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Abstract 

Investigating distribution of apex predators is essential for understanding their habitat 

requirements and can provide insights into community ecology. The aim of the present study 

was to quantify the habitat selection and foraging ecology of broadnose sevengill sharks 

(Notorynchus cepedianus) in southern New Zealand. Baited remote underwater videos 

(BRUVs) were deployed during seven sampling trips in Te Whaka ā Te Wera (Paterson Inlet), 

Rakiura (Stewart Island) between February 2018 and October 2019. The number of unique 

individual sharks observed per deployment was used as an index of relative abundance. 

Habitat data hypothesised to influence shark distribution were gathered in situ and related to 

relative shark abundances in a multi-model inference framework using a suite of Poisson 

generalised additive models. Based on minimum Akaike Information Criteria (AIC), the best 

fitting model (deviance explained = 61%, r2 = 0.72) included positive associations with (i) 

water temperature, (ii) distance from the seaward entrance to the inlet, (iii) prey abundance, 

and (iv) coarse sediment type, and negative associations with (v) ambient light, (vi) depth, and 

(vii) water visibility. These results corroborate previous findings of strong seasonal patterns 

in abundance of sevengill sharks, with higher densities in warmer summer months, and lower 

densities in cooler winter months in California, Argentina, Tasmania, Washington and New 

Zealand.  

The food web of sevengill sharks was analysed using stable isotope analysis. Isotopic ratios 

of carbon and nitrogen were measured from white muscle tissue of nine bycaught specimens, 

and compared to potential prey and primary producers from southern New Zealand. Mean 

proportion of organic matter derived from coastal macroalgae (65%) was significantly higher 

than mean proportion of organic matter derived from pelagic suspended particulate organic 

matter (SPOM; 35%), suggesting a preference for food webs linked to coastal macroalgal 

dominated habitats. Females held significantly higher proportions of macroalgae-derived 

carbon (67%) than male sharks (61%), indicating the potential residence in coastal habitats by 

females, corroborating studies from Tasmania, Washington and California. Trophic level 

estimates based on nitrogen isotopes ranged from trophic levels 3.5 – 4 (mean = 3.9), similar 

to previously identified high trophic levels for this species. No significant geographic or 

ontogenetic variability was identified using stable isotope analysis. 

These results suggest a combination of multiple abiotic and biotic variables influence 

distributions of broadnose sevengill sharks in southern New Zealand. Therefore, future 

management should prioritise an ecosystem-based approach, protecting potential prey species 

and different habitats important for these sharks. The dominant contribution of macroalgae-

derived organic matter in broadnose sevengill shark diets reiterates their likely important 

interaction with the wider coastal communities they inhabit in southern New Zealand.  These 

findings will be useful for predicting the distribution and critical habitats of broadnose 

sevengill sharks elsewhere, in order to identify and prioritise potential areas for management 

and conservation priority. 
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and October 2019 ..................................................................................................................... 26 

 

Table 2. 3. Frequency and relative abundance (MaxN) of potential prey species of sevengill 

sharks observed in baited remote underwater videos (BRUVs) in Te Whaka ā Te Wera, 
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Chapter 1 General introduction 

 

1.1 Ecological role of sharks  

 

Throughout human history, habitat loss and exploitation of species due to anthropogenic 

pressures have caused extensive changes in global ecosystems (Baum et al. 2003; Myers and 

Worm 2005; Nelson et al. 2006). The ocean comprises most of Earth’s biosphere and has 

continuously been relied on for its resources, although the patterns and trends of much of its 

biological diversity remain enigmatic (Worm et al. 2005). Before the ecological roles of large 

terrestrial predators were fully understood and appreciated, many of these ecologically 

important species underwent dramatic range reductions or became extinct. However, the 

current decline of top marine predators, including large elasmobranch and teleost fish, 

cetaceans and seabirds, is still unfolding (Ferretti et al. 2010; Hays et al. 2016). Top down 

regulation of marine communities by these high trophic level predators has been a focal point 

in ecological theory for decades (Hairson et al. 1960; Estes 1994). Consequently, there is 

extensive evidence that large sharks play key roles in the structure and function of marine 

ecosystems (Estes et al. 1998, 2015; Heithaus et al. 2008; Ferretti et al. 2010; Heupel et al. 

2014; Roff et al. 2016). Top down regulation may be exerted through either direct or indirect 

influences (Heithaus et al. 2008; Ferretti et al. 2010; Estes et al. 2016), whereby predation can 

directly influence abundance of a prey species, alter its distribution, or indirectly influence 

prey at the base of a food web by modifying interaction chains in a trophic cascade.  

 

Direct effects occur when the behaviour or presence of one species primarily influences 

another species (Carrier et al. 2004). For example, the presence of tiger sharks (Galeocerdo 

cuvier) has been observed to limit both habitat use and abundance of bottlenose dolphins 

(Tursiops aduncus) and dugongs (Dugong dugon) in productive, shallow areas of Shark Bay, 

Western Australia (Heithaus and Dill, 2006; Heupel et al. 2014). Furthermore, the use of 

shallow water refugia or nursery habitats by juvenile blacktip (Carcharhinus limbatus) and 

lemon (Negaprion brevirostris) sharks is driven predominantly by avoidance of large 

predatory sharks in deeper water (Morrissey and Gruber, 1993; Heupel and Heuter, 2002). 

 

Indirect effects arise in ecosystems when the influence of one species is transmitted through 

a second species or biotic habitat feature to a third species (Morin, 1999). Indirect effects of 

shark presence may occur as the result of predator-prey interactions, movement across 
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spatially discrete habitats and/or anthropogenic activities (Ferretti et al. 2010; Schmitz et al. 

2010; Estes et al. 2011). For example, movements of bull sharks (Carcharhinus leucas) are 

known to stabilise the environment through the bottom up redistribution of nutrients as they 

swim upstream in the coastal everglades of Florida (Matich et al. 2014). Additionally, seasonal 

presence of tiger sharks influences habitat selection by their prey, which can in turn modify 

nutrient cycling, and biomass and composition of seagrass communities in Shark Bay, 

Western Australia (Heithaus et al. 2012). 

 

1.2 Importance of management 

 

The K-selected life history traits of sharks (slow growth, late maturity and low reproductive 

rates) are strongly linked to the level of mortality which shark populations can sustain 

(Compagno, 1990; Cortes, 2000). However, their vulnerability also depends on a combination 

of factors including habitat loss, industrial pollution, climate change, and their species-specific 

geographic range and habitat use, the latter determining overlap with fisheries (Musick et al. 

2000; Ferretti et al. 2010; Simfendorfer et al. 2011; Rizzari et al. 2014). Increasing pressure 

from coastal development, climate change and fisheries, particularly the increase in demand 

for shark products from the ‘fin and meat trades’ (Clarke et al. 2006; Field et al. 2009), is 

causing documented declines in shark populations worldwide (Baum and Myers, 2004; Clarke 

et al. 2006; Heithaus et al. 2008; Estes et al. 2011; Jaiteh et al. 2016; MacNeil et al. 2020; 

Pimiento et al. 2020). While some chondrichthyan populations are managed within 

sustainable limits, a lack of ecological knowledge of many is proving detrimental (Dulvy et 

al. 2014). The International Union for Conservation of Nature (IUCN) Red List estimates that 

one quarter of all chondrichthyan species are threatened and identifies the need for 

management interventions (Dulvy et al. 2014). A broader understanding of habitat selection, 

foraging ecology, resource use and the ecological niche of individual shark species is required 

in order to decipher their ecosystem function and response to these impacts (Heupel et al. 

2014; Munroe et al. 2014; Frisch et al. 2016). 

