and 

management zone (pseudo-F5,86=15.376; p=0.0001); conversely, both habitat (pseudo-

F3,88=27.972; p=0.0001) and management zone (pseudo-F5,86=6.4405; p=0.0006) explained 

significant portions of the variability in growth on top of that explained by sex. 

Table 2.28 summarises the ten best model results while Table 2.29 ranks the factors in 

terms of their contribution by weight to the set of models. Sex emerged as the most important 

factor driving variability in population structure, closely followed by management zone. 

Habitat has some bearing on population structure aside from the related differential 

management of inner fjord and open coast waters. Fjord basin appears to have little effect on 

population structure independent of the associated management regime. The best model, 

however, explains less than half of the variance in individual growth; this implies that there 

are other important drivers of growth not represented here. 
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Table 2.28: Details of log-likelihood, number of parameters (K), AICc values, relative power 

(Δ i), Akaike weights and variance explained (R2) for the top ten ranked models describing 

spatial variability in growth. 

Growth = Log (L) K AICc Δ i wi R2 
Sex + habitat + zone 2.043 3 28.23 0.00 0.437 0.39 
Sex + zone 2.043 2 28.23 0.00 0.437 0.39 
Sex + fjord + zone 2.018 3 32.48 4.25 0.052 0.42 
Sex + habitat + fjord + zone 2.018 4 32.48 4.25 0.052 0.42 
Sex + habitat + fjord 2.055 3 35.40 7.17 0.012 0.37 
Sex + habitat 2.103 2 36.50 8.27 0.007 0.30 
Habitat + zone 2.114 2 40.96 12.73 7.528*10-4 0.28 
Management zone 2.114 1 40.96 12.73 7.528*10-4 0.28 
Habitat + fjord 2.103 2 43.09 14.86 2.596*10-4 0.30 
Habitat + fjord + zone 2.083 3 43.69 15.43 1.952*10-4 0.33 

 

Table 2.29: Summed weights for each factor calculated as the sum of the Akaike weights for 

each model in Table 2.28 that includes a given factor. 

Factor Summed weight 
Sex 1.000 
Management zone 0.980 
Habitat 0.510 
Fjord 0.117 
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2.6 Discussion 

 

2.6.1 Spatio-temporal heterogeneity 

These results demonstrate the relative importance of spatial variability in blue cod 

population structure in Fiordland compared to temporal fluctuations. Sex ratios were 

temporally stable before the introduction of the nested management measures in 2005, 

implying a degree of demographic control. Inner fjord populations were generally female-

dominated while in the outer fjords the sex ratio was close to 50:50. The exception to this rule 

was Dusky Sound, where both inner and outer fjord habitats supported a strongly female-

dominated population, a pattern corroborated by previous, larger-scale studies (Beentjes & 

Carbines 2005; Carbines & Beentjes 2003). The most pronounced difference between inner 

and outer fjord sex ratio was observed in Long Sound–Preservation Inlet. A high proportion 

of males in a population is thought to result from more intense fishing pressure, which would 

dampen the inhibitory effect of large males and lead to a higher rate of protogynous sex 

inversion (Beentjes & Carbines 2005). However, while spatial patterns integrated over the 

study period support this hypothesis, temporal trends do not. Following the exclusion of 

commercial fishing from inner fjord waters the sex ratio shifted from female-dominance to an 

equal ratio, while on the open coast, where fishing continued and may have increased as effort 

was displaced from the inner fjords, male-dominance tended towards an equal ratio. In marine 

reserves the population became more strongly female-dominated which supports the pattern 

proposed by Beentjes & Carbines (2005). The typically low proportion of females in outer 

fjord populations has important implications for egg production in these waters and means 

that if the outer fjords do indeed function as source populations, individual egg production 

(i.e. fecundity) must be considerably higher here than in the female-dominated inner fjord 

habitats. This will be investigated in Chapter 7. 

As hypothesised, inner fjord habitats supported a population of older, larger 

individuals than outer fjord habitats; the presence of large males in inner fjord habitats could 

account for the higher proportion of females in these populations by suppressing sex 

inversion. Again, this pattern was most pronounced in Long Sound–Preservation Inlet. In 

Doubtful Sound the pattern was reversed and age distributions were curtailed, possibly as a 

result of historically intense recreational fishing pressure. In the inner fjords, males were on 

average older and larger than females, supporting the hypothesis that large males suppress sex 

inversion. In the outer fjords, males were typically older but females were larger although age 

distributions of the two sexes did not differ significantly in either habitat. The relative 
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isolation of inner fjord sub-populations is evident in the different age and size structures 

between fjord basins; in the outer fjords, populations are more homogeneous along the 

coastline. Baseline temporal variability in age structure indicated a decrease in mean age 

through time in both habitats prior to the exclusion of commercial fishing from the inner 

fjords.  

Growth rate was higher among outer fjord populations and asymptotic length was 

larger among inner fjord populations, but growth curves strongly overlapped between 

habitats. The most pronounced difference between inner and outer fjord populations was 

observed in Long Sound–Preservation Inlet, although the growth model here was constrained 

by sampling bias. In Dusky Sound, growth was almost identical between habitats; this is 

backed up by a large-scale study (G. Carbines, unpublished data), which despite a sample size 

of over 600 failed to detect any spatial asynchrony in individual growth rates. Age-at-MLS 

estimates were generally close to predicted age-at-maturity although the robustness of these 

parameters is questionable. A stronger influence on growth rate was exerted by sex, with 

males growing faster but females reaching a larger asymptotic length.  As inner fjord 

populations were typically female-dominated and outer fjords male-dominated, the observed 

difference in growth rates between habitats could in fact be an artefact of the skewed sex 

ratio. This could also explain the overlap between inner and outer fjord growth models in 

Dusky Sound, where sex ratios were equivalent in both habitats. However, comparisons of 

inner and outer fjord habitats by sex detected the same spatial separation in individual growth 

in Fiordland overall (this study), but not in Dusky Sound (G. Carbines, unpublished data). 

Residency has been estimated at 100% in inner Dusky Sound with small subsidies from the 

more mobile and interactive outer fjord and open coast populations (Carbines & McKenzie 

2004); based on this, inner and outer fjord habitats should support populations with distinct 

structures. No explanation for the homogeneous population structure can be postulated based 

on currently available data. 

Of the factors modelled in this study, sex had the greatest influence on growth rate, 

followed by management. Habitat had some influence over and above the differential 

distribution of protective measures between inner and outer fjord waters. However, more than 

half of the variability in population structure was unaccounted for, indicating that there are 

other drivers of blue cod growth in the fjords that have not been quantified. One potential 

driver could be trophic ecology, which will be considered in the next chapter. 
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2.6.2 Management effects 

Abundance was unrelated to either fjord or habitat and spatio-temporal patterns are 

discussed in the context of management measures. In both marine reserves and the CEZ an 

immediate increase in abundance was observed in the two years following protection. 

Counter-intuitively, this increase was only significant in the CEZ. This may be related to the 

area covered by each management measure: the CEZ covers a large area spread along the 

fjord axes and likely includes a greater area of suitable blue cod habitat, which may therefore 

have been subject to a relatively high fishing pressure in the past. Marine reserves on the 

other hand constitute a far smaller area and were not designated to protect blue cod 

populations; they predominantly protect inner fjord habitat, which may be sub-optimal for 

blue cod and support naturally lower densities. Suitable blue cod habitat is likely to be 

patchily distributed throughout the region but concentrated towards the open coast in the more 

productive kelp forest zone. Between 2007 and 2010, a significant decrease in abundance in 

the CEZ was observed despite considerable sampling effort in 2010; a non-significant 

decrease was also observed in marine reserves. No mechanism can be proposed for this based 

on the current data, as the spatial and temporal scale of movement patterns in the region and 

community-level dynamics are poorly understood. Pande et al. (2008) found older marine 

reserves in New Zealand to have a greater effect on blue cod populations than newer reserves. 

However in the Gut, the oldest marine reserve sampled in the current study, no clear temporal 

trend was observed during the study period, consistent with a pattern of immediate increase 

after protection followed by evidence of density-dependent stabilisation. This pattern of 

recovery has been observed across the whole Fiordland region, including the northern fjords 

(Wing & Jack 2010). 

Blue cod are relatively sedentary and highly resident, especially in inner fjord habitats, 

therefore a build up of biomass within a well-sited reserve would be expected provided 

resources are sufficient to support individual and population growth. The Gut includes prime 

blue cod habitat (high tidal flow, productive sessile and errant invertebrate community and 

abundant, large consumers); high densities of large blue cod and rock lobsters occur in this 

small reserve and spillover to adjacent areas is likely as a result of density-dependent 

competition and territorial behaviour. However, blue cod abundance at nearby unprotected 

sites was significantly lower than in the reserve. Three possible mechanisms could explain 

this: the carrying capacity of the reserve is high enough to limit spillover of adults, the reserve 

boundary coincides with the extent of the suitable habitat patch, or boundary fishing 

maintains adjacent populations at a lower level. It is possible that the Gut may support a 
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productive source enabling populations to persist in poor quality habitat in inner Doubtful 

Sound. 

A meta-analysis of New Zealand marine reserves found that in the majority of cases, 

marine reserves supported a higher abundance of larger blue cod than control sites (Pande et 

al. 2008). Studies in the Marlborough Sounds have detected reserve effects on the population 

structure of blue cod, with individual size inside reserves increasing over a period of 8 years 

following protection and on average higher than at control sites (Davidson 2001). Increased 

catch rates within the reserve were attributed to behavioural changes rather than an increase in 

abundance, but 5 years after reservation density was significantly higher within the reserve 

than outside. It is possible that the high abundances recorded in the Gut in particular, and 

marine reserves in general, may be related in part to behavioural changes in the absence of 

fishing pressure. Given the current data the likelihood of this mechanism cannot be assessed. 

Spatio-temporal variables accounted for only a small proportion (<25%) of the 

variability in population size. Habitat quality, intra- and inter-specific factors (e.g. 

competition, predator–prey interactions, territoriality) are likely to be key drivers of local 

population size. It is not always easy to distinguish recovery effects from habitat effects since 

reserve areas have generally not been well studied before protection and studies are not based 

on before–after, control–impact (BACI) designs (Jennings 2000). Empirically assessing 

population recovery within reserve areas is also hampered by the fact that individuals in the 

reserve are a small proportion of the total population, census methods are biased by 

behavioural changes following the removal of fishing pressure (Cole 1994; Cole et al. 2007; 

Willis et al. 2000) and population growth cannot be distinguished from the movement and 

redistribution of the adult population (Jennings 2000). Connectivity between habitats (e.g. 

source–sink dynamics) will also influence recovery rates in reserves (Jennings 2000). 

Despite these challenges, global evidence supports the efficacy of marine reserves as 

conservation and fisheries enhancement tools. Meta-analyses have reported an average 28% 

increase in abundance of exploited species across marine reserve boundaries (Côté et al. 

2001) and a clear pattern of higher density (double), biomass (almost triple) and organism 

size (20–30% larger) in reserves compared to adjacent unprotected areas (Halpern 2003). 

These effects are largely independent of reserve size (except for biomass) and suggest that 

small reserves can be effective even for mobile organisms (Côté et al. 2001; Halpern 2003; 

Lester et al. 2009). Although there is some empirical evidence that large reserves can provide 

biological functions not possible in small reserves, absolute reserve size is likely to be 

unimportant compared to the size relative to population structure — for example, scale of 
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dispersal, size of discrete local populations (Côté et al. 2001; Kritzer & Sale 2004). In the 

current study reserve size was important, although the smallest reserve (the Gut) supported an 

anomalously high abundance of blue cod, highlighting the importance of habitat quality.  

The detection of management effects was hampered by small population structure 

sample sizes post-FMMA (2005). Repeated sampling is also needed to assess the temporal 

stability of any trends. The greatest effects on abundance were observed in the two years 

following the introduction of the management measures; population structure, however, was 

not measured until four years after the regime change. It is possible that more pronounced 

effects on the population structure may have been visible during intervening years but had 

stabilised by 2009. Sampling in MPAs is necessarily restricted, particularly for species such 

as blue cod where sexing is a terminal procedure. 

 

2.6.3 Implications of spatio-temporal variability 

The implications of spatio-temporal variability in population size and structure are 

most relevantly considered in terms of connectivity between habitats, through reproductive 

output, larval dispersal and the movement of adults. A high degree of asynchrony in 

population structure between inner and outer fjord waters necessarily reflects a low degree of 

connectivity between habitats; conversely, an overlap in population structures may imply a 

high degree of connectivity, although other mechanisms (for example, similar habitat and 

community structure) may result in spatially separated populations with similar structuring. 

Estimates of the flux of individuals from one habitat to another, for example through the use 

of artificial or natural tags, are needed to fully interpret the patterns observed here and will be 

explored in subsequent chapters. 

 

2.7 Conclusions 

 

1. Sex ratios, age and size structure and growth rates are spatially separated along the 

fjord axes. Inner fjord populations show evidence of demographic isolation. 

2. Age and size structure of populations is strongly influenced by sex and management 

with a smaller effect of habitat. 

3. Reserve effects are evident in the increased abundance in protected zones in the two 

years following the management regime change. 

4. Protected area size has some influence on recovery patterns but habitat quality is 

likely the key driver of reserve effects. 
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Trophic ecology of Fiordland blue cod populations: 

Spatial variability in diet, trophic level  

& basal carbon source 

Blue cod and kina (Evechinus chloroticus). Photo: S. Wing 
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3.1 Introduction 
 

3.1.1 Trophic ecology & food webs 

 In order to interpret spatial patterns in population structure and dynamics in terms of 

the underlying mechanisms one needs to understand the role of the nutritional landscape in 

the population’s trophic ecology, the role of the species within the food web and how that 

contributes to the flow of organic matter (carbon and nitrogen) through the ecosystem. 

Recognising that an exploited species forms an integral part of a complex food web is 

therefore essential from a fisheries and ecosystem management perspective. Disentangling 

food web structure gives an indication of the functioning of aquatic ecosystems and in 

exploited areas is a useful tool for monitoring anthropogenic impacts. 

 

3.1.2 Stomach content analysis 

Traditionally this knowledge has been obtained from dietary studies based on stomach 

content analysis — an approach that has been employed in initially descriptive and 

subsequently quantitative studies since the late 19th century (Clemens et al. 1924; Forbes 

1883). Several methods have been developed to quantify the relative importance of different 

prey groups in the diet of studied populations and thus infer the structure of the food web in a 

particular habitat. Occurrence, numerical, volumetric and gravimetric methods describe the 

diet based on the presence or absence, abundance, volume and weight of stomach contents 

respectively (Hyslop 1980). Each method has its own biases and limitations relating to 

differential digestion (Berg 1979) and size/weight of prey groups, particularly for generalist 

species such as blue cod, but all carry the assumption that the stomach contents at the time of 

sampling are representative of the typical diet of an individual and that the individuals 

sampled are representative of the wider population. Diet composition typically varies through 

time, both seasonally as prey availability fluctuates and ontogenetically as developing jaw 

morphology allows for larger and harder prey items to be consumed (Jaworski & Ragnarsson 

2006; Trenkel et al. 2005; Wootton 1992). Gut fullness will often vary with time of day, state 

of tide, season and life cycle (Iles 1984; Rindorf & Lewy 2004; Wootton 1992). 

In addition to these logistical and sampling difficulties, stomach content analysis is 

also time-consuming and requires repeated sampling through time to provide insight into 

longer-term trophic relationships. Important energy fluxes may not always be apparent from 

observation of feeding habits (Rounick & Winterbourn 1986). As a result, significant effort 

has been directed towards the validation of alternative methodologies as biochemical 
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techniques have become more reliable and cost-effective. The most widely touted method to 

be added to the ecologist’s toolbox in recent years is arguably stable isotope analysis. 

 

3.1.3 Stable isotopes in ecology 

Virtually all elements of biological importance occur naturally as more than one stable 

(non-radioactively decaying) isotope; that is, in multiple forms with the same number of 

protons and electrons but differing numbers of neutrons, resulting in a different atomic mass. 

The isotopic composition of natural materials (plant and animal tissues, sediments, rocks etc) 

can be accurately quantified using mass spectrometry (McKinney et al. 1950). As elements 

(principally carbon, nitrogen, sulphur, hydrogen and oxygen) are cycled through the biosphere 

their isotopic ratios undergo predictable changes that have long been exploited by 

geochemists seeking to understand global elemental cycles (Ehleringer & Rundel 1989). 

In recent years ecologists have increasingly used stable isotopes to investigate food 

web structure as these data can provide both energy routing and process information and act 

as a measure of the assimilated diet rather than just the recently ingested diet as with stomach 

content analysis (Peterson & Fry 1987). Stable isotopes have been used to explore food web 

structure in terrestrial (Fry et al. 1978), freshwater (Fry 1991), marine (Minagawa & Wada 

1984) and estuarine (Peterson et al. 1985) ecosystems. In the marine environment, research 

has elucidated intertidal (Dauby et al. 1998), planktonic (Sholtodouglas et al. 1991), benthic 

(Peterson 1999), pelagic (Hobson et al. 1995) and deep-sea hydrothermal vent (Fisher et al. 

1994) community structure. Studies have included all major taxonomic groups including 

mammals (Clementz & Koch 2001), birds (Hobson et al. 1994), reptiles (Seminoff et al. 

2009), teleosts (Vizzini & Mazzola 2005), elasmobranchs (Fisk et al. 2002), invertebrates 

(Haines & Montague 1979) and bacteria and protists (Hoch et al. 1996). 

Ecological studies focus mainly on the natural isotopes of carbon (13C/12C), and 

nitrogen (15N/14N). Isotopic ratios are traditionally represented as delta (δ) values or parts per 

thousand (‰) differences from a standard: 

           

   (Equation 3.1) 

 

 

Where: 

X is the heavier isotope (e.g. 13C, 15N) 

R is the corresponding ratio in the sample or standard (i.e. 13C/12C, 15N/14N) 
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The standard for carbon is PeeDee belemnite, PDB (Craig 1957) and the standard for nitrogen 

is atmospheric air (Mariotti 1983). An increase in the δ value denotes an increase in the 

amount of the heavier isotope in a sample. Many biochemical reactions, including respiration 

and photosynthesis, result in the fractionation of stable isotopes between producer and 

consumer tissues (i.e. alter the ratio of heavy to light isotope) as similar molecules of different 

mass react at different rates (Peterson & Fry 1987). 

 

3.1.3.1 Carbon 

Early research on carbon isotopes established characteristic ratios for marine and 

terrestrial plants, limestone and atmospheric carbon dioxide (Nier & Gulbransen 1939). 

Further research has shown that the fractionation of carbon during photosynthesis results in 

distinct carbon isotopic signatures for primary producers with different photosynthetic 

pathways (C3 versus C4 versus CAM; see Ehleringer & Rundel 1989 for review) and different 

inorganic carbon species taken up i.e. carbon dioxide, CO2 versus bicarbonate, HCO3
- for 

marine plants (Raven 1992).  

Atmospheric CO2 and the oceanic carbon pool (predominantly HCO3
-) exist in 

dynamic equilibrium at the ocean surface and variation in this equilibrium can result in 

dissolved inorganic carbon (DIC) sources with significantly different δ13C values being 

utilised by microalgae and macrophytes (Smit 2001). Although they primarily use the C3 

fixation pathway and irrespective of the DIC source pool, marine plants vary widely in their 

δ13C values not only between species (Fry & Sherr 1984) but also within a species (McMillan 

et al. 1980) and even within a single plant (Stephenson et al. 1984) as a result of complex 

spatio-temporal heterogeneity in biochemical tissue composition. Despite this, δ13C values 

can be used to separate marine organic matter into four fairly distinct groups or source pools: 

1. vascular plants with relatively enriched δ13C values of -3 to -15 (Fry & Sherr 1984); 

2. benthic and epiphytic algae with δ13C values of -8 to -27‰ (Fry & Sherr 1984); 

3. phytoplankton and suspended particulate organic matter (SPOM) with intermediate δ13C 

values of -19 to -24‰ (Mook et al. 1974; Williams & Gordon 1970) and 4. autotrophic 

bacteria with relatively deplete δ13C values more similar to the terrestrial organic matter they 

metabolise (-20 to -38‰; Fry & Sherr 1984). This allows the relative importance of marine 

versus terrestrial inputs into coastal and estuarine food webs to be estimated. δ13C values of 

consumers tend to closely reflect those of their food sources (±0.7‰; Fry & Sherr 1984) due 

to low fractionation values during assimilation and respiration (DeNiro & Epstein 1978), 

allowing carbon flow to be traced from primary producers to consumers. 
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3.1.3.2 Nitrogen 

The average natural ratio of 15N/14N in atmospheric air is constant (Mariotti 1983; 

Nier 1950) allowing it to be used as a standard for nitrogen analyses. Dissolved inorganic 

nitrogen (DIN) available to marine producers exists primarily as nitrate (NO3
-) with some 

remineralised ammonium (NH4
+) also utilised (Dugdale 1967). DIN pools vary spatially and 

temporally in their concentration (Velinsky et al. 1989) and 15N abundance (Smit 2001). 

Regenerated nitrogen pools may have δ15N values distinct from primary nitrogen sources 

(Tieszen et al. 1983). Animal tissues are typically enriched in 15N relative to plant tissues 

(DeNiro & Epstein 1981) with progressive enrichment as trophic level increases due to the 

catabolic preference for elimination of the lighter isotope (Minagawa & Wada 1984); the 

nitrogen stable isotope ratio of a tissue sample therefore allows estimation of trophic level 

(Peterson & Fry 1987) and interpretation of food web structure. However, estimating trophic 

position of consumers based on N fractionation fails to account for potential spatial and 

temporal variability in source pool δ15N, which can be substantial (Cabana & Rasmussen 

1996; Post 2002). Variance in trophic shift is compounded across each trophic transfer, 

resulting in greater uncertainty for higher trophic level consumers (McCutchan et al. 2003).  

 

3.1.3.3 Turnover rates 

Many animal tissue components are in a state of dynamic equilibrium, with new 

components being synthesised as older components are degraded (Bender 1975; 

Schoenheimer 1946). The inferences drawn from stable isotope analyses therefore vary 

according to the tissue sampled (Tieszen et al. 1983). Gut content and faecal isotopic 

signatures are indicative of a consumer’s diet during its immediate past (a few hours for 

insects to a few days for large herbivorous mammals). Isotopic ratios of metabolically active 

tissues display differential turnover rates which are positively correlated with metabolic rate, 

resulting in different windows of inference for stable isotope studies based for example on 

blood, bone, scales, liver, lipids and muscle tissue (DeNiro & Epstein 1978; Tieszen et al. 

1983). Metabolically inert tissues such as skin, feathers, whiskers, hair, nails, coral skeleton, 

whale baleen and fish otoliths reflect an organism’s diet over an extended period of growth 

(Tieszen et al. 1983). Animal size/age and growth rate can also affect tissue and therefore 

isotopic turnover rates. Turnover rates must be taken into consideration in order to draw 

ecologically meaningful conclusions from stable isotope studies (Tieszen et al. 1983).  
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3.1.3.4 Mass balance mixing models 

 A multiple-source mixing model is commonly employed to estimate the percentage 

contribution of each food source utilised by a consumer to its diet, using source pool isotope 

signatures corrected for the relevant number of trophic level fractionations between source 

and consumer (Smit 2001). These models assume that all food sources can potentially be 

preyed upon to some extent by all consumers and subsequently assimilated into their tissues; 

the validity of this assumption can be assessed by coupling stable isotope analyses with gut 

content analyses. For models that employ nitrogen isotopic ratios, an assumption of trophic 

level is also required. This necessitates prior understanding of trophic level fractionation 

patterns; while this is true for all isotopes, it is particularly pertinent in the case of N as the 

degree of fractionation is large due to physiological processes such as the excretion of 

nitrogenous waste (McCutchan et al. 2003) 

 

3.1.4 The Fiordland nutritional landscape 

 The steep topography, dense Nothofagus beech forest cover and high rainfall typical 

of the Fiordland region result in substantial inputs of terrigenous organic material into the 

fjords via fluvial processes and landslides, representing an unusually high degree of 

connectivity between terrestrial and marine environments. The estuarine circulation pattern 

and entrance sills act to retain a significant portion of this material within the deep basins 

(Glasby 1978; Pickrill 1987) where it has been found to fuel a chemoautotrophic food web.  

Extensive mats of the free-living chemoautotrophic bacterium Beggiatoa sp. and 

abundant invertebrates with chemoautotrophic endosymbionts (e.g. Solemya parkinsoni: 

Solemyidae) have been described from the anoxic sediments in the deep basins of the fjords 

(Brewin 2003). These bacteria oxidise hydrogen sulphide from the decomposition of 

terrestrial organic matter (TOM) within the sediment into energy in the form of 

carbohydrates, which are available to higher trophic level consumers. In Doubtful Sound 

grazing and detritivorous invertebrates (McLeod & Wing 2009; Wing et al. 2008) and higher 

order consumers including the rock lobster Jasus edwardsii (Jack et al. 2009), the wrasse 

Notolabrus celidotus (McLeod et al. 2010a) and hagfish Eptatretus cirrhatus (McLeod & 

Wing 2007) assimilate organic carbon of terrestrial origin via this chemoautotrophic pathway. 

This is particularly prevalent in the inner fjord where terrestrial inputs are greatest and the 

altered salinity regime has reduced the availability of more labile heterotrophic carbon from 

bivalve filter-feeding (McLeod & Wing 2008; Rutger & Wing 2006; Tallis et al. 2004) and 

may represent a major organic matter input to the benthic food web (McLeod et al. 2010b).  
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 In addition to allochthonous inputs, primary carbon sources available to marine 

consumers in Fiordland include phytoplankton (Goebel et al. 2005), microphytobenthos and 

over 100 macroalgal species (Nelson et al. 2002). The low light and flow environment of 

inner fjord waters restricts macrophyte growth to a thin band of non-kelp species in the upper 

few metres (Clark 2005; Miller et al. 2006b; Wing et al. 2007). The predominantly terrestrial 

and freshwater/estuarine algal carbon sources characteristic of the inner fjord food webs 

contrast with the productive and diverse phytoplankton and macroalgal assemblages of the 

exposed outer fjord habitats which support kelp forest communities (Wing et al. 2007). In 

Doubtful Sound, phytoplankton biomass (mainly chained diatoms) is concentrated in the low-

salinity layer and increases along the fjord axis from a minimum at the head to a maximum 

just within the entrance sill (Goebel et al. 2005). 

Cornelisen et al. (2007) discovered that spatio-temporal variability in both δ13C and 

δ15N of Ulva pertusa, a dominant primary producer in Doubtful Sound, greatly exceeded the 

predicted enrichment between a consumer and its diet. This variability was attributed to the 

interactive effects of irradiance and water motion on relative uptake of CO2 and HCO3
-, and 

shifts in the source and δ15N signature of the DIN pool along the fjord axis and with 

increasing depth. This potential variability must be taken into consideration when interpreting 

spatial patterns in the isotopic signatures of higher trophic level consumers in the system. 

 

3.1.5 Blue cod trophic ecology 

Stomach content analysis has shown that blue cod feed indiscriminately on a wide 

vertebrate and invertebrate prey base, as well as algae and detritus (Graham 1939a; Mutch 

1983; Thomson 1891). Spatial variability in diet may be related to habitat complexity (Jiang 

& Carbines 2002). 

In the Doubtful–Bradshaw Sound complex, spatial separation of stable isotopic 

signatures between inner and outer fjord habitats over the timescale of a year lends support to 

the hypothesis that adult blue cod in Fiordland form discrete sub-populations at the scale of 

tens of kilometres (Rodgers & Wing 2008). Inner fjord signatures are more deplete and more 

variable in δ13C and δ15N than outer fjord signatures, suggesting a significant assimilation of 

recycled carbon in inner fjord habitats. This has potential implications for the productivity of 

inner fjord populations and for the resilience of sub-populations to localised depletion. Whole 

blood turnover rate of laboratory-kept blue cod has been estimated at 240 days with in situ 

turnover rate greater than 184 days; muscle turnover rate is expected to be slow enough to 

trace movements on the scale of years (Rodgers & Wing 2008; Suring & Wing 2009). 
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3.2 Aims & objectives 

 

3.1 To determine whether diet varies in composition and diversity between paired inner 

and outer fjord habitats. 

3.2 To establish the organic matter source pools utilised by blue cod populations 

throughout the southern fjords. 

3.3 To estimate the trophic level of blue cod in Fiordland and the degree of variability 

between individuals. 

3.4 To assess the extent to which differences in trophic ecology correspond to differences 

in growth rates among inner and outer fjord habitats. 

 

3.3 Specific hypotheses 

 

3.1 Diet composition will vary between paired inner and outer fjord sites: outer fjord 

populations will feed more frequently on zooplankton and fish and inner fjord 

populations on benthic invertebrates and detritus. Solemya parkinsoni will form an 

important component of the diet in inner Doubtful Sound. 

3.2 Outer fjord diets will typically have a higher energy content than inner fjord diets 

resulting in a higher condition factor among outer fjord individuals. 

3.3 Stomach contents will reveal inner fjord diets to be more diverse than outer fjord diets. 

3.4 Carbon source will differ between inner and outer fjord populations: inner fjord 

populations will rely predominantly on terrestrial and freshwater/estuarine production 

and outer fjord populations on macroalgal and phytoplankton production. Individuals 

sampled from inner Doubtful Sound will have stable carbon isotopic signatures typical 

of a chemoautotrophic food web. 

3.5 Trophic position will be more variable among inner fjord populations than outer fjord 

populations and will generally be higher in outer fjord habitats. 

3.6 Trophic ecology of populations will drive the spatial variability in growth. 
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3.4 Methods 

 

3.4.1 Sampling sites & dates 

Fish were sampled from paired inner and outer fjord sites between 2000 and 2009 for 

stomach content analysis (Table 3.1; Figure 3.1). In 2009, samples were also collected for 

stable isotope analysis. 

 

Table 3.1: Details of blue cod trophic ecology sampling events, including sample sizes (n) at 

each site in each year, month and total sample size for each site. Abbreviated site names are 

used throughout this thesis in certain figures. 

Site Abbreviation Year Month n Total n 
Bradshaw Sound (inner) BRDIn 2009 April–July 10 10 
Thompson Sound (outer) THOMOut 2009 April–June 10 10 
Doubtful Sound (inner) DBTIn 2009 July 5 5 
Doubtful Sound (outer) DBTOut 2009 April–June 10 10 

2000 November 9 
2002 October 5 
2003 November 10 
2004 November 9 

Breaksea Sound (inner) BSIn 

2009 April 10 

43 

2000 November 13 
2002 October 9 
2004 November 11 

Breaksea Sound (outer) BSOut 

2009 April 10 

43 

2003 October 28 
2004 November 10 Dusky Sound (inner) DUSKIn 
2009 April 11 

49 

2003 October 33 Dusky Sound (outer) DUSKOut 
2009 April 10 

43 

2000 November 14 
2002 October 7 
2003 November 11 
2004 November 17 

Long Sound (inner) LONGIn 

2009 April 10 

59 

2000 November 16 
2002 October 10 
2004 November 25 

Preservation Inlet (outer) PRESOut 

2009 April 10 

61 
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Figure 3.1: The approximate location of trophic ecology sampling sites between 2000 and 

2009. Not all sites were sampled in all years; see Table 3.1 for details. 
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3.4.2 Sample collection & processing 

Fish were caught by hook and line using size 6/0 hooks and artificial lures. All fish 

were measured (±1mm total length, TL), weighed (wet weight) and sexed by macroscopic 

examination of the gonads. The entire digestive tract was removed by dissection of the 

abdomen and contents were fixed in a 10% seawater-buffered formalin solution. In 2009 

dorsal muscle tissue was sampled from behind the head, rinsed in deionised water and frozen 

in sterile centrifuge tubes for stable isotope analysis. This tissue has been shown to be the 

least isotopically variable (Pinnegar & Polunin 1999). 

 

3.4.3 Stomach content analysis 

Upon return to the laboratory, samples were sieved over a 500µm mesh sieve and 

rinsed three times in water before being transferred to a 70% ethanol solution. Stomach 

contents were identified under a dissection stereomicroscope into broad taxonomic groups 

(pisces, zooplankton, Echinodermata, Crustacea, Mollusca, algae, other benthic invertebrates, 

detritus) and the blotted wet weight of each group was recorded. The chemoautotrophic clam 

Solemya parkinsoni was recorded and weighed separately. Blotted wet weights were then 

expressed as a percentage of the total wet body weight of the fish (%BW). As so few of the 

fish sampled had entirely empty digestive tracts (1.8%), these were removed from the data set 

without further analysis. 

 

Shannon-Wiener’s index of diversity, H' (Shannon 1948) was calculated for each individual 

as: 

     

                     (Equation 3.2) 

     

                   (Equation 3.3) 

 

 

Where: 

S is the number of dietary groups 

pi is the relative contribution of each group to the total stomach weight 

ni is the %BW of group i 

N is the total %BW of all groups 
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Pielou’s evenness index, J' (Pielou 1966) was calculated as: 
          

   (Equation 3.4) 

 

 

Higher values of H' indicate a more diverse diet. J' varies between 0 and 1 with 1 indicating 

equal representation of each dietary group. 

 

Fulton’s condition factor, K (Ricker 1975) was calculated as: 

                (Equation 3.5) 

 

Where: 

W is the somatic weight (g) 

L is the total length (mm) 

 

W = wet weight of fish – stomach contents weight           (Equation 3.6) 

 

3.4.4 Stable isotope analysis 

 Upon return to the laboratory, muscle tissue samples were defrosted and oven-dried at 

60°C for 72hr. When thoroughly dry, samples were ground using a pestle and mortar, which 

was rinsed between samples with deionised water and dried with lint-free tissue. Lipids do not 

need to be extracted prior to stable isotope analysis of blue cod muscle tissue (Rodgers & 

Wing 2008). 0.1mg samples were weighed into 5 x 3.5mm tin capsules (Elemental Analysis 

Ltd) and analysed using a Europa Scientific Hydra 20/20 continuous flow isotope ratio mass 

spectrometer coupled to a Carlo Erba NC2500 elemental analyzer by Iso-Trace New Zealand 

Ltd (Dunedin, NZ). The natural isotope abundance of 13C or 15N in a sample was expressed in 

delta (δ) notation, or parts per thousand difference from the standard (see Equation 3.1). 

 

3.4.4.1 Carbon source pools 

 Stable isotopic signatures of the major carbon source pools in the system have been 

characterised by previous researchers for Doubtful Sound (Cornelisen et al. 2007; Wing et al. 

2008). A suspended particulate organic matter (SPOM) signature was derived from vertical 

plankton tow samples collected during a phytoplankton bloom; a terrigenous organic matter 

(TOM) signature was obtained from forest litter sampled from inner Doubtful Sound. 

! 

K =10
4
"
W

L
3

! 

J'=
H '

lnS



 

 92 

Signatures for Ulva pertusa and Ecklonia radiata (respectively the dominant estuarine/ 

freshwater and marine macroalgal producers in the system; Clark 2005) were integrated from 

samples taken along the fjord axis in order to control for spatial variability in δ13C and δ15N 

(Cornelisen et al. 2007). 

 

3.4.4.2 Trophic level estimation 

The trophic level of a secondary consumer can be calculated using nitrogen 

fractionation increments (McCutchan et al. 2003): 

      
 

  (Equation 3.7)
 

 

Where: 

λ is the trophic position of the basal organism (λ=1 for primary producers) 

δ15Nbase is the nitrogen isotope ratio of the base of the food chain 

Δδ15N is the trophic fractionation value for δ15N 

 

 To estimate the basal nitrogen ratio for each site, source pools were plotted in carbon–

nitrogen space and a linear regression fitted between the two sources adjacent to the site mean 

consumer signature. The equation of the regression was used to calculate trophic enrichment 

factors based on the difference in δ15N between source and consumer. In the absence of 

specific fractionation values for blue cod muscle tissue, average values for aquatic 

poikilotherms were used: the meta-analysis of published values yielded mean fractionation 

values of 2.3‰ for nitrogen and 0.4‰ for carbon (McCutchan et al. 2003). Individual trophic 

level was estimated by calculating the number of trophic enrichments between each consumer 

and a regression line fitted between the two carbon source pools that provided the most 

feasible solution to the mixing model mass balance equations (Phillips & Gregg 2001a, b). 

 

3.4.4.3 Mass balance mixing models 

 The proportional contributions of n+1 sources to the diet of a consumer can be 

estimated with n isotope tracers using a linear mixing model based on mass balance equations 

(Phillips & Gregg 2003). Two-source models were constructed using average carbon ratios 

for each site with IsoError (Phillips & Gregg 2001a, b). Source pool carbon isotopic ratios 

were trophically enriched for each site model to align them with the site-average consumer 

signature. Two-source, single-isotope models are limited by the fact that an assumption must 
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be made that it is the combination of proximal rather than more distal sources which results in 

the intermediate carbon isotopic signature of the sample (Fry & Sherr 1984). The credibility 

of this assumption can be assessed given prior biological and ecological knowledge of the 

study system (Post 2002). For inner fjord habitats, Ecklonia was not considered an 

ecologically plausible carbon source pool so was rejected in favour of more distal sources. 

Using a single value (e.g. mean) to describe source pool contributions to consumer isotopic 

signatures is not advised (Phillips & Gregg 2003), therefore the range of feasible solutions 

(95% confidence interval, CI) is reported for all models. 

 

3.4.4.4 Sensitivity analysis 

 The weakest link in the application of mixing models to studies of trophic ecology is 

the estimation of appropriate nitrogen fractionation values (Phillips & Koch 2002). The 

sensitivity of mixing models to the nitrogen fractionation factor used (2.3‰) was therefore 

tested by running the models for each site iteratively using incremental fractionation values 

between 2.1‰ and 2.9‰ (0.2‰ increments). At each end of this scale models became 

unfeasible (i.e. mass balance equations could not be solved with the original source pools). 

Mean contributions of each source and the standard error of iterative models were plotted for 

each site to assess the sensitivity of each of the four source pools. As trophic level was 

calculated based on the assumed nitrogen fractionation value, this sensitivity analysis also 

gives an indication of the robustness of the calculated trophic level of each consumer site 

average. Trophic level was calculated on an individual basis using the two source pools which 

provided the best mass balance solution for each consumer isotopic signature and average 

values of individual trophic level for each site were compared to trophic level estimates based 

on the site average signatures to provide a further indication of the accuracy of these 

estimates. 
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3.4.5 Statistical analyses 

In order to address the aims and objectives listed in Section 3.3, statistically testable 

hypotheses were constructed based on the methods described above. 

 

1. Diet composition will vary between paired inner and outer fjord sites. Outer fjord 

populations will feed more frequently on zooplankton and fish and inner fjord populations 

more frequently on benthic invertebrates and detritus; the inner Doubtful Sound population 

will feed frequently on Solemya parkinsoni 

Multivariate stomach content data were pooled across years to provide a time-

integrated overview of the diet rather than a snapshot of one moment in time. Data were 

presence-absence transformed and a Bray-Curtis resemblance matrix was constructed. A 

presence-absence transformation was selected as variability in the weight of items in each 

taxonomic group and differing degrees of digestion would lead to bias in the inferred 

importance of each group to an individual’s diet. Sampling of stomach contents was 

opportunistic and no consideration was given to the time of day, state of the tide etc. Stage of 

digestion would therefore likely be an issue when comparing stomach content weights 

between sampling events. With presence-absence data the metric of abundance becomes the 

incidence of occurrence of a prey type among individuals within a population (Hynes 1950) 

and reflects population-wide feeding habits (Cailliet 1977). 

Diet composition was compared between habitats (fixed factor, 2 levels) and between 

paired inner and outer fjord sites using permutational (multivariate) analysis of variance 

(PERMANOVA) in PERMANOVA+ for PRIMER v6 (PRIMER-E Ltd, Plymouth, UK). All 

PERMANOVA tests used 9999 permutations under a reduced model (Anderson 2001). No 

effect of sex (fixed effect: pseudo-F12,320=1.0968; p=0.3119) or fish size (random effect: 

pseudo-F204,328=0.9052; p=0.8880) on diet was detected, so subsequent tests were pooled 

across sexes and size classes. 

Principal coordinate analysis, PCO (Gower 1966) was used to generate an 

unconstrained ordination with which to visualise multivariate structure in the data; unlike 

principal component analysis (PCA), the relationship between variables and PCO axes can be 

non-linear allowing a resemblance measure other than Euclidean distance to be used. The 

resulting ordination is based on the actual dissimilarities between samples, rather than rank 

dissimilarities as with non-metric multi-dimensional scaling. The percentage of the variation 

explained by each PCO axis provides an indication of the ability of the ordination to capture 

high-dimensional patterns in the data. Occasionally the first two PCO axes may apparently 
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explain more than 100% of the variability: this is related to the ‘triangle inequality’ 

(Weitzenböck 1919) and subsequent PCO axes will correct for this through negative Eigen 

values. Pearson correlation vectors were overlaid to identify those dietary groups that appear 

to drive the separation between habitats. Discriminant function analysis and leave-one-out 

reclassification was performed using canonical analysis of principal coordinates (CAP) in 

PERMANOVA+ for PRIMER v6; this maximises the differences between a priori groups 

and calculates, under permutation, the probability associated with the groups in the form of a 

misclassification error (Anderson & Willis 2003). Reclassification success rates are 

interpreted in relation to that achievable by chance alone (White & Ruttenberg 2007). 

Permutational ANOVA, based on Euclidean distance between samples, was used to 

identify the individual variables driving multivariate patterns. Variables were the proportion 

of the sampled population whose diet included each dietary group. When the number of 

unique permutations (the number of unique values of the test statistic obtained under 

permutation) was deemed too low for a reasonable test (<100), Monte Carlo p-values are 

reported (Anderson & Robinson 2003). 

 

2. Outer fjord diets will have higher energy contents than inner fjord diets, resulting in a 

higher condition factor among outer fjord individuals 

Mean energy equivalent values for each of the dietary groups were obtained from a 

meta-analysis of published values (Dudgeon et al. 1990; Steimle & Terranova 1985; Zoufal & 

Taborsky 1991). The energy content of each individual diet was calculated based on the 

proportion of the total presence-absence transformed stomach contents represented by each of 

the dietary groups. Solemya parkinsoni was pooled with other molluscans for this analysis. 

Permutational ANOVA based on Euclidean distance between samples was used to test for 

differences in stomach energy content and condition between habitats. 

 

3. Inner fjord diets will be more diverse than outer fjord diets 

The %BW of each dietary group was scaled to a proportion of the total %BW for 

individual stomachs before diversity and evenness indices were calculated (Shannon-Wiener, 

H' and Pielou’s Evenness, J'). Each index was compared between habitats using 

permutational ANOVA based on Euclidean distance between untransformed samples. Monte 

Carlo p-values are reported when the number of unique permutations was <100. 
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4. Carbon source will differ between inner and outer fjord populations. Stable carbon 

isotopic signatures in inner Doubtful Sound will be typical of a chemoautotrophic food web 

Mean δ13C was compared between habitats using permutational ANOVA. The relative 

contribution of each carbon source pool to the diet of blue cod at each site was estimated 

using the IsoError mixing model (Phillips & Gregg 2001a, b). The effect of the presence of 

Solemya parkinsoni in stomach contents on muscle tissue δ13C values was examined using 

one-way permutational ANOVA based on Euclidean distance between untransformed 

samples and unrestricted permutation of the raw data. 

 

5. Trophic position will be more variable among inner fjord populations than outer fjord 

populations and will generally be higher in outer fjord habitats 

Individual trophic level was estimated above the basal nitrogen regression line and 

compared between habitats using permutational ANOVA based on Euclidean distance 

between untransformed samples. Variability in trophic level was compared between paired 

inner and outer fjord sites 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-

squares residuals thereby avoiding the assumptions of normality of distribution and 

homogeneity of variance associated with traditional dispersion tests such as Levene’s test 

(Levene 1960). Distances to group centroids are strongly influenced by choice of 

transformation and resemblance measure and results must be qualified accordingly. Results 

should be interpreted cautiously when samples sizes are small (n<10). If PERMANOVA 

returns a significant result indicating a difference in the location of group means and 

PERMDISP finds no difference in dispersion, it can be concluded that there is a true location 

effect. If both PERMANOVA and PERMDISP find significant differences, a dispersion effect 

exists and a location effect also may exist, although will not necessarily. 

 

6. Trophic ecology will drive spatial variability in growth 

Model selection with the criterion AICc was used to quantify the relative influence of 

trophic ecology (energy equivalent of stomach contents; individual trophic level), sex and 

environment (habitat; fjord) on growth rate (raw size-at-age). Immature individuals whose sex 

could not be accurately determined macroscopically were excluded from the models. 
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3.5 Results 

 

3.5.1 Stomach content analysis 

 

3.5.1.1 Multivariate diet composition 

 Multivariate diet composition differed significantly between inner and outer fjord 

habitats, pooled across sites and years (pseudo-F1,319=20.723; p=0.0001). In order to 

investigate this at a more ecologically meaningful spatial scale, pairwise comparisons were 

made between inner and outer fjord habitats within each fjord basin and were significant in 

every case (Table 3.2), supporting Hypothesis 3.1. 

 

Table 3.2: Results of PERMANOVA tests comparing multivariate diet composition at paired 

inner and outer fjord sites (pooled across years; empty stomachs excluded) including the test 

statistic pseudo-t, the significance level p calculated under permutation, the number of unique 

values obtained from 9999 permutations and the degrees of freedom. Significant results 

(p<0.05) are shown in bold. 

Test Pseudo-t p Unique 
perms df 

Bradshaw Sound (inner) vs. Thompson Sound (outer)  2.4049 0.0034 4022 17 
Doubtful Sound inner vs. outer 3.6000 0.0013 120 11 
Breaksea Sound inner vs. outer 1.8393 0.0152 9953 83 
Dusky Sound inner vs. outer 5.4768 0.0001 9946 90 
Long Sound (inner) vs. Preservation Inlet (outer) 3.5433 0.0001 9950 118 

 

Leave-one-out reclassification success rate to habitat was low overall (27%) and lower 

than could have been achieved by chance alone (~50%). However, success rates were high 

(and considerably greater than expected by chance alone) when comparing between paired 

inner and outer fjord habitats, and the first two PCO axes explained a high percentage of the 

variation in the diet between paired inner and outer fjord sites (Table 3.3, Figure 3.2). This 

suggests that at this spatial scale, habitat accounts for a large portion of the variability in diet 

composition. In Bradshaw–Thompson Sound the ordination achieves a clear separation 

between inner and outer fjord habitats with vectors suggesting that outer fjord diets are 

characterised by zooplankton and inner fjord diets by benthic resources such as echinoderms 

and crustaceans, supporting Hypothesis 3.1. In Doubtful Sound the triangle inequality is 

violated with the result that over 100% of the variability is explained by the first two PCO 

axes. Despite this, the two habitats are clearly separated with vectors supporting the 
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hypothesis that the inner fjord population here relies on benthic prey and in particular 

Solemya parkinsoni. The outer fjord diet seems to be characterised by zooplankton and fish, 

again supporting Hypothesis 3.1. For both Bradshaw–Thompson and Doubtful Sounds the 

separation between habitats is achieved by a combination of the first two PCO axes. The 

ordination for Breaksea Sound does not achieve such a clear distinction between habitats, 

reflecting the relatively weak PERMANOVA result and low reclassification success rate, 

although the vectors suggest some influence of zooplankton and benthic invertebrates in 

distinguishing the diets. In Dusky Sound the first PCO axis alone achieves a good separation 

of the two habitats, which seems again to be driven by benthic versus pelagic feeding 

strategies. In Long Sound it is the second PCO axis that separates the habitats and again 

suggests a transition from benthic feeding in the inner fjord to a more pelagic diet in the outer 

fjord.  

 

Table 3.3: The variation in multivariate diet composition between paired inner and outer fjord 

habitats explained by the first two principal coordinates (%) and the cumulative percentage, 

calculated from Bray-Curtis similarities between presence-absence transformed data. CAP 

reclassification success rate to habitat (%), the success rate expected by chance alone (%) and 

sample sizes are also given. 

Fjord PCO 1 PCO 2 PCO1+2 Success Chance n 
Bradshaw–Thompson Sound 45.3 39.8 85.1 89.5 50 19 
Doubtful Sound 62.3 40.1 102.4 92.3 33–67 13 
Breaksea Sound 42.6 28.6 71.2 67.5 50 85 
Dusky Sound 38.7 21.2 59.9 91.3 47–53 92 
Long Sound–Preservation Inlet 33.9 27.7 61.6 70.8 49–51 120 
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Figure 3.2: PCO ordinations of the Bray-Curtis similarity between presence-absence 

transformed multivariate diet composition in inner (filled triangles) and outer fjord habitats 

(open triangles) in (a) Bradshaw–Thompson Sound (b) Doubtful Sound (c) Breaksea Sound 

(d) Dusky Sound (e) Long Sound–Preservation Inlet. Pearson correlation vectors are shown. 