 

1.3 Understanding species-habitat relationships 

 

Effective management and conservation of large elasmobranchs relies on resolving species’ 

distributions and understanding food web structure, as well as identifying and protecting 

important habitats for life functions (Pauly, 2002; Pikitch et al. 2004; Myers and Worm, 2005). 

This wider ecosystem approach to management including species-habitat knowledge has only 
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recently begun to be implemented (Myers and Worm, 2005). Large sharks typically have 

extensive home ranges and move between widely separated habitats (Abrantes and Barnett, 

2011; Hays et al. 2016). Several species of pelagic shark have movement patterns ranging from 

coastal, to transoceanic, to trans-equatorial distances (Braccini et al. 2016). For example, white 

sharks (Carcharodon carcharias) make open ocean migrations linking South African and 

Western Australian populations by swimming over 20,000 km in less than one year (Bonfil et 

al. 2005). Prior to recent technological developments (e.g., Speed et al. 2010; Brooks et al. 

2011), our knowledge of highly mobile species was largely based on inference from 

commercial and recreational catch data, rather than systematic observations (Maunder and 

Punt, 2004). The primary difficulty with these inferences is that catch rates may vary due to 

factors other than a change in abundance (Mauder and Punt, 2004). Highly migratory shark 

species, for example, are often dispersed during early life history stages (Cortés, 2000), and 

thus location of capture may be distant from typically inhabited areas.  

 

A functional understanding of the effects of the environment on shark distribution, as well as 

the ecological benefits or consequences of their presence within a community, will contribute 

to improving estimates of population trends, identifying habitat-related threats, and directing 

habitat restoration (Lester et al. 2009, 2010; Simfendorfer et al. 2011). In turn, this will allow 

the implementation of more effective management strategies for large, long-lived 

chondrichthyan species (Heithaus et al. 2008; Simfendorfer et al. 2011). Investigating habitat 

selection is also crucial for understanding species-habitat relationships in the face of climate 

change (Hedger et al. 2004; Nye et al. 2009). This knowledge also allows for robust predictions 

of species’ responses to natural and anthropogenic changes in the ecosystem (Froeschke et al. 

2010; Sequiera et al. 2011; Hazen et al. 2012).  

 

1.4 Understanding trophic ecology 

 

Quantifying diet and foraging ecology provide a basis for understanding the critical food 

resources of predators that are necessary in order to perceive top down influences on trophic 

interactions throughout marine food webs (Link, 2002). The trophic position of top predators 

can be interpreted by resolving how energy moves from basal organic matter sources up 

through herbivores, omnivores, and carnivores, and further across spatially distinct food webs 

(Link, 2002; Layman et al. 2007; Krebs, 2009; Hussey et al. 2015; Bizzarro et al. 2017). Habitat 

use by sharks is often influenced by the distribution of their prey species, although quantifying 
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these interactions can be difficult due to a lack of empirical data on diet and foraging ecology 

(Perry and Smith, 1994; Cortés, 1999; Braccini, 2008; Campana and Joyce, 2010; Sagarese et 

al. 2014). Many dietary studies of large marine predators have focused on direct field 

observations and analysis of stomach contents (Silva et al. 1999; Santos et al. 2001; Hussey et 

al. 2012; Bizzarro et al. 2017). Although these methods provide an immediate picture of diet 

composition and feeding habits, they provide little insight into the base of the food web 

(Hansson et al. 1997; Barros and Wells, 1998; Pinnegar and Polunin, 1999; Jardine et al. 2003; 

Tsai et al. 2014). They can also become further biased through opportunistic feeding and/or 

variation in digestion rates of the prey consumed (Pinnegar and Polunin 1999; Tsai et al. 2014). 

 

In the past, direct observations of predation often required a predator to capture and consume 

prey at the surface. Consequently, for chondrichthyan species this created a bias toward well 

resolved patterns for shallow water species but little information on demersal predators (Barros 

and Wells, 1998). Observations made while SCUBA diving and on baited remote underwater 

videos (BRUVs) offer alternatives to this, with BRUVs gaining traction in elasmobranch 

research over the past two decades (Meekan and Cappo, 2004; Brooks et al. 2011; Speed et al. 

2018; Currey-Randell et al. 2020). Still, the likelihood of a predation event being observed on 

BRUVs or while a diver is present remains low. This can be due to the use of BRUVs attracting 

predatory species, therefore prey species may tend to avoid the area (Harvey et al. 2007). 

Furthermore, shark behaviour in the presence of divers may not represent an accurate depiction 

of natural foraging strategies or use of the prey field (Watson and Harvey, 2007; Barker et al. 

2010, 2014; Huveneers et al. 2013). Therefore the use of field observations and stomach 

content analysis (SCA) is not always suitable to investigate foraging ecology of some species. 

 

Over the past two decades, stable isotope analysis (SIA) has been established as a cost-effective 

and non-lethal method for studying the foraging ecology of elasmobranch species (Cortes, 

1999; Fisk et al. 2002; Hussey et al. 2012; Shiffman et al. 2012; Reum et al. 2017). The ratio 

of naturally occurring carbon and nitrogen isotopes (as standardisations of 13C:12C and 15N:14N) 

act as biochemical tracers, as they are transferred among trophic levels from basal organic 

matter sources across the food web (Peterson and Fry, 1987; Wada et al. 1991). As organic 

matter moves through the food web, the retention of heavier isotopes in an animal’s tissues, 

known as fractionation, occurs between trophic levels at a predictable rate for both δ13C and 

δ15N (DeNiro and Epstein, 1978; 1981; Peterson and Fry, 1987; McCutchan et al. 2003). These 
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isotopic ratios may also vary due to, and therefore reflect, an animal’s external environment, 

physiology, and metabolism (Peterson and Fry, 1987). 

 

Carbon isotope values (δ13C) provide information on the mixture of basal organic matter 

sources supporting food webs (Burton and Koch, 1999; Cortés, 1999; Borrell et al. 2011; 

Hussey et al. 2012). Primary producers that comprise the basal organic matter sources in marine 

ecosystems typically have isotopic ratios of carbon that vary across spatial gradients (Hobson 

et al. 1994; Jack et al. 2009; Newsome et al. 2010 Jack and Wing, 2011). These ratios are useful 

to discriminate organic matter derived from coastal and pelagic ecosystems as well as land-

based inputs (Fry and Wainright, 1991; Goericke and Fry, 1994; Hobson et al. 1994; Newsome 

et al. 2010; Udy et al. 2019a, b). As the carbon isotopes of these primary producers move up 

through the food web, the fractionated values in consumers can therefore offer insight into the 

mixture of basal organic matter sources, and thus the ecosystems in which consumers have 

been foraging (Peterson and Fry, 1987; Post, 2002; Fry, 2006). 

 

Nitrogen isotopes have been extensively used in studies of diet composition and foraging 

ecology due to the strong correlation with trophic level (Peterson and Fry, 1997; Post, 2002; 

Fry, 2006). When incorporated into body tissues, nitrogen isotopes fractionate at approximately 

2-3% per trophic level whereby the heavier isotope 15N is retained (Peterson and Fry, 1987; 

McCutchan et al. 2003). Therefore, if the source of the carbon and nitrogen in the consumer’s 

food web is known, the trophic level of the consumer may be estimated (McCutchan et al. 

2003; Caut et al. 2007). 

 

Different tissue types of elasmobranch species hold varying incorporation rates of carbon and 

nitrogen isotopes (Fisk et al. 2002). Thus, comparisons between tissues can often resolve 

differences across temporal scales of the dietary niche (Hussey et al. 2012), including diet 

switches associated with changes in prey availability (MacNeil et al. 2005; Matich et al. 2010, 

2014). Soft tissues used for SIA in elasmobranch species include white muscle (Hussey et al. 

2010; Abrantes and Barnett, 2011), whole blood, red blood cells, blood plasma and liver (Fisk 

et al. 2002; MacNeil et al. 2005; Matich et al. 2010). For large elasmobranch species, white 

muscle tissue is commonly used and likely reflects assimilated diet over the previous 1-2 years 

(Hussey et al. 2010, 2012; Logan and Lutcavage, 2010; Kim et al. 2012; Malpica-Cruz et al. 

2012). Thus, it can provide insights into intra-species variability in foraging ecology 

(Papastamatiou et al. 2010; Hussey et al. 2012), long-term dietary niche contributions 

(Abrantes and Barnett, 2011; Kim et al. 2011), ontogenetic movement patterns (Hussey et al. 
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2011), trophic level and the role of elasmobranch species in the food web (Estrada et al. 2003; 

Abrantes and Barnett, 2011; Hussey et al. 2011, 2012). The use of SIA can help address the 

paucity of empirical data on the diet and foraging ecology of large shark species and 

complement direct information on stomach contents and movement data. 

  

1.5 Biology and biogeography of broadnose sevengill sharks 

 

The current lack of knowledge on the status and ecology of the majority of shark species in 

New Zealand emphasises the need for further research in this area. Due to simultaneous 

bottom up effects (e.g. habitat degradation) and top down effects (e.g. fishing mortality), large, 

shallow-water coastal species are the most at risk of decline (Dulvy et al. 2014). Among New 

Zealand’s larger coastal sharks is the broadnose sevengill shark/tuatini (Notorynchus 

cepedianus).  

 

The Hexanchiformes family is comprised of four extant, large-sized, high trophic level shark 

species: the bigeye sixgill (Hexanchus vitulus), bluntnose sixgill (Hexanchus griseus), 

sharpnose sevengill (Heptranchias perlo), and the broadnose sevengill shark (N. cepedianus) 

(Barnett et al. 2012), hereafter referred to as “sevengill shark”. All four species are considered 

demersal and possess some primitive features of sharks from ancient lineages (Compagno et 

al. 2005; Barnett et al. 2012). For example, sevengill sharks have seven pairs of gills whereas 

most modern-day sharks only possess five pairs. Reaching a maximum of 2.96 m in length 

(Ebert 1986), these sharks have a characteristic dorsal fin, a broad nose and constellations of 

white spots on the dorsal side of their body, which are able to be used for identification of 

individuals (Housiaux et al. 2018; Lewis et al. 2020). Sevengill sharks are the only 

predominantly coastal species of the Hexanchoid family (Barnett et al. 2012).  

 

Although the species is listed as “data deficient” by the IUCN (Compagno, 2005; IUCN, 2009), 

the ecology of sevengill sharks has been studied in the northern hemisphere coastal areas of 

China, Japan and the west coast of America (Compagno, 1984; Ebert 1989; Compagno et al. 

2005; Williams et al. 2012). Southern hemisphere populations have been studied in Argentina, 

Namibia, New Zealand, South Africa and Tasmania, Australia (Ebert, 1989, 1991, 1996; 

Crespi-Abil et al. 2003; Lucifora et al. 2005; Barnett et al. 2010; Housiaux et al. 2018; Lewis 

et al. 2020).  
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Sevengill sharks are widespread predators in temperate inshore environments (Compagno et 

al. 2005; Abrantes and Barnett, 2011). Although they have been found in water deeper than 

200 m, they are most commonly found in water depths less than 50 m (Abrantes and Barnett, 

2011). Previous research shows they are seasonally abundant during warmer months in shallow 

coastal embayments in South Africa (Ebert, 1989), Argentina (Lucifora et al. 2005), Tasmania, 

Australia (Barnett et al. 2010, 2011, 2012) and New Zealand (Housiaux et al. 2018; Lewis et 

al. 2020). Although the majority of females are thought to remain inshore throughout the 

winter, males have been observed migrating elsewhere, upwards of 800 km away in specific 

cases from Tasmania (Barnett et al. 2011) and California (Ketchum et al. 2017). Very little is 

known about the oceanic range of the males (and the few females) that move offshore (Barnett 

et al. 2011). Only one study has attempted to use species distribution models to investigate 

habitat selection by sevengill sharks (Housiaux et al. 2018). Although limited to observations 

of sharks approaching surface baits, the results indicated a strong potential for this technique 

to quantify spatiotemporal habitat use by sevengill sharks. Thus, there is scope to use these 

techniques to advance the knowledge of abiotic and biotic drivers of habitat use. 

 

Sevengill sharks are opportunistic scavengers with a generalist diet including marine mammals, 

other chondrichthyan species, cephalopods, and teleosts (Ebert, 1991; Lucifora et al. 2005; 

Barnett et al. 2010, 2012; Abrantes and Barnett, 2011; Bizzarro et al. 2017). Cannibalism has 

also been observed within populations (Ebert, 1991; Barnett et al. 2012). There are few other 

species which show large dietary overlap with sevengill sharks. The closest species in terms of 

trophic level status to sevengill sharks is the white shark (Abrantes and Barnett, 2011; Barnett 

et al. 2012; Hammerschlag et al. 2018). Dietary studies of sevengill sharks have predominantly 

been focused in South Africa (Ebert, 1991, 2002), California, (Ebert, 1989, 2002), Argentina 

(Lucifora et al. 2005), and Tasmania (Barnett et al. 2010, 2011; Abrantes and Barnett, 2011). 

More recently sevengill sharks were included in a review of dietary analysis and trophic 

estimation of sharks in the northeast Pacific (Bizzarro et al. 2017). Predator-prey overlap has 

also been investigated in Tasmania (Barnett et al. 2010; Barnett and Semmens, 2012), however, 

the foraging ecology and trophic interactions of sevengill sharks in New Zealand remains 

unquantified.  
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1.6 Sevengill sharks in New Zealand 

 

Originally described by Cox and Francis (1997) as abundant in coastal waters around the North 

Island of New Zealand, no further studies were carried out until 2013. Consequently, for two 

decades, the only data for sevengill sharks came from reports of bycatch in commercial 

fisheries (Ford et al. 2015, 2018). Sevengill sharks are not currently managed under the New 

Zealand Quota Management System, as they are not commercially targeted. However, there 

are clearly impacts due to bycatch and unquantified targeting by some recreational fishers (Ford 

et al. 2018). Between 2008 and 2017, 100 tonnes of sevengill sharks were reported as landed 

catch in New Zealand (Ford et al. 2015, 2018). Given the high levels of unreported bycatch in 

New Zealand fisheries it can be assumed these numbers are an underestimation of the true 

levels of bycatch (Simmons et al. 2016; Durante et al. 2020). Although the true extent of 

anthropogenic impacts on this species in New Zealand are unclear, in 2019, the status of 

sevengill sharks in New Zealand was moved from “data deficient” to “least concern” based on 

the IUCN Red List of Species Categories and Criteria (Finucci et al. 2019). 

 

Aside from this limited information from commercial fisheries, there have been two published 

studies of sevengill sharks in New Zealand (Housiaux et al. 2018; Lewis et al. 2020). The first 

investigated drivers of spatiotemporal habitat use in two locations in southern New Zealand, 

Otakou (Otago Harbour), and Te Whaka ā Te Wera (Paterson Inlet) in Rakiura (Stewart Island). 

Housiaux et al. (2018) found that the species was seasonally abundant in summer at both 

locations but only present year-round in Te Whaka ā Te Wera. However, the majority of the 

data came from one sampling location in each region, so the ability to draw conclusions about 

habitat selection was limited. Furthermore, relative abundance was quantified by luring sharks 

to the water surface. As sevengill sharks are a predominantly demersal predator (Barnett et al. 

2010), it is likely that this method underestimated abundance.  