(b) 

(c) (d) 

(e) 

(a) 
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3.5.1.2 Univariate comparisons 

 The relative importance of individual dietary groups at each site was examined by 

comparing the mean frequency of occurrence among samples as a proportion of the sample 

population (Figures 3.3 and 3.4). All groups except pisces and algae differed significantly in 

their occurrence between inner and outer fjord habitats (Table 3.4). Pairwise inner–outer fjord 

comparisons for each group were compromised by the frequently low number of permutations 

which makes inference based even on Monte Carlo p-values unreliable (Table 3.5). In several 

cases no test could be performed due to the lack of replication at the lowest level. However, 

examining these results in conjunction with the mean occurrences and associated standard 

error represented in Figures 3.3 and 3.4 allows general patterns to be described. 

 Hypothesis 3.1 predicts that inner fjord fish will feed more frequently on benthic 

invertebrates and detritus than outer fjord individuals. The incidences of Echinodermata, 

Crustacea, Mollusca and other benthic invertebrates differed significantly between inner and 

outer fjord habitats overall (Table 3.4) with paired inner–outer fjord comparisons (Table 3.5) 

showing that these differences were driven by pronounced differences in Breaksea Sound, 

Dusky Sound and Long Sound–Preservation Inlet. Figure 3.3 shows that as a rule these 

groups were indeed more common in inner fjord stomach contents than outer fjord samples. 

Detritus was found to differ significantly between inner and outer fjord diets (Table 

3.4); pair-wise comparisons showed that this was driven by pronounced differences in 

Breaksea Sound and Dusky Sound and marginal differences in Doubtful Sound and Long 

Sound–Preservation Inlet (Table 3.5). Figure 3.3 shows that with the exception of Bradshaw–

Thompson Sound (where the observed difference was not significant), inner fjord populations 

fed more frequently on detritus. Detritus was found especially frequently in the stomachs of 

fish sampled from inner Dusky Sound. A similar pattern might be expected for algae, as both 

would be encountered when grazing along the substrate. However, despite significant 

differences between inner Long Sound and Preservation Inlet (Table 3.5), overall no 

significant difference was observed (Table 3.4) and Figure 3.3 shows that no clear pattern is 

discernible. 

Comparisons were also made using data aggregated into broader classifications: 

benthic invertebrates, Mollusca, Echinodermata, Crustacea and detritus (which all varied 

significantly between inner and outer fjord habitats; Table 3.4) were pooled into a ‘benthic’ 

food resource. Figure 3.3 shows that at this broader taxonomic resolution, the pattern of inner 

fjord populations relying heavily on benthic resources is accentuated and the spatial 

difference is clear in all fjords. Univariate PERMANOVA detected a significant difference 
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between inner and outer fjord habitats overall (pseudo-F1,319=32.196; p=0.0001); pair-wise 

tests showed that this was driven by pronounced differences in Breaksea Sound, Dusky Sound 

and Long Sound–Preservation Inlet. A marginal result was recorded for Doubtful Sound; a 

larger sample size here may have increased the power of the test. 

Solemya parkinsoni was found in stomachs sampled from the inner regions of 

Doubtful, Breaksea and Dusky Sounds and from Preservation Inlet (Figure 3.4). In inner 

Doubtful Sound it represented the major stomach contents for all individuals, although the 

sample size here was small (n=5). PERMANOVA tests were undermined by an uneven 

distribution among sites. S. parkinsoni was recorded separately from other molluscans as its 

chemoautotrophic symbionts result in a depleted δ13C signature — which is preserved at 

successive trophic levels — and these results will be discussed in more detail later on in this 

chapter. 

Hypothesis 3.1 also predicts that outer fjord diets will more frequently include 

zooplankton and pisces than inner fjord diets: this is supported in the case of zooplankton 

(Table 3.4). The significant difference in the occurrence of zooplankton in inner and outer 

fjord diets results from noticeably higher occurrences in individuals sampled from the outer 

region of all fjords, although the difference was not significant for Breaksea Sound (Table 

3.5). Zooplankton appears to be an important food resource for blue cod feeding in outer fjord 

waters, occurring in up to 90% of stomachs from outer fjord sites (Figure 3.4). The 

occurrence of pisces in stomachs from inner and outer fjord habitats did not differ 

significantly overall and pair-wise comparisons show that this result is upheld for every fjord. 

However, Figure 3.4 shows that in general outer fjord fish fed more commonly on pisces than 

inner fjord individuals, with the exception of Bradshaw–Thompson Sound where the opposite 

pattern was observed. At all sites pisces seems to be a relatively frequently utilised resource. 

It is possible that identification of fish remains to a lower taxonomic level using the otoliths 

may have altered the observed pattern or increased the power of the test. Hypothesis 3.1 

predicts that outer fjord diets will be more pelagic in nature and inner fjord diets more 

benthic; the ability to discriminate between fish prey species living up in the water column 

and those living demersally may have generated different results but was beyond the scope of 

this study. 
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Table 3.4: Results of PERMANOVA tests comparing the frequency of occurrence of each 

dietary group in samples from inner and outer fjord habitats (pooled across sites and years; 

empty stomachs excluded) including the test statistic pseudo-F, the significance level p 

calculated under permutation, the number of unique values obtained from 9999 permutations 

and the degrees of freedom (factor, error). Significant results (p<0.05) are shown in bold. 

Test Pseudo-F p Unique permutations df 
Zooplankton 52.300 0.0001 9827 1, 319 
Pisces 3.3272 0.0720 9821 1, 319 
Echinodermata 4.9981 0.0248 9831 1, 319 
Benthic invertebrates 4.5258 0.0341 9842 1, 319 
Crustacea 5.1021 0.0230 9826 1, 319 
Mollusca 3.9685 0.0474 9833 1, 319 
Detritus 8.4181 0.0049 9827 1, 319 
Algae 0.0535 0.8168 9825 1, 319 
Solemya parkinsoni 62.715 0.0001 9810 1, 319 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.5 (opposite): Results of PERMANOVA tests comparing the frequency of occurrence 

of each dietary group in samples from paired inner and outer fjord sites (pooled across years; 

empty stomachs excluded) including the test statistic pseudo-t, the Monte Carlo p-value, the 

number of unique values obtained from 9999 permutations and the degrees of freedom. 

Significant results (p<0.05) are shown in bold. 
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Dietary group Test Pseudo-t p Unique 
perms df 

Bradshaw (inner) vs. Thompson (outer)  5.2929 0.0003 9 17 
Doubtful Sound inner vs. outer 1.5933 0.1442 4 11 
Breaksea Sound inner vs. outer 1.2355 0.2257 17 83 
Dusky Sound inner vs. outer 10.8540 0.0001 18 90 

Zooplankton 

Long Sound (inner) vs. Preservation Inlet 3.9316 0.0001 18 118 
Bradshaw (inner) vs. Thompson (outer)  0.6493 0.5227 9 17 
Doubtful Sound inner vs. outer 2.1099 0.0614 6 11 
Breaksea Sound inner vs. outer 0.7606 0.4450 19 83 
Dusky Sound inner vs. outer 1.3295 0.1877 16 90 

Pisces 

Long Sound (inner) vs. Preservation Inlet 1.0972 0.2724 20 118 
Bradshaw (inner) vs. Thompson (outer)  1.2296 0.2412 5 17 
Breaksea Sound inner vs. outer 0.0346 0.9728 9 83 
Dusky Sound inner vs. outer 2.1546 0.0367 14 90 

Echinodermata 

Long Sound (inner) vs. Preservation Inlet 3.5935 0.0011 19 118 
Bradshaw (inner) vs. Thompson (outer)  0.9459 0.3674 2 17 
Breaksea Sound inner vs. outer 2.2401 0.0305 15 83 
Dusky Sound inner vs. outer 1.5905 0.1175 14 90 

Benthic 
invertebrates 

Long Sound (inner) vs. Preservation Inlet 5.7770 0.0001 21 118 
Bradshaw (inner) vs. Thompson (outer)  0.6306 0.5375 6 17 
Doubtful Sound inner vs. outer 1.3009 0.2219 2 11 
Breaksea Sound inner vs. outer 1.5786 0.1241 12 83 
Dusky Sound inner vs. outer 2.9536 0.0035 15 90 

Crustacea 

Long Sound (inner) vs. Preservation Inlet 0.1695 0.8678 16 118 
Bradshaw (inner) vs. Thompson (outer)  1.4295 0.1719 6 17 
Doubtful Sound inner vs. outer 2.1243 0.0557 3 11 
Breaksea Sound inner vs. outer 3.5253 0.0008 11 83 
Dusky Sound inner vs. outer 4.8530 0.0001 18 90 

Detritus 

Long Sound (inner) vs. Preservation Inlet 1.8809 0.0625 19 118 
Breaksea Sound inner vs. outer 2.0509 0.0440 5 83 
Dusky Sound inner vs. outer 2.5270 0.0134 15 90 Mollusca 
Long Sound (inner) vs. Preservation Inlet  3.4915 0.0007 22 118 
Bradshaw (inner) vs. Thompson (outer)  1.1408 0.2756 8 17 
Doubtful Sound inner vs. outer 2.1243 0.0578 3 11 
Breaksea Sound inner vs. outer 2.3837 0.0188 18 83 
Dusky Sound inner vs. outer 8.7347 0.0001 18 90 

Aggregated 
benthic 
resources 

Long Sound (inner) vs. Preservation Inlet 3.8845 0.0002 15 118 
Bradshaw (inner) vs. Thompson (outer)  1.0576 0.3093 2 17 
Breaksea Sound inner vs. outer 1.6719 0.0957 7 83 
Dusky Sound inner vs. outer 0.1322 0.8968 5 90 

Algae 

Long Sound (inner) vs. Preservation Inlet 2.1971 0.0295 14 118 
Breaksea Sound inner vs. outer 1.7538 0.0806 4 83 
Dusky Sound inner vs. outer 2.6478 0.0094 8 90 Solemya 

parkinsoni 
Long Sound (inner) vs. Preservation Inlet 1.4024 0.1690 3 118 
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Figure 3.3: The proportion of the population sampled in inner (grey bars) and outer fjord 

habitats (white bars) in each fjord found to have fed on (a) Echinodermata (b) Crustacea

(c) Mollusca (d) other benthic invertebrates (e) detritus and (f) algae. Data have been pooled 

across years. Standard error bars are included. 
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Figure 3.4: The proportion of the population sampled in inner (grey bars) and outer fjord 

habitats (white bars) in each fjord found to have fed on (a) aggregated benthic resources 

(b) Solemya parkinsoni (c) pisces and (d) zooplankton. Data have been pooled across years. 

Standard error bars are included. 

 

3.5.1.3 Energy content of the diet 

 Evidence has been found to support the hypothesis that inner fjord fish feed more 

commonly on benthic resources (invertebrates and detritus) and outer fjord fish on more 

frequently on pelagic resources (zooplankton). Chapter 2 established that inner fjord 

individuals of both sexes have a lower growth rate than outer fjord fish leading to the 

hypothesis that inner fjord diets are typically of a poorer quality than outer fjord diets 

(Hypothesis 3.2). Table 3.6 details the mean energy content of each of the dietary groups and 

confirms that detritus and benthic invertebrates represent energetically poorer food resources 
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than zooplankton and pisces. Averages for each group were calculated from literature values 

for a broad range of taxa observed in blue cod stomach contents during this study. 

The mean energy equivalents for each dietary group were used to estimate the energy 

content of individual stomachs. Overall, the average stomach energy content of inner fjord 

individuals was lower than that of outer fjord individuals (Table 3.7). This difference was 

found to be significant (pseudo-F1,318=27.944; p=0.0001). On a more local spatial scale, 

paired inner–outer fjord comparisons showed that this pattern was upheld for all pairs except 

Long Sound–Preservation Inlet where inner and outer fjord individuals had very similar 

stomach energy contents and inner fjord stomach contents on average had a slightly higher 

energy equivalent than outer fjord stomach contents (Table 3.8; Figure 3.5). PERMANOVA 

detected significant differences between the inner and outer regions of Doubtful, Breaksea 

and Dusky Sounds but not Bradshaw–Thompson Sound or Long Sound–Preservation Inlet 

(Table 3.9). The non-significant result obtained for Bradshaw–Thompson Sound is 

unsurprising given that only the occurrence of zooplankton was found to differ significantly 

between habitats here (Table 3.5). 

In Long Sound–Preservation Inlet significant differences were detected in the 

occurrence of benthic invertebrates (including Mollusca and Echinodermata) and zooplankton 

in inner and outer fjord individuals (Table 3.5). Detritus was also more common in inner fjord 

stomachs and pisces in outer fjord stomachs, although the occurrence of these groups did not 

differ significantly between habitats. Algae was significantly more frequently consumed by 

outer fjord individuals than inner fjord fish but since the overall occurrence of algae in the 

diet here was low (<16% of the population sampled from Long Sound–Preservation Inlet) this 

is unlikely to have caused the observed overlap in energy contents or the slightly higher 

average energy content estimated for inner fjord samples. Relatively low-energy benthic prey 

occurred far more frequently in stomachs sampled from Preservation Inlet than any other 

outer fjord site (Figure 3.4). 

The maximum energy of any individual stomach of 24 J g-1 AFDW corresponds to 

stomach contents of solely pisces. Fish remains tended to fill the stomach leaving little room 

for other prey. 
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Table 3.6: Mean energy contents for each dietary group expressed as kilojoules per gram ash-

free dry weight. Details of the taxa included in the mean value for each group are given. 

Dietary group Energy Taxa included Source 

Algae 14.06 Turf algae; Ulva Zoufal & Taborsky 
(1991) 

Detritus 17.08 Leaf litter; epilithic detritus Dudgeon et al. (1990) 

Crustacea 21.02 Benthic Amphipoda; Decapoda Steimle & Terranova 
(1985) 

Benthic invertebrates 21.23 Porifera; hydroids; anemones; 
Polychaeta; Sipuncula 

Steimle & Terranova 
(1985) 

Mollusca 21.58 Bivalves; Gastropoda Steimle & Terranova 
(1985) 

Echinodermata 21.96 Holothuroidea; Echinoidea; 
Asteroidea 

Steimle & Terranova 
(1985) 

Zooplankton 23.10 Pelagic tunicates; Mysidacea Steimle & Terranova 
(1985) 

Pisces 24.00 Demersal and pelagic species Steimle & Terranova 
(1985) 

 

Table 3.7: The minimum, maximum, mean and standard error energy contents of individual 

stomachs sampled in each habitat (pooled across sites and years) expressed as kilojoules per 

gram ash-free dry weight. Sample size is also reported. 

Habitat Minimum Maximum Mean SE n 
Inner 14.06 24.00 21.021 0.149 165 
Outer 17.08 24.00 22.255 0.130 163 

 

Table 3.8: The minimum, maximum, mean and standard error energy contents of individual 

stomachs sampled at each site (pooled across years) expressed as kilojoules per gram ash-free 

dry weight. Sample size is also reported. 

Site Minimum Maximum Mean SE n 
Bradshaw Sound (inner) 18.01 24.00 21.97 0.649 9 
Thompson Sound (outer) 20.09 24.00 22.30 0.467 10 
Doubtful Sound (inner) 19.33 22.79 21.03 0.628 5 
Doubtful Sound (outer) 23.10 24.00 23.72 0.147 8 
Breaksea Sound (inner) 14.06 24.00 21.52 0.393 43 
Breaksea Sound (outer) 18.58 24.00 23.08 0.179 42 
Dusky Sound (inner) 15.57 24.00 20.27 0.250 49 
Dusky Sound (outer) 19.46 24.00 22.77 0.174 43 
Long Sound (inner) 18.01 24.00 21.16 0.148 59 
Preservation Inlet (outer) 17.08 24.00 21.11 0.227 60 
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Table 3.9: Results of PERMANOVA tests comparing stomach energy content at paired inner 

and outer fjord sites (pooled across years; empty stomachs excluded) including the test 

statistic pseudo-t, the significance level p calculated under permutation, the number of unique 

values obtained from 9999 permutations and the degrees of freedom. Significant results 

(p<0.05) are shown in bold. 

Test Pseudo-t p Unique 
perms df 

Bradshaw Sound (inner) vs. Thompson Sound (outer)  0.4193 0.6787 3425 17 
Doubtful Sound inner vs. outer 5.1855 0.0012 120 11 
Breaksea Sound inner vs. outer 3.5821 0.0005 9829 83 
Dusky Sound inner vs. outer 7.9908 0.0001 9840 90 
Long Sound (inner) vs. Preservation Inlet (outer) 0.1742 0.8597 9841 117 

 

3.5.1.4 Condition 

As inner fjord diets are typically energetically poorer than outer fjord diets, this could 

result in lower condition among inner fjord fish (Hypothesis 3.2). Condition did not differ 

between sexes (pseudo-F13,340=1.0456; p=0.3246), so spatial comparisons pooled across 

sexes. Table 3.10 shows that on average outer fjord individuals did indeed have a slightly 

higher condition factor than inner fjord individuals, but the difference was not significant 

(pseudo-F1,339=0.4064; p=0.4952). However, pairwise tests did reveal significant differences 

between the inner and outer regions of Breaksea and Dusky Sounds (Table 3.11). Figure 3.5 

and Table 3.10 show that where these significant spatial differences were detected, the outer 

fjord individuals had a higher condition factor than the corresponding inner fjord population, 

supporting Hypothesis 3.2. The inner and outer fjord populations in Doubtful Sound and Long 

Sound–Preservation Inlet have very similar condition factors while in Bradshaw–Thompson 

Sound inner fjord individuals have a higher condition factor (albeit not statistically so) than 

outer fjord individuals. One-way PERMANOVA showed that the presence of high-energy 

diet items in the stomach (pisces and/or zooplankton) resulted in a significantly higher 

condition (pseudo-F2, 346=3.0360; p=0.0441) although the result was marginal. 
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Table 3.10: The minimum, maximum, mean and standard error condition (K) of individuals 

sampled at each site (pooled across years). Sample size is also reported. 

Site Minimum Maximum Mean SE n 
Bradshaw Sound (inner) 0.13 0.34 0.17 0.019 10 
Thompson Sound (outer) 0.12 0.16 0.14 0.004 10 
Doubtful Sound (inner) 0.14 0.17 0.16 0.005 5 
Doubtful Sound (outer) 0.14 0.27 0.16 0.012 10 
Breaksea Sound (inner) 0.11 0.17 0.15 0.002 49 
Breaksea Sound (outer) 0.11 0.50 0.18 0.011 45 
Dusky Sound (inner) 0.07 0.22 0.14 0.003 51 
Dusky Sound (outer) 0.10 0.53 0.17 0.010 44 
Long Sound (inner) 0.11 0.18 0.15 0.002 63 
Preservation Inlet (outer) 0.05 0.42 0.14 0.006 62 

 

Table 3.11: Results of PERMANOVA tests comparing condition (K) at paired inner and 

outer fjord sites (pooled across years) including the test statistic pseudo-t, the significance 

level p calculated under permutation, the number of unique values obtained from 9999 

permutations and the degrees of freedom. Significant results (p<0.05) are shown in bold. 

Test Pseudo-t p Unique 
perms df 

Bradshaw Sound (inner) vs. Thompson Sound (outer)  1.3297 0.1080 9424 18 
Doubtful Sound inner vs. outer 0.0288 0.9958 2897 13 
Breaksea Sound inner vs. outer 2.6773 0.0013 9848 92 
Dusky Sound inner vs. outer 2.3625 0.0031 9855 93 
Long Sound (inner) vs. Preservation Inlet (outer) 0.5794 0.6163 9877 123 
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Figure 3.5: (a) Mean energy contents of individual stomachs and (b) mean condition (K) of 

fish sampled in inner (grey bars) and outer fjord habitats (white bars) in each fjord. Data have 

been pooled across years. Standard error bars are shown. 
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3.5.1.5 Diversity 

 Hypothesis 3.3 predicts that inner fjord diets will be more diverse than in outer fjord 

waters where energetically attractive, abundant prey resources such as zooplankton are more 

readily available. Figure 3.6 and Table 3.12 show that while no clear spatial patterns are 

discernible in diversity (H'), evenness (J') and the number of prey groups present in stomach 

contents (S) were higher as a rule in inner fjord habitats than outer fjord waters, supporting 

Hypothesis 3.3. PERMANOVA detected a significant difference in diversity (H': pseudo-

F1,319=5.8844; p=0.0171) but not evenness (J': pseudo-F1,154=0.1447; p=0.7130) between 

inner and outer fjord habitats. The number of prey groups (S) did not differ significantly 

between habitats, but the result was marginal (pseudo-F1,319=3.8373; p=0.0554). Comparisons 

of H' between paired inner and outer fjord sites revealed that the overall diversity difference 

observed was due to pronounced differences in Dusky Sound and Long Sound–Preservation 

Inlet and a marginal difference in Breaksea Sound (Table 3.13). The exception to the general 

rule of inner fjord diets being more diverse than outer fjord diets is Bradshaw–Thompson 

Sound, but this difference was not found to be significant. The non-significant result for 

Doubtful Sound is also likely a result of small samples sizes (n=5 for inner Doubtful Sound; 

n=8 for outer Doubtful Sound). No pair-wise comparisons of J' were significant and results 

are not detailed here. The marginal habitat effect detected for S was driven by significant 

differences between inner and outer Breaksea Sound and Long Sound–Preservation Inlet 

(Table 3.13). Some evidence of a habitat effect was also detected in Doubtful Sound and 

Dusky Sound.  
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Figure 3.6: (a) Mean Shannon-Wiener diversity (H') (b) mean Pielou’s evenness (J') and 

(c) mean number of prey groups consumed (S) in inner (grey bars) and outer fjord habitats 

(white bars) in each fjord. Data have been pooled across years. Standard error bars are shown. 
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Table 3.12: The minimum, maximum, mean and standard error Shannon-Wiener diversity 

(H'), Pielou’s evenness (J') and number of prey groups present (S) in stomach contents 

sampled at each site (pooled across years). Sample size is also reported. 

Site Index Minimum Maximum Mean SE n 
H' 0.00 0.53 0.10 0.063 
J' 0.05 0.76 0.36 0.212 Bradshaw Sound (inner) 
S  1.00 3.00 1.56 0.294 

9 

H' 0.00 0.61 0.19 0.069 
J' 0.06 0.88 0.34 0.118 Thompson Sound (outer) 
S 1.00 4.00 2.10 0.379 

10 

H' 0.00 0.69 0.30 0.134 
J' 0.36 1.00 0.66 0.186 Doubtful Sound (inner) 
S  1.00 3.00 1.80 0.374 

5 

H' 0.00 0.67 0.08 0.084 
J' 0.97 0.97 0.97 0.000 Doubtful Sound (outer) 
S 1.00 2.00 1.13 0.125 

8 

H' 0.00 1.50 0.22 0.063 
J' 0.01 0.87 0.45 0.070 Breaksea Sound (inner) 
S 1.00 6.00 1.88 0.224 

43 

H' 0.00 0.68 0.09 0.030 
J' 0.02 0.99 0.47 0.114 Breaksea Sound (outer) 
S 1.00 3.00 1.29 0.078 

42 

H' 0.00 1.27 0.36 0.056 
J' 0.06 0.99 0.64 0.049 Dusky Sound (inner) 
S 1.00 5.00 2.02 0.158 

49 

H' 0.00 0.97 0.13 0.042 
J' 0.12 0.96 0.53 0.086 Dusky Sound (outer) 
S 1.00 5.00 1.56 0.180 

43 

H' 0.00 1.43 0.55 0.057 
J' 0.05 1.00 0.64 0.036 Long Sound (inner) 
S 1.00 7.00 2.69 0.194 

59 

H' 0.00 1.06 0.35 0.043 
J' 0.05 1.00 0.59 0.044 Preservation Inlet (outer) 
S  1.00 5.00 2.05 0.122 

61 
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Table 3.13: Results of PERMANOVA tests comparing the Shannon-Wiener diversity index 

(H') and number of prey groups present (S) at paired inner and outer fjord sites (pooled across 

years; empty stomachs excluded) including the test statistic pseudo-t, the significance level p 

calculated under permutation, the number of unique values obtained from 9999 permutations 

and the degrees of freedom. Significant results (p<0.05) are shown in bold. *Where the 

number of unique permutations was low, the Monte Carlo p-value is reported. 

Test Index Pseudo-t p Unique perms df 
H' 0.9374 0.3679 507 Bradshaw Sound (inner) vs. 

Thompson Sound (outer)  S 1.1173 0.2829 17* 
17 

H' 1.4628 0.1753 16* Doubtful Sound inner vs. outer S 2.0485 0.0624 6* 
11 

H' 1.8824 0.0575 9840 Breaksea Sound inner vs. outer S 2.4989 0.0147 37* 
83 

H' 3.2000 0.0015 9841 Dusky Sound inner vs. outer 
S 1.9354 0.0565 40* 

90 

H' 2.7316 0.0081 9813 Long Sound (inner) vs. 
Preservation Inlet (outer) S 2.8369 0.0054 51* 

118 
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3.5.2 Stable isotope analysis 

 

δ13C and δ15N were plotted against fish size and age (random effects) and linear 

regressions fitted to assess the likelihood of ontogenetic shifts in carbon source utilisation 

and/or trophic level confounding spatial patterns in stable isotopic ratios (Figure 3.7). 

Permutational ANOVA was used to assess the goodness of fit between variables. R2 values 

for all regressions were very low and no tests were significant (Table 3.14) suggesting that 

neither fish size nor age has an appreciable influence on the carbon or nitrogen stable isotopic 

ratio of blue cod muscle tissue. As all fish sampled were adults (total length >270mm, age 

>4yrs) subsequent analyses pooled across size and age classes. 

 

 

Figure 3.7: Linear regressions of δ13C (open circles) and δ15N (filled circles) versus (a) size 

and (b) age of individual fish. Equations and R2 values are given in Table 3.14. 

 

Table 3.14: Linear regression equations and associated R2 values for δ13C and δ15N versus 

size and age. Also reported are ANOVA results including the F-ratio, the p-value and the 

degrees of freedom (factor, error). 

Regression Equation R2 F p df 
δ13C versus size y = -16.2837 – 0.0012x <0.01 0.2109 0.6471 1, 94 
δ15N versus size y = 13.4494 + 0.0008x <0.01 0.1876 0.6659 1, 94 
δ13C versus age y = -16.7743 + 0.0013x <0.01 0.0005 0.9825 1, 94 
δ15N versus age y = 13.1945 – 0.0604x 0.03 2.5000 0.1172 1, 94 
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Site-average isotopic signatures were plotted in carbon–nitrogen space along with 

source pool signatures (Figure 3.8). Lines of trophic enrichment were included for the source 

pools (0.4‰ per trophic level for carbon and 2.3‰ for nitrogen). Most sites are tightly 

clustered with the obvious outliers being inner Doubtful Sound (relatively deplete in both 

δ13C and δ15N) and inner Long Sound (relatively enriched in both δ13C and δ15N). Trophic 

enrichment trajectories indicate that blue cod signatures are enriched by 2–5 trophic levels 

relative to the source pools. Variability in both tracers is higher in inner Doubtful Sound than 

at other sites, although the smaller sample size (n=5) could account for some of this error. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Mean isotopic signatures (with standard error bars) for blue cod sampled at each 

site in 2009. Signatures for the four source pools (Ulva, representative of freshwater/estuarine 

production; Ecklonia, representative of marine macroalgal production; SPOM or 

phytoplankton production and chemoautotrophically recycled terrestrial organic matter, 

TOM) are included with trophic enrichment trajectories. Outlying sites are labelled. 
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Hypothesis 4 predicts that primary carbon source will vary between inner and outer 

fjord habitats. A significant difference was detected between the δ13C of inner and outer fjord 

fish (pseudo-F1,86=10.847; p=0.0016) with pairwise tests revealing that this pattern was driven 

by pronounced differences between the inner and outer regions of Doubtful Sound and Long 

Sound–Preservation Inlet (Table 3.17; Figure 3.9a). 

The presence of Solemya parkinsoni in the diet corresponded to a significantly 

depleted muscle δ13C value (pseudo-F1,94=44.282; p=0.0001). Table 3.18 and Figure 3.9b 

show the mean δ13C for individuals with and without S. parkinsoni in their stomachs. In 2009 

S. parkinsoni was only observed in the stomachs of fish sampled from inner Doubtful Sound.  

 

Figure 3.9: Mean δ13C of individuals sampled in 2009 (a) in inner (grey bars) and outer fjord 

habitats (white bars) in each fjord and (b) with Solemya parkinsoni present (n=5) or absent 

(n=91) in stomach contents. Standard error bars are shown. Note reverse scale on y-axis. 
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Table 3.15: The minimum, maximum, mean and standard error δ13C of blue cod muscle 

tissue sampled in each habitat in 2009 (pooled across sites). Sample size is also reported. 

Habitat Minimum Maximum Mean SE n 
Inner -24.32 -13.82 -16.88 0.300 46 
Outer -18.47 -14.76 -16.65 0.130 50 

 

Table 3.16: The minimum, maximum, mean and standard error δ13C of blue cod muscle 

tissue sampled at each site in 2009. Sample size is also reported. 

Site Minimum Maximum Mean SE n 
Bradshaw Sound (inner) -17.51 -15.32 -16.57 0.257 10 
Thompson Sound (outer) -16.81 -15.77 -16.11 0.093 10 
Doubtful Sound (inner) -24.32 -16.20 -20.55 1.358 5 
Doubtful Sound (outer) -18.22 -16.74 -17.04 0.139 10 
Breaksea Sound (inner) -19.18 -16.80 -17.82 0.250 10 
Breaksea Sound (outer) -18.47 -15.90 -17.42 0.213 10 
Dusky Sound (inner) -18.39 -16.18 -16.89 0.206 11 
Dusky Sound (outer) -18.12 -16.66 -17.36 0.149 10 
Long Sound (inner) -14.74 -13.82 -14.41 0.087 10 
Preservation Inlet (outer) -16.02 -14.76 -15.33 0.133 10 

  

Table 3.17: Results of PERMANOVA tests comparing δ13C at paired inner and outer fjord 

sites in 2009 including the test statistic pseudo-t, the significance level p calculated under 

permutation, the number of unique values obtained from 9999 permutations and the degrees 

of freedom. Significant results (p<0.05) are shown in bold. 

Test Pseudo-t p Unique 
perms df 

Bradshaw Sound (inner) vs. Thompson Sound (outer)  1.6783 0.1164 9295 18 
Doubtful Sound inner vs. outer 3.7172 0.0045 2851 13 
Breaksea Sound inner vs. outer 1.1949 0.2572 9334 18 
Dusky Sound inner vs. outer 1.8267 0.0797 9693 19 
Long Sound (inner) vs. Preservation Inlet (outer) 5.8081 0.0001 9337 18 

 

Table 3.18: The minimum, maximum, mean and standard error δ13C of blue cod muscle 

tissue from individuals samples in 2009 with Solemya parkinsoni present or absent in their 

stomach contents (pooled across sites). Sample size is also reported. 

Solemya parkinsoni Minimum Maximum Mean SE n 
Present -19.18 -13.82 -16.55 0.120 5 
Absent -24.32 -16.20 -20.55 1.360 91 
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3.5.2.1 Mass balance mixing models  

The relative importance of each basal carbon source pool to the diet of blue cod at each 

site was estimated using two-source mass balance mixing models. The models are illustrated 

in Figure 3.10 and the results are summarised in Table 3.19. Hypothesis 3.4 predicts that in 

inner fjord habitats, freshwater/estuarine (Ulva) production will dominate carbon fluxes to 

blue cod while in outer fjord waters a greater proportion of carbon will be derived from 

marine macroalgal (Ecklonia) and phytoplankton production. In inner Bradshaw–Thompson 

Sound carbon was approximately equally derived from Ulva and SPOM while in the outer 

fjord the dominant carbon source was Ecklonia with a smaller input from Ulva. In Doubtful 

Sound Ecklonia again provided the bulk of the carbon in the outer fjord habitat with a small 

input of Ulva. All fish sampled from inner Doubtful Sound in 2009 had consumed 

S. parkinsoni and it constituted the bulk of their recent diet by weight; this was reflected in the 

high proportion of carbon derived from chemoautotrophic/terrestrial sources (mean 45%) with 

the remainder supplied by freshwater/estuarine production. In inner Breaksea Sound, the 

majority of carbon flux originated from phytoplankton production with some input from 

freshwater/estuarine production; in the outer fjord, phytoplankton production accounted for 

only 10% of carbon flux on average while Ecklonia supplied 72–100% (mean 90%). In Dusky 

Sound, carbon flowing to blue cod in the inner fjord habitat was derived approximately 

equally from Ulva and SPOM while in the outer fjord the majority of carbon was derived 

from Ecklonia with minimal inputs from SPOM. In inner Long Sound the population relied 

predominantly on carbon from freshwater/estuarine production (Ulva) with the remainder 

derived from phytoplankton production; in Preservation Inlet blue cod nutrition was 

supported by equal contributions from marine macroalgal and freshwater/estuarine 

production. 

These results are largely consistent with Hypothesis 3.4. The only evidence of 

chemoautotrophic carbon use was in inner Doubtful Sound with additional carbon sourced 

from freshwater/estuarine macroalgal production, reflecting the high freshwater influxes at 

this site and the persistent low-salinity layer. Marine macroalgal production was overall the 

most important carbon source in outer fjord habitats, contributing a substantial proportion at 

all sites. At inner fjord sites the most important carbon source overall was 

freshwater/estuarine production. SPOM was also an important source of carbon for blue cod 

sampled from inner fjord sites (except in Doubtful Sound) with only small contributions to 

outer fjord blue cod nutrition in Breaksea and Dusky Sounds. This does not follow the 

hypothesised routing of phytoplankton production through the Fiordland food web. 
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Table 3.19: Relative contributions (%) of each source pool to the total carbon assimilated by 

blue cod at each site. Reported values are mean ± standard error (95% confidence interval). 

SPOM is suspended particulate organic matter; TOM is terrestrial organic matter. 

Site Ulva Ecklonia SPOM TOM 

Bradshaw Sound (inner) 53.5 ± 4.91 
(42.7–64.3)  46.5 ± 4.91 

(35.7–57.3)  

Thompson Sound (outer) 26.1 ± 3.58 
(18.4–33.9) 

73.9 ± 3.58 
(66.1–81.6)   

Doubtful Sound (inner) 55.0 ± 10.05 
(29.1–80.8)   45.0 ± 10.05 

(19.2–70.7) 

Doubtful Sound (outer) 4.5 ± 5.15 
(0–15.8) 

95.5 ± 5.15 
(84.2–100)   

Breaksea Sound (inner) 33.0 ± 4.99 
(22.2–43.8)  67.0 ± 4.99 

(56.2–77.8)  

Breaksea Sound (outer)  90.2 ± 8.09 
(71.9–100) 

9.8 ± 8.09  
(0–28.1)  

Dusky Sound (inner) 47.6 ± 4.12 
(38.8–56.4)  52.4 ± 4.12 

(43.6–61.2)  

Dusky Sound (outer)  95.3 ± 5.80 
(82.5–100) 

4.7 ± 5.80  
(0–17.5)  

Long Sound (inner) 85.8 ± 2.10 
(81.5–90.1)  14.2 ± 2.10 

(9.9–18.5)  

Preservation Inlet (outer) 49.4 ± 4.95 
(38.5–60.3) 

50.6 ± 4.95 
(39.7–61.5)   
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Figure 3.10: Mean percentages of carbon assimilated by blue cod in inner (grey bars) and 

outer fjord habitats (white bars) in each fjord provided by (a) Freshwater/estuarine production 

(Ulva) (b) marine macroalgal production (Ecklonia) (c) phytoplankton production (SPOM) 

and (d) chemoautotrophic recycling of terrestrial organic matter (TOM). Standard error bars 

are shown. 
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3.5.2.2 Sensitivity analysis 

0.2‰ incremental increases in nitrogen fractionation caused the proportion of carbon 

provided by Ulva to increase by <6.1%, the proportion provided by SPOM to decrease by 

1.7–5.0% and the proportion provided by terrestrial OM to decrease by <1.1% with reciprocal 

adjustments in Ecklonia contributions for every increment. Table 3.20 and Figure 3.11 

summarise the changes in the contribution of each carbon source to blue cod nutrition at each 

site and for each source overall. 

 

Table 3.20: Relative contributions (%) of each source pool to the total carbon assimilated by 

blue cod at each site modelled using incremental nitrogen fractionation values (2.1‰–2.9‰, 

0.2‰ increments). Reported values are mean ± standard error. SPOM is suspended particulate 

organic matter; TOM is terrestrial organic matter. 

Site Ulva Ecklonia SPOM TOM 
Bradshaw Sound (inner) 55.7 ± 1.67  44.3 ± 1.67  
Thompson Sound (outer) 30.2 ± 3.23 69.8 ± 3.23   
Doubtful Sound (inner) 55.8 ± 0.62   44.2 ± 0.62 
Doubtful Sound (outer) 7.9 ± 2.66 92.1 ± 2.66   
Breaksea Sound (inner) 35.0 ± 1.58  65.0 ± 1.58  
Breaksea Sound (outer)  93.8 ± 2.83 6.2 ± 2.83  
Dusky Sound (inner) 49.8 ± 1.69  50.2 ± 1.69  
Dusky Sound (outer)  98.7 ± 2.69 1.3 ± 2.69  
Long Sound (inner) 88.4 ± 2.02  11.62 ± 2.02  
Preservation Inlet (outer) 53.8 ± 3.44 46.2 ± 3.44   
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Figure 3.11: Mean carbon source assimilation in inner (grey bars) and outer fjord habitats 

(white bars) in (a) Bradshaw–Thompson Sound (b) Doubtful Sound (c) Breaksea Sound 

(d) Dusky Sound (e) Long Sound–Preservation Inlet and (f) for each carbon source overall 

(pooled across sites) modelled using incremental nitrogen fractionation values of 2.1‰–

2.9‰. Standard error bars are shown. 
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3.5.2.3 Trophic level 

Hypothesis 3.5 predicts that trophic position will be more variable among inner fjord 

populations but will generally be higher among outer fjord populations. δ15N was examined as 

a proxy for trophic level and compared to individual trophic enrichment estimates of muscle 

tissue above a source pool baseline. Values are summarised by habitat in Table 3.21, by site 

in Table 3.22 and are illustrated in Figures 3.12a and b. Mean δ15N and mean trophic level 

were both higher in inner fjord than outer fjord habitats. This difference was significant for 

trophic level (pseudo-F1,86=58.315; p=0.0001) but not δ15N (pseudo-F1,86=2.0263; p=0.1578). 

Dispersion around the mean on the other hand differed significantly between inner and outer 

fjord habitats for δ15N (pseudo-F1,94=6.5157; p=0.0191) but not trophic level (pseudo-

F1,94=0.0353; p=0.8640). The combination of the results of location and dispersion tests 

means that trophic level displays a true location effect between habitats whereas δ15N displays 

a dispersion effect only. 

Mean trophic level was highest in inner Long Sound followed by Preservation Inlet. 

The lowest mean trophic level was estimated for outer Doubtful Sound, closely followed by 

outer Dusky Sound.  Trophic levels in inner and outer fjord habitats in Bradshaw–Thompson 

Sound were very similar but a clear difference was observed in all other fjords. With the 

exception of Doubtful Sound, spatial patterns in trophic level mirror those of δ15N signatures. 

Mean trophic level estimates in all fjords were higher in inner fjord habitats, contradicting 

Hypothesis 3.5. Pairwise tests detected significant differences in mean δ15N and mean trophic 

level between inner and outer fjord habitats in Doubtful Sound, Dusky Sound and Long 

Sound–Preservation Inlet, with a marginal result in Breaksea Sound (Table 3.23).  

Dispersion of δ15N signatures and trophic level estimates followed similar patterns: in 

Bradshaw–Thompson Sound, Doubtful Sound and Breaksea Sound, dispersion was higher in 

the inner fjord, supporting Hypothesis 3.5, but in Dusky Sound dispersion was higher in the 

outer fjord and in Long Sound–Preservation Inlet dispersion was very similar between the two 

habitats (Table 3.24; Figure 3.12c and d). However, a significant dispersion effect existed 

only for δ15N in Doubtful Sound (Table 3.25); this means that the location effects detected 

between inner and outer fjord habitats for trophic level in Doubtful Sound and for δ15N and 

trophic level in Dusky Sound and Long Sound–Preservation Inlet are real and unrelated to 

dispersion effects. 

In Bradshaw–Thompson Sound and Doubtful Sound, small sample sizes at each site 

(n≤10) mean that dispersion tests must be interpreted with caution. It should also be noted that 

inferences apply only to the transformation (none) and resemblance measure (Euclidean 
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distance) applied to the data. Sensitivity analysis revealed that incremental increases in the 

nitrogen fraction value (2.1‰–2.9‰, 0.2‰ increments) caused the site average trophic level 

to decrease by 0.19–0.32. 

 

Table 3.21: The minimum, maximum, mean and standard error δ15N of muscle tissue and 

estimated trophic level (TL) of blue cod sampled in each habitat in 2009 (pooled across sites). 

Sample size is also reported. 

Habitat Test Minimum Maximum Mean SE n 
δ15N 8.89 16.20 13.99 0.192 Inner 
TL 2.95 5.61 4.50 0.082 

46 

δ15N 12.33 14.83 13.51 0.085 Outer 
TL 3.07 5.04 3.94 0.072 

50 

 

Table 3.22: The minimum, maximum, mean and standard error δ15N of muscle tissue and 

estimated trophic level (TL) of blue cod sampled at each site in 2009. Sample size is also 

reported. 

Site Test Minimum Maximum Mean SE n 
δ15N 13.20 14.64 14.03 0.162 Bradshaw Sound (inner) 
TL 3.78 4.86 4.36 0.124 

10 

δ15N 13.36 14.55 13.81 0.147 Thompson Sound (outer) 
TL 3.89 4.70 4.29 0.086 

10 

δ15N 8.89 13.28 11.13 0.720 Doubtful Sound (inner) 
TL 3.95 4.60 4.21 0.121 

5 

δ15N 12.33 13.21 12.79 0.090 Doubtful Sound (outer) 
TL 3.07 3.85 3.54 0.066 

10 

δ15N 12.21 16.20 14.13 0.309 Breaksea Sound (inner) 
TL 2.95 5.01 4.11 0.169 

10 

δ15N 13.37 14.40 13.79 0.115 Breaksea Sound (outer) 
TL 3.38 4.62 3.73 0.119 

10 

δ15N 13.67 14.83 14.28 0.123 Dusky Sound (inner) 
TL 3.87 4.76 4.39 0.090 

11 

δ15N 12.44 14.52 13.35 0.217 Dusky Sound (outer) 
TL 3.11 3.94 3.56 0.108 

10 

δ15N 13.83 15.39 14.94 0.146 Long Sound (inner) 
TL 4.74 5.61 5.28 0.076 

10 

δ15N 13.38 14.83 13.83 0.133 Preservation Inlet (outer) 
TL 4.20 5.04 4.57 0.082 

10 
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Table 3.23: Results of PERMANOVA tests comparing δ15N and estimated trophic level (TL) 

at paired inner and outer fjord sites in 2009 including the test statistic pseudo-t, the 

significance level p calculated under permutation, the number of unique values obtained from 

9999 permutations and the degrees of freedom. Significant results (p<0.05) are shown in bold. 

Comparison Test Pseudo-t p Unique perms df 
δ15N 1.0395 0.3077 9381 Bradshaw Sound (inner) vs. 

Thompson Sound (outer) TL 0.5094 0.6109 9352 
18 

δ15N 3.2917 0.0040 2900 Doubtful Sound inner vs. outer 
TL 5.3836 0.0005 2875 

13 

δ15N 1.0363 0.3548 9313 Breaksea Sound inner vs. outer 
TL 1.8439 0.0786 9328 

18 

δ15N 3.8168 0.0024 9695 Dusky Sound inner vs. outer 
TL 5.9819 0.0001 9690 

19 

δ15N 5.6160 0.0004 9294 Long Sound (inner) vs. 
Preservation Inlet (outer) TL 6.2432 0.0003 9322 

18 

 

Table 3.24: Mean and standard error dispersion of muscle δ15N signatures and estimated 

trophic level (TL) for blue cod sampled at each site in 2009. Sample sizes are also given. 

Site Test Mean SE n 
δ15N 0.42 0.083 Bradshaw Sound (inner) 
TL 0.31 0.067 

10 

δ15N 0.38 0.072 Thompson Sound (outer) 
TL 0.22 0.044 

10 

δ15N 1.12 0.453 Doubtful Sound (inner) 
TL 0.20 0.066 

5 

δ15N 0.22 0.052 Doubtful Sound (outer) 
TL 0.15 0.044 

10 

δ15N 0.58 0.241 Breaksea Sound (inner) 
TL 0.36 0.118 

10 

δ15N 0.27 0.069 Breaksea Sound (outer) 
TL 0.27 0.079 

10 

δ15N 0.34 0.061 Dusky Sound (inner) 
TL 0.25 0.044 

11 

δ15N 0.54 0.121 Dusky Sound (outer) 
TL 0.30 0.036 

10 

δ15N 0.32 0.102 Long Sound (inner) 
TL 0.17 0.053 

10 

δ15N 0.31 0.083 Preservation Inlet (outer) 
TL 0.18 0.055 

10 
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Table 3.25: Results of PERMDISP tests comparing dispersion of δ15N and estimated trophic 

level (TL) at paired inner and outer fjord sites in 2009 including the test statistic pseudo-t, the 

significance level p calculated under permutation and the degrees of freedom. Significant 

results (p<0.05) are shown in bold. 

Comparison Test Pseudo-t p df 
δ15N 0.3154 0.7394 Bradshaw Sound (inner) vs. Thompson Sound (outer)  
TL 1.1468 0.2600 

18 

δ15N 2.8428 0.0079 Doubtful Sound inner vs. outer 
TL 0.7006 0.5580 

13 

δ15N 1.2016 0.3322 Breaksea Sound inner vs. outer 
TL 0.6867 0.4940 

18 

δ15N 1.5377 0.1528 Dusky Sound inner vs. outer 
TL 0.9870 0.3240 

19 

δ15N 0.0439 0.9577 Long Sound (inner) vs. Preservation Inlet (outer) 
TL 0.2316 0.8410 

18 
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Figure 3.12: (a) Mean δ15N signature (b) mean trophic level (c) mean δ15N dispersion and 

(d) mean trophic level dispersion for blue cod sampled in inner (grey bars) and outer fjord 

habitats (white bars) in each fjord in 2009. Standard error bars are shown. 
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3.5.3 Trophic ecology & growth 

 

The relative influence of biological, trophic and environmental factors on growth rate 

was assessed using the following global model and associated nested models: 

 

Growth (age, size) = sex + habitat + management + fjord + energy input + trophic level 

 

Marginal tests found a significant relationship between growth and sex (pseudo-

F2,86=4.604, p=0.0195), habitat (pseudo-F2,86=11.811, p=0.0002) and management zone 

(pseudo-F4,84=5.0624, p=0.0112) but not fjord (pseudo-F5,83=1.074, p=0.3790), energy 

equivalent of the stomach contents (pseudo-F2,86=0.7693, p=0.4418) or trophic level (pseudo-

F2,86=1.7399, p= 0.1751). As neither energy nor trophic level was individually significant, for 

subsequent tests they were pooled into a single ‘diet’ category. Sequential tests showed that 

diet did not explain a significant portion of the variability in growth beyond that explained by 

habitat, management zone and sex (Table 3.26). 

Table 3.27 summarises the best model results while Table 3.28 ranks the factor groups 

in terms of their contribution by weight to the set of models. Sex was the single most 

important modelled factor influencing individual growth, followed by management zone and 

habitat. Diet and fjord explained little of the variability in individual growth. The best overall 

model only explains 27% of the variability in growth; in contrast, the best model excluding 

dietary factors explained 42% of the variance in growth (see Chapter 2, Section 2.5.4). 

Including trophic factors in the model selection has introduced more variance; combined with 

the lack of significant results for even marginal tests, this suggests that trophic ecology plays 

a minor role in controlling blue cod growth in the fjords. 

  

Table 3.26: Results of sequential tests relating predictor factors and growth, including the test 

statistic pseudo-F, the significant level p calculated under permutation and the degrees of 

freedom (group, error). Significant results (p<0.05) are shown in bold. 