 

The second study (Lewis et al. 2020) employed photo identification from BRUVs to quantify 

key population demographics of sevengill sharks in Te Whaka ā Te Wera. Sevengill sharks 

were present in 99% of deployments, and 149 individual sharks were identified and recorded 

over a two-year period. Additionally, there was also some evidence of site fidelity (Lewis et 

al. 2020). A strong pattern of seasonality was evident with more sharks present in warmer 

seasons. However, it was not clear what was driving this pattern as the majority of sampling 

was done in one location (Lewis et al. 2020).  

 



 

 

9 

1.7 Thesis goals and outline 

 

The key motivation for the current thesis was to increase our knowledge of the foraging ecology 

of broadnose sevengill sharks in southern New Zealand. The present study builds on the two 

previous studies of sevengill sharks in New Zealand (Housiaux et al. 2018; Lewis et al. 2020). 

Both of these studies identified seasonal trends in sevengill shark abundance. The results from 

Housiaux et al. (2018) indicated water temperature was a primary driver of these movement 

patterns. Lewis et al. (2020) suggested the seasonal increase in use of Sawdust Bay within Te 

Whaka ā Te Wera may be related to availability of potential prey species. Therefore, the present 

thesis has the goals of identifying key environmental correlates of habitat use and the position 

of sevengill sharks in the marine food web. A range of methods, including deployment of 

BRUVs, habitat surveys and stable isotope analysis, are used to address the thesis objectives.  

 

1.7.1 Thesis objectives: 

 

(i) To quantify spatiotemporal habitat use by broadnose sevengill sharks in Te Whaka ā Te 

Wera, Rakiura, New Zealand. 

(ii) To investigate foraging ecology of broadnose sevengill sharks in southern New Zealand 

using stable isotope analysis. 

 

1.7.2 Thesis outline 

 

Chapter two quantifies the spatiotemporal habitat use of sevengill sharks in Te Whaka ā Te 

Wera, Rakiura. A suite of environmental variables was related to the relative abundance of 

sevengill sharks gained from photo-identification using baited underwater video systems. 

Chapter three investigates the foraging ecology of sevengill sharks in southern New Zealand 

using stable isotope analysis. The primary organic matter sources sustaining sevengill sharks’ 

diet in southern New Zealand were identified, trophic level was estimated, and individual 

variability in foraging ecology was investigated. Chapter four provides a general discussion of 

the overall findings in the study, as well as outlining applications and limitations of the 

research, and providing recommendations for future work. 

 

I personally conducted the fieldwork to gather all of the data for Chapter two, with the help of 

volunteer field assistants. In Chapter three, shark specimens were collected from incidental 

bycatch by commercial fishermen. I conducted the sample preparation of shark muscle tissue 
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prior to the analysis. The stable isotope values for primary producers and the prey field were 

collected for a PhD thesis by Leo Durante (Durante, 2020) and a MSc thesis by Jacquetta Udy 

at the University of Otago (Udy, 2018; Udy et al. 2019). Stable isotope analysis of all samples 

in the present thesis was carried out by the Isotrace Laboratory in the Chemistry Department 

at the University of Otago. 
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Chapter 2 Investigating spatiotemporal habitat use by broadnose sevengill sharks in 

Whaka ā Te Wera, Rakiura 

 

2.1 Introduction  

 

Understanding the relationship between species’ distributions and the environment is 

fundamental to resolving basic ecological questions. In the marine environment, large apex 

predators can provide a stabalising influence on food webs (Estes et al. 1998; Heithaus et al. 

2002; Heupel et al. 2014). Therefore, quantifying their habitat use can provide valuable insights 

into the mechanisms that shape community structure. As large apex predators are generally 

highly mobile and opportunistic, they tend to favour habitats that provide the food and other 

resources they need (Redfern et al. 2008; Hays et al. 2016). This is a behavioural process 

underpinning choices that result in habitat selection and ultimately the distributional patterns 

for each species (Lele et al. 2013). Investigating habitat selection is therefore crucial for 

understanding the strategies that animals use to meet their biological requirements (Freitas et 

al. 2011). Understanding species level responses to a changing environment requires 

knowledge of how distributional patterns are shaped by environmental drivers (Dingle, 1996; 

Weng et al. 2008). Our understanding of a species’ spatiotemporal distribution will increase by 

quantifying these strategies using ecosystem-based research (Lester et al. 2010; Speed et al. 

2010). 

 

Most statistical techniques used to quantify habitat use are based on the comparison of 

environmental variables in sites used by animals, and in unused, yet still available sites (Araujo 

and Guisan, 2006; Elith and Leathwick, 2009; Franklin, 2009). The numerical concept of this 

is called a species distribution model (SDM) (Elith and Leathwick, 2009). SDMs are used to 

predict distributions of species in order to provide ecological and evolutionary insights (Elith 

and Leathwick, 2009; Guisan et al. 2013). The appropriate spatial scale for SDMs is based on 

the specifics of study goals, the model system and the available data. Alternatively, spatial 

scales can be dictated from the species’ viewpoint (Guisan and Thuiller, 2005), focusing on 

ranges specific to their life history characteristics, such as foraging or breeding ranges if they 

are known (Rodriguez et al. 2007; Elith and Leathwick, 2009). By identifying the most 

important environmental predictor variables, these models are able to quantify how those 

variables affect distribution across both temporal and spatial scales. 
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SDMs can be constructed using a variety of methods; one approach is the generalised additive 

model (GAM; Hastie and Tibshirani, 1990). GAMs are non-parametric models that enable a 

smoothed non-linear function for the response (Hastie and Tibshirani, 1986; 1990). Using a 

data-driven method of analysis, GAMs are often appropriate for ecological studies (Guisan et 

al. 2002). As an additive model, the effect of each explanatory variable can be described while 

accounting for the effects of the other variables (Hastie and Tibshirani, 1990). GAMs have 

previously been used for explaining the distribution of several chondrichthyan species. For 

example, the distribution of nine elasmobranch species was investigated in the central 

Mediterranean Sea in order to identify high priority conservation areas (Lauria et al. 2015). 

The influence of water temperature and prey abundances on spiny dogfish (Squalus acanthias) 

in the North Pacific Ocean, from Japan to Alaska, was also elucidated using GAMs (Yano et 

al. 2016). Furthermore, the influence of several environmental variables was modelled using 

GAMs to investigate the distribution and feeding habitat of whale sharks (Rhincodon typus) in 

the Caribbean Sea (Hacohen-Domené et al. 2015). 

 

Despite the importance of understanding and quantifying species-habitat relationships of large 

marine predators (Heithaus et al. 2002; Speed et al. 2010; Bizzarro et al. 2017), there are 

comparatively few studies on the habitat use of broadnose sevengill sharks. These sharks are 

large coastal predators inhabiting temperate ecosystems worldwide (Ebert, 1996; Lucifora et 

al. 2005; Williams et al. 2012). Previous research has repeatedly reported them exhibiting 

seasonal movement patterns, with high abundances in coastal bays and estuaries during 

summer, and near absence during winter (Ebert, 1989; Lucifora et al. 2005; Barnett et al. 2010, 

2011; Abrantes and Barnett, 2011; Williams et al. 2012; Stehfest et al. 2014; Housiaux et al. 

2018). These seasonal preferences for inshore environments are thought to be for life functions 

such as foraging and reproduction in summer (Ebert, 1989; Lucifora et al. 2005; Barnett et al. 

2010, 2012). In Tasmania (Barnett et al. 2010) and California (Ebert, 1989) for example, 

sevengill sharks are known to follow seasonal migrations of their main prey species into 

shallow embayments during summer. Site fidelity has also been observed in some locations, 

which may enhance foraging efficiency due to spatial familiarity (Barnett et al. 2011; Williams 

et al. 2011, 2012; Ketchum et al. 2017; Lewis et al. 2020). Furthermore, the seasonal migration 

of mature sevengill sharks into estuaries during summer in California (Ebert, 1989) and 

Washington (Williams et al. 2011), corresponds strongly with their reproductive cycle. 
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To date the only study that has investigated the habitat use of sevengill sharks in New Zealand 

reported that the species was seasonally abundant in Otakou and was present year-round in Te 

Whaka ā Te Wera (Housiaux et al. 2018). The three variables correlated with occurrence of 

sharks were water temperature, cloud cover and sea state (Housiaux et al. 2018). However, the 

majority of the data came from a single sampling location in each region, and consequently the 

ability to draw conclusions about the cues for habitat selection was limited. Furthermore, 

relative abundance was quantified by luring sharks to the water surface. As sevengill sharks 

are a predominantly demersal predator (Barnett et al. 2010), it is likely that this method 

underestimated abundance (Lewis et al. 2020).  

 

An alternative method is to quantify relative abundance of sharks using baited remote 

underwater video systems (BRUVs). Use of BRUVs is a cost-effective, non-invasive technique 

which removes any potential bias from diver surveys (Lowry et al. 2012) and allows 

observations of animals in their natural environment (Watson et al. 2009; Taylor et al. 2013). 

Furthermore, the use of BRUVs in marine reserves offers an alternative to extractive sampling 

(Cappo et al. 2004; McKinley et al. 2011). BRUVs are also particularly useful for large shark 

species that may be difficult to handle (Meekan et al. 2006; Lewis et al. 2020). Sharks can be 

attracted to BRUVs that sit on or near the seafloor rather than at the surface. Therefore, more 

accurate abundances of demersal species may be quantified. BRUV surveys have been used to 

estimate biodiversity measures and habitat use of fish assemblages worldwide (e.g. Cappo et 

al. 2004; Santana-Garcon et al. 2014; Vos et al. 2014), including several shark species (e.g. 

White et al. 2004; Brooks et al. 2011; Bond et al. 2012; Irigoyen et al. 2018; Speed et al. 2018). 

The habitat use of sevengill sharks in northern Patagonia for example, was analysed by 

comparing the results of BRUV surveys to commercial longline catches (Irigoyen et al. 2018, 

2019). 

 

2.2 Aim 

 

The aim of the current chapter was to further resolve habitat selection by sevengill sharks 

through investigating relative abundance within Te Whaka ā Te Wera (Paterson Inlet), Rakiura 

(Stewart Island), New Zealand. The relative abundance of sevengill sharks, determined using 

BRUVs was related to a suite of abiotic and biotic habitat variables using SDMs. The results 

offer the potential to infer distribution of sevengill sharks in other regions by identifying the 
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mechanisms underpinning habitat use. This in turn may aid the process of identifying priority 

locations for conservation of sevengill sharks in New Zealand. 

 

2.3 Methods 

 

2.3.1 Study site 

 

The study was conducted in Te Whaka ā Te Wera, Rakiura (Fig. 2.1). Te Whaka ā Te Wera is 

a 15 km long channel, with three main arms and an average depth of 25 m. The majority of the 

inlet is a Mātaitai reserve; it is closed to commercial fishing, but allows traditional food 

gathering and recreational fishing. The Mātaitai and Te Wharawhara (Ulva Island) Marine 

Reserve were both established in 2004. 
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Figure 2. 1. A map of the study location Te Whaka ā Te Wera (Paterson Inlet), Rakiura 

(Stewart Island), including the Te Wharawhara (Ulva Island) marine reserve. The inset shows 

the location of Rakiura relative to mainland New Zealand. 
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2.3.2 Sampling regime 

 

Stratified random sampling was carried out in Te Whaka ā Te Wera during two-week 

expeditions in February, April and June during 2018 and 2019, and a two-week expedition in 

October 2019. This enabled the collection of data that has potential to capture seasonal 

variation. Using ArcGIS v10.3 (ESRI, 2015), the sampling area was divided into four strata (i) 

inner, (ii) middle, (iii) outer, and (iv) deep (>15m), in order to account for gradients in 

environmental variables (Fig. 2.2). A random set of potential sampling points within each 

stratum was then created.  

 

On each survey day, six points were randomly selected for baited remote underwater video 

(BRUV) deployments, with the minimum requirement of being at least 500 m apart, in order 

to avoid the potentially confounding effect of overlapping bait plumes. One hour standardised 

BRUV deployments (Cappo et al. 2004; Brooks et al. 2011; Vos et al. 2014) were performed 

on arrival at each site.  
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Figure 2. 2. Map of study location Te Whaka ā Te Wera (Paterson Inlet), Rakiura (Stewart 

Island) showing baited remote underwater video (BRUV) deployment locations across the four 

strata (1) Inner, (2) Middle, (3) Outer and (4) Deep. 

 

Each BRUV consisted of two cameras. One used two GoPro Hero 4 Silver cameras and the 

other used two SJ™ 5000x cameras. These were fixed in a steel frame with the cameras facing 

downward (Fig. 2.3a, b). A Qudos 300 lumen LED light illuminated the field of view in which 

the bait box was suspended. The bait box was filled with a standardised weight (~500g) of blue 

cod/rawaru (Parapercis colias) fish frames and/or burley bombs to attract the sharks. The 

BRUVs were first lowered to the seafloor (depth range: 5-30 metres) in order to gain an image 

of the substratum type. The bait box was then raised one metre off the seafloor to record 

continuously for the one-hour deployment.  

 

Two BRUVs were employed in the present study. One BRUV system was deployed remotely, 

suspended vertically in the water column by five gillnet floats fixed one metre above the steel 

frame, while two labelled buoys held the anchored rope to the surface (Fig. 2.3a). The second 

system was suspended from the anchored research vessel (Fig. 2.3b). Time of day and the exact 
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location were recorded for each deployment using a Garmin Echomap CV GPS onboard the 

research vessel. 

 

 
Figure 2. 3. Schematics of BRUV systems used for (a) remote, and (b) vessel-based 

standardised deployments in Te Whaka ā Te Wera, Rakiura. 

 

The fieldwork was dependent on suitable weather conditions. For example, deployments were 

only carried out in winds < 20 knots and swell heights < 1 metre. Deployments were also 

restricted to daylight hours. If the weather conditions were only suitable for some sites, a 

random site was selected from those available on the day. If deployments couldn’t be 

a 

b 

Surface 
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performed within those limits, then fieldwork was terminated for the day. The research vessel 

used was University of Otago’s R/V Moki, a 4.4m Kiwicraft aluminium boat powered by an 

outboard motor.  

 

2.3.3 Video analysis 

 

At the end of each field day, the video files were downloaded. Each file was labelled with the 

appropriate site information. Using Avidemux v2.7.0 software, the footage was analysed to 

investigate relative abundance of sevengill sharks using photo-identification (photo-ID) 

techniques (Lewis et al. 2020), and prey abundance using maximum count techniques (Zintzen, 

2016; Brough et al. 2018). 

 

2.3.4 Prey abundance 

 

To determine ‘prey abundance’ per deployment, the maximum count (MaxN) was used. MaxN 

is the maximum number of individuals observed in any one frame of the BRUV footage (Ebner 

et al. 2008; Loiseau et al. 2016). MaxN was calculated for each of sixteen potential prey species 

in 1-minute intervals during the first 30 min of each video deployment (Zintzen, 2016; Brough 

et al. 2018). As the dietary specialisation of sevengill sharks in New Zealand has not yet been 

quantified, the highest MaxN values for each of the sixteen species were summed to represent 

‘prey abundance’ rather than specifying the influence of individual prey species. Only the first 

30 minutes were used based on previous research indicating maximum counts are usually 

achieved in the first 15-25 minutes (Willis et al. 2000; Stobart et al. 2007). The sixteen potential 

prey species recorded were: (i) spiny dogfish, (ii) blue cod, (iii) rough skate/waewae (Dipturus 

nasutus), (iv) red cod/hoka (Pseudophycis bachus), (v) trevally/araara (Pseudocaranx dentex), 

(vi) tarakihi (Nemadactylus macropterus), (vii) barracouta/mangā (Thyrsites atun), (viii) 

banded wrasse/tangahangaha (Pseudolabrus fucicola), (ix) girdled wrasse (Notolabrus 

cinctus), (x) gurnard/puwhaiau (Chelidonichtyes kumu), (xi) school shark/tope (Galeorhinus 

galeus) (xii) carpet shark (Cephaloscyllium isabellum), (xiii) flounder/pātiki (Rhomnosolea 

plebeian), (xiv) maori octopus/wheke (Macroctopus maorum), (xv) rig shark/makō (Mustelus 

lenticulatus), and (xvi) trumpeter/kohikohi (Latris lineata). 