Factor Pseudo-F p df 
Habitat 11.811 0.0002 2, 86 
Management zone 5.7580 0.0088 3 ,85 
Sex 3.3596 0.0195 5, 83 
Diet 0.9410 0.4115 7, 81 
Fjord 0.5744 0.7653 11, 77 
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Table 3.27: Details of log-likelihood, number of parameters (K), AICc, relative power (Δ i), 

Akaike weights and variance explained (R2) for the top ten ranked models describing 

variability in growth. 

Growth = Log (L) K AICc Δ i wi R2 
Sex + zone 2.122 2 46.78 0.00 0.312 0.24 
Sex + habitat + zone 2.122 3 46.78 0.00 0.312 0.24 
Sex + habitat 2.156 2 49.184 2.40 0.094 0.18 
Sex + habitat + zone + diet 2.112 4 49.427 2.65 0.083 0.26 
Sex + zone + diet 2.112 3 49.427 2.65 0.083 0.26 
Sex + habitat + diet 2.144 3 51.139 4.36 0.035 0.20 
Sex + habitat + fjord 2.124 3 51.796 5.02 0.025 0.24 
Sex + zone + fjord 2.103 3 52.328 5.55 0.019 0.27 
Sex + habitat + zone + fjord 2.103 4 52.328 5.55 0.019 0.27 
Habitat 2.185 1 52.807 6.03 0.015 0.12 

 

Table 3.28: Summed weights for each factor calculated as the sum of the Akaike weights for 

each model in Table 3.27 that includes a given factor. 

Factor Summed weight 
Sex 0.9847 
Management zone 0.8300 
Habitat 0.5850 
Diet 0.2016 
Fjord 0.0644 
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3.6 Discussion 

 

 This study aimed to quantify and describe the spatial variability in blue cod trophic 

ecology between inner and outer fjord habitats and between fjord basins, and to assess the 

importance of that variability as a driver of the observed asynchrony in individual growth 

rates between habitats. 

Blue cod diet differed in composition and diversity between habitats. Inner fjord diets 

typically comprised benthic resources (invertebrates and detritus) and were relatively diverse 

while outer fjord diets were more pelagic in nature (i.e. had a higher incidence of 

zooplankton) and were less diverse. This spatial separation in diet composition resulted in a 

lower estimated dietary energy content for inner fjord fish. The exception to this pattern was 

Long Sound–Preservation Inlet, where outer fjord diets were energetically poorer than in 

other fjords and poorer than in the inner region of Long Sound. Fish sampled from outer 

Preservation Inlet had preyed unusually frequently on benthic resources, in particular 

gastropod molluscs. This could be related to the morphology of Preservation Inlet, which is 

relatively sheltered for an outer fjord site. A shallow sill at the entrance separates the deeper 

waters of the inlet from the open Tasman Sea (Stanton & Pickard 1981). At a depth of just 

30m, this is the shallowest entrance sill of all the fjords and restricts wave action within the 

inlet (Wing et al. 2003a), perhaps supporting a more abundant grazer community than at more 

exposed sites. The benthic community in Long Sound–Preservation Inlet is distinct from other 

fjords (Smith 2001) and is characterised by high abundances of the grazing gastropod 

Maoricolpus sp. (Wing & Jack 2010), supporting this hypothesis. 

Stable isotopic signatures were broadly similar for most sites, with the exception of 

inner Doubtful Sound (relatively deplete in δ13C and δ15N) and inner Long Sound (relatively 

enriched in δ13C and δ15N). Rodgers & Wing (2008) reported that blue cod sampled from 

inner Doubtful Sound and inner Bradshaw–Thompson Sound were isotopically deplete 

relative to fish sampled from the outer regions of the fjord complex; the results of the present 

study show that in fact inner Doubtful Sound fish are more isotopically deplete than fish from 

inner fjord habitats elsewhere in the system. 

In Long Sound–Preservation Inlet, freshwater/estuarine production constituted the 

major carbon source. δ15N and estimated trophic level were high here, suggesting that food 

web structure differed from other sites. Lawton et al. (2010) found that sea perch (Helicolenus 

percoides) from inner Long Sound were also enriched in δ13C and δ15N relative to populations 

in inner Breaksea Sound and inner Doubtful Sound. Two explanations are possible for the 
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across-taxa enrichment in this fjord: either the food web involves more trophic transfers with 

the result that consumers are feeding at a higher trophic level than elsewhere, or they are 

supported by a food web that, at its base, is relatively enriched not just in δ13C but also δ15N. 

The relative likelihood of the two explanations can be assessed by examining the stomach 

contents of blue cod: as stomach contents have been sampled over a period of several years, a 

similar timescale to the isotopic turnover rate of muscle tissue, these data provide a useful 

corollary to isotopic signatures. Stomach contents sampled from inner Long Sound included a 

high proportion of benthic invertebrates, in particular molluscs such as mussels (Mytilus 

galloprovincialis) and strawberry cockles (Pratulum pulchellum). These are both filter-

feeding species meaning that blue cod feeding directly on them would only be secondary 

consumers; the second hypothesis is therefore the more plausible of the two. In inner Dusky 

Sound sea perch were enriched in δ15N relative to inner Breaksea Sound and inner Doubtful 

Sound (Lawton et al. 2010), and the same pattern was observed for blue cod. Blue cod 

sampled from inner Dusky Sound had fed largely on benthic resources, in particular detritus. 

This again makes the second hypothesis more plausible and points towards considerable 

spatial heterogeneity (on an equivalent scale to trophic level fractionation) in the δ15N of 

source pools within Fiordland. This has been reported for other temperate reef systems (Guest 

et al. 2010) and is not unexpected given the steep environmental gradients and fragmented 

habitat networks that characterise the study system. 

It is also noteworthy that in inner Long Sound a greater proportion of carbon fluxes 

originated from macroalgal (Ulva) production than at any other inner fjord site. Two possible 

mechanisms could drive this. Firstly, the entire inner basin of Long Sound is designated a no-

take marine reserve and supports an abundant blue cod population (see Chapter 2, Section 

2.5.1.1). The incidence of echinoderms in blue cod stomachs was also higher here than at 

other inner fjord sites. It is possible that the abundant blue cod population (as well as other 

higher trophic level consumers) in the marine reserve exerts sufficient top-down control on 

the grazing guild to allow macroalgae to proliferate and alter the carbon flow through the food 

web (Salomon et al. 2008). The second possible mechanism reflects the salinity regime in 

Long Sound. The narrow bottleneck that restricts water exchange between the inner basin and 

Preservation Inlet acts to retain freshwater within the inner fjord, potentially resulting in an 

increased Ulva biomass relative to other inner fjord habitats such as Breaksea and Dusky 

Sounds where freshwater inputs are more rapidly discharged. The progressive steepening of 

fjord walls with decreasing latitude mean that the light environment in Long Sound is also the 

most conducive to algal growth. 
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In inner Doubtful Sound, terrestrially-derived carbon was estimated to account for a 

substantial proportion of energy fluxes to blue cod; this was not detected at any other sites 

despite the chemoautotrophic clam S. parkinsoni being recorded in the stomach contents of a 

small proportion of fish sampled from inner Breaksea and Dusky Sounds and outer Long 

Sound–Preservation Inlet in previous years. Macroalgal carbon fluxes largely reflected the 

lower salinity conditions and consequent estuarine algal assemblages at inner fjord sites 

compared to the kelp forest habitat characteristic of oceanic outer fjord sites. Carbon from 

SPOM flowed predominantly to blue cod in inner fjord habitats and not outer fjord habitats as 

predicted based on along-fjord trends in phytoplankton biomass (Goebel et al. 2005). Within 

Doubtful Sound, Wing et al. (2008) found a similar trend in pelagic carbon utilisation by the 

sea cucumber Australostichopus mollis, but pelagic carbon fluxes to rock lobsters (Jasus 

edwardsii) in Doubtful Sound were highest in the mid and outer fjord regions and lowest in 

the inner fjord (Jack et al. 2009). This carbon source pool represented not just phytoplankton, 

but rather a composite signature likely incorporating microzooplankton, detritus and 

macroalgal particulate organic matter; in practice it is hard to obtain a discrete phytoplankton 

sample, particularly in fjord environments, even in spring (Fredriksen 2003).  

In Doubtful Sound and Bradshaw–Thompson Sound inferences were limited by the 

small sample sizes. However, results can be compared to those of a previous, more extensive 

study of blue cod trophic ecology in this fjord complex. Rodgers & Wing (2008) recorded a 

broader range of prey items in the stomach contents of blue cod from inner Doubtful Sound 

than observed in the present study; however, δ13C values were similar to those measured in 

2009 and it seems that the apparent strong preference for S. parkinsoni indicated by the results 

of the current study may be unrepresentative of the actual range of prey consumed by this 

population. S. parkinsoni was also recorded in the stomachs of blue cod sampled from inner 

Bradshaw–Thompson Sound and outer Doubtful Sound in 2004–2005, although isotopic 

signatures did not indicate the longer-term assimilation of recycled carbon in the outer fjord 

region (Rodgers & Wing 2008). Signatures from fish sampled in inner Bradshaw–Thompson 

Sound, where S. parkinsoni constituted an important prey resource by weight, did however 

reflect longer-term allochthonous carbon inputs (Rodgers & Wing 2008); no evidence of this 

was found in the current study. This discrepancy may be an artefact of the smaller sample 

sizes in the present study or could reflect a temporal shift in feeding strategy.  

Limited evidence was found for a spatial shift in trophic level between inner and outer 

fjord habitats. In most cases, blue cod from the inner fjords seemed to be feeding at a higher 

trophic level than those in the outer fjords, although results were not significant and the 
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pattern did not apply across all fjords. In combination with the significantly more diverse diet 

in the inner fjords this points to a complex food web in both habitats with an omnivorous 

feeding strategy encompassing many trophic levels. 

The assumptions made regarding nitrogen fractionation and subsequently trophic 

enrichment seem to be relatively robust; sensitivity analyses did not cause inferences 

regarding the balance between source pools supporting blue cod at a given site to change, for 

example. This is heartening, as with the exception of terrestrial organic matter, the source 

pools included in mixing models did not have very discrete δ13C signatures, particularly 

following the application of trophic enrichment fractionations. Vander Zanden & Rasmussen 

(2001) found that errors in δ13C mixing model outputs were most sensitive to the magnitude 

of the difference between isotopic end members. For this reason, three-source mixing models 

were not constructed. Nitrogen was not considered a suitable second tracer and sulphur was 

not measured. Future investigations could avoid some of the apparent spatial variability in the 

baseline isotopic signatures by sampling primary consumers rather than consumers (Vander 

Zanden & Rasmussen 1999). This can reduce the error variance in estimating consumer 

trophic position by a factor of three (Vander Zanden & Rasmussen 2001).  

Samples were caught using hook and line, therefore only fish with an appetite (i.e. 

actively feeding at the time of sampling) will have been caught. The Maori name for blue cod 

is rawaru (‘to vomit’) due to their apparent habit of egesting their stomach contents when 

hauled up. However, this was rarely observed and <2% of samples in this study had empty 

stomachs. 

One of the major limitations of dietary studies based on stomach content analysis is 

that there is no way to determine whether differences in diet composition are related to the 

availability of different prey types or a strong selectivity. However, integrating across several 

sampling events and employing stable isotope analysis in parallel can help resolve this issue 

by giving an indication of the longer-term importance of different dietary components to each 

population. This was not achieved in Doubtful Sound or Bradshaw–Thompson Sound within 

the current study, which included only a few samples collected over a short time period 

(months). Variation in the isotopic signatures of wild individuals is indicative of the 

combined effects of feeding habits and inherent variability; unless the inherent variability has 

been quantified under controlled conditions, only the relative rather than the absolute 

influence of diet can be assessed (Barnes et al. 2008). Microchemical composition of calcified 

structures can record information on environmental conditions experienced over a longer 

period than stable isotopic signatures of metabolically active tissues. The use of such trace 
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elemental signatures as integrators of physico-chemical conditions will be explored in the 

following chapters. 

No evidence was found to support the hypothesis that the spatial separation in 

individual growth rates is driven by trophic ecology. However, the parameters included in the 

model (sex, habitat, management zone, trophic ecology and fjord) together explained only a 

quarter of the variability in individual growth. Despite the observed difference in diet quality 

between inner and outer fjord habitats and the corresponding asynchrony in growth rate, it 

appears that trophic ecology plays a relatively minor role in determining individual growth, 

which is largely sex-dependent. McLeod et al. (2010a) detected no difference in growth of 

spotty wrasse (Notolabrus celidotus) between inner and outer fjord habitats within Doubtful 

Sound, despite observing a similar spatial separation in carbon source utilisation. This 

suggests that the inner fjord food web, although apparently supplying a poorer quality diet to 

higher order consumers, is not sufficiently depauperate to limit growth. The growth parameter 

most likely to be affected by diet is k, the rate at which size approaches the asymptote (L∞), 

therefore any effect will be most pronounced in younger fishes (McLeod et al. 2010a); the 

lack of observed correlation between blue cod trophic ecology and growth could therefore be 

in part related to the age distribution of individuals included in the model (4–18 yrs). 

However, growth is likely controlled by a complex interaction between physical, biological 

and behavioural factors. 

 

3.7 Conclusions 

 

1. Diet varies between habitats and fjord basins in composition, diversity and basal 

carbon source; this spatial separation is consistent over a period of up to several years. 

2. A degree of spatial variability is evident in the baseline (producer) isotopic signatures, 

which has important implications for future studies in the Fiordland system. 

3. Trophic ecology has limited influence on individual growth rates of Fiordland blue 

cod populations.  
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Oceanographic conditions & trace elements in 

Fiordland: A Doubtful Sound case study 
 

Mussels cover a mooring line in The Gut (Te Awaatu) marine reserve, Doubtful Sound 
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4.1 Introduction 

 

4.1.1 Fjord oceanography 

 Doubtful Sound represents an interesting model system in which to study fjord 

oceanography as the typical estuarine circulation pattern and salinity regime have been 

anthropogenically amplified. The high orographic rainfall (~7m yr-1) and steep topography of 

the Fiordland region result in naturally large inputs of freshwater into the fjords (~200m3 s-1; 

Stanton & Pickard 1981), forming a surface low-salinity layer (LSL) that overlies a denser 

saline layer (SL). The seaward flow of the LSL, in combination with the compensatory flow 

of oceanic water into the fjord, establishes an estuarine circulation pattern. The typically low 

tidal amplitude (~2m) and deep basin depths (<450m) mean that layers are not mixed by 

oscillating tidal currents or bottom boundary stresses as in shallow estuaries (Gibbs et al. 

2000). The two layers become progressively more entrained towards the mouths of the fjords 

and are further mixed by strong predominantly onshore winds that are channelled up the 

steep-sided fjord valleys resulting in a steady decrease in depth and increase in salinity of the 

LSL along the fjord axis (Gibbs et al. 2000). 

In Doubtful Sound the LSL has become both more pronounced and more persistent 

since the commissioning of the Manapouri hydroelectric power station (HEP) in 1969. This 

diverts nearly the entire flow from the catchments of Lakes Manapouri and Te Anau and 

discharges 450–700m3 s-1 of freshwater into the head of Doubtful Sound, effectively more 

than tripling the freshwater input into the fjord (Bowman et al. 1999; Stanton & Pickard 

1981) and forming a narrow, meandering jet (Gibbs et al. 2000) detectable as a plume some 

distance outside the mouth of the fjord (Frew & Hunter 1995; McCully et al. 1995). Surface 

salinities at the head of Doubtful Sound are very low (mean ~3) and are on average lower and 

less variable since the HEP commenced discharge, while in the mid fjord mean salinity has 

halved from a relatively oceanic 25 to just 12 (Gibbs et al. 2000; Wing et al. 2003b). 

Typically 1–4m in thickness but periodically (approximately every 25 days) extending to a 

depth of 9m at the head of the fjord, the LSL in Doubtful Sound is significantly deeper than 

the more naturally variable LSLs elsewhere in Fiordland and is likely one of the most 

pronounced in the world (Gibbs et al. 2000; Gibbs 2001; Rutger & Wing 2006; Stanton & 

Pickard 1981). The periodic deepening of the LSL near the head of the fjord is largely 

attributed to natural forcing processes, mainly strong wind events and storm surges, which act 

to retain freshwater in the inner fjord (Gibbs et al. 2000). Unlike many other fjord systems the 

LSL is a year-round phenomenon in Doubtful Sound. 
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4.1.1.1 Impacts on biota 

The variable salinity regime plays a critical role in structuring biotic communities in 

the intertidal and shallow subtidal zones, in both rock wall and soft sediment habitats. In 

addition to controlling distributions based on osmoregulatory abilities, light attenuation by the 

tannin-stained LSL can both restrict vertical distribution to the shallow euphotic zone and 

allow deepwater emergents (for example, black coral, Antipathella fiordensis and red coral, 

Errina novaezelandiae) to occur at unusually shallow depths. 

Batham noted in 1965, before the HEP commenced operation, that species living 

around the high tide line would be immersed in relatively freshwater whereas those at the low 

tide line would be exposed to greater extremes of salinity. Her study represents the only 

baseline dataset describing intertidal rocky shore ecology in the fjord under natural conditions 

and identified six groups of organisms based on their salinity tolerances. Mussels Mytilus 

galloprovincialis (formerly M. edulis aoteanus) were classed as “present but at depressed 

tidal level at lower salinities” and were recorded as patchily distributed at the low tide level in 

the inner fjord. A recent survey of similar sites revealed major changes in the distribution of 

previously dominant species, likely reflecting the increased freshwater input (Boyle et al. 

2001); the distribution of M. galloprovincialis was observed to have shifted seaward in 

response to the deepening of the LSL. Mytilus is a relatively euryhaline genus due to 

physiological mechanisms that regulate osmotic stress (Berger & Kharazova 1997), which in 

Doubtful Sound has allowed it to exploit the LSL as a refuge from stenohaline predators 

(Wing & Leichter 2011; Witman & Grange 1998).  

Other molluscs have been more negatively impacted by the altered salinity regime. 

The littleneck clam Austrovenus stutchburyi, common in the soft sediment delta habitats at the 

heads of other fjords in the system is an important food resource for many consumers 

(including blue cod and rock lobsters) and is a major facilitator of benthopelagic linkage 

(Rutger & Wing 2006). The species is now rare or absent from similar habitats in Doubtful 

Sound: historic populations here existed under high-salinity conditions that have not been 

experienced since the HEP was commissioned and laboratory experiments have shown that 

the species lacks the osmoregulatory abilities to deal with the current salinity regime 

(McLeod & Wing 2008; Tallis et al. 2004). 
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4.1.2 Trace elements in seawater 

 Levels of trace elements in seawater are so low relative to potential contamination 

sources that reliable profiles were not recorded until the 1970s with the development of trace 

element clean procedures (Patterson & Settle 1976). Natural background levels of trace 

elements exist in crustal rocks, in particular igneous rocks, and are released by the natural 

forces of physical and chemical weathering and anthropogenic activity (Bianchi 2007). In 

addition to terrigenous inputs via freshwater runoff, trace elements enter the marine 

environment through atmospheric deposition, remobilisation from sediments, hydrothermal 

vent activity and underwater volcanoes. 

The main processes affecting trace element cycling in seawater are mixing of water 

bodies, particle–water interactions (both biotic and abiotic) and diagenetic processes in 

sediments (Gavriil & Angelidis 2005). As estuaries and coastal waters are highly dynamic 

environments with strong physico-chemical gradients, trace element cycling is considerably 

more complex here than in open oceanic systems (Bianchi 2007). Distributions of trace 

elements in estuarine environments are controlled by physical, chemical and biological 

processes that govern the fate and net fluvial transport of weathered material from continental 

landmasses to the ocean (Padmavathi & Satyanarayana 1999). These processes interact to 

regulate the transmission of dissolved and particulate elements from river to ocean leading to 

longitudinal variability along the salinity gradient with additional regulation from physical 

mixing of fluvial and marine particulates (Dorval et al. 2005). During estuarine circulation, 

progressive mixing of freshwater and oceanic water leads to a depletion of elements in the 

dissolved load along the salinity gradient (Zwolsman & van Eck 1999). Increased salinity 

causes flocculation of fluvial colloids and fractionation of trace elements (Dorval et al. 2005). 

Vertical profiles follow those of well-understood parameters such as temperature, salinity, 

dissolved oxygen and nutrients (Boyle et al. 1976). 

Many elements vary geographically in seawater; this variability is often greater in 

coastal and inland waters than in the open ocean (Campana 1999). The physical and 

biological processes controlling seawater concentrations of elements included in this study are 

summarised below. 
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4.1.2.1 Conservative element profiles 

Trace elements often follow conservative profiles in seawater: that is, they show a 

direct relationship to salinity. Lithium (Li), magnesium (Mg) and strontium (Sr) increase 

steadily with salinity, resulting in higher concentrations in seawater than in freshwater 

(Bruland 1983; Hall et al. 2005). However, the relationship between Sr/Ca and salinity in 

coastal waters is typically curvilinear, with the majority of variation in Sr/Ca observed at 

salinities <10 (Kraus & Secor 2004). The main sources of Li to the oceans are fluvial inputs 

from the weathering of igneous rocks (in particular granites) and hydrothermal vent activity 

(Hall et al. 2005). Mg displays conservative or semi-conservative behaviour during estuarine 

mixing (Padmavathi & Satyanarayana 1999). 

Boron (B) has been found to exhibit an increasing trend from riverine to estuarine and 

coastal waters and an increase with depth reflecting salinity, suggesting a marine origin 

(Padmavathi & Satyanarayana 1999). However, during estuarine mixing B exhibits non-

conservative behaviour due to adsorption onto fluvial clays and subsequent sinking and net 

removal from the water column (Padmavathi & Satyanarayana 1999). 

Barium (Ba) behaves conservatively in coastal waters, decreasing with increasing 

salinity above ~8 (Broecker & Peng 1982); below this salinity estuaries act as a source of 

dissolved Ba through riverine inputs and release from suspended sediments (Zwolsman & van 

Eck 1999). In the open ocean Ba concentrations increase steadily with depth, following a 

nutrient-type profile (Bruland 1983). 

Rubidium (Rb) is understudied relative to other trace elements but is expected to 

behave similarly to fellow alkali element Li, and is mainly sourced from rock weathering 

(Friedrich & Halden 2008). As for Li, Rb has no known vital functions for marine biota. 

 

4.1.2.2 Nutrient-type element profiles 

Many elements follow vertical profiles that mirror those of well-studied 

micronutrients, implying an involvement in the biological cycle of algal uptake in the 

euphotic zone and heterotrophic remineralisation at depth through decomposition of sinking 

biogenic material. The flux of these elements through the marine environment is therefore 

largely determined by the formation and destruction of organic matter (Broecker & Peng 

1982). In coastal waters trace element concentrations tend to correlate less well with 

micronutrients than in the open ocean due to the influence of external point sources 

(terrestrial, fluvial, sedimentary and anthropogenic; Gavriil & Angelidis 2005). 
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Phosphorous (P), in the bioavailable form of phosphate PO4
3-, is a major 

phytoplankton nutrient and as such follows the classic nutrient profile of depletion within the 

euphotic zone followed by regeneration at depth. P is predominantly supplied to the ocean by 

rivers and undergoes major chemical and biological transformations within estuarine mixing 

zones; atmospheric inputs are considered trivial and are likely to represent <10% of riverine 

fluxes (Bianchi 2007). 

Copper (Cu), an essential micronutrient for marine biota (Croot & Hunter 1998), 

increases from surface to deep waters (Broecker & Peng 1982). Its vertical distribution often 

resembles that of silicate but is strongly influenced by local inputs in both surface and bottom 

waters and is extensively scavenged throughout the water column through adsorption onto 

flocculated particles and rapidly incorporated into sediments (Boyle et al. 1977; Bruland 

1980). 

Cadmium (Cd) shows nutrient-like behaviour, increasing in concentration with depth 

(Hunter & Boyd 1999) and being removed from surface waters via adsorption (Bianchi 2007). 

Such removal is more likely to occur in deeper estuaries with minimal resuspension of 

sediments where particles can become trapped at the pycnocline (e.g. fjordic environments; 

Bianchi 2007). Cd is linearly correlated to labile PO4
3- concentrations (Frew & Hunter 1992) 

but deviations from this global correlation occur in surface waters, semi-enclosed basins and 

continental shelf waters (Hunter & Boyd 1999). Although Cd has no known biochemical 

function there is strong evidence that in zinc-depleted surface waters it can substitute for zinc 

in some photosynthetic enzymatic (carbonic anhydrase) reactions with no loss of activity 

(Price & Morel 1990).  

The distribution of zinc (Zn) in seawater has precisely the same shape as silicate 

(Broecker & Peng 1982) and seems to be virtually independent of external points of entry 

(Bruland 1980). The magnitude of fluvial and shelf sediment inputs maintain substantially 

higher concentrations in coastal waters than the open ocean (Bruland et al. 1991). 

Cu, Zn and cobalt, all essential nutrients for marine biota (e.g. Zn is involved in the 

active site of carbonic anhydrase), vary spatially mirroring trends in suspended organic matter 

(Bianchi 2007). In shallow waters the vast majority of cobalt (Co) is found in the sediment 

and suspended particulate matter (Robertson et al. 1973) and remobilisation of sediments may 

provide an important internal source within estuaries, leading to non-conservative behaviour 

during estuarine mixing (Tovar-Sanchez et al. 2004). Riverine inputs are also likely to be 

important sources of Co, particularly in deeper coastal waters where sediment remobilisation 

is less likely to affect trace metal concentrations in surface waters. 
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4.1.2.3 Redox-sensitive elements 

Redox-sensitive elements undergo more complicated cycling in seawater and 

sediments in response to biological and diagenetic activity. 

Iron (Fe) is arguably the most biologically active trace element in the ocean and is 

essential for photosynthesis and phytoplankton growth. Its chemistry in the marine 

environment however is complex and remains poorly understood despite considerable 

research effort (Hunter & Boyd 1999). Fe is likely to be reduced in sediments and remobilised 

as well as entering in riverine inputs (Broecker & Peng 1982). Vertical profiles tend to mirror 

those of labile nutrients, as would be expected of a biologically important element (Hunter & 

Boyd 1999), but particulate concentrations are typically elevated in bottom waters and along 

shallow coastal regions due to terrestrial inputs (Danielsson et al. 1985). Concentrations in 

coastal waters typically exceed oceanic values due to fluvial inputs and remobilisation from 

shelf sediments (Bruland et al. 1991). 

Globally, the majority of sulphur (S) is found in the lithosphere but important inputs 

to the hydrosphere occur via atmospheric and volcanic emissions of sulphur dioxide SO2, 

which are oxidised to sulphate (SO4
2-) and removed by rainwater (Bianchi 2007). Seawater 

SO4
2- is biogenically reduced to sulphide (S2-) by phytoplankton and eventually incorporated 

into dimethyl sulphide (DMS, (CH3)2S), which is emitted to the atmosphere. Here, it is 

oxidised back to SO4
2- aerosols that can influence global climate patterns. Marine emissions 

of DMS constitute around half of the global flux of S to the atmosphere and are regulated by 

bacterial metabolism, water column mixing and photochemistry (Bianchi 2007). SO4
2- is one 

of the major ions in seawater; concentrations in freshwater are typically two orders of 

magnitude lower (Bianchi 2007). 

Dissolved manganese (Mn) is supplied to seawater by river runoff, diffusion out of 

reducing sediments and injection of hydrothermal solutions associated with mid-ocean ridge 

volcanism (Bender et al. 1977). Mn chemistry in the water column contrasts with that of the 

other transition metals, being scavenged from dissolved to particulate phase and regenerated 

under sub-oxic conditions (Landing & Bruland 1980); Mn entering from external sources 

never becomes fully mixed within the water column but is captured on particulate matter and 

transported to the seafloor (Broecker & Peng 1982). This scavenging means the oceanic 

distribution is seemingly controlled by external inputs resulting in maxima in surface waters 

(likely due to shelf sediment, riverine and aeolian inputs) and near deep-water hydrothermal 

regions (Bender et al. 1977; Landing & Bruland 1980). Inputs from shelf sediments, rivers 

and embayments are localised and variable (Landing & Bruland 1980). Mn removal from 
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riverine water during estuarine mixing has been estimated at between 25% and 45% 

(Sholkovitz 1978) and fluvial inputs are considered a potentially major source of dissolved 

Mn to surface waters near ocean boundaries (Landing & Bruland 1980). 

Lead (Pb) concentrations vary widely geographically and are generally associated 

with anthropogenic activity but can also be affected by river discharge, upwelling, volcanic 

activity and biological activity (Broecker & Peng 1982). The high concentration of Pb in 

surface waters relative to the deep ocean is anthropogenic in origin (Broecker & Peng 1982). 

Pb is particle-reactive and is typically rapidly removed from surface waters through 

adsorption (Bianchi 2007; Broecker & Peng 1982). 

 

4.1.3 Sources & distribution of trace elements in Fiordland 

Outflow from the Manapouri HEP means that trace element inputs to Doubtful Sound 

are potentially more complicated than in unaltered fjords in the system as the catchment has 

been extended to include Lakes Te Anau and Manapouri. Freshwater inputs to the fjord vary 

over small spatial (e.g. metres) and temporal scales (e.g. hours) as ephemeral waterfalls 

appear and disappear in response to rainfall within the catchment. The surrounding mountains 

are predominantly igneous — high-grade schists, gneisses and granites (Batham 1965; Oliver 

1980) — and as the area is geologically young, of volcanic origin, seismically active and 

mineral-rich, relatively high fluvial inputs of trace elements from weathering and erosion are 

likely. The major source of sediment is the suspended load from riverine inputs that is jetted 

out into the fjord as a buoyant plume (Pickrill 1987). 

Anthropogenic inputs of trace elements are minimised by the National Park status of 

the surrounding area, meaning that contrary to many other fjord systems PO4
3-, at least at 

depth, is predominantly sourced from the exchange of oceanic water over the entrance sill and 

levels are significantly higher in the SL than the LSL (Jones et al. 1995; Peake et al. 1999). 

However, anthropogenic inputs of Cd, Cu, Pb and Zn via wet deposition to Fiordland may be 

relatively important despite the region’s isolation (Halstead et al. 2000). Concentrations of Cu 

and Zn in Lake Manapouri are low relative to the global freshwater mean and seasonally 

stable; depth profiles of these trace elements, as well as of major ions (Mg, Sr) are relatively 

uniform (Reid et al. 1999).  

Surface (i.e. LSL) concentrations of Cd, Mn and Fe in Doubtful Sound and 

Bradshaw–Thompson Sound are very low (Kim et al. 1990). Cd concentration increases 

slightly with salinity but predominantly follows that of PO4
3- while concentrations of Mn and 

Fe decrease from the surface to 25m then increase to 350–400m following a typical nutrient-
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type profile and reflecting the distribution of silicate. Cd concentrations in the waters of the 

Southland Current offshore from the mouth of Doubtful Sound are very low at the surface and 

increase with depth, mirroring the micronutrients (Frew & Hunter 1995). Surface waters of 

the Subtropical Front have anomalously low Cd concentrations (Frew & Hunter 1995) and the 

low Cd/PO4
3- ratio extends into Doubtful Sound (Kim et al. 1990).  

Differences in watershed characteristics (for example, geology, freshwater influx and 

sediment load) can result in varying concentrations of dissolved and suspended particulate 

Mn, Sr and Ba within individual estuaries (Elsdon & Gillanders 2006) and it is expected that 

substantial spatial variability may exist in Doubtful Sound independent of salinity and water 

mixing. 

 

4.1.4 Bivalve shell formation 

During molluscan shell formation, an integrated series of physiological, biochemical 

and crystallographic processes result in a highly organised structure of calcium carbonate 

CaCO3 crystals (aragonite and calcite) in an organic matrix (Wilbur 1972). These processes 

occur extracellularly and in physical isolation from the seawater in the extrapallial fluid (EPF) 

that fills the mantle cavity. Mytilus shells consist of an organic periostracum, an outer 

prismatic layer of calcite crystals and a nacreous layer of aragonite crystals interlaced with a 

protein matrix (Dodd 1964). 

Ions used in calcification are transported to the EPF via passive pathways; Ca2+ may 

also be transported via an intracellular enzyme-mediated pathway or via selective ion 

channels (Carré et al. 2006).  

 

4.1.4.1 Incorporation of trace elements 

The incorporation of ions into the crystalline structure is directly dependent upon their 

concentration in the EPF at the site of crystallisation, which in turn is controlled by the blood 

and mantle tissues. The mantle mediates ionic transfer from the water to the EPF and 

fractionation can occur resulting in carbonates that do not reflect direct seawater 

precipitations (Wilbur 1972). Trace elements are thought to be taken up passively down a 

concentration gradient, although some (e.g. Cd, Pb, Mn and Zn) may also be transported via 

ion pumps (Phillips 1995; Qiu et al. 2005).  

For the majority of elements, the free element ion is the most bioavailable form 

(Rainbow 1995). Ions primarily enter bivalve haemolymph via the gills with smaller inputs 

from the gut (Rainbow 1995; Wilbur & Saleuddin 1983). Concentrations are often orders of 
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magnitude higher in tissues than in the surrounding seawater. For example, Pb has been found 

to be concentrated in bivalve shells by a factor of <10,000 relative to the surrounding 

seawater (Pitts & Wallace 1994). 

Divalent ions with radii smaller than or similar to Ca2+ (e.g. Mg2+, Fe2+, Cd2+, Cu2+, 

Mn2+ and Zn2+) can substitute into the crystal lattice by diadochically replacing the Ca2+ ions 

(Babukutty & Chacko 1992; Cravo et al. 2002). Incorporation of ions with a smaller radius 

than Ca2+ (e.g. Mg2+) results in a lattice distortion (Goldsmith et al. 1961), potentially 

increasing the likelihood of subsequent incorporation of a larger ion such as Sr2+, Ba2+ or Pb2+ 

(de Vries et al. 2005; Pitts & Wallace 1994; Vander Putten et al. 2000) and resulting in 

correlations between element concentrations (de Vries et al. 2005; Lazareth et al. 2003). 

There is some evidence that the incorporation of larger ions increases the stability of the 

aragonite lattice (Pilkey & Goodell 1963). B- ions apparently do not replace Ca2+ in the 

crystal lattice (Dodd & Crisp 1982). 

 

4.1.4.2 Fractionation between seawater and bivalve shells 

Ambient seawater concentrations can have varying impacts on carbonate 

concentrations. Early studies showed that Mytilus Sr/Ca is directly related to seawater 

concentrations (Dodd 1965) and that the Mg/Ca of bivalve calcite increases with that of the 

seawater (Lorens & Bender 1980). However, during estuarine mixing Mg/Ca and Sr/Ca in 

solution will differ between freshwater and ocean water only at salinities below 8 (Dodd & 

Crisp 1982). A correlation has also been reported between water and bivalve Mn/Ca and 

Pb/Ca concentrations (Becker et al. 2005). The incorporation of elements with a larger ionic 

radius than Ca2+ (e.g. Ba2+) is expected to be strongly influenced by environmental factors 

and studies have indeed found a direct relationship between bivalve Ba/Ca and ambient Ba 

concentrations for Mytilus edulis (Gillikin et al. 2006). Recent studies have observed that 

although mollusc shell chemistry is undoubtedly influenced by the physico-chemical 

properties of the ambient seawater, it is becoming increasingly clear that relationships 

between element/Ca ratios in shells and those in water can be masked or complicated by 

(often poorly understood) physiological controls (Vander Putten et al. 2000). 

 

4.1.4.3 Environmental control of trace element incorporation 

Freshwater runoff from continents likely affects elemental ratios of low-salinity 

seawater (Burton 1976). The abundance of bioavailable free ions varies significantly with 

salinity (Bruland 1983), which can affect element/Ca ratios in biogenic carbonates. The 
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availability of trace element ions may be much lower in freshwater than seawater — for 

example, two orders of magnitude for Sr (Leng & Pearce 1999) — but studies of trace 

element uptake by bivalves have reported conflicting results. 

Phillips (1977a) identified three mechanisms by which salinity could influence trace 

element concentrations in Mytilus edulis: 1. increased availability of elements in low-salinity 

waters due to the higher capacity of freshwater to retain elements in solution or suspension; 

2. different ion flux rates at different salinities, and 3. physiological responses at stressful 

salinities, such as valve closure in osmoconforming bivalves. For example, it has been 

suggested that at salinities <6 the proportion of the free Cd2+ ion in the total Cd pool increases 

and increased uptake of both Cd and Cu by Mytilus edulis has been reported at lower salinities 

(Phillips 1976,  1977a). Valve closure is likely during periods of rapid salinity decrease 

(Gilles 1972) and effectively halts the uptake of trace elements from either dissolved or 

particulate phases during the periods when trace element availability is maximal due to low 

salinity (Phillips 1977b).  

Some studies have suggested a minor influence of environmental factors on Sr 

incorporation (Lorrain et al. 2005; Rucker & Valentine 1961), although at low salinities (<8) 

a direct relationship does seem to exist (Dodd & Crisp 1982) and an increase in Sr 

incorporation with increasing salinity has been reported (Raith et al. 1996). In a system with 

such extreme environmental gradients as Doubtful Sound it is likely that a salinity effect may 

be detectable. 

A strong relationship between Mytilus Mg/Ca and salinity has been reported with 

lower concentrations at higher salinities (Dodd 1965), but elsewhere minimal environmental 

control of Ba, Mg and Mn in biogenic aragonite has been reported (Lazareth et al. 2003). 

Although freshwater is enriched in Ba and Mn relative to seawater, no direct correlation has 

been found between Ba/Ca or Mn/Ca and precipitation (and therefore runoff) suggesting that 

the relationship is non-linear (Lazareth et al. 2003). For example, interactions between 

salinity and biology complicate the interpretation of Mn/Ca in biogenic carbonates (Bath 

Martin & Thorrold 2005; Elsdon & Gillanders 2003; Strasser et al. 2008a).  Strasser et al. 

(2008a) found that Ba uptake was unaffected by salinity but Mn uptake was in the clam Mya 

arenaria. B, Mg and Cu concentrations in Crassostrea virginica were uncorrelated with 

salinity but Mn was (Rucker & Valentine 1961): it was hypothesised that at low salinities, and 

therefore low Ca2+ concentration, less desirable ions are accepted in the construction of the 

shell. Early work suggested that B concentrations in Mytilus shells may vary directly with 

salinity (Furst et al. 1976). 
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Phillips (1977a) observed that the uptake of Zn by M. edulis may be increased by 

highly stressful salinity changes due to the effect of salinity on phytoplankton Zn uptake, 

which produces higher absolute or bound concentrations in phytoplankton available to 

mussels. It appears to be the speed of the salinity fluctuation which affects uptake of trace 

elements as mussels acclimated to salinities between 15 and 35 took up elements at the same 

rate (Phillips 1976). Environmental effects on Pb uptake in Mytilus are largely unknown, 

although some effect of salinity has been suggested with concentrations generally higher in 

lower salinity waters (Phillips 1978). 

The conflicting conclusions drawn regarding environmental controls on bivalve 

element/Ca ratios, particularly for well-studied elements such as Sr and Mg, mean that species 

and mineral-specific effects are likely. Indirect effects of environmental conditions may also 

be important, for example through increased growth rates under optimal conditions (Gillikin 

et al. 2005b; Gillikin et al. 2006).  

 

4.1.4.4 Biological & physiological control of trace element incorporation 

The rate of growth and shell mineralisation, as well as toxicity threshold levels, may 

affect trace element concentrations in bivalve shells regardless of environmental conditions. 

The growth entrapment model (Watson 1996) predicts that the ability of a deposited material 

to expel trace impurities is exceeded at high crystal growth rates leading to increasing trace 

element concentrations; for example, as Sr2+ has a similar ionic radius to Ca2+ it may be 

transported similarly, with less discrimination at higher mineralisation rates (Carré et al. 

2006). Ba2+ can substitute for Ca2+ and diffuse through calcium channels similarly to Sr2+ 

although the affinity for Ba2+ is lower (Hagiwara & Byerly 1981). Subsequent studies have 

disputed Watson’s (1996) model however (Foster et al. 2009). 

Growth rate has been reported to affect Sr incorporation in some bivalve species but 

not others (Foster et al. 2009; Gillikin et al. 2005b; Swan 1957). No relationship has been 

established between growth rate and Sr/Ca or Mg/Ca in M. edulis (Lorens & Bender 1980). 

Higher growth rates have been reported to result in increased incorporation of Mg, Mn and Ba 

in fish otoliths (Bath Martin & Thorrold 2005; Hamer & Jenkins 2007) and bivalve shells 

(Carré et al. 2006; Stecher et al. 1996), but other studies have found an inverse relationship in 

bivalves which was attributed to an increased ionic discriminatory ability with increased age 

(Strasser et al. 2008b). Increasing age has also been linked to a decrease in incorporation of Sr 

and Mg in Mytilus (Dodd 1965). All mussels transplanted were of a similar size (Wing & 

Leichter 2011), therefore age effects are not anticipated in the present study. Mn (which exists 
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in particulate form in seawater) may be regulated to some extent by M. edulis, at least in low 

salinity waters, as uptake did not mirror that of other particulate elements (Phillips 1978).  

The high longitudinal growth rate of Mytilus shells and tolerance to a wide range of 

conditions makes them particularly suitable for studies seeking to link trace element 

signatures to environmental conditions (Vander Putten et al. 2000). The sources of trace 

elements included in this study and their likely profiles in Doubtful Sound waters and 

M. galloprovincialis shells are summarised in Table 4.1. 

 

4.1.5 ICP-MS 

Inductively-coupled plasma mass spectrometry (ICP-MS) has been used for some time 

to record trace element and stable isotope concentrations in geological samples (Kawabata et 

al. 1991), but in recent years has been increasingly applied to the study of biogenic 

carbonates, including bivalve shells (Becker et al. 2005), the otoliths of teleost fish (Campana 

et al. 1994), coral skeletons (Ferrier-Pagès et al. 2002), gastropod and cephalopod statoliths 

(Warner et al. 2009; Zacherl et al. 2003), marine mammal teeth and baleen (Born et al. 2003; 

Jay et al. 2008) and crustacean exoskeletons (DiBacco & Levin 2000). Studies have 

investigated larval dispersal and connectivity (Thorrold et al. 2007), habitat use (Hanson et al. 

2004), pollution (Gillikin et al. 2005a) and stock structure (Thresher 1999). Due to their broad 

geographical and environmental ranges, studies involving mussels have predominantly been 

concerned with their suitability as biological sentinels of coastal pollution (Goldberg 1975) or 

palaeo-salinity and temperature recorders. Unlike soft tissues, there is no significant 

remobilisation once elements have been deposited in the shell and concentrations integrated 

over the lifetime of an animal can be measured (Strasser et al. 2008a) or specific periods of 

growth can be targeted (Stecher et al. 1996). Shell concentrations are preserved after death 

supporting palaeo-environmental studies (Elliot et al. 2009) and are less subject to variability 

associated with seasonal weight changes than soft tissue concentrations (Cravo et al. 2002). 
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Table 4.1: Sources of elements included in this study and predicted profiles in coastal waters 

and Mytilus galloprovincialis shells. 

Element Sources Profile in coastal waters Profile in shells 

Li Fluvial, 
hydrothermal Increases with salinity Unknown 

B Marine Increases with salinity; 
removed through adsorption Increases with salinity 

Mg Marine Increases with salinity Decreases with increased 
salinity 

P 
Fluvial, 
atmospheric, 
regenerated 

Nutrient-type; increases 
with depth 

Unknown; likely to be 
regulated 

S Fluvial, 
atmospheric 

Higher in seawater than 
freshwater; fluvial inputs 
via rainfall 

Unknown; likely to be 
regulated 

Mn 
Fluvial, 
sedimentary, 
hydrothermal 

Dependent on point sources; 
removed through adsorption 

Decreases with increased 
salinity; may be regulated 

Fe Fluvial, 
sedimentary 

Nutrient-type; modified by 
inputs from point sources Unknown 

Co Fluvial, 
sedimentary 

Non-conservative; 
dependent on point sources Unknown 

Cu Fluvial Nutrient-type; removed 
through adsorption 

Decreases with increased 
salinity 

Zn Fluvial, 
sedimentary Nutrient-type Increases with salinity stress 

Rb Fluvial Increases with salinity? Unknown 
Sr Marine Increases with salinity Increases with salinity <8 

Cd Fluvial Nutrient-type; removed 
through adsorption 

Decreases with increased 
salinity 

Ba Fluvial, 
sedimentary 

Decreases with increased 
salinity above 8 Unknown 

Pb 
Fluvial, 
anthropogenic, 
volcanic 

Decreases with depth; 
removed through adsorption 

Decreases with increased 
salinity 
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4.2 Aims & objectives 

 

4.1 To map the mixing of water masses in Doubtful Sound, horizontally along the fjord 

axis and vertically through the water column. 

4.2 To assess the extent to which trace element profiles in the fjord are related to the 

horizontal and vertical mixing of water masses. 

 

4.3 Specific hypotheses 

 

4.1 The LSL will be most pronounced in the inner fjord and thinnest in the outer fjord. 

Salinity will be most variable and reach the lowest values in the inner fjord surface 

waters. 

4.2 Mussel shell trace element signatures will reflect the vertical and horizontal mixing of 

water masses. Signatures will be most variable in the inner fjord LSL and the dynamic 

outer fjord habitats and least variable in mid fjord habitats. Li/Ca and Sr/Ca will 

conservatively mirror salinity while Mg/Ca and Ba/Ca will be inversely related to 

salinity, at least for salinities <8. Rb/Ca will follow a similar profile to Li/Ca. B/Ca 

will be directly related to salinity with some evidence of adsorption and sinking. P/Ca 

and Zn/Ca will follow classic nutrient-type profiles independent of salinity and 

external point sources, although Zn/Ca will be higher in the inner fjord LSL as a result 

of salinity stress. Cu/Ca, Cd/Ca, Mn/Ca, Fe/Ca and Pb/Ca will follow nutrient profiles 

with some evidence of scavenging and fluvial inputs and increased uptake at salinities 

<8. Co/Ca profiles will predominantly reflect fluvial inputs and will be non-

conservative.  

 



Chapter 4                              Doubtful Sound trace elements 

  153 

4.4 Methods 

 

4.4.1 Sampling site & dates 

Sampling was conducted at three sites each in inner, mid and outer Doubtful Sound 

between 1998 and 2008 (Figure 4.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: The location of oceanographic survey sites (open circles) and experimental 

mussel transplant sites (filled circles) in inner (I), mid (M) and outer fjord habitats (O) in 

Doubtful Sound. Also shown is the location of the tailrace outflow tunnel from the Manapouri 

hydroelectric power station (HEP). 
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4.4.2 Oceanographic data collection 

Oceanographic surveys were conducted between 1998 and 2008 using a Seabird SBE-

19 conductivity, temperature and depth (CTD) profiler, which sampled at 0.5s intervals and 

was lowered at 0.5ms-1 (Rutger & Wing 2006; Wing et al. 2003b; Wing & Leichter 2011). 

Profiles at three inner, three mid and three outer fjord sites were used to calculate average 

salinity conditions for depth bins corresponding to experimental mussel cages in each habitat 

(see below). Sampling events included periods of both high and low rainfall and averages are 

designed to reflect robust estimates of the range of conditions vertically through the water 

column and horizontally along the fjord. 

 

4.4.3 Mussel transplant experiment 

Mussels (Mytilus galloprovincialis) were collected from outer Doubtful Sound in July 

2006 (Wing & Leichter 2011) and transplanted to three replicate sites each in the inner, mid 

and outer fjord. At each site, a rope was stretched between stainless steel bolts anchored to the 

rock wall at the high tide mark and 10m depth. Predator exclusion cages (Nytex plastic mesh, 

20cm x 10cm, 10mm mesh size) were attached to the rope at depths of 2m and 8–10m: cages 

at 2m were assumed to be permanently within the LSL while cages at 8–10m were assumed to 

be permanently within the SL. Each cage contained mussels randomly selected from a size 

range of 35–51mm shell length. The current extent of shell growth was marked by etching 

one valve using a triangular file. 

Mussels were retrieved in February 2007 after an experimental duration of 213d, 

incorporating the most productive spring–summer growth period. Once harvested, mussels 

were frozen and the flesh removed using Teflon-coated forceps. Experimental valves were 

stored in individual bags for subsequent trace element analysis. Sample sizes are given in 

Table 4.2. 

 

Table 4.2: Mussel sample sizes in the LSL and SL in inner, mid and outer fjord habitats. 

Habitat Depth band n 
LSL (2m) 10 Inner 
SL (8–10m) 13 
LSL (2m) 13 Mid 
SL (8–10m) 9 
LSL (2m) 12 Outer 
SL (8–10m) 11 
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4.4.4 Trace element analysis 

Mussel shell samples were transferred to a clean laboratory where they were prepared 

for trace element analysis according to the methods of Becker et al. (2005). The experimental 

growth portion of each shell (distal to the etched mark) was clipped off using Teflon coated 

forceps and transferred to individual acid-washed HDPE vials. A solution of 15% hydrogen 

peroxide, H2O2 (trace element grade, Fisher Scientific) buffered with 0.05mol L-1 sodium 

hydroxide, NaOH (trace element grade, Fisher Scientific) was added for 30 minutes. Reagent 

was then pipetted off and the reaction was repeated until effervescing had ceased. Samples 

were rinsed 3 times in quartz distilled (QD) 18mQ water. A 1% nitric acid (HNO3) solution 

was then added to the vial for 10s before rinsing a further 4 times with QD water. Samples 

were left to dry in a laminar flow hood before being transferred to clean acid-washed HDPE 

vials and weighed. Clean, dry samples were crushed using an agate pestle and mortar before 

being dissolved in superpure double distilled HNO3 (65%, Merck Suprapure®) and A.R. 

Grade H2O2. The digestion was carried out in a microwave digestion system (START D, 

Milestone Inc.). 

Concentrations of fifteen trace elements were measured using solution-based ICP-MS. 

For Fe, Collision Reaction Interface (820–MS, Varian Inc.) was used to minimise polyatomic 

interferences. Details of the elements assayed are given in Table 4.3. Concentrations were 

ratiod to calcium (43Ca) to account for differences in the weight of each sample and expressed 

as nmol or mmol (element) per mol (calcium). S concentrations were not significantly greater 

than the instrumental detection limits; S was therefore excluded from subsequent analyses. 

This may be due to the fact that S in bivalve shells is concentrated in the organic matrix 

(Rosenberg & Hughes 1991), which was removed during sample preparation. Machine 

precision estimates (relative standard deviation, RSD) were calculated based on three 

replicate measurements of the same sample. This represents the internal machine variability 

associated with each element: if the difference in the concentration of an element between two 

samples exceeds the RSD estimate then the inter-sample difference can be accepted as ‘real’. 

RSD values for the data presented here are within acceptable limits for the analysis of spatial 

trends (Bellotto & Miekeley 2007). All trace element analyses were conducted by Dr Yi Hu at 

James Cook University’s Advanced Analytical Centre, Townsville in August 2009.  
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Table 4.3: Details of analytical techniques used to measure trace element concentrations in 

mussel shell samples. Machine precision estimates (relative standard deviation) are given for 

each element. 

Isotope Analytical technique RSD (%) 
7Li ICP-MS 0 
11B ICP-MS 9 
25Mg ICP-MS 1 
31P ICP-MS 1 
34S Below detection limits - 
55Mn ICP-MS 1 
56Fe ICP-MS with CRI 3 
59Co ICP-MS 3 
65Cu ICP-MS 0 
66Zn ICP-MS 2 
85Rb ICP-MS 10 
88Sr ICP-MS 2 
111Cd ICP-MS 0 
138Ba ICP-MS 0 
206Pb, 207Pb, 208Pb ICP-MS 5 
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4.4.5 Statistical analyses 

In order to address the aims and objectives listed in Section 4.2, statistically testable 

hypotheses were constructed. 

 

1. The LSL will be most pronounced in the inner fjord and thinnest in the outer fjord 

Salinity profiles in each habitat were compared visually to assess the extent of the LSL 

in each habitat. Average salinity conditions were compared between depth bands (fixed effect, 

2 levels) in each habitat using PERMANOVA. The range of salinity conditions in each 

experimental zone (depth band within a habitat) was compared using PERMDISP. 

 

2. Mussel shell trace element signatures will reflect horizontal and vertical trends in salinity 

and temperature. Signatures will be most variable in the inner fjord LSL and the dynamic 

outer fjord habitats. 

Site was treated as a random effect nested within depth band and habitat and was 

found not to be significant (PERMANOVA: pseudo-F5,57=1.1810; p=0.2296). For subsequent 

tests, data were therefore pooled across sites. Depth within the 8–10m depth band was also 

tested as a random effect and found to be non-significant (PERMANOVA: pseudo-

F1,61=0.9105; p=0.4858) so subsequent tests pooled across 8–10m depth. Multivariate trace 

element signatures were compared between depth bands (fixed effect, 2 levels) and habitats 

(fixed effect, 3 levels) using PERMANOVA based on a Euclidean distance matrix. Data were 

first normalised (mean=0, standard deviation=1) due to inter-elemental variation in 

concentration ranges. Within-group variability in trace element concentrations was compared 

using PERMDISP. CAP analysis was used to calculate reclassification-to-group success rates 

and an unconstrained ordination (PCO) with vector overlays was examined to qualitatively 

assess the relative importance of each element in driving spatial variability in trace element 

signatures. Univariate PERMANOVA was used to quantitatively identify the suite of 

elements driving horizontal and vertical patterns.  

The effect of salinity on individual trace element concentrations was assessed using 

linear regression in DistLM (PERMANOVA+ for PRIMER v6). This performs (Euclidean) 

distance-based linear regressions and calculates p-values under permutation. 
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4.5 Results 

 

4.5.1 Oceanographic conditions 

Hypothesis 4.1 predicts that the LSL will be most pronounced in the inner fjord, with 

increased vertical mixing along the fjord axis. Figure 4.2 shows that in all habitats, salinity 

increased and became less variable with increasing depth. Mean surface salinity increased 

along the fjord axis from ~5 in the inner fjord to ~15 in the outer fjord. Surface salinity in the 

inner fjord was restricted to <20 but in the mid and outer fjord habitats included more oceanic 

values of >25. In the inner fjord the LSL extended to greater depths than in the mid fjord and 

by the outer fjord became rapidly mixed with the underlying seawater resulting in a far less 

pronounced inflexion between water masses.  

Table 4.4 and Figure 4.2d show the mean and range of salinity conditions in the 2m 

and 8–10m experimental depth bands in each habitat. Mean salinity was significantly lower in 

the 2m depth band than the 8–10m depth band in all habitats, with the latter typical of fully 

saline ocean water (Table 4.5). The assumption that mussels transplanted to cages at 2m depth 

were growing within the LSL and those in cages at 8–10m were within the SL therefore 

seems valid and the depth bands will hereafter be referred to as ‘LSL’ and ‘SL’. Within the 

LSL, salinity was significantly lower in the inner fjord than either the mid or outer fjord; mid 

fjord salinity was on average lower than in the outer fjord but not significantly so (Table 4.6). 

Within the SL, salinity was far less variable along the fjord axis and was on average highest in 

the outer fjord and lowest in the mid fjord, although it is worth noting that the salinity in the 

inner fjord dropped below that in the mid fjord and the higher variability has artificially 

inflated the mean (Table 4.6). These results support Hypothesis 4.1. 

Dispersion in the LSL was significantly greater than in the SL for every habitat 

(Tables 4.7 and 4.8; Figure 4.3). Within the LSL, dispersion was lowest in the outer fjord and 

highest in the mid fjord, but differences were not significant (Tables 4.7 and 4.9). Within the 

SL, dispersion was highest in the outer fjord and lowest in the mid fjord. Inner fjord salinity 

dispersion did not differ significantly from that in mid or outer fjord habitats however, but 

mid and outer fjords did differ significantly. These results support Hypothesis 4.1 insofar as 

salinity was most variable in the LSL, but the predicted along-fjord reduction in variability 

was not observed in either depth band. 
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Table 4.4: Mean, minimum, maximum and standard error salinity for the LSL and SL depth 

bands in inner, mid and outer fjord habitats in Doubtful Sound between 1998 and 2008. 

Habitat Depth band Mean Minimum Maximum SE 
LSL 13.10 2.76 27.34 1.349 Inner 
SL 34.02 32.97 34.60 0.062 
LSL 19.28 7.45 33.15 1.609 Mid 
SL 33.98 33.12 34.44 0.046 
LSL 23.23 13.10 31.73 1.187 Outer 
SL 34.20 33.79 34.86 0.062 

 

Table 4.5: Results of pairwise PERMANOVA tests comparing salinity between the LSL and 

SL in each habitat in Doubtful Sound between 1998 and 2008 including the test statistic 

pseudo-t, the significance level p calculated under permutation, the number of unique values 

obtained from 9999 permutations and the degrees of freedom. Significant results (p<0.05) are 

shown in bold. 

Habitat Pseudo-t p Unique perms df 
Inner 20.051 0.0001 9857 70 
Mid 11.842 0.0001 9822 62 
Outer 11.953 0.0001 9799 54 

 

Table 4.6: Results of pairwise PERMANOVA tests comparing salinity between habitats in 

the LSL and SL in Doubtful Sound between 1998 and 2008 including the test statistic pseudo-

t, the significance level p calculated under permutation, the number of unique values obtained 

from 9999 permutations and the degrees of freedom. Significant results (p<0.05) are shown in 

bold. 

Depth band Test Pseudo-t p Unique perms df 
Inner vs. Mid 2.9639 0.0050 9808 49 
Inner vs. Outer 5.4622 0.0001 9860 46 LSL 
Mid vs. Outer 1.9293 0.0618 9807 43 
Inner vs. Mid 0.5064 0.6131 9192 83 
Inner vs. Outer 2.0313 0.0484 9166 78 SL 
Mid vs. Outer 2.8941 0.0055 9083 73 
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Table 4.7: Mean and standard error dispersion of salinity measurements from the LSL and SL 

in inner, mid and outer fjord habitats in Doubtful Sound between 1998 and 2008. 

Habitat Depth band Mean SE 
LSL 5.85 0.712 Inner 
SL 0.32 0.039 
LSL 6.67 0.810 Mid 
SL 0.22 0.030 
LSL 4.64 0.576 Outer 
SL 0.33 0.027 

 

Table 4.8: Results of PERMDISP tests comparing dispersion of salinity measurements in the 

LSL and SL within inner, mid and outer fjord habitats, including the test statistic pseudo-t, the 

significance level p calculated under permutation and the degrees of freedom. Significant 

results (p<0.05) are shown in bold. 

Habitat Pseudo-t p df 
Inner 10.026 0.0001 1, 70 
Mid 10.307 0.0001 1, 62 
Outer 9.7070 0.0001 1, 54 

 

Table 4.9: Results of PERMDISP tests comparing dispersion of salinity measurements in 

inner, mid and outer fjord habitats within the LSL and the SL, including the test statistic 

pseudo-t, the significance level p calculated under permutation and the degrees of freedom. 

Significant results (p<0.05) are shown in bold. 

Depth band Test Pseudo-t p df 
Inner vs. Mid 0.7666 0.4379 1, 49 
Inner vs. Outer 1.2589 0.2066 1, 46 LSL 
Mid vs. Outer 1.9842 0.0529 1, 43 
Inner vs. Mid 1.9163 0.0678 1, 83 
Inner vs. Outer 0.1402 0.8894 1, 78 SL 
Mid vs. Outer 2.5378 0.0213 1, 73 
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Figure 4.2: Salinity profiles for the top 10m of the water column in (a) inner (b) mid and 

(c) outer fjord habitats. Data shown are the mean ± standard error (filled circles and solid line) 

and range (dashed lines) for three replicate sites in each habitat recorded in Doubtful Sound 

between 1998 and 2008. (d) Mean salinity in the LSL (white bars) and SL (grey bars) depth 

bands in each habitat between 1998 and 2008. Error bars show the range of observations. 
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Figure 4.3: Mean dispersion of salinity measurements from the LSL (white bars) and SL 

(grey bars) in inner, mid and outer fjord habitats in Doubtful Sound between 1998 and 2008. 

Standard error bars are shown. 
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4.5.2 Mussel trace elements 

 

4.5.2.1 Multivariate signatures 

Multivariate trace element signatures varied significantly between both habitats 

(pseudo-F2,62=9.0683; p=0.0001) and depth bands (pseudo-F1,62=15.930; p=0.0001) overall. 

Dispersion differed significantly between habitats overall (pseudo-F2,65=20.242; p=0.0001). 

Inner fjord signatures were significantly more dispersed than either mid (pseudo-t=6.5437; 

p=0.0001) or outer fjord signatures (pseudo-t=3.4601; p=0.0059) and outer fjord signatures 

were significantly more dispersed than mid fjord signatures (pseudo-t=2.7048; p=0.0144). 

LSL signatures were significantly more dispersed than SL signatures (pseudo-F1,66=13.302; 

p=0.0038). Therefore, although location effects were detected between both depth bands and 

habitats, dispersion effects were also present. These results support Hypothesis 4.2. 

Pairwise tests detected significant location differences between depth bands in inner 

(pseudo-t=4.1510; p=0.0001; df=21), mid (pseudo-t=2.1700; p=0.0001; df=20) and outer 

fjord habitats (pseudo-t=1.6067; p=0.0087; df=21). Within the LSL, significant differences 

were detected between all habitat pairs, but in the SL mid and outer fjord habitats differed 

significantly, inner versus mid fjord returned a marginal result, but inner and outer fjord 

habitats were not significantly different (Table 4.10). 

Dispersion differed significantly between depth bands in inner (pseudo-t=4.568; 

p=0.0004) but not mid (pseudo-t=0.7148; p=0.7718) or outer fjord habitats (pseudo-t=0.5041; 

p=0.6722). In the inner fjord, this difference reflected a greater dispersion in the LSL, 

supporting Hypothesis 4.2. This pattern was also observed, although it was not significant, in 

the mid fjord but in the outer fjord, SL signatures were slightly more dispersed than LSL 

signatures. Within the LSL, inner fjord signatures were significantly more dispersed than mid 

(pseudo-t=5.2957; p=0.0002) and outer fjord signatures (pseudo-t=3.0630; p=0.0178). Outer 

fjord signatures were more dispersed than mid fjord signatures, but not significantly so 

(pseudo-t=1.4609; p=0.2551). Within the SL, outer fjord signatures were the most dispersed 

and were significantly more dispersed than mid (pseudo-t=2.5910; p=0.0152), but not inner 

fjord signatures (pseudo-t=1.7351; p=0.2513). Mid fjord signatures were the least dispersed, 

but dispersion was not significantly lower than in the inner fjord (pseudo-t=0.8270; 

p=0.6952). Figure 4.4 and Table 4.11 show the mean and standard error dispersion for each 

group.  
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In the inner fjord habitat, the presence of significant location and dispersion effects 

means that signatures cannot be unequivocally described as different between depth bands. In 

mid and outer fjord habitats however, the absence of dispersion effects means that the 

location effects detected are true and mean signatures genuinely differ between depth bands. 

Within the LSL, significant dispersion effects complicate the interpretation of some location 

effects detected although mid and outer fjord signatures can be said to truly differ in their 

location. Within the SL, dispersion effects detected between mid and outer fjord habitats 

again confound the significant location effect. Some evidence was found for a location 

difference between inner and mid fjord signatures, but inner and outer fjord signatures could 

not be distinguished either by location or dispersion tests. 

 

Table 4.10: Results of pairwise PERMANOVA tests comparing multivariate trace element 

signatures of mussel shells from inner, mid and outer fjord habitats in the LSL and SL in 

Doubtful Sound in 2006 including the test statistic pseudo-t, the significance level p 

calculated under permutation, the number of unique values obtained from 9999 permutations 

and the degrees of freedom. Significant results (p<0.05) are shown in bold. 

Depth band Test Pseudo-t p Unique perms df 
Inner vs. Mid 3.6377 0.0001 9890 21 
Inner vs. Outer 3.5135 0.0001 9856 20 LSL 
Mid vs. Outer 1.7007 0.0002 9908 23 
Inner vs. Mid 1.4075 0.0542 9847 20 
Inner vs. Outer 1.0992 0.3320 9911 22 SL 
Mid vs. Outer 1.8157 0.0056 9650 18 

 

Table 4.11: Mean and standard error dispersion of multivariate trace element signatures of 

mussel shells from the LSL and SL in inner, mid and outer fjord habitats in Doubtful Sound 

in 2006. Sample sizes are also given. 

Habitat Depth band Mean Standard Error n 
LSL  4.58 0.583 10 Inner 
SL 1.56 0.367 13 
LSL  1.43 0.269 13 Mid 
SL 1.18 0.143 9 
LSL  2.24 0.499 12 Outer 
SL 2.59 0.475 11 
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Figure 4.4: Mean dispersion of multivariate trace element signatures of mussel shells from 

the LSL (white bars) and SL (grey bars) in inner, mid and outer fjord habitats in Doubtful 

Sound in 2006. Standard error bars are shown. Groups not connected by the same letter are 

significantly different (p<0.05). 

 

CAP analysis successfully reclassified 73.5% of samples to their experimental group. 

Classification success rates for individual groups are shown in Table 4.12; in all cases, 

reclassification was more successful than expected by chance alone. The first two PCO axes 

explain 55.7% of the total variation in trace element signatures (Figure 4.5). Axis 1 separates 

out samples from the inner fjord LSL and is apparently driven by the majority of elements, 

while axis 2 separates remaining samples by depth band and is seemingly driven by Li and B. 

Pairwise comparisons were made between depth bands within each habitat and 

between habitats within each depth band and resulted in generally higher reclassification 

success rates (Table 4.13). In the inner and mid fjord habitats, 100% of samples could be 

correctly reclassified to their depth band while in the outer fjord 100% reclassification success 

of SL samples contrasted with 91.7% for LSL samples, resulting in a mean success rate of 

95.7%. Within the LSL, classification-to-habitat success decreased along the fjord axis. 

Within the SL, reclassification was most successful in the mid fjord and lowest in the inner 

fjord. 

Figure 4.6 shows PCO ordinations for each habitat and Figure 4.8 for each depth band. 

In the inner fjord, axis 1 explains more than half of the total variation in trace element 

signatures and separates out samples from the SL based on Li and B. Samples from the LSL 
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are highly dispersed. In the mid fjord, axis 2 is most effective at differentiating between depth 

bands and again the separation seems to involve B concentrations. Examination of the raw 

data suggests that the large outlier from the LSL had unusual Zn and Rb concentrations. In the 

outer fjord, the first two axes are less successful at separating the LSL from the SL samples 

and together explain just 55% of the variation in signatures. The LSL outlier is likely driven 

by Rb and the SL outlier by Cu and Zn. Within the LSL, axis 1 successfully distinguishes 

inner from mid and outer fjord signatures, which are superimposed. This separation seems to 

involve the majority of elements. Within the SL, no clear separation of habitats is discernible. 

The first two axes explain similar proportions of the total variability in signatures and the 

ordination is distorted by the presence of two strongly outlying samples, one from the outer 

fjord driven by Zn and Cu (as Figure 4.6c) and one from the inner fjord, the mechanism 

behind which is unclear. As the outliers in Figures 4.6 and 4.7 do not correspond to outliers in 

Figure 4.5, all samples were included in subsequent analyses. 

 

Table 4.12: The reclassification success rate (%) of trace element signatures for each group 

calculated from a Euclidean distance matrix of normalised data. The reclassification success 

rate predicted by chance alone (%) and sample sizes are also given. 

Habitat Depth band Success Chance n 
LSL  90.0 14.7 10 Inner 
SL 76.9 19.1 13 
LSL  76.9 19.1 13 Mid 
SL 88.9 13.2 9 
LSL  33.3 17.6 12 Outer 
SL 81.8 16.2 11 

 

Table 4.13: The variation in multivariate trace element signatures between depth bands 

within each habitat and between habitats within each depth band in Doubtful Sound in 2006 

explained by the first two principal coordinates (%) and the cumulative percentage, calculated 

from a Euclidean distance matrix of normalised data. The reclassification success rate to 

group (%), the reclassification success rate predicted by chance alone (%) and sample sizes 

are also given. 

Test PCO1 PCO2 Cumulative Success Chance n 
Inner 55.5 13.3 68.7 100.0 43.5–56.5 23 
Mid 39.9 22.9 62.8 100.0 40.9–59.1 22 
Outer 30.8 24.5 55.3 95.7 47.8–52.2 23 
LSL  49.7 12.2 61.9 80.0 28.6–37.1 35 
SL 38.3 31.7 70.0 81.8 27.3–39.4 33 
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Figure 4.5: PCO ordination of the Euclidean distance between normalised multivariate trace 

element signatures from the LSL (open symbols) and SL (filled symbols) in inner (triangles), 

mid (circles) and outer fjord habitats (squares) in Doubtful Sound in 2006. Pearson correlation 

vectors are shown. 

 



 

 168 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: PCO ordinations of Euclidean distance between normalised multivariate trace 

element signatures in the LSL (open symbols) and SL (filled symbols) in (a) inner (b) mid and 

(c) outer fjord habitats in Doubtful Sound in 2006. Pearson correlation vectors are shown. 
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Figure 4.7: PCO ordinations of Euclidean distance between normalised multivariate trace 

element signatures in inner (triangles) mid (circles) and outer fjord habitats (squares) in 

(a) the LSL and (b) the SL in Doubtful Sound in 2006. Pearson correlation vectors are shown. 

 

(a) 

(b) 
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4.5.2.2 Univariate comparisons 

Horizontal and vertical trends in individual elements were examined to seek support 

for Hypothesis 4.2. Univariate PERMANOVA tests between habitats (pooled across depth 

bands) and depth bands (pooled across habitats) are summarised in Table 4.14. Zn/Ca, Cd/Ca 

and Rb/Ca did not vary significantly with either depth or habitat, Li/Ca varied significantly 

with habitat but not depth and Mg/Ca varied significantly with depth but not habitat. B/Ca, 

P/Ca, Mn/Ca, Fe/Ca, Co/Ca, Cu/Ca, Sr/Ca, Ba/Ca and Pb/Ca varied significantly between 

both depth bands and habitats. 

Pairwise tests within each habitat were conducted to investigate vertical patterns in 

more detail; pairwise tests within each depth band were used to investigate horizontal 

patterns. Figures 4.8 and 4.9 show the mean concentrations in each depth band in inner, mid 

and outer fjord habitats and Tables 4.15–4.17 summarise these pairwise tests. No pairwise 

tests were significant for either Zn (possibly due to biological regulation; Phillips 1977a) or 

Rb; these two elements are therefore not included in Figures 4.8 and 4.9 or Tables 4.15–4.17. 

In the inner fjord, all other elements differed significantly between the LSL and SL. In the 

mid and outer fjord however only B/Ca, Sr/Ca and Ba/Ca were significantly different between 

depth bands. 

Hypothesis 4.2 predicts that Li will conservatively mirror salinity profiles. Li/Ca 

increased with depth in all habitats although the pattern was significant only in the inner fjord 

(Figure 4.8a). Within the LSL, inner fjord concentrations were significantly lower than mid or 

outer fjord concentrations, but in the SL habitats did not differ significantly. These results 

support Hypothesis 4.2. 

B was predicted to reflect salinity with some adsorption, and evidence was found to 

support this hypothesis; B/Ca was indeed significantly higher in the SL than the LSL for all 

habitats (Figure 4.8b). In the LSL, inner and mid fjord concentrations did not differ 

significantly, but outer fjord concentrations were significantly elevated. Within the SL, all 

habitats differed significantly with concentrations highest in the outer fjord and lowest in the 

mid fjord, indicating a removal from the water column and perhaps reflecting the maximal 

phytoplankton productivity here (Goebel et al. 2005). 

Hypothesis 4.2 predicts an inverse relationship between Mg and salinity: this was 

found to be the case although the pattern was less pronounced than for Ba/Ca (see below). 

Mg/Ca within the LSL decreased significantly along the fjord axis from inner to outer fjord, 

with the highest concentration overall in the inner fjord LSL samples (Figure 4.8c). SL 

concentrations showed no horizontal trends. In the inner fjord, the LSL concentration was 
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significantly higher than the SL concentration. In the mid and outer fjords the two depth 

bands did not significantly differ. 

P incorporation was hypothesised to reflect the distribution of nutrients within the 

water column and some evidence was found to suggest that this is the case. However, P/Ca 

was significantly higher in inner fjord LSL samples than any others indicating a freshwater 

source (Figure 4.8d). In the mid fjord, LSL concentrations were higher than SL 

concentrations, although the result was marginal statistically and in the outer fjord the pattern 

was upheld but was not significant; these results could reflect removal from the water column 

through phytoplankton uptake at 8–10m. Besides the elevated concentrations in the inner 

fjord LSL, no horizontal pattern was observed. 

Redox-sensitive micronutrients Mn and Fe were predicted to follow nutrient profiles 

with evidence of scavenging and increased uptake at low salinities (<8). Mn/Ca and Fe/Ca 

(Figures 4.8e and 4.8f) followed the same pattern of significant elevation in the inner fjord 

LSL relative to all other samples, supporting this hypothesis. For both elements, inner fjord 

concentrations increased significantly and mid and outer fjord concentrations decreased non-

significantly with depth. Along the fjord axis, concentrations decreased significantly within 

the LSL from inner to mid fjord, but non-significantly from mid to outer fjord. Within the SL, 

concentrations decreased from inner to mid fjord and then increased from mid to outer fjord, 

although these changes were not always significant. These results tend to indicate that uptake 

is in fact largely controlled by fluvial inputs to the inner fjord. 

Hypothesis 4.3 predicts that Co and Cu, also essential nutrients, will reflect fluvial 

inputs to the system with nutrient-like behaviour, scavenging and increased uptake at 

salinities <8 evident in Cu profiles. Co/Ca and Cu/Ca (Figures 4.9a and 4.9b) were again 

significantly elevated in the inner fjord LSL samples, suggesting the importance of fluvial 

inputs and/or increased uptake at low salinities. Concentrations decreased significantly with 

depth in the inner fjord and non-significantly in the mid fjord, perhaps due to scavenging, 

while in the outer fjord concentrations increased (although not significantly) with depth. No 

along-fjord trend was detected within the SL. 

Sr was predicted to display conservative behaviour in mussel shells and directly reflect 

salinity profiles. However, Sr/Ca in the LSL decreased significantly along the fjord axis while 

SL concentrations significantly increased from inner to mid fjord then decreased significantly 

in the outer fjord (Figure 4.9c). For all habitats, SL concentrations were significantly lower 

than LSL concentrations, contrary to Hypothesis 4.2. 
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Cd uptake by mussels was hypothesised to be controlled by its nutrient-type profile in 

seawater, with some scavenging likely and increased uptake at salinities <8. Cd/Ca was 

greatest in the inner fjord LSL as predicted, although concentrations here did not significantly 

exceed those in the mid or outer fjord in either habitat, potentially implying an alternative 

marine source (Figure 4.9d). In the inner fjord concentrations decreased significantly with 

depth reflecting either scavenging or reduced uptake at higher salinities. The same pattern was 

observed in the mid fjord, but this was not significant. In the outer fjord an increase with 

depth was observed, although this result was not significant. In the LSL concentrations 

decreased as salinity increased, although the result was marginal statistically, while in the SL 

concentrations increased significantly between inner and outer fjord habitats, with mid fjord 

concentrations intermediate, lending support to the marine source hypothesis. 

Hypothesis 4.2 predicts that Ba, like Mg, will be inversely related to salinity. Ba/Ca 

was significantly elevated in the inner fjord LSL relative to other samples, supporting this 

hypothesis (Figure 4.9e). In all habitats, concentrations decreased significantly from the LSL 

to the SL. In both depth bands, inner fjord concentrations were higher than mid or outer fjord 

concentrations, although in the SL this result was marginal statistically. 

Pb was expected to follow a nutrient profile with scavenging and increased uptake at 

salinities <8 also influencing uptake patterns. Pb/Ca was significantly elevated in the inner 

fjord LSL supporting this hypothesis (Figure 4.9f). No significant effect of depth band was 

observed in the mid or outer fjord habitats and no horizontal trends were detected in either 

depth band besides the elevated LSL concentrations in the inner fjord. 
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Table 4.14: Univariate comparisons by habitat and depth. 

Results of PERMANOVA tests comparing the concentration of individual trace elements in 

mussel shell samples from inner, mid and outer fjord habitats (pooled across depth bands) and 

the LSL and SL (pooled across habitats) in Doubtful Sound in 2006 including the test statistic 

pseudo-F, the significance level p calculated under permutation, the number of unique values 

obtained from 9999 permutations and the degrees of freedom (factor, error). Significant 

results (p<0.05) are shown in bold. 

Element Test Pseudo-F p Unique perms df 
Habitat 2.2023 0.1163 9949 2, 67 Li/Ca 
Depth 12.841 0.0004 9818 1, 67 
Habitat 25.320 0.0001 9960 2, 67 B/Ca 
Depth 30.150 0.0001 9824 1, 67 
Habitat 4.6558 0.0145 9958 2, 67 Mg/Ca 
Depth 2.4588 0.1197 9817 1, 67 
Habitat 22.550 0.0001 9946 2, 67 P/Ca 
Depth 27.700 0.0001 9837 1, 67 
Habitat 29.635 0.0001 9958 2, 67 Mn/Ca 
Depth 15.443 0.0001 9824 1, 67 
Habitat 6.2237 0.0019 9963 2, 67 Fe/Ca 
Depth 5.7031 0.0152 9847 1, 67 
Habitat 25.901 0.0001 9952 2, 67 Co/Ca 
Depth 22.966 0.0001 9846 1, 67 
Habitat 13.274 0.0002 9937 2, 67 Cu/Ca 
Depth 16.843 0.0002 9826 1, 67 
Habitat 0.0950 0.8919 9955 2, 67 Zn/Ca 
Depth 0.4077 0.5306 9874 1, 67 
Habitat 0.4545 0.7778 9947 2, 67 Rb/Ca 
Depth 1.3144 0.3008 9931 1, 67 
Habitat 24.490 0.0001 9948 2, 67 Sr/Ca 
Depth 168.83 0.0001 9819 1, 67 
Habitat 1.3989 0.2477 9945 2, 67 Cd/Ca 
Depth 1.1842 0.3231 9883 1, 67 
Habitat 38.963 0.0001 9942 2, 67 Ba/Ca 
Depth 143.14 0.0001 9858 1, 67 
Habitat 5.6093 0.0003 9952 2, 67 Pb/Ca 
Depth 7.0432 0.0007 9914 1, 67 
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Table 4.15: Univariate comparisons between depth bands within each habitat. 

Results of pairwise PERMANOVA tests comparing the concentration of individual trace 

elements in mussel shell samples from the LSL and SL in inner, mid and outer fjord habitats 

in Doubtful Sound in 2006 including the test statistic pseudo-t, the significance level p 

calculated under permutation, the number of unique values obtained from 9999 permutations 

and the degrees of freedom. Significant results (p<0.05) are shown in bold. 

Element Test Pseudo-t p Unique perms df 
Inner 4.2504 0.0006 9802 21 
Mid 1.6744 0.1086 9735 20 Li/Ca 
Outer 1.4535 0.1782 9795 21 
Inner 3.9453 0.0010 9811 21 
Mid 2.1750 0.0432 9730 20 B/Ca 
Outer 3.3215 0.0043 9784 21 
Inner 3.8251 0.0010 9826 21 
Mid 0.2609 0.7980 9750 20 Mg/Ca 
Outer 1.1347 0.2683 9817 21 
Inner 4.9757 0.0001 9814 21 
Mid 1.5960 0.0538 9840 20 P/Ca 
Outer 1.4582 0.1830 9810 21 
Inner 4.3324 0.0001 9793 21 
Mid 0.6039 0.6053 9796 20 Mn/Ca 
Outer 1.6660 0.1095 9808 21 
Inner 3.6071 0.0001 9745 21 
Mid 1.2486 0.2398 9756 20 Fe/Ca 
Outer 1.3807 0.1646 9931 21 
Inner 4.9730 0.0001 9788 21 
Mid 0.6316 0.8826 9791 20 Co/Ca 
Outer 1.2615 0.2313 9806 0 
Inner 5.0625 0.0002 9795 21 
Mid 1.7734 0.0885 9753 20 Cu/Ca 
Outer 0.6293 0.6513 9884 21 
Inner 10.435 0.0001 9788 21 
Mid 5.9185 0.0001 9736 20 Sr/Ca 
Outer 5.6201 0.0002 9809 21 
Inner 1.6816 0.0367 9811 21 
Mid 0.7911 0.4672 9335 20 Cd/Ca 
Outer 1.2142 0.0869 9535 21 
Inner 9.9569 0.0001 9815 21 
Mid 5.3716 0.0001 9747 20 Ba/Ca 
Outer 4.7971 0.0001 9789 21 
Inner 2.8721 0.0001 9900 21 
Mid 0.8472 0.4521 9774 20 Pb/Ca 
Outer 0.3737 0.5281 9434 21 
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Table 4.16: Univariate comparisons between habitats within the LSL. 

Results of pairwise PERMANOVA tests comparing the concentration of individual trace 

elements in mussel shell samples from inner, mid and outer fjord habitats in the LSL in 

Doubtful Sound in 2006 including the test statistic pseudo-t, the significance level p 

calculated under permutation, the number of unique values obtained from 9999 permutations 

and the degrees of freedom. Significant results (p<0.05) are shown in bold. 

Element Test Pseudo-t p Unique perms df 
Inner vs. Mid 2.8080 0.0039 9836 21 
Inner vs. Outer 1.6351 0.0844 9850 20 Li/Ca 
Mid vs. Outer 0.0750 0.9481 9859 23 
Inner vs. Mid 0.9596 0.3389 9806 21 
Inner vs. Outer 3.2833 0.0030 9759 20 B/Ca 
Mid vs. Outer 4.5513 0.0004 9839 23 
Inner vs. Mid 3.3322 0.0028 9798 21 
Inner vs. Outer 4.9460 0.0001 9761 20 Mg/Ca 
Mid vs. Outer 2.0948 0.0456 9824 23 
Inner vs. Mid 4.8090 0.0001 9801 21 
Inner vs. Outer 4.5608 0.0001 9765 20 P/Ca 
Mid vs. Outer 0.0386 0.9650 9814 23 
Inner vs. Mid 4.9171 0.0001 9754 21 
Inner vs. Outer 5.0014 0.0001 9762 20 Mn/Ca 
Mid vs. Outer 1.1999 0.2552 9837 23 
Inner vs. Mid 3.2124 0.0003 9764 21 
Inner vs. Outer 3.6468 0.0001 9662 20 Fe/Ca 
Mid vs. Outer 1.4602 0.1651 9837 23 
Inner vs. Mid 4.8416 0.0001 9766 21 
Inner vs. Outer 5.1743 0.0001 9755 20 Co/Ca 
Mid vs. Outer 1.4837 0.0162 9931 23 
Inner vs. Mid 4.5788 0.0002 9781 21 
Inner vs. Outer 4.4980 0.0001 9759 20 Cu/Ca 
Mid vs. Outer 0.4699 0.6525 9835 23 
Inner vs. Mid 3.2099 0.0045 9787 21 
Inner vs. Outer 6.2948 0.0001 9750 20 Sr/Ca 
Mid vs. Outer 4.0139 0.0003 9832 23 
Inner vs. Mid 1.5371 0.0794 9812 21 
Inner vs. Outer 1.5924 0.0527 9842 20 Cd/Ca 
Mid vs. Outer 1.3225 0.1958 9755 23 
Inner vs. Mid 7.5242 0.0001 9791 21 
Inner vs. Outer 6.8822 0.0001 9755 20 Ba/Ca 
Mid vs. Outer 0.3556 0.7222 9818 23 
Inner vs. Mid 2.7097 0.0002 9881 21 
Inner vs. Outer 2.5144 0.0014 9876 20 Pb/Ca 
Mid vs. Outer 0.1891 0.8887 9885 23 
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Table 4.17: Univariate comparisons between habitats within the SL. 

Results of pairwise PERMANOVA tests comparing the concentration of individual trace 

elements in mussel shell samples from inner, mid and outer fjord habitats in the SL in 

Doubtful Sound in 2006 including the test statistic pseudo-t, the significance level p 

calculated under permutation, the number of unique values obtained from 9999 permutations 

and the degrees of freedom. Significant results (p<0.05) are shown in bold. 

Element Test Pseudo-t p Unique perms df 
Inner vs. Mid 0.1046 0.9210 9746 20 
Inner vs. Outer 0.9074 0.4093 9864 22 Li/Ca 
Mid vs. Outer 0.8933 0.4455 9599 18 
Inner vs. Mid 3.0918 0.0041 9756 20 
Inner vs. Outer 2.5348 0.0187 9829 22 B/Ca 
Mid vs. Outer 5.3755 0.0003 9526 18 
Inner vs. Mid 0.3631 0.7275 9717 20 
Inner vs. Outer 0.3491 0.7331 9814 22 Mg/Ca 
Mid vs. Outer 0.0376 0.9728 9565 18 
Inner vs. Mid 0.7109 0.5763 9821 20 
Inner vs. Outer 1.5354 0.1330 9874 22 P/Ca 
Mid vs. Outer 1.3880 0.1838 9555 18 
Inner vs. Mid 3.9009 0.0009 9740 20 
Inner vs. Outer 2.8506 0.0099 9815 22 Mn/Ca 
Mid vs. Outer 1.0232 0.3381 9559 18 
Inner vs. Mid 0.4890 0.7191 9779 20 
Inner vs. Outer 1.1891 0.2714 9928 22 Fe/Ca 
Mid vs. Outer 1.1661 0.3127 9651 18 
Inner vs. Mid 0.7911 0.5309 9792 20 
Inner vs. Outer 1.3947 0.1824 9864 22 Co/Ca 
Mid vs. Outer 1.1604 0.2718 9385 18 
Inner vs. Mid 1.1997 0.2513 9747 20 
Inner vs. Outer 0.9720 0.4645 9931 22 Cu/Ca 
Mid vs. Outer 1.3155 0.1967 9646 18 
Inner vs. Mid 2.5604 0.0197 9702 20 
Inner vs. Outer 1.8191 0.0839 9817 22 Sr/Ca 
Mid vs. Outer 4.1637 0.0006 9518 18 
Inner vs. Mid 0.9374 0.3970 9324 20 
Inner vs. Outer 1.3141 0.0318 9232 22 Cd/Ca 
Mid vs. Outer 0.9511 0.5923 8429 18 
Inner vs. Mid 2.0082 0.0578 9753 20 
Inner vs. Outer 2.4755 0.0219 9824 22 Ba/Ca 
Mid vs. Outer 0.1307 0.8935 9549 18 
Inner vs. Mid 0.4795 0.6470 9759 20 
Inner vs. Outer 1.2968 0.0921 9906 22 Pb/Ca 
Mid vs. Outer 0.9581 0.5121 9617 18 
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Figure 4.8: Mean concentrations of (a) Li/Ca (b) B/Ca (c) Mg/Ca (d) P/Ca (e) Mn/Ca and 

(f) Fe/Ca in mussel shell samples from the LSL (white bars) and SL (grey bars) in inner, mid 

and outer fjord habitats in Doubtful Sound in 2006. Standard error bars are shown. Groups not 

connected by the same letter are significantly different (p<0.05). 
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Figure 4.9: Mean concentrations of (a) Co/Ca (b) Cu/Ca (c) Sr/Ca (d) Cd/Ca (e) Ba/Ca and 

(f) Pb/Ca in mussel shell samples from the LSL (white bars) and SL (grey bars) in inner, mid 

and outer fjord habitats in Doubtful Sound in 2006. Standard error bars are shown. Groups not 

connected by the same letter are significantly different (p<0.05). 
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4.5.2.3 Correlations with salinity 

Li, B, Mg, Sr and Ba — the elements seemingly most influenced by salinity and water 

mass mixing — were regressed against mean salinity values for each depth band in inner, mid 

and outer fjord habitats. Results of these linear regressions are shown in Table 4.18. No 

significant correlation was found between B/Ca and salinity, potentially reflecting the 

hypothesised influence of scavenging in addition to salinity. Li/Ca and Ba/Ca were 

significantly correlated with salinity, supporting Hypothesis 4.2. Although an inverse 

relationship was predicted between Mg/Ca and salinity, contrary to Ba/Ca no significant 

correlation was found. Sr/Ca was inversely correlated with salinity, contrary to the 

hypothesised relationship. 

 

Table 4.18: Results of linear regressions of untransformed mean element concentrations at 

each depth band within each habitat against mean salinity in the corresponding depth 

band/habitat between 1998 and 2008 including the R2 value and the significance level p 

calculated under permutation. Significant results (p<0.05) are shown in bold. 

Element Equation R2 p 
Li/Ca Li = 0.003872 + 0.00045318(Salinity) 0.88 0.0015 
B/Ca B = 0.031121 + 0.0016301(Salinity) 0.46 0.1449 
Mg/Ca Mg = 5.5216 – 0.035616(Salinity) 0.40 0.1334 
Sr/Ca Sr = 2.525 – 0.033507(Salinity) 0.92 0.0011 
Ba/Ca Ba = 4.8654 – 0.13035(Salinity) 0.75 0.0136 



 

 180 

4.6 Discussion 

 

The salinity regime and estuarine mixing processes in Doubtful Sound have been 

discussed in detail elsewhere (Gibbs et al. 2000; Gibbs 2001) and data presented here reflect 

previously described patterns. However, no study to date has sought to relate experimentally 

the strong environmental gradients that characterise the system to the distribution of trace 

elements in the sessile fauna. This study sought to employ mussels as biological integrators of 

physico-chemical conditions over a period of several months and to assess the relative 

importance of environmental and biological controls on trace element incorporation into shell 

growth under natural conditions in situ. 

Horizontal and vertical trends in the variability of multivariate trace element 

signatures reflected sources and mixing of water masses. Within the LSL, dispersion was 

greatest in the inner fjord, presumably due to highly variable freshwater inputs. Within the 

SL, the influence of dynamic mixing in the outer fjord was evident in the high dispersion 

recorded here. Only in the inner fjord habitat did dispersion differ between depth bands, 

reflecting the increased vertical mixing along the fjord axis. Mid fjord signatures were the 

most homogeneous in both depth bands. Trends in the relative concentrations of individual 

trace elements were apparently subject to varying degrees and directions of environmental 

and biological control. 

 

4.6.1 Evidence for environmental control of trace element uptake 

Several elements (P, Mn, Fe, Co, Cu, Cd and Pb) showed elevated concentrations in 

the shells of mussels grown in the inner fjord LSL. There are two possible explanations for 

this: 

 

1. Fluvial inputs to the inner fjord (i.e. from the tailrace discharge) contain relatively 

high levels of trace elements, possibly of anthropogenic origin, or 

2. The concentration of bioavailable free ions is sufficiently elevated at the low salinities 

experienced by this experimental group to account for the increased uptake. 

 

P is typically elevated in areas with high agricultural run-off. While Doubtful Sound is a 

relatively pristine body of water, it is the only fjord in the Fiordland system that could 

potentially receive agricultural run-off via the HEP tailrace. Peake et al. (1999) observed that 

PO4
3- levels were much lower in the LSL than the SL, which receives inputs through the 
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renewal of basin water across the sill. However, concentrations within the upper 10m of the 

water column were relatively uniform. Mussels growing at 8–10m depth are unlikely to have 

received any of the oceanic PO4
3- entering the fjord over the sill and all experimental animals 

were likely growing in relatively PO4
3--deplete waters. P/Ca differed between depth bands 

only in the inner fjord, and between habitats only between the inner and mid/outer fjord in the 

LSL. Given the scant topsoil and minimal natural PO4
3- inputs to the system from run-off 

(Peake et al. 1999) this would suggest that the tailrace water introduces relatively high PO4
3- 

water to the fjord. Peake et al. (1999) observed an initial decline in surface PO4
3- 

concentrations in the first ~7km from the tailrace tunnel, followed by a steady increase that 

was attributed to mixing with higher PO4
3- neritic water; this supports the hypothesis that 

tailrace water is enriched in PO4
3- relative to other freshwater inputs. Phosphate levels and 

sources in Lakes Te Anau and Manapouri are not known, but are expected to be low relative 

to the global freshwater average as surrounding land is predominantly native forest and 

tussock grasslands (Jolly 1968; Reid et al. 1999). 

Other elements with marked maxima in the inner fjord LSL are metals typically 

indicative of anthropogenic activity (Mn, Fe, Co, Cu, Cd and Pb), which could potentially be 

elevated in tailrace water. Trace element concentrations in Lake Manapouri are relatively low 

(Reid et al. 1999), but may still be elevated relative to the naturally pristine waters of 

Doubtful Sound. Cu concentrations (mean ± standard error) in Lake Manapouri have been 

measured as 6.37 ± 0.019 nmol L-1 (Reid et al. 1999) and 5.63 ± 0.246 nmol L-1 (Sander et al. 

2005) and 5.25 ± 0.102 nmol L-1 in Lake Te Anau (Sander et al. 2005). Cu concentrations at 

15m in inner Doubtful Sound in April 2009 were much lower (on average 0.01 ± 0.003 nmol 

L-1; S.R. Wing, unpublished data) supporting the hypothesis that the high concentrations 

observed in mussels grown in the inner fjord LSL result from anthropogenic Cu inputs via the 

tailrace discharge. 

Kim et al. (1990) measured summer concentrations of Mn and Fe in the water column 

in Doubtful Sound and Bradshaw–Thompson Sound, which receives only natural fluvial 

inputs. Surface concentrations are not reported individually for each basin, but are described 

as being very low; vertical profiles were similar for each basin and largely mirrored silicate 

distribution. No data are available for Mn or Fe concentrations in Lake Manapouri or Te 

Anau. While the source of the inner fjord LSL Mn and Fe spikes cannot be ascribed in the 

absence of comparable ambient water concentration data, the fact that elevated trace metal 

concentrations were not reported for the surface waters in inner Doubtful Sound by Kim et al. 

(1990) suggests that the spikes observed in the shells of mussels grown here may not result 
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from anthropogenic inputs. Rather, the pattern may be related to the increased concentration 

of bioavailable free ions at low salinities. Mean total dissolved Cd concentration in Lake 

Manapouri is around 0.022 ± 0.003 nmol L-1 (Sander et al. 2007). However, Kim et al. (1990) 

measured surface concentrations of between 0.008 and 0.010 nmol L-1 in Doubtful Sound and 

Bradshaw–Thompson Sound, increasing with depth in parallel with PO4
3-. The increased 

Cd/Ca observed in mussels grown in the inner Doubtful Sound LSL therefore likely results 

from an increased concentration of the bioavailable Cd2+ ion at lower salinities rather than 

large anthropogenic inputs of Cd via the tailrace. Ambient concentrations of Co and Pb in 

Lakes Manapouri and Te Anau and Doubtful Sound are unknown, so no assessment can be 

made of the likelihood of an anthropogenic source for these metals. 

Ba/Ca was elevated in mussels from the inner fjord LSL, but this was not unexpected 

given the inverse relationship between salinity and Ba in seawater, and Ba/Ca was well-

correlated with salinity throughout the fjord. Ambient seawater Ba concentrations at 15m 

depth in Doubtful Sound and Bradshaw–Thompson Sound in April 2009 followed similar 

trends within and between habitats, but were higher in Doubtful Sound than Bradshaw–

Thompson Sound, reflecting the typically lower salinities in Doubtful Sound (S.R. Wing, 

unpublished data). The marked Ba/Ca maximum is therefore likely due to the magnitude of 

the salinity gradient between this experimental zone and adjacent zones and/or an increased 

concentration of free Ba2+ ions at very low salinities, and an anthropogenic effect is not 

suspected.  

Li/Ca and Sr/Ca in mussel shells were well-correlated with salinity. However, Sr/Ca 

showed an inverse relationship to salinity, contrary to the Sr profile in seawater. Ambient Sr 

concentration at 15m depth in inner Doubtful Sound in April 2009 (0.20 ± 0.003 mmol L-1; 

S.R. Wing unpublished data) exceeds the depth-averaged concentration in Lake Manapouri 

(0.18 ± 0.0002 mmol L-1; Reid et al. 1999). This is consistent with a conservative salinity 

profile and is corroborated by the similar concentrations at 15m depth in the inner and outer 

regions of the fjord (0.20 ± 0.003 mmol L-1 in the outer fjord; S.R. Wing unpublished data) as 

salinity is constant at ~34 at this depth. Sr uptake must therefore be controlled by factors other 

than salinity. 