 

To validate that the sum of MaxN of these sixteen species was accurately portraying ‘prey 

abundance’ for the duration of each 60-minute deployment, cumulative prey curves were 

generated for the two most commonly sighted potential prey species, spiny dogfish and blue 

cod (Appendix 1). A cumulative prey curve aims to extrapolate the temporal pattern of 
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historical discoveries by plotting the cumulative record of individuals against time (Solow et 

al. 2005). Twenty deployments were randomly selected for both spiny dogfish and blue cod. 

MaxN was plotted in 1-minute intervals for the initial 30 minutes. If the curve plateaued before 

the last count it likely indicates that all of the individuals present at the BRUV had been 

recorded (Brough et al. 2018). For both spiny dogfish and blue cod the curve plateaued, 

indicating a saturation in counts. Thus, only the first 30 minutes of each deployment were 

analysed for determining ‘prey abundance’. 

 

2.3.5 Photo identification 

 

Photo identification (photo-ID) of individuals is an established technique for estimating 

relative densities of animals (Best, 1990; Weigle et al. 1990; Arzoumanian et al. 2005). It relies 

on distinguishing between individuals using distinctive scars or natural markings 

(Arzoumanian et al. 2005; Speed et al. 2007). The use of photo-ID for large elasmobranch 

species has become common practice, particularly for larger sharks that would be difficult to 

handle (Gore, 2016; Meekan et al. 2016). Sevengill sharks have unique, long-lasting 

constellations of white spots on the dorsal side of their body (Fig. 2.4) allowing them to be 

individually identified (Housiaux et al. 2018; Lewis et al. 2020). The focal region is located 

from the dorsal-tip of the rostrum to the fore-edge insertion plane of both pectoral fins. 

Subsequently, the focal region of each individual sevengill shark was captured on video during 

the BRUV deployments. A ‘screen grab’ was then taken in order to observe the unique 

constellations (Fig. 2.4). These data allowed the relative abundance of sharks to be generated 

for each BRUV deployment quantified as number of unique individuals detected per hour 

(Meekan and Cappo, 2004; Meekan et al. 2006) 
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Figure 2. 4. Constellations of natural white spot markings on dorsal side of broadnose sevengill 

sharks, allowing for individual recognition. ‘Screen grabs’ from deployments in April 2018. 

 

2.3.6 Predictor variables 

 

Several abiotic habitat variables specific to each deployment site were recorded upon arrival. 

These included (i) water depth, (ii) water temperature, (iii) salinity, (iv) ambient light, and (v) 

water visibility. Each variable, along with how it was measured is detailed in Table 2.1. 

Predictor variables that were unable to be sampled in situ at the time of each deployment were 

identified at a later date. The shortest distance from each sampling point to the inlet entrance 

was calculated using ArcGIS v10.3.1 (ESRI, 2015), time since high tide was calculated using 

Land Information New Zealand (LINZ) tide tables for Oban, and the method for quantifying 

prey abundance is detailed above.  
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Table 2. 1. Habitat variables measured at each sample site in Te Whaka ā Te Wera, Rakiura, 

between February 2018 and October 2019. 

Variable Measurement Tool Unit of Measurement 

Depth Garmin Echomap CV 

model 

Metres 

Water Temperature HANNA HI98194 

Multiparameter Instrument 

Degrees Celsius 

Salinity HANNA HI98194 

Multiparameter Instrument 

PSU 

Ambient Light Protech QM1587 Light 

Meter 

Lux 

Water Visibility Secchi disk Metres 

Prey Availability Avidemux 2.7.0 video 

analysis  

Sum (MaxN)/first 30 mins 

of deployment 

Substrate Type Avidemux 2.7.0 video 

analysis 

Categorical: sand, mud, 

coarse sediment, algae  

Distance to inlet entrance ArcGIS v10.3 Metres 

Time since last high tide LINZ tide tables for Oban1 Hours 

 

All of the predictor variables used were chosen as they have previously been identified as 

influencing habitat selection by sharks or have been suggested to have the potential to do so. 

Temperature and salinity for example, have been identified as significant predictors of habitat 

selection by sevengill sharks (Wirsing et al. 2006; Barnett et al. 2010; Housiaux et al. 2018). 

These two factors were also the most influential environmental variables affecting distribution 

and abundance of prey species of coastal pelagic sharks during a study in Tomales Bay, 

California, a shallow temperate environment (Hopkins and Cech, 2003). Previous research in 

Te Whaka ā Te Wera found temperature and salinity gradients were influenced by distance to 

freshwater inputs at the head of the inlet, and/or oceanographic influences at the mouth of the 

inlet (Twist et al. 2016; Housiaux et al. 2018). Ambient light, water visibility and prey 

abundance have also been identified as important variables for influencing shark distribution. 

For example, bigeye thresher sharks (Alopias superciliosus) (Nakano et al. 2003), bluntnose 

sixgill sharks (Comfort, 2012) and sevengill sharks (Ebert, 1991; Barnett et al. 2012) display 

crepuscular movement patterns in response to light driven migration of their prey species. Low 

 
1 1 Available from www.linz.govt.nz/docs/hydro/tidal-info/tide-tables/maj-ports/pdf/Oban 2018/19.pdf 
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light conditions and changes in visibility cause changes in sevengill shark foraging behaviour 

(Ebert, 1991). Substratum was included as it has been identified as an influential factor 

contributing to habitat selection by shark assemblages in multiple locations (Morrissey and 

Gruber, 1993; Pikitch et al. 2005; Chin et al. 2012). Several shark species are known to exploit 

tidal cycles for opportunistic feeding (Bizzarro et al. 2017). Tidal cycle also has an influence 

on size of the bait plume (Irigoyen et al. 2018), hence its inclusion as a potential explanatory 

variable. Depth was considered due to seasonal migrations of sevengill sharks from shallow 

coastal embayments into deeper waters in winter (Lucifora et al. 2005; Barnett et al. 2010). To 

control for the possibility of sharks benefiting from Te Wharawhara Marine Reserve, prey 

abundance was included as an explanatory variable in the models. 

 

2.3.7 Model building  

 

Species distribution modelling was conducted using generalised additive models (GAMs) with 

a log link function using the “mgcv” package (Wood, 2017) in R version 1.2.5033 (RStudio 

Team, 2019). As an additive model, the effect of each predictor variable on the response can 

be independently determined, while allowing for the effects of the other variables (Hastie and 

Tibshirani, 1990). The models used the number of individual sevengill sharks encountered 

during each deployment as a response variable, and all combinations of available predictor 

variables (Table 2.1). The standard framework for analysis of count data is the Poisson log link 

function (McCullagh and Nelder, 1989). Therefore, all models were built using a Poisson 

distribution as the assumed probability of the response. The predictor variables; water 

temperature (‘temp’), salinity (‘sal’), ambient light (‘light’), visbility (’vis’), distance from inlet 

entrance (‘dist’), prey abundance (‘prey’), and depth (‘depth’) were all modelled as smoothed 

terms with thin-plate regression splines. Time since high tide (‘tht’) was modelled using a 

cubic-cyclic spline and substrate type (‘sub’) was modelled as a categorical factor. For the 

spline smooths, the degrees of freedom were limited to a maximum of five to minimise the risk 

of over-fitting the models (Vaughan and Ormerod, 2005).  