B/Ca and Mg/Ca did not correlate with salinity. B/Ca was lower in the mid fjord than 

hypothesised but no explanation for this can be proposed based on the current data. Mg/Ca 

concentrations were characterised by an inner fjord LSL maximum that drove all observed 

horizontal and vertical patterns. It is possible that a salinity effect on Mg incorporation into 

mussel shells is detectable only at salinities <8, as suggested by Dodd & Crisp (1982). 
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4.6.2 Evidence for biological control of trace element uptake 

Early studies suggested an effect of growth rate on Sr/Ca in bivalve shells studies 

(Pilkey & Goodell 1963; Swan 1957). A direct relationship between growth rate and Sr/Ca 

has been postulated by some researchers (Stecher et al. 1996; Takesue & van Geen 2004), 

while others have found evidence of an inverse relationship (Gillikin et al. 2005b). This 

discrepancy suggests that Sr2+ discrimination could occur either: 

 

1. During shell crystallization, as although Sr2+ and Ca2+ use similar pathways (Ferrier-

Pagès et al. 2002) the enzyme that controls calcium channel activity (Ca2+-ATPase) 

has a higher affinity for Ca2+ (Yu & Inesi 1995), resulting in an inverse relationship 

(Gillikin et al. 2005b), or 

2. During transport to the EPF due to decreased growth rates at higher mantle metabolic 

activity (Rosenberg & Hughes 1991), resulting in a direct relationship (Klein et al. 

1996).  

 

Carré et al. (2006) in their study of two bivalve species concluded that the latter mechanism 

was responsible for the observed Sr2+ discrimination: crystal growth rate determines the 

electrochemical potential driving ions through calcium channels and therefore influences Sr2+ 

incorporation. However, Gillikin et al. (2005b) dispute this model on the grounds that 

increased metabolic pumping should result in increased growth rate and a decreased Sr/Ca. 

Previous studies on Mytilus have reported no relationship between shell growth rate and Sr/Ca 

(Klein et al. 1996; Lorens & Bender 1980).  

The growth rate of experimental M. galloprovincialis was positive at all depths (2m–

10m) in all habitats in Doubtful Sound except at 2m in the inner fjord (Wing & Leichter 

2011). Here, growth rate was negligible over the experimental period and shell samples 

acquired for trace element analysis were minimal. This was attributed to the stressful salinity 

regime in this habitat; indeed, mussels are naturally absent from the experimental site. 

Salinity was found to account for 87% of the variance in growth rate between habitats and 

depths and a direct relationship was observed (Wing & Leichter 2011), generating the 

hypothesis that it is growth rate that is responsible for the Sr uptake pattern observed rather 

than a direct effect of salinity. Following the model proposed by Gillikin et al. (2005b), the 

decrease in Sr2+ incorporation at higher salinities may be related to increased crystal growth 

rate and preferential transport of Ca2+ ions to the site of crystallisation. 
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In a region with such pronounced and persistent environmental gradients as Fiordland, 

trace elemental analysis has the potential to provide useful information on the spatial 

structuring of populations, including commercially important fish such as blue cod. The 

applicability of the technique to elucidate spatial structure among blue cod subpopulations in 

Fiordland will be considered in the next two chapters; the results presented here demonstrate 

the potential for strong environmental signals in the trace elemental composition of biogenic 

carbonates, but also the need to consider biological controls over elemental uptake that can 

mask or modify physical controls. 

 

4.7 Conclusions 

 

1. Trace element signatures of M. galloprovincialis experimentally grown in the LSL and 

SL in inner, mid and outer fjord habitats in Doubtful Sound were influenced by a 

combination of environmental and biological factors. 

2. Elevated concentrations of several elements in mussels grown in the inner fjord LSL 

were likely driven by relatively high ambient concentrations in tailrace discharge (e.g. 

P, Cu) and/or increased uptake of the bioavailable free ions at very low salinities (e.g. 

Mn, Fe, Cd). The suite of elements displaying this inner fjord LSL peak represents a 

potentially useful natural tag for inner fjord habitat use in Doubtful Sound. 

3. Horizontal and vertical profiles in Li/Ca and Ba/Ca were directly related to salinity 

gradients while Sr/Ca indirectly reflected salinity gradients via differential shell 

growth rates. Mg/Ca was apparently related to salinity only at <8. 

4. No evidence was found to support physiological control of trace element uptake 

through valve closure during periods of salinity stress. 

5. Zn/Ca and Rb/Ca displayed no horizontal or vertical trends, perhaps due to biological 

regulation, and are therefore of limited use for future studies seeking to investigate 

spatial patterns in trace element uptake into biogenic carbonates. 
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Spatial & temporal variability in blue cod otolith 

trace element fingerprints in Fiordland 

Wave-washed chalk cliffs, Preservation Inlet. Outer fjord waters are dynamic & well-mixed. 
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5.1 Introduction 

 

5.1.1 Uses of otolith trace element signatures 

Trace elements levels in the calcified structures of marine vertebrates and 

invertebrates can potentially provide useful insights into stock structure (Thresher 1999), 

larval dispersal and connectivity patterns (Thorrold et al. 2002) including ontogenetic (Secor 

1992) and adult migrations (Campana et al. 2007). In teleost fish, trace element 

concentrations have been recorded in otoliths, scales, fin spines and eye lenses (Gillanders 

2001). By far the most useful of these has proved to be the otoliths, due to their excellent 

time-recording features — because otolith growth is continuous and typically results in visible 

incremental banding, otoliths potentially retain a chronological record of environmental 

conditions experienced by a fish throughout its life (Campana 1999). The use of otolith 

elemental fingerprints to elucidate spatial structuring relies on two main assumptions: firstly, 

otolith material is metabolically inert and is not subject to resorption or reworking following 

incorporation (Campana & Neilson 1985); secondly, elements are incorporated in such a way 

as to reflect the physico-chemical environment (Fowler et al. 1995; Gallahar & Kingsford 

1996), albeit with a degree of physiological regulation and decoupling of free ion 

concentrations from bound otolith concentrations (Campana & Thorrold 2001; Kalish 1989). 

Understanding the mechanisms underlying spatial variability in trace element fingerprints is 

not always necessary for stock discriminatory purposes, but should be considered to avoid 

demographic factors confounding spatial patterns (Campana 1999). 

 

5.1.2 Elemental uptake 

Otoliths consist of an aragonitic calcium carbonate lattice laid down on a protein 

matrix. The relative purity and extremely low levels of contaminating elements in otoliths 

compared to other calcified structures such as bivalve shells, coral skeleton and mammalian 

teeth is likely related to the isolation of otolith growth from the surrounding water (Campana 

et al. 1997; Campana & Thorrold 2001). Elements reach the otolith following uptake from the 

water into the blood plasma via the gills or intestine; from the blood plasma they pass to the 

endolymph and finally the crystallising otolith (Campana 1999). Incorporation occurs via 

three mechanisms: substitution/co-precipitation into the calcium carbonate lattice; adsorption 

onto aragonite microcrystals/inclusion in interstitial spaces and incorporation into the 

proteinaceous matrix (Campana 1999). The main mechanism of Sr and Ba and possibly Mg 

and Pb incorporation seems to be ionic substitution for Ca2+ (Bath et al. 2000; Milton & 
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Chenery 2001). 40–60% of Zn and 70–100% of Cu in otoliths has been shown to be 

associated with the protein matrix (Miller et al. 2006a) and P and S are also present in the 

amino acid constituents (Kalish 1989). The primary source of trace elements in otoliths of 

marine fishes is thought to be uptake from the water due to their continuous drinking, with 

smaller inputs via the gills (branchial uptake) and ingestion of food (Campana 1999; Milton 

& Chenery 2001).  

Otolith concentrations of Sr and Ba have frequently been shown to reflect those of the 

surrounding water and while experiments have demonstrated the existence of other sources 

(e.g. diet) these are minor compared to the influence of water (Buckel et al. 2004; de Vries et 

al. 2005; Elsdon & Gillanders 2003; Gallahar & Kingsford 1996), with 98% of Ba and 83% 

of Sr thought to be water-sourced (Walther & Thorrold 2006). Environmental factors may 

exert interactive influences on otolith microchemistry. For example, an interactive effect of 

temperature and salinity has been observed on Sr and Ba uptake (Elsdon & Gillanders 2002), 

although subsequent experiments suggested that salinity may be less influential than water 

chemistry in the case of Sr (de Vries et al. 2005; Elsdon & Gillanders 2004). Ambient Sr 

concentration has been demonstrated to positively influence Ba incorporation in brackish 

water but not seawater (de Vries et al. 2005). 

Elements under physiological control (e.g. Mg, P, S, Cu, Zn) are often maintained at 

constant levels in otoliths despite the presence of considerable ambient variability; however, 

such elements can still serve as useful markers provided they vary between groups (Campana 

et al. 2000). Positive relationships have been reported between ambient and otolith 

concentrations of Cu and Pb (Elsdon & Gillanders 2003; Geffen et al. 1998; Milton & 

Chenery 2001), although under natural conditions otolith Cu concentrations are unlikely to 

reflect ambient levels (Miller et al. 2006a; Milton & Chenery 2001). Absorption of Zn and 

Cu, both essential elements, is predominantly via the gut, with smaller inputs via branchial 

uptake; however, as Zn is likely to be subject to ontogenetic and physiological processes, 

otolith concentrations may not directly mirror dietary contents (Miller et al. 2006a; Ranaldi & 

Gagnon 2008). The presence of Zn in the protein matrix suggests a requirement for proper 

otolith formation (Miller et al. 2006a). These factors together mean that Zn may not be a 

reliable indicator of ambient concentrations, but given the spatial variability in diet may still 

be useful in distinguishing between groups of Fiordland blue cod based on environmental 

conditions. Mg/Ca may be inversely correlated with otolith precipitation and somatic growth 

rates (Bath Martin & Thorrold 2005); no effect of diet has been reported (Buckel et al. 2004). 
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Consistently high Mn levels have been detected in otolith cores (Brophy et al. 2004; 

Ruttenberg et al. 2005) suggesting that, at least in early life history stages, Mn is not related to 

environmental conditions or ambient concentrations (Bath et al. 2000; Elsdon & Gillanders 

2003; Miller 2009); a larger influence may be from dietary sources (Mugiya et al. 1991; 

Pentreath 1976; Sanchez-Jerez et al. 2002). 

By far the most intensively studied otolith trace element is Sr. Sr is relatively constant 

in the marine environment and ambient Sr concentrations tend to show a curvilinear 

relationship to salinity during estuarine mixing, although some freshwater bodies have 

anomalously high Sr concentrations (Kraus & Secor 2004). The positive relationship between 

ambient and otolith Sr/Ca concentrations has been well-established through the meta-analysis 

of manipulative studies, although differences may only be detectable at the broad scale i.e. 

between freshwater, marine and brackish environments (Campana 1999; Secor & Rooker 

1998; Zimmerman 2005). However, physiological controls are being increasingly reported, as 

evident in the large range of Sr/Ca values reported for fish from fully marine environments 

(Kraus & Secor 2004; Secor & Rooker 1998). Li/Ca ratios may provide a useful corollary to 

Sr/Ca when investigating environmental variability (Hicks et al. 2010).  

In addition to spatial variability, temporal variability is commonly reported in otolith 

trace element fingerprints, likely reflecting inter-annual differences in temperature, salinity 

and water chemistry (Elsdon et al. 2008; Gillanders & Kingsford 2000).  

 

5.1.3 ICP-MS techniques 

Whereas solution-based ICP-MS measures bulk element concentrations integrated 

over the whole life history of an organism, laser ablation (LA) ICP-MS can target discrete 

portions of otolith growth. LA ICP-MS requires little sample preparation other than 

sectioning, is less prone to sample contamination and is non-destructive for larger otoliths. 

Solution ICP-MS however avoids concerns over within-sample heterogeneity (Ludsin et al. 

2006; Sanborn & Telmer 2003). While each technique confers its own advantages and 

disadvantages, LA ICP-MS is unparalleled in its ability to record chronologically-explicit 

information which, when interpreted in parallel with the optical characteristics of the otolith, 

allows a detailed picture of a fish’s environmental and physiological history to be 

reconstructed. By eliminating temporal variability, spatial variability may be more evident. 
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5.1.4 Trace elements in Fiordland 

Mussel trace element signatures in Doubtful Sound (Beer et al. In press) were highly 

dispersed in the inner fjord LSL and also the outer fjord, due to variable freshwater inputs and 

dynamic mixing as a result of wave exposure respectively. Along the fjord axis, trace element 

signatures reflected the decrease in stratification, increase in salinity and decrease in depth of 

the LSL. Despite pronounced and persistent environmental gradients, physiological 

mechanisms played an important role in determining spatial variability in mussel trace 

elemental fingerprints; such physiological controls are also likely to exert an important 

influence on blue cod otolith elemental composition. However, given the considerable spatial 

variability in diet (see Chapter 3), the potentially high degree of spatial variability in water 

chemistry on a region-wide scale and our a priori understanding of the demographic 

structuring of populations between habitats and fjords (see Chapter 2), it is hypothesised that 

trace elemental fingerprints will reflect the limited mixing of blue cod sub-populations in the 

southern fjords and the spatial variability in environmental conditions. 

When discriminating between groups of individuals based on their trace elemental 

composition, an assumption is made that the trace element signatures reflect the physico-

chemical conditions experienced by a group. This assumption has been validated 

experimentally for marine teleosts both in the laboratory (Elsdon & Gillanders 2003,  2005) 

and in the field (Forrester 2005; Kraus & Secor 2004). In Doubtful Sound, otoliths from 

individuals relocated from one habitat to another (Rodgers & Wing 2008) provide an 

opportunity to test the assumption in Fiordland blue cod. 
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5.2 Aims & objectives 

 

5.1 To assess the scale and relative degree of spatial and temporal variability in blue cod 

otolith trace element signatures in Fiordland. 

5.2 To compare spatial patterns between LA and solution ICP-MS. 

 

5.3 Specific hypotheses 

 

5.1 Capture site trace element signatures will vary between habitats within a fjord and 

between fjord basins within a habitat and will be more dispersed in outer fjord 

samples. 

5.2 Capture site signatures will vary between sampling years. 

5.3 Resolution will be higher for LA capture site signatures than solution-based bulk 

signatures, especially in the dynamic outer fjords. 

5.4 Otolith trace element composition of individuals relocated from outer Doubtful Sound 

to inner Doubtful Sound will be intermediate between the two habitat signatures, 

reflecting acclimatization to local physico-chemical conditions. 
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5.4 Methods 

 

5.4.1 Sampling sites & dates 

Sampling was conducted at sites throughout the southern fjords in 2004 and 2009 

(Table 5.1; Figure 5.1). 

 

Table 5.1: Sample sizes at each site in 2004 and 2009 analysed using LA ICP-MS and 

solution ICP-MS. 

Site Year LA ICP-MS Solution ICP-MS 
2004 10 9 Bradshaw Sound (inner) 
2009 10 - 
2004 - - Thompson Sound (outer) 
2009 10 - 
2004 21 13 Doubtful Sound (inner) 
2009 5 - 
2004 20 6 Doubtful Sound (outer) 
2009 10 - 
2004 10 - Breaksea Sound (inner) 
2009 10 - 
2004 11 11 Breaksea Sound (outer) 
2009 9 - 
2004 5 - Dusky Sound (inner) 
2009 11 - 
2004 - - Dusky Sound (outer) 
2009 10 - 
2004 - - Long Sound (inner) 
2009 10 - 
2004 18 16 Preservation Inlet (outer) 
2009 10 - 
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Figure 5.1: The approximate location of sites sampled for otolith trace element analysis. Not 

all sites were sampled in 2004 (see Table 5.1). Sites sampled in both 2004 and 2009 are 

shown in bold. 
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5.4.2 Sample collection & processing 

Fish were caught by hook and line using size 6/0 hooks to minimise catch-and-release 

mortality (Carbines 1999) and reduce by-catch of other species (e.g. wrasses; sea perch, 

Helicolenus percoides). For the relocation study, 46 fish caught in outer Doubtful Sound were 

tagged with individually numbered dart tags before being released at Deep Cove in inner 

Doubtful Sound in May–June 2004 (Rodgers & Wing 2008). A recapture programme resulted 

in six tagged fish being caught in the vicinity of Deep Cove between June and November 

2004, after a period at liberty of 15–184 days (Table 5.2). All fish were measured (±1mm 

total length, TL) and sexed by macroscopic examination of the gonads. The largest pair of 

otoliths (the sagittae, from here on referred to simply as ‘otoliths’) was removed by cranial 

dissection, rinsed in deionised water, transferred to sterile centrifuge tubes and left to air dry 

for several days. 

 

Table 5.2: Details of tagged fish relocated from outer Doubtful Sound to inner Doubtful 

Sound, including the dates of tagging/release and recapture, days at liberty between release 

and recapture, total length, sex and age. 

Sample Tagged Recaptured Days at liberty TL (mm) Sex Age (yrs) 
1 25.05.2004 09.06.2004 15 339 M 7 
2 26.05.2004 23.08.2004 89 439 F 8 
3 22.06.2004 10.11.2004 170 395 M 8 
4 22.06.2004 11.11.2004 171 386 M 6 
5 25.05.2004 24.11.2004 184 354 M 8 
6 25.05.2004 24.11.2004 184 375 M 8 

 

5.4.3 LA ICP-MS 

Once fully dry, one of each pair of otoliths was embedded in K142 epoxy resin 

(NUPLEX Construction Products, Auckland). It is not expected that left and right otoliths of a 

pair would differ in their trace element composition (Campana et al. 1994); however, for 

consistency and ease of sectioning, whenever possible the right otolith was selected for 

ageing. Transverse sections (~0.7mm thick) were cut through the primordium using a Buehler 

Isomet low-speed diamond-tipped saw and the sections mounted on glass slides using a small 

amount of resin.  

LA ICP-MS was carried out at the University of Melbourne’s School of Earth 

Sciences using a Varian high sensitivity quadrupole ICP-MS (Varian, Australia) fitted with a 

HelEx laser ablation system (Laurin Technic and Australian National University) constructed 

around a Compex 110 (Lambda Physik) Excimer laser. Samples collected in 2004 were 
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analysed in 2008; samples collected in 2009 were analysed in 2009. Preliminary analyses 

were conducted to determine the suite of elements that were consistently above detection 

limits and were not subject to interference by polyatomic species. The laser was tuned at 

40mJ and operated at 60mJ with a firing frequency of 5Hz. A 206µm-diameter spot in the 

most recently deposited otolith material was preablated for 40s. Three replicate 55µm-

diameter spots were then positioned within this preablated zone and ablated for 30s each to 

record a ‘capture site’ signature. This spot size was chosen as a compromise between 

temporal sensitivity and detection power and represents approximately 6–12 months’ otolith 

growth. As incorporation of trace elements may be heterogeneous within an otolith (Hamer & 

Jenkins 2007), all spots were positioned at the dorsal tip of the transverse section. Before, 

between and after blocks of ten samples, standards (NIST 610, NIST 612 and NIST 614) were 

analysed in the same way as samples. Samples were analysed in a random order to avoid 

machine drift confounding examination of spatial and temporal variability in otolith trace 

element concentrations. Offline, data were low-pass filtered to remove transient spikes, 

smoothed using a moving average to reduce the influence of high frequency noise in the data 

(due to analytical imprecision) that can mask the ‘true’ variation between samples, blank-

subtracted and drift-corrected. Molar ratios of the sample were calculated and converted to 

ratios relative to 43Ca. Successive standard runs were used to calculate machine precision 

estimates for each element (relative standard deviation, RSD). Detection limits were 

calculated for each element using standard acquisitions. Constants were added to certain 

elements in order to raise all concentrations above zero, but maintain the variance structure of 

the data. Details of the final suite of elements selected for analysis of Fiordland blue cod 

otoliths, including detection limits, machine precision estimates and constants added are given 

in Table 5.3. 

An average capture site concentration was calculated from up to three replicate spots 

per sample following close examination of the raw data for each element; replicates were 

excluded for an element (particularly Cu, Zn and Pb) if the concentrations were deemed 

unnaturally high and potentially due to surface contamination or edge effects. One outlying 

individual (caught in outer Breaksea Sound in 2009) was excluded from analyses altogether 

due to anomalously high concentrations of Zn and Pb in all spots. 
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5.4.4 Solution ICP-MS 

 Otoliths were washed for 8–10 seconds in 1% HNO3 (65%, Merck Suprapure®) then 

rinsed three times in Milli-Q water, placed in labelled, acid-washed 10ml polypropylene 

centrifuge tubes and dried in a Class-100 laminar flow cabinet.  Once dry, otoliths were 

weighed to the nearest 0.01mg, then dissolved in 1.5ml of 20% HNO3 and made up to a final 

volume of 8ml with Milli-Q water. A sub-sample of this solution was taken (0.5 or 1ml, 

depending on otolith weight) and made up to 10ml with 1% HNO3. A further 100x dilution 

was required to measure Sr. Procedural blanks were prepared in the same manner, but 

contained no otoliths. Solution ICP-MS was conducted at James Cook University’s Advanced 

Analytical Centre using a Varian UltraMass 700 ICP-MS (Varian, Australia); Sr was analysed 

by inductively-coupled plasma atomic emission spectroscopy (ICP-AES) using a Varian 

Liberty Series II.  Both systems were calibrated using certified reference material NIES 22 

(Fish Otolith Certified Reference Materials, Japan National Institute for Environmental 

Studies) and matrix-matched calibration solutions made of matrix otolith and a multi-element 

standard solution supplied by Choice Analytical Pty Ltd. Concentrations were blank-

subtracted and converted into ratios to Ca, based on otolith dry weight and dilution factor. 

Detection limits, calculated as 3x the standard deviation of the blanks (Gillanders & 

Kingsford 2000) together with machine precision estimates (relative standard deviation), are 

given in Table 5.4. 
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Table 5.3: The suite of elements analysed by LA ICP-MS in 2008 and 2009. Details of 

isotopes, detection limits, machine precision and constants added are given. 

Element Isotope Year DL (µmol/mol) RSD (%) Constant 
2008 0.879 4 Lithium 7Li 
2009 4.614 4 

7.9495 

2008 2.200 6 Boron 11B 
2009 2.623 5 

- 

2008 2.442 5 Magnesium 24Mg 
2009 1.316 3 

- 

2008 16.201 5 Phosphorous 31P 
2009 19.470 4 

- 

2008 43.859 6 Sulphur 34S 
2009 54.272 7 

- 

2008 0.473 3 Manganese 55Mn 
2009 0.809 3 

4.6714 

2008 0.139 4 Copper 63Cu 
2009 0.436 4 

1.2860 

2008 0.204 5 Zinc 66Zn 
2009 0.400 5 

0.6447 

2008 0.068 5 Strontium 88Sr 
2009 0.302 4 

- 

2008 0.002 4 Barium 138Ba 
2009 0.007 4 

- 

2008 0.005 5 Lead 208Pb 
2009 0.008 4 

0.0539 

 

Table 5.4: The suite of elements analysed by solution ICP-MS. Details of isotopes, detection 

limits and machine precision are given. 

Element Isotope DL (µmol/mol) RSD (%) 
Lithium 7Li 0.083 18 
Magnesium 24Mg 1.829 7 
Manganese 55Mn 0.504 - 
Copper 63Cu 0.174 10 
Strontium 88Sr 1.343 3 
Barium 138Ba 0.016 5 
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5.4.5 Statistical analysis 

In order to address the aims and objectives listed in Section 5.2, statistically testable 

hypotheses were constructed based on the above methods. 

 

1. Trace elements signatures will vary between habitats and between fjord basins 

Capture site trace element signatures of fish sampled in 2009 were compared between 

fjords (fixed effect, 5 levels), habitats (fixed effect, 2 levels) and sites (fixed effect, 10 levels) 

using permutational MANOVA based on Euclidean distances between samples. Data were 

first normalised to account for inter-elemental differences in concentration ranges. 

PERMDISP was used to compare multivariate dispersion between sites. CAP was used to 

measure reclassification-to-site success rates. Spatial trends in individual elements were 

examined using permutational ANOVA. 

 

2. Trace element signatures will vary between sampling years 

Capture site trace element signatures were compared between 2004 and 2009 using 

permutational (M)ANOVA, treating year as a random effect. B was excluded due to machine 

calibration errors in 2008. CAP was used to compare reclassification success rates to year and 

to site and to assign 2009 samples to site, using 2004 samples as a training dataset. 

 

3. Resolution will be higher for LA than bulk signatures, especially in the dynamic outer 

fjords 

LA and solution ICP-MS analyses were compared using a sub-set of samples for 

which one otolith of the pair was analysed using each technique. The suite of elements was 

limited to include only those measured using both techniques (Li, Mg, Mn, Cu, Sr, Ba). 

Constants were not added to the LA data for these analyses. Euclidean distance matrices of 

normalised data were compared using a Mantel test in R v2.11.1 (The R Foundation for 

Statistical Computing), with 9999 permutations of the data, after Gillanders (2001). 

 

4. Relocated fish trace element composition will be intermediate between inner and outer 

fjord signatures 

 Capture site signatures of relocated individuals were compared to signatures of fish 

sampled from inner (n=15) and outer Doubtful Sound (n=9) during November 2004 (i.e. close 

to the time of recapture of relocated fish); only those fish similar in age to relocated fish were 

included in the comparison (6–8yrs). Group was treated as a fixed effect (3 levels). 
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5.5 Results 

 

5.5.1 Biological variability in trace element fingerprints 

Within individual sites, no effect of fish size (pseudo-F76,94=1.1993; p=0.2646) or sex 

(pseudo-F8,94=1.2461; p=0.1427) was detected, so subsequent tests pooled across size classes 

and sexes. However, age (nested within site) did affect trace element signatures (pseudo-

F47,94=1.2985; p=0.0399) and age distributions differed significantly between sites (pseudo-

F9,94=9.4251; p=0.0001) with pairwise tests detecting significant differences between inner 

and outer habitats in all fjords. Univariate tests were used to identify the suite of elements 

driving the observed age effect and detected significant effects for Li, Zn and Sr (Table 5.5; 

Figure 5.2). The age-related increase in Sr concentrations and decrease in Li concentrations 

were consistent across sites and age ranges (i.e. a true age effect) although in the case of Li a 

few anomalously high measurements reduced the model fit. The relationship between Zn and 

age was highly variable when investigated on a smaller spatial scale; this is reflected in the 

low R2 value and marginally significant p-value. Within sites, age explained up to 96% of the 

variability in Sr (n=5) and up to 57% at the fjord level (n=20). Subsequent spatio-temporal 

comparisons included age as a covariate with interactions included in the model to allow for 

heterogeneity of slopes (Quinn & Keough 2002); non-significant interactions were pooled 

with residuals to increase the model power. 
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Table 5.5: Results of PERMANOVA tests of the effect of fish age (nested within site) on the 

concentration of individual trace elements including the test statistic pseudo-F, the 

significance level p calculated under permutation, the number of unique values obtained from 

9999 permutations and the degrees of freedom (factor, error). Significant results (p<0.05) are 

shown in bold. Also shown are results of linear regressions for Li, Zn and Sr versus age, 

pooled across sites. 

Element Pseudo-F p Unique 
perms df R2 Equation 

Li 2.9924 0.0029 9924 47, 94 0.06 Li = 16.600 – 0.253(Age) 
B 0.7341 0.7924 9914 47, 94 - - 
Mg 0.7212 0.7700 9926 47, 94 - - 
P 0.8262 0.5937 9923 47, 94 - - 
S 1.5282 0.1089 9924 47, 94 - - 
Mn 1.4096 0.1425 9909 47, 94 - - 
Cu 0.8066 0.7355 9913 47, 94 - - 
Zn 3.0072 0.0016 9921 47, 94 0.02 Zn = 3.209 – 0.098(Age) 
Sr 2.2512 0.0126 9922 47, 94 0.19 Sr = 2.638 + 0.075(Age) 
Ba 1.6616 0.1181 9924 47, 94 - - 
Pb 1.4024 0.2941 9919 47, 94 - - 
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Figure 5.2:  Linear regressions of (a) lithium (b) zinc and (c) strontium against fish age, 

pooled across sites. Equations for the regression lines are given in Table 5.5. 
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5.5.2 Spatial variability in trace element fingerprints 

Hypothesis 5.1 predicts that trace element signatures will vary between habitats within 

a fjord and between fjord basins within each habitat. Multivariate signatures varied between 

fjords (pseudo-F4,94=2.7116; p=0.0003) and habitats overall (pseudo-F1,94=2.1148; p=0.0449), 

although the latter result is close to the 0.05 significance level. Fjord basins differed in both 

inner (pseudo-F4,45=3.4632; p=0.0001) and outer fjord habitats (pseudo-F4,48=2.1589; 

p=0.0005) overall, but not all pair-wise tests were significant; in both habitats evidence was 

found for a latitudinal gradient in signatures. Significant differences were detected in trace 

element signatures between inner and outer fjord habitats in Bradshaw–Thompson Sound 

(pseudo-F1,19=2.2672; p=0.0234), Breaksea Sound (pseudo-F1,18=3.7258; p=0.0014) and 

Dusky Sound (pseudo-F1,20=4.9650; p=0.0001) but not Doubtful Sound (pseudo-

F1,14=1.8621; p=0.0866) or Long Sound–Preservation Inlet (pseudo-F1,19=0.7480; p=0.5894).  

CAP successfully reclassified 41% of individuals to site overall; 5.3–11.6% would 

have been expected by chance according to sample size at each site. Within individual fjord 

basins, classification to habitat was more successful with at least 80% of samples correctly 

reclassified. In Bradshaw–Thompson Sound, 90% of inner fjord and 70% of outer fjord 

individuals were successfully reclassified (mean: 80%); by chance alone, a 50% 

reclassification-to-habitat success rate would have been expected. In Doubtful Sound 

reclassification success was 80% in the inner fjord and 100% in the outer fjord (mean: 93%); 

due to uneven sample sizes in each habitat, a 33.3% success rate could have been predicted in 

the inner fjord and a 66.7% success rate in the outer fjord through chance alone. In Breaksea 

Sound reclassification success was 100% in both habitats (chance could account for 52.6% in 

the inner fjord and 47.4% in the outer fjord) while in Dusky Sound reclassification success 

was 82% in the inner fjord and 100% in the outer fjord (mean: 90%), whereas chance would 

predict 52.4% in the inner fjord and 47.6% in the outer fjord. In Long Sound–Preservation 

Inlet 80% of individuals in each habitat could be successfully reclassified (50% would be 

expected by chance).  

63% of inner fjord samples could be successfully reassigned to fjord basin, compared 

to 49% in the outer fjords; this implies a higher degree of residency and/or more stable 

physico-chemical conditions in the sheltered inner fjord habitats. Multivariate dispersion did 

not differ between sites overall (pseudo-F9,85=2.2279; p=0.1495) or between any paired inner 

and outer fjord sites. No clear spatial trends were evident, contradicting Hypothesis 5.1, 

although dispersion was high in inner Doubtful Sound, possibly reflecting the highly variable 

inputs via the tailrace discharge (Table 5.6; Figure 5.3). 
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Table 5.6: Mean and standard error dispersion of multivariate trace element signatures at 

each site. 

Site Mean SE 
Bradshaw Sound (inner) 1.836 0.269 
Thompson Sound (outer) 2.742 0.249 
Doubtful Sound (inner) 3.484 0.276 
Doubtful Sound (outer) 3.003 0.457 
Breaksea Sound (inner) 2.248 0.146 
Breaksea Sound (outer) 3.029 0.455 
Dusky Sound (inner) 2.581 0.254 
Dusky Sound (outer) 3.196 0.431 
Long Sound (inner) 3.103 0.234 
Preservation Inlet (outer) 2.325 0.284 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Mean dispersion of multivariate trace element signatures in inner (grey bars) and 

outer fjord habitats (white bars) in each fjord. Standard error bars are shown. 
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Spatial patterns were investigated for individual elements (Table 5.7; Figures 5.4 and 

5.5). S, Ba and Pb varied between fjord basins; Pb varied between inner and outer fjord 

habitats; S, Cu, Ba and Pb varied between sites. The scale and direction of the difference in 

concentrations varied between fjords and habitats implying fine scale variability in local 

sources and inputs of trace elements. B, Mg, P and Mn did not vary spatially at any of the 

scales modelled. Spatial variability in those elements subject to age effects (Li, Zn and Sr) 

was modelled using analysis of covariance (ANCOVA) with age included as a covariable. Zn 

and Sr showed spatial variability independent of age distributions but Li did not; examining 

mean Li concentrations and mean ages by site (Figures 5.4a and 5.5f) it is obvious that despite 

the relatively weak correlation between Li and age, the highest Li concentrations coincide 

with the highest mean age among sampled fish. 

Comparing spatial variability in Sr to individual growth rates at each site (see Chapter 

2, Table 2.16) revealed some evidence to suggest a positive relationship between von 

Bertalanffy growth rate (k) and Sr incorporation. Individual Sr concentrations were regressed 

against values for k from growth models constructed for each site; raw size-at-age data were 

also included in the models. Growth rate explained a small but significant portion of the 

variability in Sr/Ca (R2=0.09; p=0.0028) and a significant proportion of the variability on top 

of that explained by age and size (p=0.0001). Together, growth rate, age and size explained 

35.4% of the variability in individual Sr concentrations with a direct relationship apparent 

between Sr incorporation and growth, age and size. 
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Table 5.7: Results of PERMANOVA tests comparing the concentration of individual trace 

elements between fjords, habitats and sites including the test statistic pseudo-F, the 

significance level p calculated under permutation, the number of unique values obtained from 

9999 permutations and the degrees of freedom (factor, error). Age was included as a 

covariable in Li, Zn and Sr models. Significant results (p<0.05) are shown in bold. 

Element Test Pseudo-F p Unique perms df 
Fjord 2.0081 0.0867 9944 4, 94 
Habitat 2.4581 0.1198 9847 1, 94 Li 
Site 1.8479 0.0624 9954 9, 94 
Fjord 0.6211 0.6520 9956 4, 94 
Habitat 0.2036 0.6478 9928 1, 94 B 
Site 1.5014 0.1505 9949 9, 94 
Fjord 0.7792 0.5428 9944 4, 94 
Habitat 0.0802 0.7690 9859 1, 94 Mg 
Site 0.8957 0.5326 9957 9, 94 
Fjord 1.2623 0.2952 9961 4, 94 
Habitat 1.5002 0.2319 9862 1, 94 P 
Site 1.2484 0.2645 9948 9, 94 
Fjord 9.9721 0.0001 9948 4, 94 
Habitat 0.7178 0.4027 9835 1, 94 S 
Site 5.2984 0.0002 9962 9, 94 
Fjord 1.1897 0.3303 9947 4, 94 
Habitat 0.4930 0.4900 9822 1, 94 Mn 
Site 1.4707 0.1695 9939 9, 94 
Fjord 2.2916 0.0639 9950 4, 94 
Habitat 0.5496 0.4694 9849 1, 94 Cu 
Site 2.6401 0.0092 9950 9, 94 
Fjord 1.0354 0.4012 9942 4, 94 
Habitat 2.0598 0.1500 9818 1, 94 Zn 
Site 4.1547 0.0009 9948 9, 94 
Fjord 1.5967 0.1767 9946 4, 94 
Habitat 18.397 0.0003 9842 1, 94 Sr 
Site 4.1306 0.0002 9950 9, 94 
Fjord 8.6474 0.0001 9949 4, 94 
Habitat 0.0580 0.8167 9836 1, 94 Ba 
Site 5.1582 0.0001 9945 9, 94 
Fjord 2.9963 0.0176 9956 4, 94 
Habitat 3.8983 0.0446 9856 1, 94 Pb 
Site 5.3122 0.0001 9948 9, 94 
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Figure 5.4: Mean concentrations of (a) lithium (b) boron (c) magnesium (d) phosphorous 

(e) sulphur and (f) manganese in inner (grey bars) and outer fjord habitats (white bars) in each 

fjord. Standard error bars are shown. 
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Figure 5.5: Mean concentrations of (a) copper (b) zinc (c) strontium (d) barium (e) lead and 

(f) mean age in inner (grey bars) and outer fjord habitats (white bars) in each fjord. Standard 

error bars are shown. 
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Model selection was used to assess the relative influence of spatial and biological 

factors on trace element incorporation into otoliths: 

 

Trace element signature = site + fjord + habitat + age 

Marginal tests detected a significant effect of site (pseudo-F10,85=2.7051; p=0.0001), 

fjord (pseudo-F5,90=2.4564; p=0.0001) and age (pseudo-F2,93=4.3725; p=0.0005), but not 

habitat (pseudo-F2,93=1.3803; p=0.1856). Sequential tests showed that site explained a 

significant proportion of the variance given that explained by age (pseudo-F11,84=2.7412; 

p=0.0001), but fjord and habitat did not. Models are summarised in Table 5.8 while Table 5.9 

ranks the factors by their relative weight in the model set. Spatial factors emerged as the most 

important driver of variability in trace element signatures, but only at the site level; age was 

more influential than fjord and habitat. The best model explained just 26% of the total 

variability in trace element signatures, implying that trace element incorporation is subject to 

complex controls by factors not included in the models. 
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Table 5.8: Details of log-likelihood, number of parameters (K), AICc values, relative power 

(Δi), Akaike weights and variance explained (R2) for all models describing variability in trace 

element signatures. 

Trace element signature = Log (L) K AICc Δ i wi R2 
Site + age 2.883 2 223.15 0.00 0.158 0.26 
Site + fjord + age 2.883 3 223.15 0.00 0.158 0.26 
Site + habitat + age 2.883 3 223.15 0.00 0.158 0.26 
Site + fjord + habitat + age 2.883 4 223.15 0.00 0.158 0.26 
Site 2.905 1 225.49 2.34 0.049 0.22 
Site + fjord 2.905 2 225.49 2.34 0.049 0.22 
Site + habitat 2.905 2 225.49 2.34 0.049 0.22 
Site + fjord + habitat 2.905 3 225.49 2.34 0.049 0.22 
Fjord + age 2.950 2 225.70 2.55 0.044 0.14 
Fjord + habitat + age 2.941 3 226.03 2.88 0.037 0.16 
Age 2.995 1 226.56 3.41 0.029 0.04 
Habitat + age 2.986 2 226.76 3.61 0.026 0.06 
Fjord 2.970 1 227.63 4.48 0.017 0.10 
Fjord + habitat 2.962 2 228.28 5.13 0.012 0.11 
Habitat 3.008 1 229.53 6.38 0.007 0.01 

 

Table 5.9: Summed weights for each factor calculated as the sum of the Akaike weights for 

each model in Table 5.8 that includes a given factor. 

Factor Summed weight 
Site 0.828 
Age 0.768 
Fjord 0.525 
Habitat 0.496 
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5.5.3 Temporal variability in trace element fingerprints 

 Hypothesis 5.2 predicts that trace element signatures will vary between years. 

Temporal variability was investigated by comparing 2004 and 2009 capture site signatures 

within each site, including age as a covariate in models. Year (nested within site) was 

significant overall (pseudo-F6,139=4.5142; p=0.0001). Significant temporal effects were 

detected in inner Bradshaw Sound (pseudo-F1,19=2.0454; p=0.0464), inner Doubtful Sound 

(pseudo-F1,25=2.2670; p=0.0401), outer Breaksea Sound (pseudo-F1,19=5.1595; p=0.0001), 

inner Dusky Sound (pseudo-F1,15=5.5212; p=0.0003) and Preservation Inlet (pseudo-

F1,27=6.2896; p=0.0001) but not outer Doubtful Sound (pseudo-F1,29=1.7796; p=0.0824). 

 CAP successfully reclassified 44% of samples to site and year overall; between 3.6 

and 15.0% would be expected by chance alone. 48% of samples could be successfully 

reclassified to sampling site and 79% of samples to sampling year; however, between 11.4 

and 21.4% of samples could have been correctly reclassified to site by chance alone while 

39.2–60.7% of samples could have been reclassified to year by chance. This implies a similar 

influence of spatial and temporal variability in trace element incorporation overall. Within 

individual sites, reclassification to year was highly successful (Table 5.10) with at least 76% 

of samples correctly reclassified, although in inner and outer Doubtful Sound, where sample 

sizes were particularly uneven between years, the reclassification success rate is not much 

greater than that expected by chance alone. 

Using 2004 multivariate data as a training dataset by which to classify 2009 samples 

to site resulted in low success rates (16.4% overall). Success was highest in Doubtful Sound 

(inner fjord: 60%; outer fjord: 40%) and lowest in outer Breaksea Sound and inner Dusky 

Sound (0%); in inner Bradshaw Sound and Preservation Inlet, 10% of 2009 samples were 

correctly assigned to site based on 2004 data. Incorrectly classified samples from inner 

Bradshaw were commonly assigned to other inner fjord sites (inner Doubtful Sound: 30%; 

inner Dusky Sound: 60%); the same was also true for inner Doubtful Sound samples (inner 

Bradshaw Sound: 20%; inner Dusky Sound: 20%). However, samples from inner Dusky 

Sound were assigned to all other sites approximately equally. Outer Breaksea Sound samples 

were assigned to Doubtful Sound (inner: 66.7%; outer: 33.3%). Outer Doubtful Sound 

samples were assigned to inner Doubtful Sound (10%), inner Bradshaw Sound (10%), outer 

Breaksea Sound (30%) and inner Dusky Sound (10%). Preservation Inlet samples were 

assigned to outer Breaksea Sound (10%), inner Dusky Sound (20%) and Doubtful Sound 

(30% to each habitat). The direction of misclassifications must be interpreted cautiously as 

not all possible groups were sampled. 
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A good indication of the relative degree of spatial versus temporal variability is gained 

using just samples from Doubtful Sound. Here, 78.6% of samples could be correctly 

reclassified to site (pooled across years) whereas 89.3% of samples could be correctly 

reassigned to year (pooled across habitats). Using 2004 data as a training dataset by which to 

assign 2009 samples to habitat, 60% of inner fjord and 70% of outer fjord samples were 

correctly classified. At this more localised spatial scale, variability is apparently less 

confounded by inter-annual differences. 

Univariate tests detected significant temporal effects within site for Mg, S, Cu, Zn, Sr, 

Ba and Pb but not Li, P or Mn (Table 5.11). Li, P, Mg and Ba were on average higher in 2004 

while S, Mn, Cu, Zn, Sr and Pb were on average higher in 2009. 

 

Table 5.10: Reclassification-to-year success rates for each site. The reclassification success 

rate expected by chance alone and sample sizes are also given. 

Site Success (%) Chance (%) n 
Bradshaw Sound (inner) 80.0 50.0 20 
Doubtful Sound (inner) 88.5 19.0–80.8 26 
Doubtful Sound (outer) 76.7 33.3–66.7 30 
Breaksea Sound (outer) 100.0 45.0–55.0 20 
Dusky Sound (inner) 100.0 32.3–68.8 16 
Preservation Inlet (outer) 92.9 35.7–64.3 28 

 

Table 5.11:  Results of PERMANOVA tests comparing concentrations of individual trace 

elements between 2004 and 2009, nested within site, including the test statistic pseudo-F, the 

significance level p calculated under permutation, the number of unique values obtained from 

9999 permutations and the degrees of freedom (factor, error). Age was included as a 

covariable in Li, Zn and Sr models. Significant results (p<0.05) are shown in bold. 

Element Pseudo-F p Unique perms df 
Li 1.8430 0.0987 9938 6, 139 
Mg 4.9522 0.0005 9949 6, 139 
P 2.0066 0.0752 9941 6, 139 
S 8.1781 0.0001 9948 6, 139 
Mn 1.1688 0.3372 9943 6, 139 
Cu 3.3623 0.0057 9947 6, 139 
Zn 4.1123 0.0010 9945 6, 139 
Sr 4.1522 0.0009 9938 6, 139 
Ba 4.5814 0.0009 9949 6, 139 
Pb 14.799 0.0001 9945 6, 139 
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Model selection was used to assess the relative influence of temporal versus spatial 

variability on trace element signatures: 

 

Trace element signature = site + age + sampling year 

 

Spatial variability was modelled at the scale previously found to be most relevant i.e. 

at the site level. Marginal tests found all factors to be significant (site: pseudo-F6,134=3.6151, 

p=0.0001; age: pseudo-F2,138=5.6867, p=0.0001; year pseudo-F2,138=6.6877, p=0.0001) with 

sequential tests showing that sampling year explained a significant proportion of the 

variability in trace element signatures given that already explained by site and age (pseudo-

F8,132=7.7373; p=0.0001). Models are summarised in Table 5.12, while Table 5.13 ranks the 

factors according to their weight in the model set. Site was the most influential factor in terms 

of model weight, followed by year then age, although all factor rankings were high. This 

implies that hierarchical influences on trace element signatures are exerted by 

spatial>temporal>physiological mechanisms and suggests that exogenous environmental 

variability is more important than endogenous variability. The best overall model included all 

three factors but explained just 21% of the variability in trace element signatures; evidently 

there are more complex factors at play that were not modelled here. 

 

Table 5.12: Details of log-likelihood, number of parameters (K), AICc values, relative power 

(Δi), Akaike weights and variance explained (R2) for all models describing variability in trace 

element signatures. 

Trace element signature = Log (L) K AICc Δ i wi R2 
Site + age + year 3.042 3 305.99 0.00 0.864 0.21 
Site + year 3.065 2 311.04 5.05 0.069 0.16 
Site + age 3.067 2 311.71 5.72 0.049 0.16 
Age + year 3.104 2 314.84 8.85 0.010 0.09 
Site 3.088 1 316.27 10.28 0.005 0.12 
Year 3.122 1 318.82 12.83 0.001 0.05 
Age 3.125 1 319.79 13.80 0.001 0.04 

 

Table 5.13: Summed weights for each factor calculated as the sum of the Akaike weights for 

each model in Table 5.12 that includes a given factor. 

Factor Summed weight 
Site 0.987 
Year 0.945 
Age 0.924 
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5.5.4 Comparison of LA ICP-MS & solution ICP-MS 

Hypothesis 5.3 predicts that greater spatial resolution will be achieved by LA ICP-MS 

than solution ICP-MS, especially in the more dynamic outer fjord environment. The relative 

discriminatory power of the two techniques was compared using the same sub-set of 55 fish 

sampled in 2004. CAP successfully reclassified 47% of LA samples to their capture site 

compared to 44% of solution samples; both techniques achieved a considerably higher 

reclassification success rate than expected by chance alone (10.9–29.1%). Examining success 

rates for individual sites (Table 5.14) reveals some evidence to support the hypothesised 

advantage of LA over solution ICP-MS to detect spatial variability in the dynamic outer 

fjords. In outer Breaksea Sound and Preservation Inlet, LA was more successful than solution 

ICP-MS, which did not reclassify samples much more successfully than could have been 

expected by chance alone; in outer Doubtful the two techniques achieved the same 

reclassification success rate. LA was also more successful in inner Doubtful Sound, but in 

inner Bradshaw Sound reclassification was more successful using solution ICP-MS, and here 

it was LA that did not achieve much more success than could have occurred by chance. A 

finer-scale examination in Doubtful Sound revealed that within each habitat, the two 

techniques gave comparable results with solution ICP-MS successfully reclassifying 76.9% of 

inner fjord and 100% of outer fjord samples and LA ICP-MS allowing 84.6% of inner and 

83.3% of outer fjord samples to be reclassified. Again, both techniques were more successful 

than expected by chance (inner fjord: 68.4%; outer fjord: 31.6%). On average reclassification-

to-habitat success was 84.2% for both techniques; of the misclassified fish (n=3), 2 were 

misclassified by both techniques. 

Region-wide, 19 fish (34.5%) were misclassified by both techniques; of these, 8 

individuals (14.5%) were wrongly assigned to the same site by both techniques. Both 

techniques struggled to differentiate between inner Bradshaw Sound and inner and outer 

Doubtful Sound and also between outer Breaksea Sound, outer Doubtful Sound and 

Preservation Inlet. Misclassifications were not always understandable from an oceanographic 

perspective though, as individuals from Preservation Inlet were most commonly misclassified 

to inner Bradshaw Sound. However, as not all possible groups in the region were sampled, the 

direction of misclassification must be interpreted with caution. 

Normalised Euclidean distance matrices for the two techniques were poorly correlated 

(Mantel test: r=-0.0048; p=0.4912). Examination of the raw data revealed considerable 

differences between the two ICP-MS techniques for some elements, both in terms of absolute 

concentrations and relative levels at each site. Mn and Cu were recorded at higher 
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concentrations using LA than solution ICP-MS (an order of magnitude higher in the case of 

Cu) despite lower detection limits for solution ICP-MS, and spatial patterns differed between 

techniques. Mg also followed different spatial patterns between techniques, but concentrations 

were considerably greater using solution ICP-MS. Age distributions were similar between 

sites and multivariate signatures did not vary with age (solution: pseudo-F10,54=1.1082, 

p=0.3442; LA: pseudo-F10,54=1.1394, p=0.2717), so it is unlikely that the difference in spatial 

patterns is related to the temporal sensitivity of each technique in terms of ontogeny. 

Concentrations of Li, Sr and Ba were broadly similar between techniques and the same spatial 

patterns were revealed. Including just these 3 variables, normalised Euclidean distance 

matrices for the two techniques were significantly correlated (r=0.1932; p=0.0292). 

 

Table 5.14: Reclassification-to-site success rates achieved for the same samples by LA and 

solution ICP-MS, and the success rate expected by chance alone. Sample sizes are shown. 

Site LA (%) Solution (%) Chance (%) n 
Bradshaw Sound (inner) 22.2 44.4 16.4 9 
Doubtful Sound (inner) 76.9 61.5 23.6 13 
Doubtful Sound (outer) 50.0 50.0 10.9 6 
Breaksea Sound (outer) 45.5 36.4 20.0 11 
Preservation Inlet (outer) 37.5 31.3 29.1 16 
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5.5.5 Acclimatization to local physico-chemical conditions 

Hypothesis 5.4 predicts that fish relocated from outer to inner Doubtful Sound will 

have trace element signatures intermediate between the two habitats. Multivariate signatures 

of relocated fish differed significantly from inner fjord (pseudo-t=1.6752; p=0.0271; df=18) 

but not outer fjord individuals (pseudo-t=0.9486; p=0.4635; df=12). Multivariate dispersion 

was significantly lower among inner fjord fish than outer fjord fish (pseudo-t=7.5426; 

p=0.0010); multivariate dispersion of relocated individuals fell in between the two habitat 

groups and did not significantly differ from inner (pseudo-t=2.5038; p=0.0750) or outer fjord 

samples (pseudo-t=0.0931; p=0.9830). Four out of six relocated fish added as new samples 

into a discriminant function analysis using CAP were assigned to the outer fjord group. A 

PCO ordination (Figure 5.6) shows that the multivariate signatures of relocated fish are 

generally intermediate between inner and outer fjord signatures, supporting Hypothesis 5.4, 

although there is some overlap between inner and outer fjord individuals. The outlying 

relocated sample contained high concentrations of Mg and Mn; as this anomaly is not 

considered likely to be the result of surface contamination the sample was not excluded from 

multivariate analyses. 

Distances of relocated signatures to multivariate group (inner and outer fjord) 

centroids were used to test the hypothesis that newly deposited otolith material will 

incorporate trace elements in concentrations reflecting local physico-chemical conditions and 

that consequently, over time, a relocated individual’s trace element signature will become 

progressively more similar to that of the local population and less similar to the population in 

its former habitat. Figure 5.7 supports this hypothesis: as time at liberty in the inner fjord 

increases, so the multivariate trace element signature moves closer to the inner fjord and 

further away from the outer fjord group centroid. After just 15 days at liberty in the new 

environment, the trace element signature is indistinguishable from the fish’s original habitat; 

after 89 days an influence of the new habitat is seen in the trace element signature and 

between 89 days and 170 this influence increases considerably. By 184 days the relocated fish 

display trace element signatures that largely reflect their new habitat, supporting Hypothesis 

5.4, although complete naturalisation has not yet occurred. Including just those relocated fish 

at liberty in the inner fjord for 170–184 days, multivariate trace element signatures of 

relocated fish could be distinguished from both inner (pseudo-t=2.4297; p=0.0002; df=16) 

and outer fjord samples (pseudo-t=1.6225; p=0.0258; df=10). 

The concentrations of individual elements were compared between groups to identify 

the suite of elements that characterises the inner and outer fjord habitats (Figures 5.8 and 5.9). 
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Concentrations of several elements (Li, P, Ba) were more similar in relocated fish to outer 

fjord than inner fjord samples, while others (Cu, Zn and Pb) were more similar to inner fjord 

levels. However, as Cu, Zn and Pb are the elements most prone to surface contamination, 

inferences based on their relative concentrations should be drawn cautiously. B and Sr 

showed no patterns among groups, possibly reflecting physiological or biological control. Mg 

and Mn were anomalously high in one relocated fish; excluding this sample, relocated 

samples were more similar in Mn concentration to inner fjord than outer fjord fish, while Mg 

concentrations did not differ significantly to either habitat group. S was higher in relocated 

fish than either inner or outer fjord fish, although the difference was not significant in the case 

of outer fjord samples. 
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Figure 5.6: PCO ordination of the Euclidean distance between normalised multivariate trace 

element signatures of fish sampled from inner (filled triangles) and outer Doubtful Sound 

(open triangles) and fish relocated from outer to inner Doubtful Sound (crosses) in 2004. 

Pearson correlation vectors are shown. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: Relative similarity of multivariate trace element signatures of relocated fish to 

inner (grey) and outer fjord signatures (white) after 15 to 184 days at liberty in the inner fjord. 
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Figure 5.8: Mean concentrations of (a) lithium (b) boron (c) magnesium (d) phosphorous 

(e) sulphur and (f) manganese in inner fjord, outer fjord and relocated samples. Standard error 

bars are shown. Groups not connected by the same letter are significantly different (p<0.05). 

One outlier was excluded from the average Mg and Mn values for relocated fish. 
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Figure 5.9: Mean concentrations of (a) copper (b) zinc (c) strontium (d) barium and (e) lead 

in inner fjord, outer fjord and relocated samples. Standard error bars are shown. Groups not 

connected by the same letter are significantly different (p<0.05). 
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5.6 Discussion 

 

 These results demonstrate the potentially high degree of temporal variability in trace 

element incorporation into blue cod otoliths in Fiordland and highlight the need to consider 

temporal effects when investigating spatial patterns. Spatial variability is manifested on the 

scale of fjord basins with no region-wide effect of habitat. However, within individual fjords 

inner and outer fjord populations often differed in their trace element signatures. This is 

consistent with fine-scale variability in watershed characteristics and therefore trace element 

inputs and availability. Variability in trace element signatures between fjord basins was 

higher among inner fjord than outer fjord habitats. In the inner fjord, reclassification success 

was similar to that reported for sea perch Helicolenus percoides from Doubtful, Breaksea, 

Dusky and Long Sounds (Lawton et al. 2010); the discrete microchemical signatures of fish 

in these inner fjord basins could be due to either isolation of the populations over the 

timescale of up to a year, or differences in the physico-chemical environment between fjords. 

In the outer fjords populations may either be more mixed, or experience more dynamic and 

homogeneous environmental conditions. The first hypothesis is supported by the results of 

tagging and isotopic studies (Carbines & McKenzie 2004; Rodgers & Wing 2008). 

 Interestingly, in Long Sound–Preservation Inlet no difference was detected between 

trace element signatures of inner and outer fjord populations despite the strong spatial 

separation in population structure, individual growth rates and stable isotope signatures 

recorded in this fjord. The limited mixing of water masses along the fjord axis and high 

residency time of water in the inner fjord basin due to the restrictive bottleneck and shallow 

sills also make the homogeneity in trace element signatures here surprising. Long Sound 

differs in its morphology and geology to the more northern fjords with less precipitous walls 

of a more sedimentary origin than the sheer granite cliffs typical of the more northern fjords. 

The uniform trace element signatures of inner and outer fjord populations may be related to 

homogeneous trace element inputs and do not necessarily imply population mixing. 

Age effects were evident for Li, Zn and Sr, although only Sr displayed a clear trend 

which was stronger at smaller spatial scales: genuine spatial variability exists independent of 

age distributions and minimising this allows age trends to be seen more clearly. An age-

related decrease in otolith Zn content has been reported for scombrids (Grady et al. 1989; 

Papadopoulou et al. 1978) and anadromous and freshwater Arctic char populations (Halden et 

al. 1998). A decrease in Zn content with age has also been observed in other fish tissues and 

has generally been attributed to a dietary shift and/or a declining metabolic need for Zn in 
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older, larger individuals (see Halden et al. 1998). An ontogenetic decrease in Li has been 

previously reported (Stransky et al. 2004), but no mechanism for this has been suggested. 

The observed increase in Sr with age may reflect an ontogenetic shift in habitat use 

(i.e. an environmental effect) or it may be a physiological effect related to the kinetics of Sr2+ 

incorporation into otolith material (e.g. somatic growth rate, otolith accretion rate). An age 

related increase in Sr concentrations has previously been reported for Atlantic salmon Salmo 

salar (Friedland et al. 1998), southern bluefin tuna Thunnus maccoyii (Proctor et al. 1995), 

snapper Pagrus auratus (Fowler et al. 2004), black drummer Girella elevata (Gallahar & 

Kingsford 1996) and hoki Macruronus novaezelandiae (Kalish 1989). The phenomenon has 

generally been attributed to changes in relative protein growth during a fish’s lifespan or 

increases in fecundity and gonado-somatic index following maturation (Friedland et al. 1998; 

Fuiman & Hoff 1995; Kalish 1989). The latter mechanism could also explain the seasonal 

variation in Sr/Ca reported in some studies (Clarke & Friedland 2004; Kalish 1989,  1991). 

Previous studies have reported an inverse relationship between growth rate and Sr 

incorporation (Hamer & Jenkins 2007; Sadovy & Severin 1992); here, evidence was found for 

a direct relationship. However, the growth rate metric modelled here, k, describes the rate at 

which a fish approaches its asymptotic length and not the instantaneous growth rate at the 

time of sampling and measurement of the Sr/Ca ratio. A more accurate technique would be 

marginal increment analysis and construction of individual growth curves (Sadovy & Severin 

1992), but blue cod otolith sections did not display clear enough annual banding to support 

such a precise approach. 

Spatio-temporal patterns in individual element concentrations varied according to 

element and fjord, again implying fine-scale variability in sources of trace elements. On an 

individual element basis, no clear trends were discernible between inner and outer fjord 

habitats or latitudinally between fjords. No evidence was found of the inner fjord habitat use 

tag observed in Doubtful Sound mussels (Beer et al. In press); this implies that either blue cod 

do not reside in the LSL for long periods and/or kinetics of uptake differ between bivalve 

shell material and otoliths (Campana 1999). It is important to consider the possibility that 

apparent temporal effects may be an artefact of machine variability between analysis runs. B 

was excluded from temporal comparisons due to a known analytical issue in 2008; for most 

elements, machine precision estimates and detection limits were very similar between years 

(see Table 5.3). The exceptions are Li and Sr, both of which varied by an order of magnitude 

between 2008 and 2009 analytical events; Li did not differ significantly between sampling 

years, but inter-annual variability in Sr may be related to machine precision.  
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It is possible that capture site signatures may not represent identical periods of otolith 

deposition in all samples. Edge effects may also cause some fish to display different 

signatures to others from the same capture location. In addition, not all possible groups were 

sampled, meaning that fish could only be assigned to a sub-set of possible locations, so 

reclassification results should be interpreted cautiously. 

Comparing results between solution and LA ICP-MS revealed a high degree of 

correspondence between techniques for Li, Sr and Ba; similar results have been reported for 

Sr and Ba elsewhere (Ludsin et al. 2006; Thorrold et al. 1997), but no study to date has 

compared results for Li between ICP-MS techniques. Both studies also recorded Mg at higher 

concentrations using solution ICP-MS than LA ICP-MS; in the case of Ludsin et al. (2006) 

the difference was considerable and was attributed to the contamination of samples prior to 

solution analysis. Overall, in the present study the two techniques were comparable in their 

ability to discriminate between groups of fish from different sites, perhaps as a result of the 

high degree of residency of Fiordland blue cod populations, but differed in the chemical 

characteristics underpinning the spatial variability. The high analytical and temporal precision 

of LA ICP-MS means spatial patterns are potentially more reliable than those implied by 

solution ICP-MS. 

In interpreting these results, an assumption is made that spatial variability reflects the 

existence of discrete site signatures related to environmental conditions. To test this 

assumption, the change in trace element signatures of fish relocated from the outer coast to 

inner Doubtful Sound was examined over an increasing period at liberty. Although the sample 

size was small (n=6), evidence was found to support the hypothesis that otoliths incorporate 

trace elements in varying proportions according to local environmental conditions. It is not 

possible to draw conclusions regarding the mechanism underlying this (water chemistry, diet 

or both), but the same fish showed a shift in stable isotope signatures following a period of 

several months in their new environment (Rodgers & Wing 2008). An important caveat when 

interpreting otolith microchemical changes following relocation is that the temporal precision 

of the sampling technique represents weeks to months of otolith growth; furthermore, as 

ablations could not be positioned right on the otolith margin due to the risk of contamination 

(edge effects), concentrations are effectively integrated over a similar period to that of the 

relocation experiment. Elsdon & Gillanders (2005) report a time lag of up to 20 days between 

commencement of an experimental (Sr) treatment and detection of a microchemical response 

in otolith samples. Although their experiment used juvenile fish and growth rates were 

undoubtedly higher than in a population of wild adult fish, the potential for such an effect 
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should be considered in relation to the results of the present study, particularly as one fish was 

at liberty in the inner fjord for just 15 days prior to recapture. Despite these limitations, the 

transition from a chemical composition typical of the outer fjord to a more inner fjord 

signature is clear, but could be better resolved by continuously recording elemental profiles 

along a growth axis. The ability of trace element profiles to record movements from one 

environment to another will be investigated further in the next chapter. 

 

5.7 Conclusions 

 

1. Considerable spatial variability in trace element signatures is evident at the site level 

but not habitat level, reflecting fine-scale variability in trace element inputs. 

2. Temporal variability has the potential to confound spatial patterns and should be 

controlled for in future studies.  

3. Ontogenetic trends were evident in Sr and Li and, to a lesser extent, Zn incorporation; 

the age structure of samples therefore needs to be known and considered when 

interpreting spatio-temporal patterns. 

4. Similar results were obtained using LA and solution ICP-MS for a reduced suite of 

elements (Li, Sr, Ba). For other elements, absolute and relative levels differed between 

techniques. 

5. Fish relocated from outer to inner Doubtful Sound demonstrated the relationship 

between otolith microchemistry and local environmental conditions in Fiordland blue 

cod. Acclimatization to the new environment had commenced after 15 days, but was 

not complete by 184 days. 
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Using otolith microchemistry to trace juvenile 

dispersal & adult migrations:  

A Dusky Sound case study 

The entrance to Dusky Sound 
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6.1 Introduction 

 

6.1.1 Tracing larval dispersal 

The practical difficulties associated with tracking microscopic larvae through the 

pelagic environment mean that considerable effort has been directed towards developing new 

and innovative techniques to trace larval dispersal and estimate connectivity between 

populations of marine vertebrates and invertebrates (Thorrold et al. 2007). Traditional mark–

recapture techniques are hampered by the small size of larvae, extremely high mortality rates 

and the frequently broad scale of dispersal. Trace elemental analysis of calcified structures 

that are present from an early life-history stage, including otoliths (Thorrold et al. 2002), 

gastropod and cephalopod statoliths (Warner et al. 2009; Zacherl et al. 2003) and bivalve 

protoconchs (Becker et al. 2007), represents a potentially useful tool to elucidate dispersal 

and connectivity patterns; mass marking is achieved via differential incorporation of elements 

according to environmental conditions experienced throughout development. 

Because otoliths are metabolically inert, concentrations can be retrospectively 

measured for previous life-history stages, potentially allowing identification of natal origin 

and juvenile habitat utilisation (Gillanders & Kingsford 1996; Gillanders et al. 2003; Thorrold 

et al. 2001). This technique is of particular interest in the study of blue cod, which are 

extremely difficult to sample as juveniles (G. Carbines, pers. comm.). Beam-based assays 

such as LA ICP-MS allow continuous recording of elemental profiles along a growth axis; in 

conjunction with the optical properties of the otolith this facilitates reconstruction of an 

environmental history referenced to ontogenetic development. However, comparing 

environmental histories between individuals is inherently difficult, due to heterogeneous 

element incorporation within single otoliths and growth trajectories that vary in length 

(Thresher 1999), and requires careful consideration of analytical and statistical techniques. 

Genetic analyses often fail to discriminate between spatially discrete groups of marine 

organisms at the mesoscale, as a small amount of larval or adult mixing can mask 

heterogeneity. Otolith microchemistry has been able to successfully resolve differences not 

evident in genetic structure, despite the fact that it relies on measuring trace concentrations in 

a heterogeneous material (Thresher 1999). The presence of a microchemical difference does 

not however imply a genetic difference and provides no information regarding population 

identity (Campana et al. 1995; Edmonds et al. 1995). By corollary, the absence of a chemical 

difference does not necessarily imply a common origin. Sufficient environmental variability 

has been found in offshore waters to allow successful discrimination between fully marine 



 

 228 

stocks (Ashford et al. 2005; Campana et al. 1994; Campana & Gagné 1995). In order to use 

otolith microchemistry to investigate larval dispersal and adult migrations, the spatial scale 

over which variability operates must be quantified. Interpreting otolith elemental composition 

in the light of known movement patterns can aid understanding of the sensitivity of otolith 

microchemistry to fine-scale spatio-temporal variability. 

 

6.1.3 Blue cod in Dusky Sound 

 The Dusky Sound blue cod population has been better studied than others in Fiordland 

due to commercial interest, proximity to the productive Foveaux Strait fishing grounds and 

relative ease of access. Tagging studies have revealed a strong source–sink population 

structure with a high degree of residency in the inner fjord and a net inward movement of 

adults (Carbines & McKenzie 2004). It is not known however whether the inner fjord 

population is capable of self-recruitment or is reliant on the immigration of adults from the 

outer fjord and open coast. This is important from a management perspective as in the 

absence of self-seeding, the protected inner fjord population could be impacted by fishing 

pressure outside the CEZ.  

Chapter 5 demonstrated that while inter-annual variability in otolith elemental 

fingerprints is high, considerable spatial variability exists in the southern fjords, including 

between inner and outer Dusky Sound. But along the fjord axis, at what spatial scale does 

variability become evident in trace elemental incorporation? This chapter uses a finer 

sampling scale within Dusky Sound and combines otolith microchemical data with tagging 

data to assess the ability of elemental composition to record known movements of adults. In 

addition, retrospective sampling of post-settlement (0+) signatures from a single cohort is 

used to test the hypothesis that the inner fjord population is sustained by export from the outer 

fjord and open coast. 
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6.2 Aims & objectives 

 

6.1 To assess the scale and resolution of spatial variability in trace element signatures 

within Dusky Sound. 

6.2 To investigate the spatial variability in post-settlement signatures and postulate 

dispersal patterns and connectivity between habitats. 

6.3 To determine the feasibility of using trace element profiles to identify known migrants 

from a tagging study. 

6.4 To assess the relevance of the spatial scale of the current monitoring and management 

regime. 

  

6.3 Specific hypotheses 

 

6.1 Adult trace element (capture site) fingerprints will vary along the axis of Dusky 

Sound. Broad zones of distinguishable fingerprints will be related to distance from the 

open coast and associated hydrodynamic processes.  

6.2 Newly-settled recruit signatures will vary along the fjord axis and reflect open coast 

versus inner fjord production. 

6.3 Contrasting environmental histories of resident and migrant tagged fish will be visible 

in their trace element profiles. 
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6.4 Methods 

 

6.4.1 Sampling sites & dates 

Samples were collected from Dusky Sound in 2002 during Ministry of Fisheries 

monitoring surveys (Carbines & McKenzie 2004; Carbines et al. 2008). The survey design 

divided the fjord longitudinally into five strata: inner fjord (IN), mid fjord (MID), outer fjord 

(OUT), extreme outer fjord (EO) and open coast (OC) (Figure 6.1). Stratum size was 

designed to reflect the scale at which blue cod are likely to form distinct groups; strata were 

separated by natural boundaries where possible.  

 

 

Figure 6.1: Cod pot sampling locations within each of the five strata in Dusky Sound. 

Reproduced from Carbines et al. (2008), with permission. Note that the Five Fingers 

Peninsula (Taumoana) Marine Reserve was not established until 2005; in 2002 this area was 

included in the outer fjord stratum.  
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6.4.2 Sample collection & processing 

Standard methods for Ministry of Fisheries potting surveys are detailed in Carbines & 

McKenzie (2004). Total length (rounded down to the nearest centimetre) and sex were 

recorded; sagittal otoliths were removed from a representative size range by cranial 

dissection, rinsed with water, air-dried, and stored in paper envelopes. Otoliths were carefully 

cleaned of any adhering cerebral tissue using Teflon coated forceps before being embedded in 

K142 epoxy resin (NUPLEX Construction Products, Auckland). Transverse sections 

(~0.7mm thick) were cut through the core region using a Buehler Isomet diamond-tipped low-

speed saw and the sections mounted on slides using a small amount of resin. 

A sub-sample of otoliths was selected for trace element analysis by LA ICP-MS: 

otoliths from the 1999–2000 year class (i.e. individuals aged 2–3 in 2002, Table 6.1) were 

selected to investigate spatial variability in post-settlement (0+) trace element signatures 

along the fjord; capture site signatures were recorded for all samples. In addition, otoliths 

from blue cod tagged in 2001 and recaptured during the 2002 potting surveys (Table 6.2) 

were sampled to investigate the power of otolith microchemistry to detect adult migrations. 

 

Table 6.1: Sample sizes of 1999–2000 year class individuals (2–3 years old in 2002) and tag  

recaptures in 2002 from the 2001 tagging programme, listed by stratum. 

Stratum 2002 2–3 year olds 2002 tag recaptures Total 
Inner 8 14 22 
Mid 8 1 9 
Outer 6 4 10 
Extreme Outer 9 9 18 
Open Coast 5 4 9 

 



 

 232 

Table 6.2: Details of movements undertaken by tagged fish between tagging and release 

(2001) and recapture (2002) including distance moved, time at liberty, release and recapture 

strata and terminal age. 

Fish ID Distance moved (km) Days at liberty Release Recapture Age (yrs) 
Glen1 17.59 365 OUT IN 8 
5d 6.39 373 OUT EO 15 
107e 1.89 375 IN IN 15 
112c 1.48 376 MID MID 11 
Glen3 1.39 369 OC OC 10 
118c 1.06 373 OC OC 13 
118e 0.76 373 OC OC 9 
74b 0.76 361 OUT OUT 8 
22a 0.59 361 OC OC 7 
96b 0.56 367 OUT OUT 10 
110e 0.52 366 IN IN 24 
106b 0.48 376 IN IN 10 
123a 0.46 370 OUT OUT 8 
44c 0.43 361 OC OC 10 
92a 0.41 360 OC OC 9 
105d 0.33 375 IN IN 16 
83b 0.33 375 IN IN 10 
86e 0.28 366 IN IN 12 
111d 0.28 366 IN IN 10 
49d 0.19 369 EO EO 8 
80b 0.19 369 EO EO 13 
27d 0.15 361 OC OC 8 
123b 0.15 370 OUT OUT 13 
63d 0.13 369 EO EO 9 
53e 0.11 365 IN IN 15 
68b 0.11 365 IN IN 16 
86c 0.11 365 IN IN 14 
48a 0.11 360 OUT OUT 8 
111b 0.11 366 IN IN 22 
107a 0.07 375 IN IN 11 
113e 0.06 370 MID MID 10 
88b 0.04 371 MID MID 7 
121a 0.00 361 OC OC 7 
94b 0.00 370 OUT OUT 11 
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6.4.3 LA ICP-MS 

LA ICP-MS was carried out at the University of Melbourne’s School of Earth 

Sciences using a Varian high sensitivity quadrupole ICP-MS (Varian, Australia) fitted with a 

HelEx laser ablation system (Laurin Technic and Australian National University) constructed 

around a Compex 110 (Lambda Physik) Excimer laser. The laser was tuned at 40mJ and 

operated at 60mJ with a firing frequency of 5Hz. 206µm diameter zones were preablated for 

40s to remove surface contamination from the most recent otolith growth on the dorsal tip and 

the 0+ newly settled recruit growth (identified as the first translucent band outside the core 

region). Within each of these regions, three 55µm diameter spot samples were ablated for 30s 

(Figure 6.2). Transects were preablated which ran across the core to the tip of the ventral lobe, 

bisecting the annual bands along the longest growth axis (93µm diameter; 30µm s-1 scan 

speed). The same path was then ablated at a speed of 10µm s-1 using a 55µm laser diameter 

and profiles were recorded for 11 elements (Table 6.3). This laser diameter represents 

approximately 6–12 months of otolith growth. Multiple transects sampled on the same otolith 

were used to investigate heterogeneity in trace element incorporation within an individual 

otolith: a sub-set of samples was used to compare growth axes (Figure 6.3a) and another sub-

set was used to compare parallel transects along the same axis (Figure 6.3b). 

Samples were analysed in a random order to avoid machine drift confounding 

examination of spatial variability in otolith trace element concentrations. Before, between and 

after each block of ~10 samples, three NIST standards (614, 612 and 610) were sampled to 

calibrate the system. Data were low-pass filtered to remove transient spikes, smoothed using a 

moving average to reduce the influence of high frequency noise in the data (due to analytical 

imprecision) that can mask the ‘true’ variation between samples, blank-subtracted and drift-

corrected. Molar ratios of the sample were calculated and converted to ratios relative to 43Ca. 

Successive standard runs were used to calculate machine precision estimates for each element 

(relative standard deviation, RSD). Detection limits were calculated for each element using 

standard acquisitions. Constants were added to certain elements in order to raise all 

concentrations above zero, but maintain the variance structure of the data. Details of the final 

suite of elements selected for analysis of Dusky Sound otoliths, including detection limits, 

machine precision estimates and constants added are given in Table 6.3. 

Average capture site and 0+ concentrations were calculated from up to three replicate 

spots per sample following close examination of the raw data for each element; replicates 

were excluded for an element (particularly Cu, Zn and Pb) if the concentrations were deemed 

unnaturally high and potentially due to surface contamination or edge effects. 
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Figure 6.2: An ablated otolith showing the location of the capture site (CS) and post-

settlement (0+) spot samples and the transect bisecting the annual growth rings. A scale bar is 

included. This otolith was removed from a fish estimated to be 2 years old. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: (a) Transects scanned along two different growth axes and (b) parallel transects 

scanned along the same growth axis within a single otolith. A scale bar is included. 

 

(
b
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(b) 
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Table 6.3: The suite of elements analysed by LA ICP-MS. Details of isotopes, detection 

limits, machine precision and constants added are given. 

Element Isotope DL (mmol/mol) RSD (%) Constant 
Lithium 7Li 4.614 4 7.9495 
Boron 11B 2.623 6 - 
Magnesium 24Mg 1.316 5 - 
Phosphorous 31P 19.470 5 - 
Sulphur 34S 54.272 6 - 
Manganese 55Mn 0.809 3 4.6714 
Copper 63Cu 0.436 4 1.2860 
Zinc 66Zn 0.400 5 0.6447 
Strontium 88Sr 0.302 5 - 
Barium 138Ba 0.007 4 - 
Lead 208Pb 0.008 5 0.0539 

 

6.4.4 Time series analysis 

Time series (i.e. point measures recorded along each transect) varied in length 

between samples depending on the size of the otolith and consisted of a large number of data 

points for each of the 11 elements measured in every sample. Each time series was therefore 

decomposed to a suite of 13 statistical descriptors or ‘extracted features’ which aimed to 

capture patterns of variation and covariation among elemental ratio time series (Shima & 

Swearer 2009; Wang et al. 2006). The suite of descriptors consisted of a serial correlation 

function, a nonlinear function, a skewness function, a kurtosis function, a hurst function, a 

lyapunov function, a frequency function, a trend function, a seasonal function, a trend and 

seasonally adjusted (TSA) serial correlation function, a TSA non-linear function, a TSA 

skewness function and a TSA kurtosis function (Wang et al. 2006). Functions were estimated 

using R v2.11.1 (The R Foundation for Statistical Computing). 
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6.4.5 Statistical analysis 

In order to address the aims and objectives listed in Section 6.2, statistically testable 

hypotheses were constructed based on the above methods. 

 

1. Capture site trace element fingerprints will vary along the axis of Dusky Sound. Broad 

zones of distinguishable fingerprints will be related to distance from the open coast and 

associated hydrodynamic processes  

 Capture site trace element signatures were compared between strata (fixed effect) 

using permutational (M)ANOVA based on Euclidean distances between normalised data. 

Multivariate dispersion was compared between strata using PERMDISP. Pairwise 

PERMANOVA tests between adjacent strata were used to identify discrete physico-chemical 

regions along the fjord axis. 

 

2. Newly-settled recruit signatures will vary along the fjord axis and reflect open coast versus 

fjord production 

 Post-settlement trace element signatures were compared between strata using 

permutational (M)ANOVA based on Euclidean distances between normalised data. 

Multivariate dispersion was compared between strata using PERMDISP. Only individuals 

from the 1999–2000 year class were included in the analysis. 

 

3. Contrasting environmental histories of resident and migrant tagged fish will be visible in 

their trace element profiles 

Time series analysis generated a suite of 13 descriptors for element profiles of tagged 

fish. Elements prone to contamination and spikes (Cu, Zn and Pb) were excluded from time 

series analyses. Descriptors were normalised before Euclidean distance was calculated 

between samples. Permutational MANOVA was used to compare multivariate environmental 

histories between strata and CAP was used to identify misclassified individuals. Results were 

interpreted in conjunction with spatial information from the tag-return data. 
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6.5 Results 

 

6.5.1 Spatial variability in capture site signatures 

Multivariate trace element signatures of the most recently deposited otolith material 

(the ‘capture site signature’) did not vary with sex nested within stratum (pseudo-

F5,58=1.1636; p=0.2382), but an effect of individual age was detected (pseudo-F28,58=1.665; 

p=0.0064). Univariate tests revealed age effects for P (pseudo-F28,58=3.8251; p=0.0003), S 

(pseudo-F28,58=2.3663; p=0.0153), Zn (pseudo-F28,58=2.1091; p=0.0433)  and Sr (pseudo-

F28,58=3.4894; p=0.0012). Linear regressions are shown in Table 6.4 and Figure 6.4. 

Subsequent spatial comparisons included age as a covariate with interactions included in the 

model to allow for heterogeneity of slopes (Quinn & Keough 2002); non-significant 

interaction terms were pooled with residuals to increase the model power. Ages were log-

transformed to increase normality of distribution, as the sampling design resulted in an age 

distribution skewed towards 2–3 year olds. 

Hypothesis 6.1 predicts that trace element signatures will vary along the fjord axis in 

response to physico-chemical gradients. Capture site signatures varied between strata overall 

(pseudo-F4,58=1.5542 ; p=0.0346) with pairwise tests detecting significant differences 

between inner and mid strata (pseudo-t=1.5045; p=0.0182; df=25) and outer and extreme 

outer strata (pseudo-t=1.4942; p=0.0347; df=18), but not mid and outer (pseudo-t=1.3341; 

p=0.0.0811; df=16) or extreme outer and open coast strata (pseudo-t=1.0063; p=0.4083; 

df=16). Multivariate dispersion also differed between strata overall (pseudo-F4,54=8.4764; 

p=0.0004); where PERMANOVA detected significant location differences between strata, 

pairwise PERMDISP tests detected significant dispersion differences. These dispersion 

effects may be an artefact of skewed age distributions: mean age did not differ between strata 

(pseudo-F4,58=1.7427; p=0.1539), but dispersion of ages did (pseudo-F4,54=3.0230; 

p=0.0312). Spatial differences were driven by B (pseudo-F4,58=3.0125; p=0.0282) and P 

(pseudo-F4,58=2.8696; p=0.0308); mean elemental concentrations are shown by stratum in 

Figures 6.5 and 6.6. CAP successfully reclassified 44.1% of individuals to capture stratum 

overall; this is considerably higher than the reclassification success rate expected by chance 

alone. Reclassification success rate was 52.4% in the inner stratum (chance: 35.6% based on 

the relative sample size in this stratum), 57.1% in the mid stratum (chance: 11.9%), 50.0% in 

the outer stratum (chance: 20.3%), 22.2% in the extreme outer stratum (chance: 15.3%) and 

30.0% on the open coast (chance: 16.9%).  



 

 238 

Based on these results and understanding of predominant water chemistry and mixing 

patterns within the fjords (Beer et al. In press; Stanton & Pickard 1981), strata were grouped 

into three regions (fixed effect): ‘inner fjord’, equivalent to the inner stratum; ‘mid fjord’, 

encompassing the mid and outer strata and ‘outer fjord’, incorporating the extreme outer and 

open coast strata. At this broader spatial scale, sample sizes were more even between groups 

and power to detect spatial variability was increased (pseudo-F2,58=2.1353; p=0.0095). 54.2% 

of samples could be correctly reassigned to their capture region. Reclassification success rate 

was 66.7% in the inner fjord region (chance: 35.6%), 57.9% in the mid fjord (chance: 32.2%) 

and 36.8% in the outer fjord (chance: 32.2%). Differences between regions were driven by Li 

(pseudo-F2,58=5.5034; p=0.0039), P (pseudo-F2,58=3.2484; p=0.0448) and S (pseudo-

F2,58=3.4348; p=0.0371), independent of age distributions in each region. 
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Table 6.4: Linear regressions of phosphorous, sulphur and strontium concentrations versus 

fish age. 

Element Equation R2 p 
P P = 0.1020404 + 0.0129904(Age) 0.50 0.0003 
S S = 0.7671818 + 0.0060621(Age) 0.25 0.0153 
Zn Zn = 1.7944134 – 0.0052277(Age) <0.01 0.0433 
Sr Sr = 2.4793263 + 0.0927911(Age) 0.58 0.0012 

 

 

Figure 6.4:  Linear regressions of (a) phosphorous (b) sulphur (c) zinc and (d) strontium 

against fish age. Equations for the regression lines are given in Table 6.4. 
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6.5.2 Spatial variability in post-settlement signatures 

Hypothesis 6.2 predicts that variability in newly-settled recruit trace element 

signatures along the fjord will reflect open coast versus inner fjord production. 0+ signatures 

did not vary with terminal age (pseudo-F2,20=1.6142; p=0.1144) or sex (pseudo-F2,20=1.3177; 

p=0.2116) nested within stratum. Multivariate signatures did not differ between strata overall 

in either location (pseudo-F4,20=1.4227; p=0.0882) or dispersion (pseudo-F4,16=2.8274; 

p=0.2502). Pairwise PERMANOVA tests showed that strata were generally indistinguishable 

(Table 6.5). CAP successfully reclassified 47.6% of samples to their original capture stratum. 

In most strata, reclassification was more successful than would be expected by chance alone 

(Table 6.6). However, it should be noted that sampling effort was uneven between strata, 

meaning that success rates to individual strata were variable: for example, neither of the two 

open coast samples were correctly reclassified, despite a 9.5% reclassification success rate 

possible by chance alone. Univariate tests revealed that only Mg concentrations varied 

significantly between strata (pseudo-F4,20=3.8555; p=0.0225) and overall no clear spatial 

trends are apparent on an individual element basis (Figures 6.5 and 6.6).  
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Table 6.5: Results of pairwise PERMANOVA tests comparing multivariate 0+ signatures 

between strata including the test statistic pseudo-t, the significance level p calculated under 

permutation, the number of unique values obtained from 9999 permutations and the degrees 

of freedom. Significant results (p<0.05) are shown in bold. *Where the number of unique 

permutations is <100, Monte-Carlo p-values are reported. 

Strata Pseudo-t p Unique perms df 
IN versus MID 1.3757 0.0612 210 8 
IN versus OUT 1.3815 0.0652 462 9 
IN versus EO 1.4614 0.0310 210 8 
IN versus OC 0.7978 0.6210 28* 6 
MID versus OUT 0.8780 0.5343 126 7 
MID versus EO 0.9956 0.4170 35* 6 
MID versus OC 1.0641 0.3556 15* 4 
OUT versus EO 1.0314 0.3681 126 7 
OUT versus OC 1.0239 0.3821 21* 5 
EO versus OC 1.5067 0.1376 15 4 

 

Table 6.6: Reclassification success rates for each stratum. The reclassification success rate 

expected by chance alone and sample sizes are also given. 

Stratum Success (%) Chance (%) n 
Inner 50 28.6 6 
Mid 50 19.0 4 
Outer 40 23.8 5 
Extreme Outer 75 19.0 4 
Open Coast 0 9.5 2 
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Figure 6.5: Mean concentrations of (a) lithium (b) boron (c) magnesium (d) phosphorous 

(e) sulphur and (f) manganese in newly-settled recruit (grey bars) and capture site otolith 

material (white bars) in each stratum. Standard error bars are shown. 
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Figure 6.6: Mean concentrations of (a) copper (b) zinc (c) strontium (d) barium and (e) lead 

in newly-settled recruit (grey bars) and capture site otolith material (white bars) in each 

stratum. Standard error bars are shown. 
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6.5.3 Within-otolith heterogeneity 

The profiles of individual elements along different transects within a single otolith 

were compared visually to qualitatively assess the degree of within-otolith heterogeneity in 

trace element incorporation. Example profiles are shown in Figures 6.7 and 6.8. Generally, 

while absolute concentrations sometimes varied between growth axes, relative patterns along 

the transects were similar (Figure 6.7). Parallel transects along the same growth axis (Figure 

6.8) tended to yield more similar trace element profiles than transects along different growth 

axes. Transect sampling of tagged fish followed approximately the same path on every otolith 

(i.e. the ventral lobe of the transverse section was always sampled and the transect was 

aligned perpendicularly to growth increments). Consequently, within-otolith heterogeneity is 

not expected to be a significant issue when comparing profiles between otoliths (Hamer & 

Jenkins 2007). 
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Figure 6.7: Profiles of individual elements from otolith core to edge along growth axis A 

(solid line) and growth axis B (dashed line). 
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Figure 6.8: Profiles of individual elements from otolith core to edge along parallel transects 

A (solid line) and B (dashed line) on the same growth axis. 
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6.5.4 Trace element profiles of tagged individuals 

Age was included as a covariate in models to account for age-related variability in 

seasonality etc. Multivariate environmental histories did not vary between strata overall 

(pseudo-F4,33=1.2075; p=0.0612), although the result was close to the 0.05 significance level 

and pairwise tests detected a significant difference between inner and mid fjord strata 

(pseudo-t=1.2140; p=0.0282; df=12) and a marginal difference between outer and extreme 

outer fjord strata (pseudo-t=1.2118; p=0.0667; df=8), but no difference between mid and 

outer fjord strata (pseudo-t=1.0314; p=0.3980; df=8) or extreme outer fjord and open coast 

strata (pseudo-t=1.0009; p=0.4639; df=8). These results reflect the spatial variability observed 

in capture site signatures (see section 6.5.1); strata were consequently pooled up to a regional 

scale (3 levels: inner fjord, mid fjord and outer fjord) as before. At this broader spatial scale 

environmental histories could be more successfully differentiated (pseudo-F2,33=1.3805; 

p=0.0155) and 70.6% of individuals could be correctly reassigned to their recapture region 

(32.4–35.3% could be achieved by chance alone); at the stratum level reclassification success 

rate was just 50% (chance: 8.8–38.2%). The two individuals that had moved between strata 

during their year at liberty were reclassified to their release stratum rather than their recapture 

stratum.  

As only a small proportion of total otolith material would have been accreted between 

tagging and recapture, it was hypothesised that capture site signatures may represent a more 

powerful tool to detect migrants. PERMANOVA was able to differentiate between recapture 

strata (pseudo-F4,37=1.7489; p=0.0178) more powerfully than release strata (pseudo-

F4,37=1.5736; p=0.0446). CAP analysis successfully reclassified 44.7% of fish to their 

recapture stratum; between 7.9% and 39.5% of samples could have been correctly reclassified 

by chance. Misclassified individuals included several fish that had moved hundreds to 

thousands of metres, but also fish that had not moved appreciably in a year at liberty. The 

individual that moved the greatest distance (‘Glen1’), tagged and released in the outer fjord 

and recaptured a year later in the inner fjord, apparently has a capture site signature typical of 

the intermediate mid fjord as a result of integration over several weeks of otolith material. 
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6.6 Discussion 

 

At this more local spatial scale, age effects are stronger than at the region-wide scale 

reported in Chapter 5 (for example, age explains over a quarter of the variance in S, almost 

half the variance in P and more than half of the variability in Sr concentrations). Age-related 

increases in P and S have been reported previously (Begg et al. 1998), although a weak 

negative correlation has also been found between S and age (Kalish 1989). 

Capture site signatures revealed three regions along the fjord axis that were distinct in 

their environmental signals over a period of up to a year. As strata were arbitrarily assigned, 

two pots set in adjacent strata could be closer together than two pots within the same stratum. 

It is possible that the clustering of pots near stratum boundaries may be responsible for some 

of the apparent homogeneity between adjacent strata (for example, inner and mid strata and 

extreme outer and open coast). To investigate this, pot location information was examined for 

the 8 individuals misclassified to an adjacent stratum. Of these misclassifications, 5 could 

potentially have resulted from proximity to a stratum boundary. Finer-scale spatial variability 

may exist along the axis of Dusky Sound than detected by the current sampling design; a fully 

nested sampling design incorporating a range of spatial scales from metres to kilometres 

would be needed to investigate this and was beyond the scope of the present study. 

Despite the demonstrated spatial variability in trace element incorporation, no 

evidence was found of discrete larval source pools. Rather, the gradient in post-recruitment 

signatures along the fjord axis suggests that larvae from one pool disperse along the fjord and 

acquire a trace element fingerprint that reflects physico-chemical conditions in the 

environment in which they settle. While the natal origin of dispersing larvae cannot be 

determined based on these data, given current understanding of population dynamics and 

movement and mixing patterns of blue cod in Dusky Sound, the source population is assumed 

to be centred in the outer fjord/open coast region. It is important to bear in mind that the 

inability to detect discrete source pools does not mean they do not exist; rather, environmental 

conditions may have been unsuitable for the induction of significantly different elemental 

fingerprints (Thorrold et al. 1997).  

As tagged fish recaptured in 2002 had only been at liberty for one year and ranged in 

age from 7–24yrs at the time of sampling, otolith material accreted between tagging and 

recapture will represent only a small proportion of total transect length. Chapter 5 

demonstrated that trace element signatures of fish relocated from outer to inner Doubtful 

Sound had not fully acclimatised to their new environment after 6 months. The broad range of 
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ages represented meant that transects were highly variable in length and seasonality etc; this 

technique has been more successfully used to compare environmental histories of juveniles 

(Shima & Swearer 2009).  

With mark–recapture data such as these, an assumption is made that between tagging 

and recapture, individuals that are recaptured close to their release location have remained in 

the immediate vicinity; for those individuals that moved a considerable distance between 

tagging and recapture, assumptions are made regarding the timing and number of movements 

during their time at liberty. It is also important to consider the possibility, when examining 

environmental histories, that apparent differences may be due to the environment altering 

around a stationary fish rather than reflecting a move between habitats (Elsdon et al. 2008); 

inter-annual variability has been observed in Fiordland blue cod otolith microchemistry (see 

Chapter 5), making this a possibility. The effects of stress experienced during tagging on 

behaviour and otolith elemental composition are unquantified. These assumptions must be 

considered when interpreting spatial patterns, particularly as the time at liberty is not much 

greater than the temporal sensitivity of the capture site sampling technique. This sensitivity 

could be increased through the use of a narrow slit sample rather than a spot sample, but this 

would lower detection limits and preclude measurement of certain elements. 

These results support the findings of previous tagging and stable isotope studies that 

have detected a subsidy of isolated, highly resident inner fjord populations by inward 

migration from the outer fjord and open coast (Carbines & McKenzie 2004; Rodgers & Wing 

2008) and as such have implications for the management of Fiordland blue cod populations. 

As the current management regime excludes fishing from the inner waters of the fjords but 

not the outer fjords and open coast, it is possible that the source population remains 

unprotected. These conclusions are likely to be applicable throughout the Fiordland region 

and in other enclosed waterways that support significant blue cod populations; for example 

the Marlborough Sounds and Paterson Inlet. 

Despite mounting evidence to suggest a source–sink population structure in the fjords, 

it remains to be tested whether the reproductive outputs of inner and outer fjord populations 

reflect this, i.e. whether reproductive excess in the outer fjord and open coast populations 

sustains population growth in the deficient inner fjord habitat. This will be investigated in the 

next chapter. 
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6.7 Conclusions 

 

1. Capture site signatures vary along the fjord axis and can be grouped into three distinct 

regions. 

2. Post-settlement signatures revealed no evidence of discrete larval source pools within 

Dusky Sound. 

3. Environmental histories of tagged fish vary along the fjord axis but do not provide 

sufficient temporal resolution to detect known migrants. 

4. These results provide further evidence of a source–sink population structure in the 

fjords and as such have implications for management. 
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Fecundity of Fiordland blue cod: Further evidence to 

support a source–sink population structure? 

Cod and lobster pots, Milford Sound 
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7.1 Introduction 

 

7.1.1 Blue cod reproductive biology 

 The reproductive biology of blue cod is poorly understood despite being the focus of 

research dating back to the 1950s (Carbines 2004b; Mutch 1983; Pankhurst & Conroy 1987; 

Pankhurst & Kime 1991; Rapson 1956). Age and size at maturity are known to increase with 

latitude within New Zealand; this means that Fiordland populations, close to the southern 

limit of distribution, are likely to be among the slowest to mature. Female blue cod in 

Northland mature at 11cm TL, or 2 yrs of age (Mutch 1983); in the Marlborough Sounds 

females reach sexual maturity at 21–25cm TL, or 3–4 yrs (Blackwell 1998; Rapson 1956). 

Further south, females do not mature until 28cm TL (6 yrs) in the Foveaux Strait (Carbines 

2004b) and 29cm TL in Dusky Sound (Carbines & Beentjes 2003). 

Although transitional gonads have rarely been reported (Carbines 2004b; Mutch 

1983), blue cod are thought to be incomplete metagonous protogynous hermaphrodites with 

sex inversion a continuous, rapid process occurring over a wide age/size range (Carbines 

2004b). Hermaphroditism is common among the Pinguipedidae and experimental removal of 

the terminal phase male has been shown to result in sex inversion of the dominant female 

within 20–42 days (Kobayashi et al. 1993; Stroud 1984). 

Spawning occurs over an extended period of several months between June and 

January (Table 7.1); southern populations tend to spawn later in the season, presumably in 

relation to water temperatures and/or day length, but spawning can vary over small spatial 

scales and between years within a local population (G. Carbines, pers. comm.). Spawning 

duration also appears to be longer among southern populations; in Fiordland running ripe 

females have been observed from July through to at least December (pers. obs.). Histological 

and endocrine studies have implicated serial or batch-spawning (Carbines 2004b; Mutch 

1983; Pankhurst & Conroy 1987; Pankhurst & Kime 1991). Settlement occurs after ~10 days 

in the plankton (Rapson 1956; Robertson 1973; Robertson 1980), although larval life history 

and recruitment dynamics are poorly understood. Potential planktonic dispersal is estimated 

as 74km by the time of hatching and 111km by yolk-sac absorption (Robertson 1980).  

The only existing estimate of fecundity is an early record (Graham 1939b) that a 

single 2.5lb (~1134g) female caught in Otago Harbour in mid December contained roughly a 

million eggs of 1.01mm diameter. This equates to 882 eggs per gram body weight, but it is 

unknown whether this represents the batch fecundity or all developing oocytes. Accurate 

fecundity information is essential for the sustainable management of blue cod populations. 
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Table 7.1: Spawning timeline for blue cod populations around the New Zealand. Locations 

are listed by increasing latitude; the horizontal line marks the division between North and 

South Islands. Heavy shading denotes peak spawning and light shading represents the full 

extent of spawning. 

Location Jun Jul Aug Sept Oct Nov Dec Jan Source 
Northland              Mutch (1983) 
Leigh            Pankhurst & Kime (1991) 
Cook Strait                 Pankhurst & Conroy (1987) 
Marlborough               Rapson (1956) 
Otago                Graham (1939a) 
Southland               Robertson (1973) 
Foveaux                 Carbines (2004a) 

 

7.1.2 The importance of fecundity information 

Management paradigms based on harvestable biomass rather than population 

demography assume that each kilogram of spawning stock biomass is identical, and that all 

larvae have an equal probability of survival regardless of maternal age; recent research 

suggests these assumptions may not be valid for a variety of commercially important ground 

fish species. 

 

7.1.2.1 Maternal effects on fecundity 

It is well established that maternal characteristics can explain a high proportion of the 

variability in individual fecundity (Kamler 2005). Larger females have a greater storage 

capacity for eggs (due to the cubic relationship between length and body mass) and, as growth 

is a decelerating function with age, older females can devote a greater proportion of energy 

stores to egg production. The relationship between female size and fecundity is typically 

described by a power function (i.e. F = aLb) where F is fecundity, L is length, a is a constant 

that varies within and between species and b is a coefficient which typically takes a value 

around 3 but can be as high as 5 (Wootton 1992). As fecundity increases non-linearly with 

size, older females contribute disproportionately to the total egg production of a population. 

Fish growth is labile, meaning the relationship between age and fecundity is uncertain and 

size-specific fecundity is considered more reliable (Weatherley 1972). Fecundity can also be 

strongly influenced by female weight and condition (Gundersen et al. 1999; Marteinsdottir & 

Begg 2002). 