 

A concurvity test was used to identify any explanatory habitat variables that were correlated 

with each other. These tests are better suited to non-linear data than a collinearity test (Ramsay 

et al. 2003). If estimates of pairwise concurvity exceeded the threshold of 0.3, predictor 

variables were considered correlated and were not included in the same model (He et al. 2006). 

For correlated pairs, the predictor variable that produced the highest AIC value when included 

in the full model was excluded, and the full model was refitted without that factor. This process 
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was performed until only non-concurved values remained, and a full model relating the 

response variable to the explanatory variables was created.  

 

2.3.8 Model selection 

 

After accounting for the correlated variables, the full model was constructed, and then the ‘best’ 

model produced using a backwards-stepwise model selection procedure based on AIC values 

(Burnham and Anderson, 2002). AIC ranks each model by fit and penalises it by complexity 

(Akaike, 1973; Bozdogan, 1987), with the lowest AIC indicating the ‘best’ model (Anderson 

and Burnham, 2002). Accordingly, this method used a backward elimination process beginning 

with the least significant predictor variables (lowest p-value), and sequentially removed them 

from the full model. Each time a variable was removed the new model was refitted without that 

variable. This process continued until the model with the lowest AIC value was found. The 

dredge function in the “MuMIn” package was also used to rank all of the models based on AIC 

values. The top model selected in the dredge was the same as the top model identified using 

the backwards stepwise selection process, confirming that the ‘best’ model had been found. 

Models within 2 AIC values indicate little difference between competing models, while models 

between 2-10 AIC values of the ‘best’ model have moderate support (Anderson and Burnham, 

1998; Burnham et al. 2011).  Models within 6 AIC points were presented for interpretation. 

Performance of the top model was assessed using the percentage deviance explained, the r2 

value and the p-values of explanatory variables.  

 

2.3.9 Residual checking 

 

Fundamental model assumptions for generalised additive models are (i) independence of data 

points, and (ii) constant variance of scaled residuals (Wood, 2017). To check that the data met 

these model assumptions residual checks were carried out. Firstly, the gam.check function in 

the “mgcv” package was used to confirm that limiting the smoothed predictor variables to a 

maximum of five degrees of freedom (k=5) did not under-smooth the variables. Secondly, the 

fit of the top-ranked model was checked using the “simulateResiduals” function from the 

DHARMa package (Hartig, 2018) in R version 1.2.5033 (RStudio Team, 2019). This function 

was used to create scaled residuals from the fitted model. If the data fit the model well, the 

scaled residuals should fall along the one-one line with the observed residuals when plotted 

against each other. Using the value of the Kolmogorov-Smirnov test, an equality of continuance 

was close to 1 indicating that the model has met the required assumptions (Hartig, 2018). 
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An important assumption of using data from BRUVs is that the deployments were independent 

of each other (Dormann et al. 2007; Brough et al. 2018). This assumption can be violated if 

spatial autocorrelation exists among deployment sites. The 500 m deployment separation in the 

present study was based on recommendations from BRUV research investigating other species 

to minimise spatial autocorrelation (Willis and Babcock 2000, Harvey et al. 2007, Heagney et 

al. 2007). Statistical detection of the degree of spatial autocorrelation is often performed during 

model checks. Using the “ncf” package in R, correlograms of the residuals were used to test 

the top model for any spatial autocorrelation. No spatial autocorrelation was detected in the 

models presented (Fig. 2.7). All model validation tests were generated and run using R version 

1.2.5033 (RStudio Team, 2019). 

 

2.4 Results 

 

2.4.1 Summary of sampling effort and sightings 

 

A total of 220 BRUV deployments were made across seven sampling trips conducted in Te 

Whaka ā Te Wera during February, April, June 2018/2019 and October 2019. After any 

deployments with missing data were removed, 207 BRUV deployments were available for use 

in the SDMs (Table 2.2). A total of 127 independent sightings of sevengill sharks were made, 

with shark presence in 58 of 207 (28%) deployments (Table 2.2). Seasonality patterns occurred 

in detection of sevengill sharks. Higher relative abundance occurred during deployments in 

February and April, and lower relative shark abundance occurred in June and October (Table 

2.2).  
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Table 2. 2. Summary of sampling effort, including percentage of deployments with at least one 

sevengill shark detected, maximum number of sharks sighted per deployment (±SE) and mean 

number of sharks per deployment in Te Whaka ā Te Wera, Rakiura between February and 

October 2019 

 Feb 

2018 

Apr 

2018 

Jun 

2018 

Feb 

2019 

Apr 

2019 

Jun 

2019 

Oct 

2019 

Total 

Total # of 

deployments per 

trip 

5 13 43 26 48 27 44 207 

% of deployments 

with shark 

encounters 

100 54 25 23 40 18 11 28 

Max shark count 

per deployment 

12 2 2 5 6 3 6  

Mean number of 

sharks per 

deployment (±SE) 

6.60 

± 

0.83 

0.60 

± 

0.22 

0.28 

± 

0.12 

0.65 

± 

0.24 

0.73

± 

0.16 

0.25

± 

0.15 

0.34 

± 

0.15 

0.61 

± 

0.08 

 

2.4.2 Prey availability  

 

Sixteen prey species were identified and counted from BRUV deployments in Te Whaka ā Te 

Wera during 2018 and 2019 (Table 2.3). The relative abundance of each species was 

standardised by the proportion of videos in which they featured. This indicated that spiny 

dogfish and blue cod were much more prevalant than the remaining fourteen species. Spiny 

dogfish and blue cod were each observed in >100 deployments, while smaller elasmobranchs,  
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Table 2. 3. Frequency and relative abundance (MaxN) of potential prey species of sevengill 

sharks observed in baited remote underwater videos (BRUVs) in Te Whaka ā Te Wera, 

Rakiura. Species are ranked by proportion of BRUV deployments in which they were observed. 

Common 

name Scientific name 

# of 

deployments 

observed in 

Proportion of 

deployments 

Mean 

MaxN 

Std. 

error 

Spiny 

dogfish Squalus acanthias 134 0.65 2.68 0.12 

Blue cod Parapercis colias 109 0.53 3.42 0.16 

Rough skate Dipturus nasutus 24 0.12 1.04 0.09 

Carpet shark 

Cephaloscyllium 

isabellum 24 0.12 1.17 0.16 

School shark Galeorhinus galeus 15 0.07 1.13 0.15 

Tarakihi 

Nemadactylus 

macropterus 10 0.05 2.40 0.59 

Barracouta Thyrsites atun 9 0.04 1.00 0.00 

Māori 

octopus Macroctopus maorum  8 0.04 1.13 0.21 

Red cod Pseudophycis bachus 6 0.03 1.67 0.37 

Girdled 

wrasse Notolabrus cinctus 4 0.02 1.00 0.00 

Gurnard 

Chelidonichtyes 

cuculus 3 0.01 1.33 0.44 

Trumpeter Latris lineata 2 0.01 1.00 0.00 

Banded 

wrasse Pseudolabrus fucicola 2 0.01 1.00 0.00 

Sand 

flounder Rhomnosolea plebeia 2 0.01 1.00 0.00 

Trevally Pseudocaranx dentex 1 0.00 2.00 0.00 

Rig shark Mustelus lenticulatus 1 0.00 1.00 0.00 
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2.4.3 Correlation between explanatory variables 

 

Pairwise tests of concurvity were conducted in order to investigate correlation between 

explanatory variables. The only pair of variables for which concurvity exceeded the critical 

threshold of 0.3 was salinity and water temperature (Table 2.4). The deviances explained in 

univariate models containing each of these variables were similar (water temperature = 13.5%, 

salinity = 15.3%; Appendix 2). However, given that the AIC values for the models including 

water temperature were lower and that water temperature is also useful for explaining seasonal 

variation in distribution, temperature was preferred over salinity in the full models. 