Despite the generally good correlation between fecundity and female size, individuals 

of the same size do differ in fecundity and, in the case of serial spawners, batch fecundity may 
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vary within females during the spawning season, between years within a population and 

between populations of the same species (Wootton 1992). As batch-spawners spawn more 

than once during the spawning season, the number of batches a female produces will have 

important consequences for annual and lifetime fecundity estimation (Hunter et al. 1985). 

Female age positively influences the timing and duration of spawning in haddock, 

Melanogrammus aeglefinus (Hislop 1988) while in Atlantic cod (Gadus morhua), the number 

of batches spawned per season increases with female size and experience (Trippel et al. 

1997). As the spawning season may be more protracted among southern blue cod populations, 

maternal effects on spawning frequency could have important implications for annual 

fecundity. 

 

7.1.2.2 Maternal effects on egg quality and larval viability 

Egg size is necessarily a trade-off between maximising the number of offspring 

produced by ovaries with a limited storage capacity, and maximising offspring survival. A 

direct relationship between egg size and maternal characteristics (size, age and/or condition) 

has been found in important commercial ground fish species such as Atlantic cod (Trippel et 

al. 1997) and haddock (Hislop 1988) among other species (Chambers & Leggett 1996; 

Kamler 2005). Egg quality is seemingly unrelated to diet quality or composition implying 

maternal control over egg quality (Wootton 1992). 

A meta-analysis of over 300 marine teleosts found a direct relationship between egg 

size and size at hatching (Chambers & Leggett 1996). Larval size in Atlantic cod is positively 

correlated with certain viability metrics including age at first feeding, feeding success and 

larval growth (Marteinsdottir & Steinarsson 1998). In viviparous rockfishes (Sebastes spp.), 

older females produce higher quality larvae, and females that are both old and large produce 

the highest quality larvae; the mechanism behind this seems to be the volume of the larval oil 

globule at parturition, which is strongly related to maternal age (Berkeley et al. 2004a). Older, 

larger rockfish also release larvae earlier in the spawning season and produce more larvae per 

gram body weight, presumably because they are able to invest proportionately more resources 

into reproduction (Sogard et al. 2008). Fast growth allows larvae to pass more quickly 

through the most vulnerable life history stage and develop more quickly the morphological 

and physiological capabilities that improve detection and capture of prey, predator avoidance 

and resistance to environmental challenges (Bailey & Houde 1989; Miller et al. 1988). These 

findings have important consequences for the role of population structure and demography on 

fecundity for marine teleosts. 
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Estimates of maternal effects on egg size in natural populations may be complicated 

by the tendency for egg size to decrease during the course of the spawning season (Chambers 

& Leggett 1996; Kamler 2005; Marteinsdottir & Steinarsson 1998). Larval quality is unlikely 

to be related to maternal characteristics in all species but the phenomenon may be more likely 

to occur in longer-lived species that are vulnerable to selective fishing pressure (Birkeland & 

Dayton 2005); detecting maternal effects is likely to be most difficult in iteroparous, batch-

spawning species with long reproductive lifespans (Chambers & Leggett 1996) – life histories 

typical of many commercially important species, including blue cod.  

 

7.1.2.3 Management implications 

Paradoxically, if older, larger mothers produce higher quality larvae that are more 

likely to recruit successfully and thereby ensure population sustainability, fishing obliterates 

this benefit by selectively removing these individuals and can exponentially reduce the 

reproductive potential of a population (Birkeland & Dayton 2005). Establishing the 

relationship between female characteristics and fecundity/offspring viability allows estimates 

of spawning stock biomass or spawner abundance to be scaled to population egg production; 

the age structure of a stock and the spatial distribution of recruitment are as important as 

spawning biomass in maintaining long-term sustainable population levels (Berkeley et al. 

2004b).  

The best (and perhaps only) way to ensure old-growth age structure and complex 

spatial structure in fish populations is through interconnected networks of fully protected 

marine reserves. Marine reserves change the landscape of fishing regulations by protecting 

the entire local population; the resulting dramatic reduction in mortality produces larger, older 

fish in reserves and can allow reproductive potential to build up to sustainable levels (Palumbi 

2004). Provided there are not large differences in onset of maturity, sex ratio or other 

environmentally- or socially-driven influences on fecundity among management zones, 

increases in abundance and size in protected areas are likely to translate into increased 

reproductive output. Demonstrating greater egg production per unit area of target species in 

no-take reserves compared to fished areas is a prerequisite for reserves to eventually become 

net exporters of propagules, a major expectation for fishery enhancement (Evans et al. 2008). 

Empirical studies have clearly demonstrated the potential of even small no-take reserves to 

sustain recruitment in much larger areas of unprotected ocean. For example, 20.1km of fully-

protected coastline in the Poor Knights marine reserve yields snapper (Pagrus auratus) egg 

production equivalent to 362km of fished coastline (Denny et al. 2004). In Doubtful–
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Bradshaw Sound, rock lobster (Jasus edwardsii) egg production at the Gut, a small no-take 

marine reserve since 1993, significantly exceeds that in a newer, larger reserve (Gaer Arm, 

established 2005) and the large area managed as a commercial exclusion zone (Jack & Wing 

2010). 

 

7.1.3 Reproductive potential & source–sink metapopulation structure 

Within a species, fecundity may vary between populations as a result of adaptation to 

local environmental conditions (Witthames et al. 1995). The production of numerous, smaller 

offspring will maximise fitness in benign environments (i.e. when all offspring have a good 

chance of survival), while in harsher environments the production of fewer, larger offspring 

may be selected for (Marshall et al. 2010). 

Independent of reproductive output, recruitment in Fiordland will vary spatially 

among habitats in relation to the strength of the estuarine circulation and high frequency 

stochastic variability associated with strong wind and rain events, and the precise duration of 

pelagic life history stages (Gibbs 2001; Wing et al. 2003b). Weak estuarine circulation may 

act to retain propagules in the inner reaches of the fjords while larvae spawned towards the 

fjord entrances may be lost to the open ocean during peaks of the wind forcing events, when 

flow beneath the LSL is seaward (Wing et al. 2003b). Vertical position in the water column 

during pelagic life will also influence retention or advection out of the fjord: larvae positioned 

close to the boundary layer between the LSL and the underlying SL may be entrained into the 

seaward-flowing LSL and lost from the fjord while deeper-drifting larvae will tend to be 

retained (Lamare 1998). In addition, the variable salinity and vertical mixing regime may 

result in differential larval survival rates between inner and outer fjord habitats. 

Oceanographic conditions can result in closed or semi-closed populations of species with a 

larval dispersal phase (Lamare 1998) and strong source–sink structure between the outer coast 

and enclosed inner fjord basins (Wing et al. 2003b; Wing 2009). 

Studies of Norwegian coastal cod (Gadus morhua) populations have shown that 

sheltered fjords harbour higher egg densities than offshore waters, with local oceanographic 

processes acting to retain eggs and density increasing with distance from the sill into the fjord 

(Salvanes et al. 2004). Eggs sampled offshore were assumed to have been advected from 

inshore waters during occasional reversals of the estuarine circulation within the fjords 

(Knutsen et al. 2007). Norwegian cod have been observed to preferentially spawn in sheltered 

coastal and fjord habitats (Knutsen et al. 2007; Salvanes et al. 2004), whereas anecdotal 

evidence suggests blue cod may aggregate offshore to spawn (Rapson 1956). 
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Previous chapters have revealed consistent spatial asynchrony in blue cod population 

structure and dynamics between inner and outer fjord habitats. Natural chemical tags (stable 

isotopic ratios of muscle tissue and trace elemental fingerprints of otoliths) indicate a high 

degree of isolation between sub-populations in inner and outer fjord habitats, at the scale of 

months to years (Rodgers & Wing 2008; Chapters 5 & 6); this is particularly evident among 

the inner fjord basins. Although inner fjord waters are less productive than the outer fjords 

and open coast (Wing 2009), as blue cod populations here are female-dominated and typically 

include a higher proportion of large, old individuals than outer fjord habitats (Chapter 2), per 

capita potential egg production among inner fjord populations could exceed that of outer fjord 

populations, but relative abundance in each habitat will be an important scalar of reproductive 

output. The relevance of current management models can be most usefully assessed by posing 

the question: does blue cod abundance scale with abundance or demography for this spatially-

structured population? 
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7.2 Aims & objectives 

 

7.1 To determine the relationship between blue cod fecundity and maternal characteristics. 

7.2 To relate egg size and quality to maternal investment. 

7.3 To compare potential egg production between habitats and management zones by 

combining size- and age-specific fecundity estimates with population structure and 

abundance information. 

7.4 To assess the relative importance of demography and abundance as scalars of the 

reproductive potential of a spatially-structured population. 

 

7.3 Specific hypotheses 

 

7.1 Larger, older females in better condition will produce more eggs per batch and these 

eggs will be larger than those produced by smaller, younger females in poorer 

condition. 

7.2 Egg quality will be directly related to egg size. 

7.3 Potential egg production will be determined by the relative abundance of a population, 

the proportion of females and the age/size distribution of those females. As such, it 

will be related to the level of protection designated by the management regime and the 

asynchronous population structure between habitats. Potential egg production will be 

higher on a per capita basis among the female-dominated, old-growth structure of 

inner fjord populations, but at the population level will be higher in the outer fjords. 
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7.4 Methods 

 

7.4.1 Sampling sites & dates 

Sampling was conducted in inner and outer Dusky Sound from the 21st–25th October 2008 

and from the 1st–3rd December 2009 (Figure 7.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1: The approximate location of sampling sites in inner and outer Dusky Sound in 

October 2008 and December 2009 (circled areas). Also marked are the inner, mid, outer, 

extreme outer and open coast monitoring strata boundaries (Carbines & Beentjes In prep.) and 

the Five Fingers Peninsula (Taumoana) Marine Reserve (MR). 
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7.4.2 Sample collection & processing 

 In October 2008 samples were collected using custom-built cod pots as part of a 

Ministry of Fisheries population monitoring survey (Carbines & Beentjes In prep.). A sub-

sample of individuals from a representative size range was sacrificed to collect size-at-age 

and maturity information; of these individuals, mature females were identified post mortem 

by macroscopic examination of the gonads and used to obtain a fecundity estimate. Most 

gonads were mature with 25% running ripe for both sexes, indicating that spawning had 

begun (Carbines & Beentjes In prep.). In December 2009 samples were collected using a 

combination of potting and hook and line fishing; all fish were held in a large tank with 

continuous seawater supply aboard the RV Polaris II. Abdominal pressure resulted in milt 

expression in running ripe males; these were held in a separate tank and returned alive to the 

sample site following cessation of fishing to avoid recapturing the same males and to 

minimise competitive exclusion of smaller fish from sampling gear. Fish that could not be 

sexed externally were sacrificed and sexed by macroscopic examination of the gonads. Size-

at-age information was collected for all sacrificed fish and used to construct individual growth 

curves (see Chapter 2, Section 2.4.2.6). 

 Total length and wet weight were recorded for all females before ovaries were 

removed, taking care not to rupture the ovarian membrane. Ovaries were transferred to 

individual labelled pots and fixed with 2% seawater-buffered formalin; this concentration has 

been shown to ensure proper oocyte preservation but minimise changes in oocyte size and 

appearance (Lowerre-Barbieri & Barbieri 1993). Sagittal otoliths were removed and sectioned 

to provide age estimates (see Chapter 2, Section 2.4 for detailed methods). Blotted wet ovary 

weight was recorded to the nearest 0.01g.  

 

The gonadosomatic index (GSI) was calculated as: 

               

     (Equation 7.1) 

 

Where: 

Wo is the blotted wet ovary weight 

W is the wet weight of the fish 

 

Fulton’s condition factor, K, was estimated according to Equation 3.5 (see Chapter 3, Section 

3.4.3). 
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7.4.3 Batch fecundity estimation 

In the laboratory, ovaries were removed from formalin, sieved over a 100µm mesh 

sieve to retain any shed oocytes and rinsed 3 times in water before being transferred to a 70% 

ethanol solution. Although the effects of storage in ethanol on egg mass have not yet been 

investigated (Heins & Baker 1999), removal from formalin was required under laboratory 

protocols and as all ovaries in this study were treated similarly, possible effects are not 

considered here. 

Fecundity was estimated using the gravimetric method (Hunter et al. 1985).  Four 

subsamples of 0.03–0.05g were taken from the left ovarian lobe where possible, although 

positional effects are not expected (Lowerre-Barbieri & Barbieri 1993). Subsamples were 

weighed to the nearest 0.001g, transferred to centrifuge tubes containing distilled water and 

shaken gently to release oocytes from the ovarian lumen. Subsamples 1 and 2 were analysed 

first. Oocytes were teased apart in a Sedgewick–Rafter counting cell under a dissecting 

stereomicroscope and the number of hydrated oocytes was recorded. These were easily 

identified by their size, transparency and large yolk sac relative to less developed oocytes 

(Figure 7.2).  

 

Batch fecundity (F) was expressed as: 

        

                       (Equation 7.2) 

 

Where: 

Fs is the number of hydrated oocytes in the subsample 

Wo is the blotted ovary weight 

Ws is the blotted subsample weight 

 

The mean fecundity and standard deviation of subsamples 1 and 2 were calculated and used to 

determine the coefficient of variation (CV). If this exceeded 5%, subsamples 3 and 4 were 

analysed instead. Further sets of subsamples were taken until a CV <5% was achieved. The 

mean diameter (random axis to the nearest µm) of five oocytes from the most advanced group 

of oocytes (MAGO) was determined for all subsamples and used to calculate an average for 

each female. The diameter of the yolk sac was measured for three hydrated oocytes per 

female where possible, and an average calculated. 
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Figure 7.2: Oocytes separated in a Sedgewick–Rafter counting cell under a stereomicroscope 

(x40 magnification). Grid squares are 1mm2.   

 

7.4.4 Estimating per capita & population-level potential egg production 

Age and size distributions of females sampled in 2009 at each of the ten paired inner–

outer fjord sites in Fiordland (see Chapter 2, Section 2.5.2.2) were used to estimate the 

potential per capita egg production for each sub-population. Models were then scaled by 

relative abundance in 2010 (CPUE, see Chapter 2, Section 2.5.1) and the long-term stable sex 

ratio (2000–2009) at each site (see Chapter 2, Section 2.5.2.1) to provide egg production 

estimates at the sub-population level. 

A finer-scale investigation within Dusky Sound used size distribution, sex ratio and 

relative abundance data from the 2008 monitoring survey (Carbines & Beentjes In prep.) to 

estimate per capita and population-level potential egg production in four of the five 

monitoring strata and the Five Fingers Peninsula (Taumoana) Marine Reserve. As sampling 

within the marine reserve was non-lethal, size distributions were not reported for males and 

females separately; proportions were therefore scaled by the size-specific sex ratio recorded in 

the outer fjord stratum, adjacent to the reserve boundary. No data were available for the mid 

fjord stratum. Age distributions were not available for individual strata. 
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7.4.5 Statistical analyses 

In order to address the aims and objectives listed in Section 7.2, statistically testable 

hypotheses were constructed based on the above methods. 

 

1. Larger, older females in better condition will produce more eggs per batch and these eggs 

will be larger than those produced by smaller, younger females in poorer condition 

Batch fecundity and egg diameter were regressed against female age, size, weight and 

condition. Regression coefficients were estimated iteratively in Kaleidagraph v4.1.0 (Synergy 

Software). DistLM was used to quantify the proportion of the variability in fecundity and egg 

size explained by maternal characteristics. 

 

2. Egg quality will be directly related to egg size 

 Egg quality (yolk sac diameter) was regressed against egg size for all hydrated 

oocytes. Egg quality was statistically compared among egg size classes (random factor, 3 

levels: <0.8mm, 0.8–0.9mm, >0.9mm) using permutational ANOVA. 

 

3. Potential egg production will be determined by the relative abundance of a population, the 

proportion of females and the age/size distribution of those females. As such, it will be related 

to the level of protection designated by the management regime and the asynchronous 

population structure between habitats. Potential egg production will be higher on a per 

capita basis among the female-dominated, old-growth structure of inner fjord populations, 

but at the population level will be higher in the outer fjords 

At the Fiordland regional level, potential egg production was compared between 

habitats (fixed effect, 2 levels) and management zones (fixed effect, 4 levels) using 

permutational ANOVA. Estimates based on age and size distributions and calculated per 

capita and at the population level were compared qualitatively. Within Dusky Sound no 

statistical analyses were possible due to the lack of replication. 
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7.5 Results 

 

7.5.1 Proportion of females spawning 

34 mature females were sampled in October 2008, ranging in age from 7–20 yrs and in 

size from 330–400mm. 32% of ovaries (n=11) contained hydrated oocytes; these females 

ranged in age from 7–15 yrs and in size from 340–400mm TL. Hydrated oocytes measured 

between 0.71 and 1.17mm in diameter. 7 ovaries (7.5%) were apparently resting and 

contained no visible maturing batches of eggs; these females were aged 9–11 yrs and were 

between 330 and 375mm TL. In December 2009, 52 females were sampled, ranging in age 

from 6–16 yrs and in size from 310–435mm. 5 females (9.6%) aged 10–16 yrs and 365–

435mm TL contained hydrated oocytes. Hydrated oocyte diameter ranged from 0.68–

1.20mm. 39 ovaries (75%) contained no maturing batches of eggs; these females spanned the 

entire age range from 6–16 yrs and ranged in size from 310–400mm. 

Figures 7.3 and 7.4 show the age and size distributions of females in each sample with 

no visible batches of eggs (resting), small maturing oocytes (MAGO diameter 0.2–0.45mm), 

larger oocytes (MAGO 0.46–0.66mm in diameter and approaching hydration) and hydrated 

oocytes (MAGO diameter >0.67mm). In October 2008, females were evenly distributed 

between the four stages of maturation but in December 2009 there was a marked bias towards 

the absence of visible batches of maturing oocytes. The females found to have hydrated 

oocytes in December 2009 were typically larger than those sampled in October 2008 but 

interestingly, age distributions were similar between years. No evidence was found in either 

year for an age or size effect on the timing of spawning. In both years, females tended to be 

more advanced in the inner fjord at the time of sampling. 

Of the females lacking maturing batches of eggs, no ovaries appeared spent and of all 

ovaries examined during macroscopic maturity analysis in October 2008 (n>1000), only one 

was described as spent (Carbines & Beentjes In prep.); however, as gravimetric batch 

fecundity estimation does not provide information on the presence of postovulatory follicles 

or atresic vesicles it cannot be determined whether or not these females had spawned earlier 

in the season. Given the higher incidence of this group in December than October, and the 

age/size range of these samples it is more likely that they had already spawned than that they 

were inactive in that spawning season. 

In October 2008, GSI ranged from 0.27–3.65% (mean: 1.07 ± 0.16%). In December 

2009, GSI ranged from 0.26–2.47% but was on average lower and less variable (0.54 ± 

0.06%) than in October 2008. GSI varied significantly between years (pseudo-F1,82=9.7666; 
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p=0.0017) and habitats (pseudo-F1,82=6.5383; p=0.0103), being higher in 2008 than 2009 and 

in the inner fjord than outer fjord overall. Habitats did not differ significantly in 2008 

(pseudo-F1,33=1.7064; p=0.2076), but in 2009 GSI was significantly higher in the inner fjord 

than the outer fjord (pseudo-F1,51=8.9446; p=0.0026). In 2008, GSI tended to increase with 

female age, size, weight and condition (Figure 7.5), while in 2009 the increase was largely 

driven by the presence of two outliers (Figure 7.6). Linear regressions showed that female 

characteristics accounted for <14% of the variability in GSI in 2008 and <19% in 2009 (Table 

7.2). Excluding the two outliers reduced the R2 for all 2009 regressions to <0.07. Given that 

explained by year and habitat, female size (pseudo-F22,82=11.045; p=0.0026) and weight 

(pseudo-F54,82=12.214; p=0.0011) explained significant portions of the variability in GSI, but 

age (pseudo-F10,82=2.6342; p=0.1028) and condition (pseudo-F41,82=1.6422; p=0.2079) did 

not. Year (pseudo-F1,82=8.8903; p=0.0029) and habitat (pseudo-F1,82=7.7875; p=0.0051) 

explained significant portions of the variability in GSI given that explained by size and 

weight, meaning spatio-temporal effects are not artefacts of the population structure of the 

samples. 

 

Table 7.2: The relationship between gonadosomatic index and female characteristics in 

October 2008 and December 2009. Linear regression equations and associated R2 and p-

values are given. Significant results (p<0.05) are shown in bold. 

Year Characteristic Equation R2 p 
Age GSI = -0.017868 + 0.10892*Age 0.07 0.1267 
Size GSI = -4.2654 + 0.014734*TL 0.14 0.0343 
Weight GSI = -0.47444 + 0.002114*Weight 0.14 0.0335 

2008 

Condition GSI = -0.95829 + 13.377*K 0.03 0.3672 
Age GSI = 0.16388 + 0.040423*Age 0.07 0.0643 
Size GSI = -1.6174 + 0.0060458*TL 0.15 0.0066 
Weight GSI = -0.15791 + 0.0010522*Weight 0.19 0.0032 

2009 

Condition GSI = -0.40735 + 6.5886*K 0.04 0.1787 



Chapter 7                       Fecundity & reproductive potential 

  267 

 

Figure 7.3: Age distributions of females sampled in October 2008 (solid line) and December 

2009 (dashed line) with (a) no maturing batches of oocytes (b) small maturing oocytes 0.2–

0.45mm in diameter (c) larger maturing oocytes 0.46–0.66mm in diameter and (d) hydrated 

oocytes >0.67mm in diameter. 
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Figure 7.4: Size distributions of females sampled in October 2008 (solid line) and December 

2009 (dashed line) with (a) no maturing batches of oocytes (b) small maturing oocytes 0.2–

0.45mm in diameter (c) larger maturing oocytes 0.46–0.66mm in diameter and (d) hydrated 

oocytes >0.67mm in diameter. 
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Figure 7.5: Gonadosomatic index of female blue cod sampled in October 2008 regressed 

against (a) age (b) size (c) weight and (d) condition. Details of linear regressions are given in 

Table 7.2. 
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Figure 7.6: Gonadosomatic index of female blue cod sampled in December 2009 regressed 

against (a) age (b) size (c) weight and (d) condition. Details of linear regressions are given in 

Table 7.2. 
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7.5.2 Fecundity estimates 

 Individual batch fecundity of females sampled in October 2008 ranged from 1453 

eggs per gram body weight (11 years old, 385mm TL) to 20,469 eggs per gram body weight 

(15 years old, 400mm TL); in December 2009 it ranged from 1483 eggs per gram body 

weight (11 years old, 380mm TL) to 11,825 eggs per gram body weight (16 years old, 

435mm TL). Mean fecundity was 6595 (± 2020) eggs per gram body weight in October 2008 

and 4787 (± 1958) eggs per gram body weight in December 2009. 

 

7.5.3 Relating fecundity to maternal characteristics 

 Maternal effects were tested in 2008 and 2009 separately. Hypothesis 7.1 predicts that 

older, larger females in better condition will be more fecund than younger, smaller females in 

poorer condition. Evidence was found to support this hypothesis in the case of age, size and 

weight but not condition, which was negatively correlated with fecundity in both years 

(Figures 7.6 and 7.7). The relationships between fecundity and maternal characteristics were 

best represented by a power function. In 2008, fecundity was significantly positively 

correlated with female age (Table 7.3); female size and weight were positively correlated with 

fecundity, but R2 values were lower and p-values were marginal (p~0.05). The negative 

relationship between fecundity and condition was not significant despite the relatively high 

R2. In 2009 fecundity was not significantly correlated with any maternal characteristic; the 

relatively high but insignificant R2 values are likely due to the small sample size (n=5). The 

variable relationship between fecundity and weight could be related to the practical 

difficulties associated with obtaining a precise weight measurement in the field; this would 

also indirectly affect estimation of female condition. Models could not be fitted separately by 

habitat in either year due to uneven and small sample sizes. 

 Maternal effects were modelled sequentially after sampling year to assess their overall 

importance in determining fecundity. Given the variability explained by year, both age 

(pseudo-F5,13=8.2209; p=0.0089) and size (pseudo-F6,13=5.4869; p=0.0359) explained 

significant portions of the variability in fecundity, but weight (pseudo-F9,13=4.2605; 

p=0.0602) and condition (pseudo-F8,13=0.0405; p=0.8411) did not. Including size sequentially 

after year and age did not significantly improve model fit (pseudo-F6,12=0.1109; p=0.7457). 

The four maternal characteristics measured here together explained just over half (53%) of the 

total variability in fecundity; age alone explained 38%. The remaining variability is likely 

related to timing effects as each sampling event represented a snapshot in time during an 

extended spawning season spanning several months. 
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Table 7.3: The relationship between fecundity and maternal characteristics in October 2008 

and December 2009. Regression equations and associated R2 values are given. Significant 

results (p<0.05) are shown in bold. 

Year Characteristic Equation R2 p 
Age F = 2.2218*Age3.3885 0.71 0.0465 
Size F = 1.69*10-29*TL12.685 0.53 0.0553 
Weight F = 0.037375*W1.8198 0.13 0.0515 

2008 

Condition F = 5.3531*10-4*K-8.7687 0.46 0.8049 
Age F = 0.33378*Age3.7678 0.68 0.0832 
Size F = 1.1815*10-20*TL9.0846 0.65 0.0990 
Weight F = 1.6226*10-10*W4.5133 0.66 0.0911 

2009 

Condition F = 3.4463*10-5*K-9.8846 0.30 0.3264 
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Figure 7.7: Fecundity of female blue cod sampled in October 2008 regressed against (a) age 

(b) size (c) weight and (d) condition. 
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Figure 7.8: Fecundity of female blue cod sampled in December 2009 regressed against 

(a) age (b) size (c) weight and (d) condition. 
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7.5.4 Egg size & quality 

Hypothesis 7.1 predicts that egg size will be larger in older, larger females in a better 

condition. In October 2008, egg size increased with female condition, but decreased with 

female age, size and weight (Figure 7.9). However, no correlations were significant and R2 

values ranged from 0.19–0.33 (Table 7.4). In December 2009 positive relationships were 

observed between egg size and female age, size and weight (Figure 7.10). An overall trend of 

decreasing egg size with female condition was driven by the presence of a large outlier; 

removal of this individual results in a positive trend. However, linear regressions were 

compromised by the small sample size (n=5), which resulted in non-significant correlations 

that nevertheless explained up to 88% of the variability in egg size. While the trends observed 

in 2009 support Hypothesis 7.1, patterns observed in 2008 are more reliable due to the larger 

sample size. Although some evidence of a relationship between maternal characteristics and 

egg size is apparent from these data, variability is high and overall relationships were 

insignificant. Given that explained by sampling year, no maternal characteristics explained 

significant portions of the variability in egg size. This is perhaps a reflection of the complex 

evolutionary trade-off between the number and size of eggs produced by a female with 

limited energetic resources and storage capacity.  

Hypothesis 7.2 predicts that egg quality will be related to egg size. The relationship 

between egg size and egg quality was best expressed as a logarithmic function (Figure 7.11). 

This relationship was found to be significant (pseudo-F2,18=9.2008; p=0.0072; R2=0.37). 

Maternal characteristics did not show any relationship to egg quality. 

 

Table 7.4: The relationship between egg size and maternal characteristics in October 2008 

and December 2009. Regression equations and associated R2 values are given. Significant 

results (p<0.05) are shown in bold. 

Year Characteristic Equation R2 p 
Age Size = 1.0706 – 0.018608(Age) 0.15 0.2391 
Size Size = 2.2486 – 0.0037168(TL) 0.33 0.0621 
Weight Size = 1.2686 – 0.00049094(Weight) 0.19 0.1860 

2008 

Condition Size = 0.32514 + 3.5259(K) 0.13 0.2872 
Age Size = -0.17379 + 0.083886(Age) 0.88 0.1037 
Size Size = -1.7034 + 0.0065199(TL) 0.77 0.1237 
Weight Size = -0.28411 + 0.0012309(Weight) 0.86 0.0781 

2009 

Condition Size = 2.1694 – 8.6977(K) 0.21 0.4701 
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Figure 7.9: Linear regressions of egg size against (a) female age (b) female size (c) female 

weight and (d) female condition in October 2008. 
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Figure 7.10: Linear regressions of egg size against (a) female age (b) female size (c) female 

weight and (d) female condition in December 2009. 
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Figure 7.11: Egg quality versus egg size. The logarithmic regression is defined as: 

Yolk diameter = 0.20077 + 0.26082*Log10(Egg size). 
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7.5.5 Potential egg production of inner & outer fjord habitats 

 Hypothesis 7.3 predicts that per capita, potential egg production will be higher among 

inner fjord populations, which are characterised by a high proportion of females and age and 

size distributions that include a higher frequency of older, larger fish. Figure 7.12a and b 

show that this is true when potential egg production is calculated on the basis of age or size 

distributions, although the habitat effect is significant only in the case of age-related fecundity 

(age: pseudo-F1,8=9.9171, p=0.0138; size: pseudo-F1,8=3.7185, p=0.0786). Although the level 

of protection afforded the inner Doubtful Sound population is less than that afforded the inner 

Bradshaw Sound population and greater than inner Breaksea Sound, per capita potential egg 

production estimates based on age distributions do not reflect this. While the effect of 

management was significant (age: pseudo-F3,6=4.8288, p=0.0475; size: pseudo-F3,6=5.6968, 

p=0.0427), results were close to the 0.05 significance level and were likely driven by the high 

egg production potential of old, large individuals in the Long Sound marine reserve. Per 

capita egg production did not vary between fjords (age: pseudo-F4,5=0.27936, p=0.8928; size: 

pseudo-F4,5=2.1336, p=0.2176); interactive effects of fjord, habitat and management could 

not be modelled due to the lack of replication. 

Scaling per capita models to relative female abundance (Figure 7.12c and d) altered 

relative patterns in both age and size-based estimates between sites; at the population level no 

effect of habitat (age: pseudo-F1,8=1.8519, p=0.2122; size: pseudo-F1,8=3.0789, p=0.1064), 

fjord (age: pseudo-F4,5=0.7918, p=0.5040; size: pseudo-F1,8=0.7610, p=0.5206) or 

management zone was evident (age: pseudo-F3,6=1.3284, p=0.2494; size: pseudo-F1,8=1.6305, 

p=0.2279). The reproductive potential of the protected inner Long Sound population is 

emphasised at this level: relative abundance is high here and the strongly female-dominated 

population contains a high proportion of older, larger individuals. Reproductive potential is 

particularly low in the Doubtful–Bradshaw Sound complex despite the presence of a 

relatively large marine reserve in inner Bradshaw Sound and the exclusion of recreational 

fishing from the inner waters of Doubtful Sound. Of the two scaling factors, the proportion of 

females in the population explained more of the variability in potential egg production 

between sites (age: R2=0.33; size: R2=0.42) than the relative abundance of the total population 

at each site (age: R2=0.09; size: R2=0.10). 

Egg production estimates based on size were an order of magnitude greater than those 

based on age due to the high power index of the fecundity–size relationship. Relative patterns 

also differ, reflecting the over inflation of fecundity estimates for larger relative to older 

females and possibly also differential growth rates among populations. 
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Figure 7.12: Relative potential egg production in inner (grey bars) and outer fjord habitats 

(white bars) (a) per capita based on age distributions (b) per capita based size distributions 

(c) for the population based on age distributions and (d) for the population based on size 

distributions of females at each site. 
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7.5.6 Potential egg production along the fjord axis in Dusky Sound 

 Figure 7.13a shows that on a per capita basis, potential egg production tends to 

decrease along the axis of Dusky Sound from the inner fjord to the open coast; potential egg 

production in the marine reserve is equivalent to but does not exceed that in the commercial 

exclusion zone (inner fjord). At the population level, potential egg production is again highest 

in the inner fjord. Interestingly, both relative abundance and the proportion of females (0.74) 

were highest in the open coast stratum, but the smaller size of female blue cod here resulted in 

a lower egg production than in the inner stratum (proportion female: 0.6). The low potential 

egg production in the outer and extreme outer strata coincides with the lowest relative 

abundance and a sex ratio skewed towards males (proportion female: 0.45 and 0.46 

respectively). As the proportion of females was not determined for the marine reserve, the sex 

ratio was assumed to be the same as in the adjacent outer stratum; despite the relatively high 

abundance in the marine reserve this has resulted in an egg production estimate for the fully-

protected population that may not be representative of its real potential. 

 

 

Figure 7.13:  (a) Per capita and (b) population-level relative potential egg production based 

on the size distribution of females in four of the five strata in Dusky Sound (inner fjord, outer 

fjord, extreme outer fjord and open coast) and the Five Fingers Peninsula (Taumoana) marine 

reserve (MR). Data were not available for the mid fjord stratum. 
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7.6 Discussion 

 

This study provides the first estimates of blue cod batch fecundity, and the first 

evidence for a maternal effect on fecundity. While sample sizes were small and estimates 

based on age and size differed, these data provide a good starting point for a more in-depth 

investigation of blue cod fecundity and highlight the need for more biologically relevant 

fisheries management models that incorporate demographic information into spawning stock 

biomass and yield per recruit estimates. 

From both a conservation and a sampling effort perspective, it is preferable to estimate 

potential egg production using information on female size structure, as ageing fish using 

otoliths requires the sacrifice of a representative sample and is more labour- and skill-

intensive than measuring length. However, the data presented here suggest that age represents 

the most important maternal influence on fecundity in Fiordland blue cod. The relationship 

between fecundity and maternal age has rarely been reported; the only other published 

relationship (Collins et al. 1998) gave a power coefficient (b) of 3.94, comparable to that 

obtained in this study (2008: 3.89; 2009: 3.77). The fecundity–age relationship was similar 

between years (2008–2009), whereas the fecundity–size relationship was more variable and 

estimated values for b fell beyond the expected upper limit. While most published fecundity–

size relationships for temperate marine teleosts have reported values for b in the upper end of 

the range given by Wootton (1992), none has been as high as that reported here. For example, 

b has been estimated as 4.37 in Atlantic cod (Marteinsdottir & Begg 2002), 4.60 in Greenland 

halibut, Reinhardtius hippoglossoides (Gundersen et al. 1999), 4.69 in trumpeter, Latris 

lineata (Tracey et al. 2007), 5.68 in haddock (Trippel & Neil 2004) and 7.53 in southern 

bluefin tuna, Thunnus maccoyii (Farley & Davis 1998).  

It is possible to age blue cod non-lethally using scales, although this tends to 

underestimate age (Carbines 2004a) and the fact remains that sexing blue cod is a terminal 

procedure unless they are running ripe. An important focus of future research effort will be 

obtaining fecundity–maternal characteristic relationships with larger sample sizes (e.g. >50 

females with hydrated oocytes, ideally sampled on the same day; Hunter et al. 1985), and 

targeting females at the peak of spawning based on histological and hormonal monitoring 

throughout the spawning season. As maternal effects on spawning frequency are likely over 

the extended southern spawning season, a more meaningful measure of reproductive potential 

would be obtained by combining batch fecundity with the number of spawning events per 

year to give an annual fecundity estimate. This was beyond the scope of the present study. 
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Female blue cod in southern New Zealand mature at around 6 years of age (Carbines 

2004b) and enter the fishery at around 7 years old (Chapter 2, Section 2.5.2.3); the oldest 

female sampled from Fiordland waters between 2000 and 2009 was 24 yrs old and would 

have had a batch fecundity >100 times that of a newly matured female and >60 times that of a 

female that had just entered the fishery. Size-related fecundity provides stronger (albeit less 

reliable) support for an updated approach to management. The largest female sampled 

between 2000 and 2009 was 540mm; her batch fecundity could have been >2500 times that of 

a newly matured female (290mm in Dusky Sound; Carbines & Beentjes 2003) and >500 

times that of a female at the minimum landing size of 330mm.  

These findings have important consequences when considering the relative influence 

of abundance and demography as scalars of reproductive potential in a spatially-structured 

population. The proportion of females in a population proved to be a more important driver of 

reproductive potential than relative abundance, but both are vulnerable to fishing pressure. In 

heavily fished areas a shift towards a male-dominated population has been documented, as 

repeated removal of large males means sex inversion is no longer suppressed (Beentjes & 

Carbines 2005). This will compound the reduction in overall population size and may result in 

increased vulnerability to population collapse. Considering per capita and population-level 

estimates together enables us to assess the sustainability of a population under its current level 

of exploitation and to predict the effects of future management decisions. For example, if per 

capita egg production is high in a protected area but population egg production is low, the 

latter can be expected to increase over time in the absence of fishing pressure. Conversely, if 

per capita egg production in an unprotected area is low but population productivity is high, 

the reproductive potential of the population is vulnerable to decrease in abundance and shifts 

in structure through fishing mortality.  

The subtle interplay between behavioural and anthropogenic effects on population size 

and demography is well-illustrated in Dusky Sound. Although fishing is permitted in the 

outer, extreme outer and open coast populations, sex ratios and relative abundance estimates 

suggest that fishing pressure is higher in the outer and extreme outer fjord strata and relatively 

low on the open coast, perhaps because it is more exposed. Outer and extreme outer 

populations are male-dominated and abundance is relatively low, whereas on the open coast 

the sex ratio is skewed towards females and fish are typically larger. The open coast 

population is therefore potentially more resilient to fishing pressure but this will hold true 

only if the population structure (and to a lesser extent, population size) are maintained at or 

close to the current status. Spawner per recruit biomass estimates do not reflect this spatial 
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asynchrony within the harvestable population (Carbines & Beentjes In prep.); incorporating 

this information into management models would help safeguard against localised depletion.  

Long Sound emerged as an important potential source population, but larvae spawned 

in the inner fjord marine reserve may well be retained by the narrow mid-fjord bottleneck. 

Preservation Inlet had the lowest reproductive potential of the ten sites included in the 

analysis, so it seems unlikely that inner Long Sound is an exporter of reproductive potential, 

although in the absence of information on larval dispersal patterns and the availability of 

suitable habitat for recruitment this cannot be ascertained. Commercial and recreational 

fishing pressure is also relatively high in Preservation Inlet (Davey & Hartill 2008; Starr & 

Kendrick 2008); this may restrict the overall population size and the relative abundance of 

females and mask any import of reproductive potential from the inner fjord. In Dusky Sound, 

blue cod abundance in the marine reserve has apparently been unchanged by 3 years of no-

take protection (Carbines & Beentjes In prep.); the potential egg production of the protected 

population was relatively low but may have been underestimated as the monitoring survey in 

2008 failed to adequately represent the population structure (Carbines & Beentjes In prep.), 

and did not report the sex ratio.  

Identifying source–sink population structure ultimately requires knowledge of larval 

distribution, which is lacking for blue cod. Future research should aim to establish pelagic 

duration and density of blue cod eggs and larvae; this would allow larval dispersal trajectories 

to be modelled. The fact that only around half of the variability in batch fecundity could be 

explained by the four maternal characteristics measured highlights the complexity of 

estimating the fecundity of a serial spawning fish with no knowledge of how maternal and 

environmental factors affect spawning timing and duration. However, egg production 

estimates provide a useful starting point for understanding the relative reproductive potential 

of spatially-structured populations and support the incorporation of demographic information 

into management models.  
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7.7 Conclusions 

 

1. Fecundity of Fiordland blue cod is positively correlated with both maternal age and 

size, but the relationship with age is stronger. Maternal effects on spawning frequency 

need to be established and used to model annual fecundity. 

2. Per capita potential egg production is higher among inner fjord populations, which are 

typically female-dominated and contain a higher proportion of older, larger females. 

3. Demography was a more important scalar of a population’s reproductive potential 

than abundance, meaning potential egg production at the population level is also 

higher among the inner fjord than outer fjord populations. 

4. Long Sound emerged as a potential source population, but information on larval 

dispersal patterns and suitable habitat for recruitment need to be modelled before this 

can be determined. 

5. Future management models could usefully incorporate demographic information to 

provide more biologically meaningful estimates of the resilience of populations to 

fishing pressure. 
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General discussion: Structure & connectivity of 

Fiordland blue cod populations  
  

Mountains reflect in the still waters of Gaer Arm, Bradshaw Sound 



 

 288 



Chapter 8                                                 General discussion 

  289 

8.1 Summary of findings 

 

The research presented here helps further our understanding of the population 

structure, ecology and connectivity of a recreationally and commercially important species, in 

a unique environment that provides a relatively intact model system in which to investigate 

ecological processes and relationships. However, the findings have broad global relevance 

beyond blue cod populations in Fiordland. Temperate reef fish management traditionally 

assumes that exploited populations are spatially homogeneous in terms of yield-per-recruit 

and adult biomass, but multiple lines of evidence from my study of blue cod suggest that this 

is not the case. While spatial heterogeneity in the nutritional landscape and consequently in 

the vital rates and productivity of grazing and suspension feeding invertebrates is recognised 

as a major management and conservation issue (Orensanz & Jamieson 1998), the effect of 

such extrinsic structuring processes at higher trophic levels has rarely been considered. 

Ecotonal boundaries are pronounced within the fjords but similar environmental heterogeneity 

can be found in other estuarine systems, which include some of the world’s most productive 

waters and are often subject to intense fishing pressure. 

Regardless of the spatial heterogeneity observed among blue cod subpopulations, our 

understanding of adult population structure and dynamics at the local and regional scale is 

limited without an understanding of the ecological and environmental pressures at work 

during earlier life history stages. Extrinsic forcing processes play an important role in 

determining the dispersal and survival of larval and juvenile life history stages through time 

and space. These drivers can be difficult to predict and model and for blue cod, the basic 

biological knowledge required to underpin models of larval dispersal and population 

connectivity is lacking. Without this information, fisheries management measures are liable to 

be undermined by environmental stochasticity, and must therefore adopt a precautionary 

approach to reflect our inability to accurately predict stock size and structure in future 

generations.  

The conclusions drawn from each individual study in this thesis are most pertinently 

integrated by posing three key questions: 

 

1. How connected are inner and outer fjord sub-populations? 

2. Do Fiordland blue cod constitute a source–sink metapopulation? 

3. How relevant is the current management regime? 
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8.2 How connected are inner & outer fjord sub-populations? 

 

8.2.1 Demographic asynchrony between habitats 

 A clear spatial separation is evident in blue cod population structure and ecology 

between habitats in the southern fjords. Inner and outer fjord populations display consistent, 

temporally stable differences in their sex ratio and age and size structure. This spatial 

separation is typically most pronounced in Long Sound–Preservation Inlet and least obvious 

in Dusky Sound. 

 

8.2.2 Connectivity between habitats 

Over the scale of months to years, blue cod in inner and outer fjord habitats develop 

discrete chemical profiles in their muscle and otolith tissues, reflecting physico-chemical and 

ecological conditions within their immediate environment. Using a combination of these two 

chemical signatures, 75% of blue cod sampled from 10 sites in 2009 could be correctly 

reassigned to capture site by a discriminant function analysis; 83% of inner fjord fish could be 

reassigned to fjord basin and 78% in the outer fjords. On the scale of individual fjords, at least 

80% of fish could be successfully classified to habitat and in Dusky Sound, Breaksea Sound 

and Long Sound–Preservation Inlet the reclassification success rate was 100%.  

Along the axis of Dusky Sound three discrete trace element fingerprints were 

documented, corresponding to inner fjord, mid fjord and outer fjord/open coast signatures. 

The association between tissue chemistry and surrounding environment is corroborated by the 

results of translocation (Beer et al. In press., Rodgers & Wing 2008, Chapter 5) and mark–

recapture experiments (Chapter 6) and implies a high degree of site fidelity and minimal 

mixing between populations separated by tens of kilometres within a fjord. Inner fjord 

populations in particular appear to be highly resident; along the open coast and in outer fjord 

waters populations may be more mobile and interactive, supporting the results of previous 

studies (Carbines & McKenzie 2004; Rodgers & Wing 2008). 
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8.3 Do Fiordland blue cod constitute a source–sink metapopulation? 

 

8.3.1 Criteria for metapopulation status 

 As definitions of what constitutes a metapopulation vary somewhat between 

disciplines and researchers (Berryman 2002; Camus & Lima 2002; Grimm et al. 2003), I 

chose to consider a metapopulation as: 

A system of discrete local populations, each of which determines its own 
internal dynamics to a large extent, but with a degree of identifiable and non-
trivial demographic influence from other local populations through dispersal 
of individuals (Kritzer & Sale 2004). 

 

8.3.2 Evidence for metapopulation structuring 

Blue cod populations in the southern fjords seem to fit this description on the scale of 

individual fjord basins. Inner and outer fjord habitats support sub-populations discrete in their 

structure and dynamics; chemical tracers confirm the limited but identifiable degree of mixing 

between sub-populations over the scale of months to years. 

 

8.3.3 Evidence for source–sink dynamics 

Inner fjord sub-populations are characterised by an old-age growth structure, 

consistent with previous observations of an up-fjord bias in adult movement from an outer 

fjord source to an inner fjord sink (Carbines & McKenzie 2004; Rodgers & Wing 2008). A 

nutritionally-poorer benthic diet in the inner fjord basins relative to the more productive, 

energetically-enriched pelagic outer fjord food web corresponds to a slower growth rate 

among inner fjord sub-populations, although asynchronous growth rates between habitats are 

largely driven by the disparity in sex ratio. 

No evidence was found for discrete juvenile source pools along the axis of Dusky 

Sound, implying a common natal origin for adults sampled at age 2–3 yrs from inner fjord, 

mid fjord, outer fjord, extreme outer fjord and open coast habitats. This supports the source–

sink hypothesis, but provides no information on the location of the source or sink. 

 The old-growth age structure and typically female-dominated sex ratio result in a 

generally higher reproductive potential among inner fjord populations, despite the often 

higher abundances in the outer fjords and on the open coast. However, a sink habitat is one 

where local mortality exceeds local natality and is therefore by definition of insufficient 

quality to allow a population to complete its life cycle (Pulliam 1988). The observations of 

running ripe males and females, relatively high reproductive potential and temporally stable 

abundance of inner fjord blue cod populations do not appear to fit this description. 
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Source populations may be independent (no import, self-recruiting and exporting) or 

dependent (importing and exporting but not self-recruiting) while sinks may be obligatory 

(importing but not self-recruiting) or facultative (Hixon et al. 2002); natural populations may 

lie between these theoretical extremes and it is likely that blue cod represent a combination of 

strategies.  

 

8.4 How relevant is the current management regime? 

 

8.4.1 The ecologically relevant spatial scale 

The results presented here support the conclusion of previous studies (Carbines & 

McKenzie 2004; Cole et al. 2000) that there is the potential for blue cod in enclosed 

waterways such as the fjords to be managed on a smaller spatial scale than is currently the 

case. The ecologically meaningful spatial scale seems to be tens of kilometres i.e. between 

habitats within individual fjord basins. 

 

8.4.2 Managing source & sink populations 

 If blue cod in southern Fiordland are to be managed on a fjord-by-fjord basis, 

consideration must be given to the relative protection afforded to inner versus outer fjord 

populations. At present the Fiordland Marine Management Act (2005) protects all inner fjord 

populations from commercial fishing, and those in inner Milford and Doubtful Sounds from 

recreational fishing; no-take marine reserves provide full protection to populations in select 

areas representative of all habitat types throughout the system.  

The observed maternal effects on fecundity have important ramifications for the 

potential of protected areas to act as net exporters of reproductive output, although this is 

unlikely to be true of all reserves. An increase in abundance and mean age/size of blue cod in 

protected areas was not universally observed; habitat quality and reserve size influence the 

size and structure and therefore also the reproductive potential of populations. 

 At both the per capita and the population level, reproductive potential among inner 

fjord populations generally exceeds that of outer fjord populations, rendering inner fjord 

populations more resilient to depletion. In unprotected outer fjord and open coast waters, the 

intrinsic vulnerability of blue cod populations to over-exploitation is increased by the male-

dominated sex ratio and younger age structure, both of which likely result from fishing 

pressure. In Long Sound–Preservation Inlet in particular, reproductive source–sink structure 

appears to constitute an inner fjord source and an outer fjord sink. 



Chapter 8                                                 General discussion 

  293 

This raises an unfortunate management quandary: protected inner fjord populations in 

theory are likely to be more resilient to fishing pressure than the open coast populations that 

are exploited under the current management regime. However, were fishing effort to be 

relocated to the inner fjord, a resulting shift towards a younger, more male-dominated 

population here would eventually negate any fishery benefits while the concomitant accrual of 

old-growth age structure among outer fjord and open coast populations and behavioural 

stabilisation of the sex ratio would in time render these populations more viable from a 

fisheries perspective. The population structure at the time and location of sampling reflects a 

complex interaction between environmental, biological and anthropogenic processes. 

Management decisions can alter the spatial structure of a metapopulation and therefore shift 

the balance between environmental and biological structuring processes. Testing the 

reproductive source–sink hypothesis under controlled conditions would help elucidate the 

evolutionary stable dynamics of inner and outer fjord populations in the absence of 

anthropogenic disturbance but was beyond the scope of the present study. 

Management models do not currently consider demographic spatial structuring 

information, but the research documented here provides empirical justification for such an 

approach. Ultimately, without better understanding of spawning behaviour, dispersal and 

natural population dynamics within the fjords and along the Fiordland coast, source–sink 

structure can only be postulated and management measures must be precautionary enough to 

reflect the many uncertainties. 
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8.5 Priorities for future research 

  

8.5.1 Blue cod 

Despite the commercial and recreational importance of blue cod, its biology and 

behaviour, particularly of spawning and larval stages, are still poorly understood. Key stock 

information vital to sustainable management is also missing (Anon. 2010a). Research 

priorities should therefore be to elucidate processes controlling spawning behaviour, pelagic 

larval dispersal and settlement and recruitment life history stages. 

 

8.5.2 Fiordland 

Assessing the efficacy of Fiordland’s marine reserve network has only been possible 

recently, five years after ratification of the Fiordland Marine Management Act (Wing & Jack 

2010); important lessons can be learnt from this unique system and applied to other 

vulnerable habitats. Historically, marine reserve designation has not been underpinned by 

knowledge of the spatial structure of community dynamics, but rather an attempt to preserve 

representative areas of recognised habitat types. Some reserves do not seem to benefit to the 

protected reef fish and invertebrate communities, challenging their efficacy (for example, 

Elizabeth Island/Taipari Roa), while elsewhere (for example, the Gut/Te Awaatu channel) 

there is justification for expanding boundaries to protect a larger area (Jack & Wing 2010). 

Better understanding of species and community-level dynamics and spatial structuring will 

inform future management decisions and enable us to safeguard the unique ecosystems of the 

Fiordland coastline and preserve island populations of ecologically and economically 

important species. 
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Abstract "%!

We exploit the pronounced and persistent low salinity layer in Doubtful Sound, southwest ""!

New Zealand, as a natural experimental system with sharp environmental gradients in which "&!

to study physical versus biological control of element incorporation into biogenic carbonate. "'!

Mussels (Mytilus galloprovincialis) transplanted to cages in the low salinity layer and saline "(!

layer in inner, mid and outer fjord habitats were used as biological integrators of physico-"$!

chemical conditions in each water mass over a period of several months. We used solution ")!

ICP-MS to measure the concentrations of fifteen elements (Li, B, Mg, P, S, Mn, Fe, Co, Cu, "*!

Zn, Rb, Sr, Cd, Ba, Pb) in the experimental shell growth and relate spatial trends to those in &+!

salinity and elemental sources. S concentrations were consistently below detection limits &#!

while Zn and Rb showed no spatial variability. The majority of elements were subject to &%!

environmental control, reflecting likely ambient concentrations and salinity. Sr incorporation &"!

showed evidence of strong biological mediation of environmental signals via the crystal shell &&!

growth rate. These findings are an important addition to the growing body of literature &'!

seeking to resolve physical versus biological controls of individual trace element &(!

incorporation into biogenic carbonates and have important consequences for their use as &$!

environmental indicators or tracers for ecological studies. &)!

 &*!

 '+!

 '#!

 '%!

 '"!

 '&!

 ''!

Keywords: trace elements, ICP-MS, mussels, fjord'(!



!"%+!

Introduction '$!

Concentrations of trace, minor and major elements within biogenic calcified structures ')!

may reflect environmental conditions at the time of accretion and as such have the potential to '*!

provide information on dispersal and connectivity patterns of fish (Thorrold et al. 2002) and (+!

invertebrates (DiBacco & Levin 2000), stock structure (Campana et al. 1994), palaeoclimatic (#!

conditions (Dodd & Crisp 1982, Gillikin et al. 2006) and anthropogenic disturbances (Gillikin (%!

et al. 2005a). However, increasing evidence suggests that in addition to physical mechanisms ("!

such as temperature and salinity, biological processes such as calcification rate are important (&!

in controlling elemental uptake and can mask or modify environmental signals (Vander ('!

Putten et al. 2000). ((!

During molluscan shell formation, an integrated series of physiological, biochemical ($!

and crystallographic processes result in a highly organised structure of calcium carbonate ()!

crystals in an organic matrix; these processes likely occur extracellularly and in physical (*!

isolation from the seawater in the extrapallial fluid (EPF) that fills the mantle cavity (Wilbur $+!

1972), although more recently cellular involvement in the biomineralization of oyster shells $#!

has been suggested (Mount et al. 2004). Ions used in calcification are transported to the EPF $%!

via both passive and active pathways (Gillikin et al. 2005b, Carré et al. 2006) and their $"!

incorporation into the matrix is directly dependent upon their concentration in the EPF at the $&!

site of crystallisation, which is in turn controlled by the haemolymph and mantle tissues. $'!

Fractionation can occur resulting in carbonates that do not reflect direct seawater precipitation $(!

(Wilbur 1972). Passive uptake occurs down a concentration gradient, although some elements $$!

(e.g. Mn, Zn, Cd, Pb) may also be transported via ion pumps (Qiu et al. 2005). Divalent ions $)!

with radii smaller than or similar to Ca
2+

 can substitute into the crystal lattice by diadochically $*!

replacing Ca
2+

 ions and may result in a lattice distortion (Goldsmith et al. 1961), potentially )+!
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increasing the likelihood of subsequent incorporation of larger ions (Pitts & Wallace 1994, )#!

Vander Putten et al. 2000, de Vries et al. 2005). )%!

For the majority of elements, the free ion is the most bioavailable form (Phillips )"!

1995). Ambient seawater concentrations of these ions can have varying impacts on their )&!

concentrations (relative to Ca) in biogenic carbonates. Early studies showed that Sr/Ca and )'!

Mg/Ca in mytilid mussel shells are directly related to seawater concentrations (Dodd 1965, )(!

Lorens & Bender 1980) and a correlation has been reported between Mn/Ca and Pb/Ca in )$!

bivalve shells and the surrounding water (Becker et al. 2005). Incorporation of elements with ))!

a larger ionic radius than Ca
2+

 (e.g. Ba
2+

) may be strongly influenced by environmental )*!

factors and a direct relationship has been reported between Mytilus edulis shell Ba/Ca and *+!

ambient Ba concentrations (Gillikin et al. 2006). The concentration of bioavailable free ions *#!

varies with salinity (Bruland 1983), but studies on elemental uptake by bivalves have reported *%!

conflicting effects of salinity. Salinity may influence elemental concentrations in M. edulis *"!

tissues through 1. increased availability in low salinity waters due to the higher capacity of *&!

freshwater to retain elements in solution or suspension; 2. different ion flux rates at different *'!

salinities, or 3. physiological responses at stressful salinities such as valve closure in *(!

osmoconforming bivalves during periods of rapid salinity decrease, which can effectively halt *$!

uptake from either dissolved or particulate phases during the periods when element *)!

availability is maximal (Phillips 1977b). At salinities <6 the proportion of the free Cd
2+

 ion in **!

the total Cd pool increases and increased uptake of both Cd and Cu by M. edulis has been #++!

reported at lower salinities (Phillips 1976, 1977a). Some studies have suggested a minor #+#!

environmental influence on Sr incorporation (Rucker & Valentine 1961, Lorrain et al. 2005, #+%!

Carré et al. 2006) although at low salinities (<8) a direct relationship does seem to exist #+"!

(Dodd & Crisp 1982) and an increase in Sr incorporation with increasing salinity has been #+&!

reported in a long-lived bivalve (Raith et al. 1996). A strong inverse relationship between #+'!



!"%%!

Mg/Ca and salinity has been reported in mytilid shell material (Dodd 1965), although during #+(!

estuarine mixing Mg in solution may only differ between freshwater and saltwater at salinities #+$!

<8 (Dodd & Crisp 1982) and elsewhere minimal environmental control of Mg/Ca has been #+)!

reported (Lazareth et al. 2003, Carré et al. 2006). There is evidence for a relationship between #+*!

salinity and Mn uptake in bivalve shells (Rucker & Valentine 1961, Strasser et al. 2008a). ##+!

Freshwater is enriched in Mn and Ba relative to seawater but the absence of a direct ###!

correlation between Mn/Ca or Ba/Ca and precipitation (and therefore runoff) suggests that the ##%!

relationship is non-linear (Lazareth et al. 2003) and interactions between environmental ##"!

conditions and biological factors complicate the interpretation of Mn/Ca in biogenic ##&!

carbonates (Elsdon & Gillanders 2003, Bath Martin & Thorrold 2005, Strasser et al. 2008a). ##'!

Early work suggested that B may vary directly with salinity in mytilid shells (Furst et ##(!

al. 1976) but Rucker and Valentine (1961) found no relationship between B/Ca, Mg/Ca or ##$!

Cu/Ca in oyster shells and salinity. No studies to date have related bivalve Li/Ca to ##)!

environmental or physiological conditions but experimental studies have reported a strong ##*!

positive correlation between Li/Ca in fish otoliths and salinity (Hicks et al. 2010). #%+!

Environmental effects on Pb uptake in mytilids are largely unknown, although an inverse #%#!

relationship with salinity has been suggested (Phillips 1978). #%%!

As relationships between environmental conditions and bivalve element/Ca ratios are #%"!

inconsistent, particularly for well-studied elements such as Sr and Mg, species effects are #%&!

likely. Indirect effects of environmental conditions may also be important, for example #%'!

through increased growth rates under optimal conditions (Gillikin et al. 2005a, Gillikin et al. #%(!

2005b). The growth entrapment model (Watson 1996) predicts that the ability of a deposited #%$!

material to expel trace impurities is exceeded at high crystal growth rates, leading to increased #%)!

element concentrations (Carré et al. 2006) although this model has been disputed (Foster et al. #%*!

2009). Growth rate has been reported to affect Sr incorporation in some bivalve species but #"+!
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not others (Swan 1957, Gillikin et al. 2005b, Foster et al. 2009); no relationship has been #"#!

established between growth rate and Sr/Ca in Mytilus (Lorens & Bender 1980). Higher #"%!

growth rates may also result in increased incorporation of Mg, Mn and Ba in fish otoliths #""!

(Bath Martin & Thorrold 2005, Hamer & Jenkins 2007) and bivalve shells (Stecher et al. #"&!

1996, Carré et al. 2006) but elsewhere an inverse relationship with bivalve growth rate has #"'!

been attributed to an increased ionic discriminatory ability with increased size (Strasser et al. #"(!

2008b). Similarly, increasing age has been linked to a decrease in incorporation of Sr and Mg #"$!

in mytilids (Dodd 1965). #")!

Doubtful Sound, New Zealand, represents an interesting model system in which to #"*!

study fjord oceanographic and ecological processes, as the typical estuarine circulation pattern #&+!

and salinity regime have been anthropogenically amplified. The high orographic rainfall (~7m #&#!

yr
-1

) and steep topography of the Fiordland region result in naturally large inputs of #&%!

freshwater into the fjords (Stanton & Pickard 1981). This results in a persistent condition of #&"!

two distinct water masses, with a surface low salinity layer (LSL) that overlies a denser saline #&&!

layer (SL). The two water masses become progressively more mixed towards the mouths of #&'!

the fjords, resulting in a steady decrease in depth and increase in salinity of the LSL along the #&(!

fjord axis (Gibbs et al. 2000). In Doubtful Sound the LSL is both more pronounced and more #&$!

persistent as a result of freshwater outflow from the Manapouri hydroelectric power station #&)!

(HEP) outflow, which diverts nearly the entire flow from the catchments of Lakes Manapouri #&*!

and Te Anau and discharges 450–700m
3
 s

-1
 of freshwater into the head of Doubtful Sound at #'+!

Deep Cove (Fig. 1). This effectively more than triples the freshwater input into the fjord #'#!

(Stanton & Pickard 1981, Bowman et al. 1999) forming a jet (Gibbs et al. 2000) that is #'%!

detectable as a plume some distance outside the mouth of the fjord (Frew & Hunter 1995, #'"!

McCully et al. 1995). Typically 1–4m in thickness but periodically extending to a depth of #'&!

12m at the head of the fjord (Rutger & Wing 2006), the LSL in Doubtful Sound is #''!



!"%&!

significantly deeper than the more naturally variable LSLs in other fjords in Fiordland and is #'(!

likely one of the most pronounced in the world (Stanton & Pickard 1981, Gibbs 2001). Unlike #'$!

other fjord systems the LSL is a year-round phenomenon in Doubtful Sound and creates #')!

strong environmental gradients over relatively small spatial scales, both vertically through the #'*!

water column and horizontally along the fjord axis. #(+!

Outflow from the Manapouri HEP means that elemental gradients within Doubtful #(#!

Sound are potentially more accentuated than in unaltered fjords in the system, as the #(%!

catchment has been extended to include Lakes Manapouri and Te Anau. The surrounding #("!

mountains are predominantly igneous (Oliver 1980) and as the area is geologically young, of #(&!

volcanic origin, seismically active and mineral-rich, relatively high fluvial inputs from #('!

weathering and erosion are likely. Anthropogenic inputs originating from pollutants are #((!

minimised by the National Park status of the surrounding area. The scarce topsoil on the #($!

steep-sided walls lacks the macronutrients N and P, which are predominantly sourced from #()!

the exchange of oceanic water over the entrance sill, and levels are significantly higher in the #(*!

SL than the LSL (Peake et al. 1999). High levels of Si are sourced from the LSL which, when #$+!

mixed with the N and P-rich SL, result in diatom blooms (Goebel et al. 2005). #$#!

The strong and persistent physico-chemical gradient between water masses in #$%!

Doubtful Sound presents an exciting scientific opportunity to investigate the environmental #$"!

and biological influences on trace metal uptake by biogenic carbonates in a natural system. #$&!

Here we use experimental transplants across these environmental gradients to ask the #$'!

question: how well is variability in the concentration of 15 elements explained by differences #$(!

in environmental conditions or by differences in growth of shell carbonate? High longitudinal #$$!

growth rates and tolerance to a wide range of environmental conditions render mytilid #$)!

mussels well-suited to such questions (Vander Putten et al. 2000). In this study we employ #$*!

mussels as biological integrators of physico-chemical conditions within the LSL and the #)+!
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underlying SL over a period of several months and assess the relative importance of physical #)#!

and biological controls of element incorporation into shells grown in situ, under natural #)%!

conditions, in a region of strong environmental gradients. #)"!

#)&!



!"%(!

Methods #)&!

 #)'!

Oceanographic surveys #)(!

Oceanographic surveys were conducted using a Seabird SBE-19 conductivity, #)$!

temperature and depth (CTD) profiler, which sampled at 0.5s intervals and was lowered at #))!

0.5ms
-1

 (Wing & Leichter 2011). Profiles at three replicate sites each in the inner, mid and #)*!

outer fjord habitats (Fig. 1) were used to describe the long-term average temperature–salinity #*+!

climate in each habitat. As both temperature and salinity are highly variable within the LSL in #*#!

response to freshwater inputs (Stanton & Pickard 1981, Stanton 1984, 1986, Gibbs et al. #*%!

2000, Gibbs 2001), averages were designed to reflect robust estimates of the range of #*"!

conditions vertically through the water column and horizontally along the fjord axis. #*&!

Sampling events spanned ten years (1998–2008) and included periods of both high and low #*'!

rainfall. Temperature was also recorded in situ for 5 months of the 7-month experimental #*(!

period (July–December 2006) by HOBO Temp loggers (Onset Computers) attached to each #*$!

mussel transplant cage. #*)!

 #**!

Mussel transplant experiment %++!

Mussels (Mytilus galloprovincialis) were collected from outer Doubtful Sound in July %+#!

2006 and transplanted to cages at three replicate sites each in the inner, mid and outer fjord %+%!

habitats (Fig. 1; see Wing & Leichter 2011 for more detailed methods). The extent of shell %+"!

growth at the start of the experimental period was marked by etching the distal margin of one %+&!

valve using a triangular file. Experimental cages at 2m were positioned within the LSL while %+'!

cages at 8m were positioned within the SL. Mussels were retrieved in February 2007 after an %+(!

experimental duration of 213d incorporating the most productive spring–summer growth %+$!

period. Mortality is reported in Wing & Leichter (2011); a sub-sample of live mussels (n = %+)!
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68) was selected for trace element analysis. The experimental shell growth was easily %+*!

identifiable as the portion distal to the etched mark. Mussels were immediately frozen before %#+!

the flesh was removed using Teflon-coated forceps and discarded. Growth rate was calculated %##!

as the change in shell length divided by the average shell length during the experiment for %#%!

each individual (Wing & Leichter 2011). Experimental valves were stored in individual bags %#"!

for subsequent elemental analysis. %#&!

 %#'!

Elemental analysis %#(!

Valves were transferred to a clean laboratory where the experimental growth portion %#$!

(distal to the etched mark) was clipped off using Teflon coated forceps and transferred to %#)!

individual acid-washed HDPE vials. A solution of 15% hydrogen peroxide buffered with %#*!

0.05mol L
-1

 sodium hydroxide (trace element grade, Fisher Scientific) was added to each vial %%+!

and microwave-assisted heating was applied for 24 hours to remove the organic material %%#!

(including the periostracum) from the shell tissue. Samples were rinsed 3 times in quartz %%%!

distilled (QD) 18mQ water. A 1% nitric acid solution (Merck Suprapure!) was then added to %%"!

the vial for 10s before rinsing a further 4 times with QD water. Samples were left to dry in a %%&!

laminar flow hood before being transferred to clean acid-washed HDPE vials. Clean, dry %%'!

samples were weighed and then crushed using an agate pestle and mortar and both calcite and %%(!

aragonite crystalline phases were dissolved in superpure double distilled nitric acid (65%, %%$!

Merck Suprapure!) and A.R. Grade H2O2 using a microwave digestion system (START D, %%)!

Milestone Inc.). Concentrations of fifteen elements were measured using inductively coupled %%*!

plasma mass spectrometry (ICP-MS). For Fe, Collision Reaction Interface (820-MS, Varian %"+!

Inc.) was used in addition to ICP-MS to minimize polyatomic interferences. Concentrations %"#!

of S were not significantly greater than instrumental detection limits and it was excluded from %"%!

subsequent analyses. Concentrations were converted to µmol or mmol (element) per mol %""!



!"%)!

(
43

Ca). Machine precision estimates (relative standard deviation, Table 1) were calculated %"&!

based on three replicate measurements of the same sample and were within acceptable limits %"'!

for the analysis of spatial trends. %"(!

 %"$!

Statistical analysis %")!

Statistical analyses were performed using PERMANOVA+ for PRIMER v.6 (Primer-%"*!

E Ltd, Plymouth, UK), which calculates p-values under permutation and therefore avoids the %&+!

assumptions of normality and homogeneity of variance inherent in traditional tests (Anderson %&#!

2001). Site (nested within depth and habitat) was treated as a random effect and did not %&%!

significantly affect multivariate elemental signatures (permutational MANOVA, %&"!

PERMANOVA, p < 0.05). For subsequent tests, data were therefore pooled across sites %&&!

within each habitat/depth. Multivariate elemental signatures were compared between depths %&'!

and among habitats using PERMANOVA. Data were first normalised due to inter-elemental %&(!

variation in concentration ranges. Within-group variability in multivariate elemental %&$!

signatures was compared using permutational homogeneity of dispersion (PERMDISP) tests, %&)!

which use the ANOVA F statistic to compare distances of observations from their group %&*!

centroid; p-values are obtained under permutation of least-squares residuals, thereby avoiding %'+!

the assumptions of normality of distribution and homogeneity of variance associated with %'#!

traditional dispersion tests such as Levene’s test (Levene 1960). Canonical analysis of %'%!

principal coordinates, CAP (Anderson & Willis 2003), was used to calculate leave-one-out %'"!

reclassification success rates to experimental group. Principal coordinate analysis (PCO) was %'&!

used to construct an unconstrained ordination with which to visualize spatial variability in %''!

multivariate signatures; axes display eigenvectors, standardized by the square-root of their %'(!

corresponding eigenvalues (Gower 1966, Anderson & Willis 2003). Permutational ANOVA %'$!

was used to quantitatively identify the suite of individual elements driving horizontal and %')!
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vertical trends in multivariate composition. The effects of salinity and growth rate on %'*!

individual element concentrations were assessed using the DistLM (distance-based linear %(+!

model) routine. As salinity explained 94% of the variability in mussel growth rates (Wing & %(#!

Leichter 2011), the two factors were modelled sequentially to assess whether growth rate %(%!

explained a significant proportion of the variability in element/Ca ratios given that already %("!

explained by salinity. %(&!

%('!



!""+!

Results %('!

 %((!

Oceanographic Survey %($!

In situ temperature differed between all experimental groups, but the high seasonal %()!

variability within the LSL meant that long-term climatological averages did not differ %(*!

between any experimental groups (Fig. 2). Because of this, and the fact that the LSL is %$+!

warmer than the SL in the summer but cooler in the winter, salinity was considered a better %$#!

marker for each water mass than temperature. %$%!

In all habitats, salinity increased with depth and became less variable (Fig. 3). Mean %$"!

surface salinity increased along the fjord axis from ~5 in the inner fjord to ~15 in the outer %$&!

fjord. Surface salinity range in the inner fjord was restricted to <20 but in the mid and outer %$'!

fjord habitats included more oceanic values of >25. In the inner fjord the LSL extended to %$(!

greater depths than in the mid fjord and by the outer fjord became rapidly mixed with the %$$!

underlying seawater. Mean salinity was significantly lower at 2m than 8m in all habitats %$)!

(inner fjord, pseudo-t = 20.051, p = 0.0001, df = 70; mid fjord, pseudo-t = 11.842, p = 0.0001, %$*!

df = 62; outer fjord, pseudo-t = 11.953, p = 0.0001, df = 54), with salinity at 8m typical of %)+!

fully saline ocean water (Fig. 2d). Within the LSL, salinity increased along the fjord from the %)#!

inner fjord to the mid fjord (pseudo-t = 2.9639; p = 0.0050; df = 49) but mid fjord and outer %)%!

fjord did not differ (pseudo-t = 1.9293; p = 0.0618; df = 43). Within the SL, salinity did not %)"!

vary between inner and mid fjord habitats (pseudo-t = 0.5064; p = 0.6131; df = 83) but %)&!

increased between mid and outer fjord habitats (pseudo-t = 2.8941; p = 0.0055; df = 73). %)'!

Salinity was more variable in the LSL than the SL in all habitats (inner fjord, pseudo-t = %)(!

10.026, p = 0.0001, df = 70; mid fjord, pseudo-t = 10.307, p = 0.0001, df = 62; outer fjord, %)$!

pseudo-t = 9.707, p = 0.0001, df = 54). %))!

 %)*!
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Elemental analysis: multivariate trends %*+!

Multivariate elemental composition of mussel shells was unaffected by terminal size %*#!

or growth rate over the experimental period, nested within experimental group (p > 0.05). %*%!

Elemental signatures varied significantly among habitats (pseudo-F2,62 = 9.068; p = 0.0001) %*"!

and between depths (pseudo-F1,62 = 15.930; p = 0.0001). CAP successfully reclassified 73.5% %*&!

of samples to their experimental group; 13.2–19.1% would be expected by chance based on %*'!

sample sizes in each group. The first two PCO axes explained 55.7% of the total variation in %*(!

trace element signatures: PCO1 separated out samples from the inner fjord LSL and explained %*$!

43% of the variation, while PCO2 separated remaining samples by depth (Fig. 4). Post-hoc %*)!

comparisons were made between depths within each habitat and among habitats within each %**!

depth and resulted in generally higher reclassification success rates that in all cases exceeded "++!

the rate expected by chance alone (Table 2). Multivariate signatures were more dispersed in "+#!

the LSL than the SL in the inner fjord (pseudo-t = 4.568; p = 0.0004; df = 62) but not mid "+%!

(pseudo-t = 0.715; p = 0.7718; df = 62) or outer fjord habitats (pseudo-t = 0.504; p = 0.6722; "+"!

df = 62). In the LSL, dispersion decreased significantly along the fjord axis from the inner "+&!

fjord to mid fjord (pseudo-t = 5.296; p = 0.0002; df = 62) and outer fjord habitats (pseudo-t = "+'!

3.063; p = 0.0178; df = 62). In the SL, no clear trend in dispersion of multivariate elemental "+(!

signatures was observed among inner, mid and outer fjord habitats. "+$!

 "+)!

Elemental analysis: univariate trends "+*!

B/Ca, P/Ca, Mn/Ca, Fe/Ca, Co/Ca, Cu/Ca, Sr/Ca, Ba/Ca and Pb/Ca varied "#+!

significantly both between depths and among habitats; Zn/Ca, Cd/Ca and Rb/Ca did not vary "##!

with either depth or habitat overall; Li/Ca varied significantly with habitat but not depth and "#%!

Mg/Ca varied significantly with depth but not habitat (Table 3). Spatial trends in individual "#"!

elements are shown in Fig. 5 with letters indicating the results of post-hoc PERMANOVA "#&!



!""%!

tests. No post-hoc tests were significant for either Zn or Rb and these two elements are not "#'!

discussed any further. "#(!

Li/Ca increased with depth in the inner fjord. Within the LSL, concentrations "#$!

increased from the inner fjord to mid/outer fjord habitats but in the SL Li/Ca did not differ "#)!

among habitats. B/Ca increased with depth all habitats. Within the LSL, B/Ca was higher in "#*!

the outer fjord than the inner or mid fjord. Within the SL, B/Ca decreased from inner to mid "%+!

fjord then increased in the outer fjord. "%#!

Mg/Ca decreased with depth in the inner fjord. Concentrations decreased along the "%%!

fjord axis in the LSL in the SL Mg/Ca did not differ between habitats. P/Ca, Mn/Ca, Fe/Ca "%"!

Co/Ca, Cu/Ca and Pb/Ca were significantly elevated in mussels grown in the inner fjord LSL. "%&!

Concentrations of Fe, Cu and Pb did not vary amongst other experimental groups. Co/Ca "%'!

decreased along the fjord axis from inner to outer fjord in the LSL; Mn/Ca decreased from "%(!

inner to mid/outer fjord in the SL. "%$!

Sr/Ca decreased along the fjord axis in the LSL while concentrations in the SL "%)!

increased from inner to mid fjord then decreased in the outer fjord. For all habitats, "%*!

concentrations decreased with depth. ""+!

Cd/Ca decreased with depth in the inner fjord. In the SL Cd/Ca increased between ""#!

inner and outer fjord habitats, with mid fjord concentrations intermediate. ""%!

Ba/Ca was significantly elevated in the inner fjord LSL relative to other experimental """!

groups but decreased with depth in all habitats. In the LSL concentrations decreased along the ""&!

fjord axis from inner to mid/outer fjord while in the SL Ba/Ca increased from inner to outer ""'!

fjord. ""(!

 ""$!

Elemental analysis: correlation with salinity and growth rate "")!
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Mean element/Ca ratios were regressed against mean salinity at each depth in inner, ""*!

mid and outer fjord habitats. Salinity was positively correlated with Li/Ca and negatively "&+!

correlated with Sr/Ca and Ba/Ca (Table 4). Concentrations of each element in individual "&#!

shells were regressed against growth rate during the experimental period. Growth rate was "&%!

positively correlated with Li/Ca and negatively correlated with Sr/Ca and Ba/Ca (Table 4). "&"!

Modeling salinity and then growth rate sequentially, growth did not explain a significant "&&!

portion of the variability in element/Ca given that explained by salinity for any element."&'!



!""&!

Discussion "&(!

The results presented here indicate horizontal and vertical trends in the variability of "&$!

mussel shell elemental concentrations that reflect sources and mixing of water masses along "&)!

the axis and with depth in Doubtful Sound. Within the LSL, multivariate elemental signatures "&*!

were most dispersed in the inner fjord—presumably due to highly variable freshwater inputs "'+!

and only in the inner fjord habitat did dispersion differ between depths—reflecting the "'#!

increased mixing of water layers along the fjord axis. The salinity regime and estuarine "'%!

mixing processes in Doubtful Sound have been discussed in detail elsewhere and "'"!

oceanographic data presented here reflect previously described patterns (Stanton & Pickard "'&!

1981, Gibbs et al. 2000, Gibbs 2001). However, no study to date has sought to experimentally "''!

relate the strong environmental gradients that characterize the system to the incorporation of "'(!

elements into calcified biogenic structures. Observed ratios of individual elements to calcium "'$!

were consistent with varying degrees and directions of environmental and biological control. "')!

Identification of these relationships in situ is critical to interpret environmental influences on "'*!

biogenic carbonate formation and composition and to reconstruct larval and adult dispersal "(+!

patterns in estuarine systems with strong physico-chemical gradients between water masses. "(#!

 "(%!

Evidence for environmental control of elemental uptake "("!

Several trace elements (P, Mn, Fe, Co, Cu, Cd, Pb) were markedly concentrated in the "(&!

shells of mussels grown in the inner fjord LSL. As none of these elements were directly "('!

correlated with salinity, there are two possible explanations for this: 1. fluvial inputs to the "((!

inner fjord (including from the HEP outflow) contain relatively high levels of trace elements, "($!

possibly of anthropogenic origin, or 2. the concentration of bioavailable free ions is "()!

sufficiently elevated at the low salinities experienced by this experimental group to account "(*!

for the increased uptake.  "$+!
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P is typically elevated in areas with high agricultural run-off: while Doubtful Sound is "$#!

a relatively pristine body of water, it is the only fjord in the Fiordland system that could "$%!

potentially receive agricultural run-off via the HEP tailrace. Peake et al. (1999) observed that "$"!

PO4
3-

 levels were much lower in the LSL than the SL, which receives inputs through the "$&!

renewal of basin water across the sill. However, concentrations within the upper 10m of the "$'!

water column were relatively uniform. Mussels growing at 8m depth are unlikely to have "$(!

received any of the oceanic PO4
3-

 entering the fjord over the sill and all experimental animals "$$!

were likely growing in relatively PO4
3-

-deplete waters. The scant topsoil and minimal natural "$)!

inputs to the system from run-off would suggest that the tailrace water introduces relatively "$*!

high PO4
3-

 water to the fjord. The initial decline in surface concentrations over the first ~7km ")+!

from the tailrace tunnel, followed by a steady increase due to mixing with higher PO4
3-

 neritic ")#!

water (Peake et al. 1999) lend support to this hypothesis. PO4
3-

 levels and sources in Lakes ")%!

Manapouri and Te Anau are not known, but are expected to be low relative to the global ")"!

freshwater average as surrounding land is predominantly native forest and tussock grasslands ")&!

(Reid et al. 1999). ")'!

Other elements with marked maxima in the inner fjord LSL are metals typically ")(!

indicative of anthropogenic activity (Mn, Fe, Co, Cu, Cd and Pb), which could potentially be ")$!

elevated in HEP outflow water. Trace element concentrations in Lake Manapouri are "))!

relatively low (Reid et al. 1999) but may still exceed ambient concentrations in the naturally ")*!

pristine waters of Doubtful Sound. "*+!

Mean Cu concentrations in Lakes Manapouri and Te Anau are around 5.25–6.37 nmol "*#!

L
-1

 (Reid et al. 1999, Sander et al. 2005). Cu concentrations at 15m depth in inner Doubtful "*%!

Sound in April 2009 were much lower (on average 0.01 ± 0.003 nmol L
-1

; SRW, unpublished "*"!

data) supporting the hypothesis that the high concentrations observed in mussels grown in the "*&!



!""(!

inner fjord LSL result from anthropogenic Cu inputs via the HEP outflow, although an "*'!

alternative bioavailability hypothesis must also be considered. "*(!

Surface concentrations of Mn (25–55 nmol L
-1

) and Fe (350–730 nmol L
-1

) in "*$!

Doubtful Sound are relatively low (Kim et al. 1990); vertical profiles were similar in Doubtful "*)!

Sound and the adjacent, unaltered Bradshaw Sound basin and largely mirrored silicate "**!

distribution (i.e. followed a nutrient-type profile). No data are available for Mn or Fe &++!

concentrations in Lakes Manapouri or Te Anau; while the source of the inner fjord LSL Mn &+#!

and Fe spikes cannot be ascribed in the absence of comparable ambient water concentration &+%!

data, the fact that concentrations were not elevated in the surface waters of inner Doubtful &+"!

Sound (Kim et al. 1990) makes it unlikely that the relatively high concentrations recorded in &+&!

the shells of mussels grown here result from anthropogenic inputs. Rather, the pattern may be &+'!

related to the increased concentration of bioavailable free ions at low salinities. This &+(!

mechanism could also explain the Cu peak in the inner fjord LSL group. &+$!

Dissolved Cd concentration in Lake Manapouri is around 0.022 nmol L
-1

 (Sander et al. &+)!

2007). However, surface concentrations in Doubtful Sound and Bradshaw Sound are much &+*!

lower (0.008–0.010 nmol L
-1

), increasing with depth in parallel with PO4
3-

 and comparable &#+!

between fjord basins (Kim et al. 1990, Frew & Hunter 1995). The increased Cd/Ca observed &##!

in mussels grown in the inner Doubtful Sound LSL therefore likely results from an increased &#%!

concentration of the bioavailable Cd
2+

 ion at lower salinities rather than anthropogenic inputs &#"!

of Cd via the HEP outflow. Ambient concentrations of Co and Pb in Lake Manapouri and &#&!

Doubtful Sound are unknown so the mechanism underlying the spatial variability in their &#'!

incorporation into mussel shell cannot be postulated. The suite of elements displaying an &#(!

inner fjord LSL peak represent potentially useful natural tags of inner fjord habitat use in &#$!

Doubtful Sound and low salinity environments in other estuarine systems. &#)!
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Ba/Ca was also elevated in mussels from the inner fjord LSL but this was not &#*!

unexpected given the inverse relationship between salinity and Ba in seawater, and Ba/Ca &%+!

correlated well with salinity throughout the fjord. Ambient Ba concentration at 15m depth in &%#!

Doubtful Sound and Bradshaw Sound in April 2009 followed similar trends within and &%%!

among habitats but was higher in Doubtful Sound than Bradshaw Sound, reflecting the &%"!

typically lower salinities in the altered fjord basin (SRW, unpublished data). The marked &%&!

Ba/Ca maximum was therefore likely due to the magnitude of the salinity gradient between &%'!

this experimental group and other groups and/or an increased concentration of free Ba
2+

 ions &%(!

at very low salinities. The along-fjord increase in Ba/Ca in the SL mirrors an increase in &%$!

ambient Ba at 15m under constant salinity conditions (SRW, unpublished data). &%)!

B/Ca and Mg/Ca did not correlate well with salinity despite previous reports of a &%*!

direct relationship in mytilids (Dodd 1965, Furst et al. 1976, Lorens & Bender 1980). B/Ca &"+!

concentrations were lower in the mid-fjord, perhaps indicating a removal from the water &"#!

column and reflecting the maximal phytoplankton productivity in this mixing zone (Goebel et &"%!

al. 2005); variability in B/Ca at constant salinity likely reflects variability in inputs and &""!

ambient concentrations. Mg/Ca concentrations were characterized by an inner fjord LSL &"&!

maximum that drove all observed horizontal and vertical patterns. A salinity effect on Mg &"'!

incorporation into mussel shells may be detectable only at extremely low salinities, as &"(!

suggested by Dodd & Crisp (1982). Li/Ca was well correlated with salinity, corroborating &"$!

previous experimental results for fish otoliths (Hicks et al. 2010). However, contrary to the Sr &")!

profile in seawater, Sr/Ca of M. galloprovincialis shells was inversely related to salinity. &"*!

Ambient Sr concentration at 15m in inner Doubtful Sound in April 2009 (0.20 ± 0.003 µmol &&+!

L
-1

; SRW, unpublished data) exceeds the depth-averaged concentration in Lake Manapouri &&#!

(0.18 ± 0.0002 µmol L
-1

; Reid et al. 1999). This is consistent with a conservative profile in &&%!

seawater and is corroborated by the uniform concentration at 15m depth along the fjord axis, &&"!



!"")!

at a constant salinity of ~34. Sr/Ca on the other hand showed significant variability despite &&&!

constant salinity in the SL. Sr uptake must therefore be influenced by factors other than &&'!

salinity. &&(!

 &&$!

 Evidence for biological control of elemental uptake &&)!

Early studies suggested an effect of growth rate on Sr/Ca in bivalve shells (Swan &&*!

1957, Pilkey & Goodell 1963). A direct relationship between growth rate and Sr/Ca has been &'+!

observed by some researchers (Stecher et al. 1996, Takesue & van Geen 2004) while others &'#!

(Gillikin et al. 2005b) have found evidence of an inverse relationship. This discrepancy &'%!

suggests that Sr
2+

 discrimination could occur either: 1. during transport to the EPF, due to &'"!

decreased growth rates at higher mantle metabolic activity (Rosenberg & Hughes 1991), &'&!

resulting in a direct relationship (Klein et al. 1996), or 2. during shell crystallization, as &''!

although Sr
2+

 and Ca
2+

 use similar pathways (Ferrier-Pagès et al. 2002) the enzyme that &'(!

controls calcium channel activity (Ca
2+

-ATPase) has a higher affinity for Ca
2+

 (Yu & Inesi &'$!

1995), resulting in an inverse relationship (Gillikin et al. 2005b). Carré et al. (2006) in their &')!

study of two bivalve species concluded that the first mechanism was responsible for the &'*!

observed Sr
2+

 discrimination as crystal growth rate determines the electrochemical potential &(+!

driving ions through calcium channels and therefore influences Sr
2+

 incorporation. However, &(#!

Gillikin et al. (2005b) dispute this mechanism on the grounds that increased metabolic &(%!

pumping should result in increased growth rate and a decreased Sr/Ca. Previous studies on &("!

mytilids have not reported a relationship between shell growth rate and Sr/Ca (Lorens & &(&!

Bender 1980, Klein et al. 1996). &('!

The growth rate of experimental M. galloprovincialis was positive at all depths (2m–&((!

10m) in all habitats in Doubtful Sound except at 2m in the inner fjord (Wing & Leichter &($!

2011). Here, growth rate was negligible over the experimental period and shell samples &()!
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acquired for trace element analysis were minimal. This was attributed to the stressful salinity &(*!

regime in this habitat; indeed, mussels are naturally absent from this experimental site. &$+!

Salinity was found to account for 94% of the variance in growth rate among habitats and &$#!

depths and a direct relationship was observed (Wing & Leichter 2011), generating the &$%!

hypothesis that it is growth rate that is responsible for the observed Sr uptake pattern rather &$"!

than a direct effect of salinity. While both salinity and growth rates individually explained &$&!

significant portions of the variability in Sr/Ca (<92%), salinity emerged as the stronger &$'!

influence in terms of variance explained. However, physiological mediation of Sr transport &$(!

between the ambient water and the crystallizing shell is sufficient to result in an inverse &$$!

relationship between Sr/Ca and salinity, rather than the direct relationship previously reported &$)!

for bivalve shells (Dodd & Crisp 1982, Raith et al. 1996) and fish otoliths (Campana 1999). &$*!

Following the model proposed by Gillikin et al. (2005b), the decrease in Sr
2+

 incorporation at &)+!

higher salinities may be related to increased crystal growth rate and preferential transport of &)#!

Ca
2+

 ions to the site of crystallization. This is the first evidence suggesting an effect of growth &)%!

rate on Sr incorporation in a mytilid. Both growth rate (Wing & Leichter 2011) and salinity &)"!

were constant in the SL however, so the along-fjord variability in Sr/Ca remains unexplained. &)&!

The use of high-spatial-resolution analytical techniques such as laser ablation ICP-MS could &)'!

help resolve the relationship between Sr incorporation and instantaneous growth rate &)(!

throughout ontogeny and would also enable targeted sampling of discrete crystalline phases &)$!

(calcite versus aragonite). This was beyond the scope of the current study and concentrations &))!

reported here integrate across crystalline phases. No evidence was found to support &)*!

physiological control of trace element uptake through valve closure during periods of salinity &*+!

stress. &*#!

As we did not concurrently measure ambient trace element concentrations, we can &*%!

only postulate relationships between water chemistry and trace element composition of &*"!
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bivalve shell material. For the majority of elements uptake patterns reflected the integration of &*&!

environmental conditions, either directly as a result of ambient concentrations or indirectly &*'!

due to increased bioavailability at low salinity. However in the case of Sr, the most well-&*(!

studied element present in biogenic carbonates and one frequently employed as a proxy for &*$!

environmental conditions, we found evidence of biological mediation of environmental &*)!

signals via the crystal growth rate. The results of this study, the first to experimentally exploit &**!

strong and predictable natural environmental gradients typical of estuaries, provide a valuable '++!

addition to the growing body of literature seeking to resolve biological versus physical control '+#!

of elemental incorporation into biogenic carbonates. This has important implications for '+%!

future studies seeking to employ environmental variability in elemental signatures of calcified '+"!

structures as a tool for stock discrimination, connectivity modeling, pollution monitoring and '+&!

palaeoclimate reconstruction.'+'!
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Table 1. Machine precision estimates (relative standard deviation) for each element measured ($"!

in mussel shells using ICP-MS. ($&!

Element Isotope RSD (%) 

Lithium 
7
Li 0 

Boron 
11

B 9 

Magnesium 
25

Mg 1 

Phosphorous 
31

P 1 

Sulphur 
34

S - 

Manganese 
55

Mn 1 

Iron 
56

Fe 3 

Cobalt 
59

Co 3 

Copper 
65

Cu 0 

Zinc 
66

Zn 2 

Rubidium 
85

Rb 10 

Strontium 
88

Sr 2 

Cadmium 
111

Cd 0 

Barium 
138

Ba 0 

Lead 
206

Pb, 
207

Pb, 
208

Pb 5 

 ($'!

($(!
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Table 2. Leave-one-out reclassification to group success rates. The reclassification success ($(!

rate predicted by chance alone and sample sizes are also given for each experimental group. ($$!

Habitat Depth Success (%) Chance (%) n 

LSL 90 14.7 10 
Inner 

SL 76.9 19.1 13 

LSL  76.9 19.1 13 
Mid 

SL 88.9 13.2 9 

LSL  33.3 17.6 12 
Outer 

SL 81.8 16.2 11 

($)!
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Table 3. Results of PERMANOVA tests comparing the concentration of individual trace ($)!

elements in mussel shells from inner, mid and outer fjord habitats (pooled across depths) and ($*!

the LSL and SL (pooled across habitats) including the test statistic pseudo-F, the significance ()+!

level p calculated under permutation, the number of unique values obtained from 9999 ()#!

permutations and the degrees of freedom (factor, error). Significant results (p < 0.05) are ()%!

shown in bold. ()"!

Element Test Pseudo-F p Unique values df 

Habitat 2.2023 0.1163 9949 2, 67 
Li/Ca 

Depth 12.841 0.0004 9818 1, 67 

Habitat 25.320 0.0001 9960 2, 67 
B/Ca 

Depth 30.150 0.0001 9824 1, 67 

Habitat 4.6558 0.0145 9958 2, 67 
Mg/Ca 

Depth 2.4588 0.1197 9817 1, 67 

Habitat 22.550 0.0001 9946 2, 67 
P/Ca 

Depth 27.700 0.0001 9837 1, 67 

Habitat 29.635 0.0001 9958 2, 67 
Mn/Ca 

Depth 15.443 0.0001 9824 1, 67 

Habitat 6.2237 0.0019 9963 2, 67 
Fe/Ca 

Depth 5.7031 0.0152 9847 1, 67 

Habitat 25.901 0.0001 9952 2, 67 
Co/Ca 

Depth 22.966 0.0001 9846 1, 67 

Habitat 13.274 0.0002 9937 2, 67 
Cu/Ca 

Depth 16.843 0.0002 9826 1, 67 

Habitat 0.0950 0.8919 9955 2, 67 
Zn/Ca 

Depth 0.4077 0.5306 9874 1, 67 

Habitat 0.4545 0.7778 9947 2, 67 
Rb/Ca 

Depth 1.3144 0.3008 9931 1, 67 

Habitat 24.490 0.0001 9948 2, 67 
Sr/Ca 

Depth 168.83 0.0001 9819 1, 67 

Habitat 1.3989 0.2477 9945 2, 67 
Cd/Ca 

Depth 1.1842 0.3231 9883 1, 67 

Habitat 38.963 0.0001 9942 2, 67 
Ba/Ca 

Depth 143.14 0.0001 9858 1, 67 

Habitat 5.6093 0.0003 9952 2, 67 
Pb/Ca 

Depth 7.0432 0.0007 9914 1, 67 

()&!
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Table 4. Details of linear regressions of mean element/Ca versus salinity and growth rate, ()&!

including the regression equation, R
2
 values and p-values calculated under permutation. ()'!

Significant regressions (p < 0.05) are shown in bold. ()(!

Element Factor Equation R
2
 p 

Salinity Li = 0.0039 + 0.0004(Salinity) 0.88 0.0015 
Li/Ca 

Growth Li = 0.0090 + 0.0364(Growth) 0.89 0.0108 

Salinity B = 0.0311 + 0.0016(Salinity) 0.46 0.1449 
B/Ca 

Growth B = 0.0547 + 0.1031(Growth) 0.29 0.2842 

Salinity Mg = 5.5216 – 0.0356(Salinity) 0.40 0.1334 
Mg/Ca 

Growth Mg = 5.1378  – 2.9501(Growth) 0.43 0.1468 

Salinity P = 6.2186 – 0.1637(Salinity) 0.56 0.0614 
P/Ca 

Growth P = 4.6375  – 12.530(Growth) 0.69 0.0557 

Salinity Mn = 6.9681 – 0.1795(Salinity) 0.43 0.1308 
Mn/Ca 

Growth Mn = 5.3120  – 15.713(Growth) 0.55 0.1494 

Salinity Fe = 0.1145 – 0.0024(Salinity) 0.44 0.1011 
Fe/Ca 

Growth Fe = 0.0909  – 0.2137(Growth) 0.54 0.1120 

Salinity Co = 7.1672 – 0.1490(Salinity) 0.51 0.0712 
Co/Ca 

Growth Co = 5.7112  – 13.137(Growth) 0.62 0.1175 

Salinity Cu = 8.3198 – 0.1920(Salinity) 0.54 0.0523 
Cu/Ca 

Growth Cu = 6.4424  – 16.925(Growth) 0.66 0.0643 

Salinity Sr = 2.5250 – 0.0335(Salinity) 0.92 0.0011 
Sr/Ca 

Growth Sr = 2.1126  – 2.5018(Growth) 0.81 0.0174 

Salinity Cd = 0.0865  – 0.0008(Salinity) 0.38 0.1023 
Cd/Ca 

Growth Cd = 0.0791  – 0.0743(Growth) 0.50 0.1042 

Salinity Ba = 4.8654 – 0.1303(Salinity) 0.75 0.0136 
Ba/Ca 

Growth Ba = 3.5318 – 11.177(Growth) 0.86 0.0260 

Salinity Pb = 0.8975 – 0.0258(Salinity) 0.52 0.0625 
Pb/Ca 

Growth Pb = 0.6555  – 2.3339(Growth) 0.67 0.0566 

()$!
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Fig. 1: Oceanographic survey sites (open circles) and experimental mussel transplant sites ()$!

(filled circles) in inner, mid and outer fjord habitats. Also shown is the location of the tailrace ())!

outflow from the Manapouri hydroelectric power station (HEP). ()*!

 (*+!

Fig. 2: (a) Long-term climatological mean temperature and (b) in situ mean temperature (*#!

during the experimental period in the LSL (white bars) and SL (grey bars) in each habitat. (*%!

Error bars show the range of observations. Groups not connected by the same letter are (*"!

significantly different (PERMANOVA, p < 0.05). (*&!

 (*'!

Fig. 3: Salinity profiles for the top 10m of the water column in (a) inner (b) mid and (c) outer (*(!

fjord habitats. Data shown are the long-term climatological mean ± SE (filled circles and solid (*$!

line) and range (dashed lines) for three replicate sites in each habitat; the depths of (*)!

experimental cages (2m and 8m) are marked as solid horizontal lines. (d) Mean salinity in the (**!

LSL (white bars) and SL (grey bars) in each habitat. Error bars show the range of $++!

observations. Groups not connected by the same letter are significantly different $+#!

(PERMANOVA, p < 0.05). $+%!

 $+"!

Fig. 4: PCO ordination of the Euclidean distance between normalised multivariate trace $+&!

element signatures. $+'!

 $+(!

Fig. 5: Mean concentrations of each element in mussel shells from the LSL (white bars) and $+$!

SL (grey bars) in inner, mid and outer fjord habitats. Standard error bars are shown. Groups $+)!

not connected by the same letter are significantly different (PERMANOVA, p < 0.05). $+*!

$#+!
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