 

Table 2. 4. Estimated pairwise concurvity of smoothed terms of predictor variables for 

explaining distribution of sevengill sharks in Te Whaka ā Te Wera: water temperature 

(s(temp)); salinity (s(sal)); ambient light (s(light)); distance from seaward entrance to i nlet 

(s(dist)); water visibility (s(vis)); prey availability (s(prey)); depth (s(depth)); time since last 

high tide (s(tht,”cc”)). Estimates highlighted in red represent pairwise concurvity greater than 

0.3. 

  s(temp) s(sal) s(light) s(dist) s(vis) s(prey) s(depth) s(tht) 

s(temp)  0.038 0.039 0.023 0.045 0.124 0.024 0.171 

s(sal) 0.313  0.006 0.062 0.021 0.027 0.038 0.015 

s(light) 0.269 0.004  0.016 0.009 0.039 0.033 0.069 

s(dist) 0.028 0.045 0.024  0.003 0.015 0.211 0.016 

s(vis) 0.117 0.063 0.035 0.221  0.057 0.032 0.036 

s(prey) 0.067 0.023 0.004 0.025 0.019  0.055 0.025 

s(depth) 0.070 0.020 0.002 0.099 0.004 0.059  0.099 

s(tht,”cc”) 0.010 0.013 0.005 0.018 0.008 0.002 0.014  
 

2.4.4 Model selection 

 

According to AIC, the top-ranked GAM for explaining relative shark abundance per 

deployment included the following variables: (i) water temperature, (ii) distance, (iii) ambient 

light, (iv) water visibility, (v) depth, (vi) relative abundance of prey, and (vii) substratum (Table 

2.5). This top ranked model had an r2 value of 0.72, with an explained deviance of 0.61. The 

next best model was 1.01 AIC points worse than the top model and included all of the same 

predictor variables except prey abundance. No other models were within 2 AIC points of the 

top model. There was little support for models featuring the tidal state variable; it first appeared 

in the fifth ranked model, with a model weight of only 0.04. 
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2.4.5 Model outputs 

 

All predictor variables included in the top model were statistically significant for explaining 

distribution (p-value < 0.05, Table 2.6). 

 

Table 2. 5.  Rank of Poisson GAMs for explaining distribution of sevengill sharks in Te Whaka 

ā Te Wera, Rakiura between 2018 and 2019. Only models within six AIC points of the best 

model are shown. Predictor variables included are water temperature (s(temp)), distance from 

seaward inlet entrance (s(dist)), depth (s(depth)), light (s(light)), prey availability (s(prey)), 

water visibility (s(vis)), substrate type (fct(sub.f)) and time since high tide (s(tht)). Table shows 

degrees of freedom (df), AIC values, change in AIC value compared with top model (delta 

AIC), model weight, adjusted r2 value, and percent of deviance explained. 

Rank Model df AIC Δ AIC Wí r
2
 d.e. 

(%) 

1 s(temp) + s(dist) + s(depth) + 

s(light) + s(prey) + s(vis) + 

fct(sub.f) 

18 338.49 0 0.43 0.717 60.9 

2 s(temp) + s(dist) + s(depth) + 

s(light) + s(vis) + fct(sub.f) 

17 339.49 1.01 0.26 0.704 60.2 

3 s(temp) + s(dist) + s(light) + 

s(vis) + fct(sub.f) 

 

16 342.03 3.55 0.07 0.692 58.8 

4 s(temp) + s(dist) + s(light) + 

s(prey) + s(vis) 

17 342.16 3.68 0.07 0.701 59.3 

5 s(temp) + s(dist) + s(depth) + 

s(light) + s(prey) + s(vis) + 

fct(sub.f) + s(tht) 

17 343.11 4.63 0.04 0.714 59.2 

6 s(temp) + s(dist) + s(depth) + 

s(light) + s(vis) + fct(sub.f) + 

s(tht) 

16 344.02 5.53 0.03 0.708 58.5 

7 s(temp) + s(dist) + s(depth) + 

s(light) + s(prey) + fct(sub.f) 

16 344.38 5.89 0.02 0.716 58.3 

8 s(temp) + s(dist) + s(depth) + 

s(light) + s(prey) + fct(sub.f) + 

s(tht) 

16 344.38 5.89 0.02 0.716 58.3 
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Table 2. 6. Statistics for predictor variables identified in the top-ranked Poisson GAM for 

explaining distribution of sevengill sharks in Te Whaka ā Te Wera during 2018 and 2019. 

Predictor variables included are distance from seaward inlet entrance (s(dist)), water 

temperature (s(temp)), light (s(light)), water visibility (s(vis)), prey abundance (s(prey)), depth 

(s(depth)), and substrate type (fct(sub.f)). The test statistic for the continuous variables is chi2, 

and for the categoirical variable is the z-score. 

Predictor Estimated degrees of 

freedom 
Test statistic (Chi

2

) 
P-value 

s(dist) 2.45  43.04 2.46e-09 

s(temp) 3.53  24.05 2.14e-04 

s(light) 3.36  18.55 4.97e-03 

s(vis) 2.22  8.21 0.02 

s(prey) 1.00  3.99 0.05 

s(depth) 2.01  6.79 0.04 

fct(sub.f) 

ref = algae 

 

- 

 

- 

 

- 

coarse -  2.27 0.02 

mud - -0.31 0.76 

sand - -0.39 0.70 

 

The top ranked model showed that there was a positive relationship between distance from the 

inlet entrance and relative shark abundance (Table 2.6), with sharks favouring areas in Te 

Whaka ā Te Wera at distances more than approximately 11km from the open ocean (Fig. 2.5b). 

There was also a positive relationship between water temperature and shark count, within a 

range of 9 ̊C to 17.5 ̊C (Fig. 2.5a). No sharks were sighted in water temperatures lower than 

9 ̊C. A negative relationship was observed between shark count and ambient light intensity 

(Fig. 2.5c). Higher relative abundance of sharks was detected in the lower half of the ambient 

light ranges recorded, although note the wide confidence intervals where data are sparse at high 

light levels (Fig. 2.5c). A negative relationship between shark count and depth was observed, 

with highest abundances occurring between 0 and 20 metre depth (Fig. 2.5e). Higher relative 

abundance of sharks was also detected when higher MaxN of potential prey species occurred 

(Fig. 2.5f). The modelled outputs further suggested an increase in relative shark abundance in 
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deployments over coarse sediments (Fig. 2.5g). The relationship between relative shark 

abundance and water visibility was not clear (Fig. 2.5d).  
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Figure 2. 5. Effect of the seven explanatory variables from the highest-ranking GAM on 

distribution of broadnose sevengill sharks in Te Whaka ā Te Wera, Rakiura using data from 

2018 and 2019; (a) water temperature (˚C), (b) distance from inlet entrance (metres) , (c) light 

(lux), (d) visibility (metres), (e) depth (metres), (f) prey abundance (MaxN), (g) substratum 

type (categorical: algae, coarse sediment, mud, sand). Across each x-axis are black ‘ticks’ 

representing the value of each predictor variable sampled. (a) to (f) show the smoothed 

responses calculated by the model (including the estimated degrees of freedom for each 

smooth). Shaded areas represent 95% confidence intervals for the response. (g) shows the 

relative effects of the four levels of the categorical variable, substrate type, with the dotted lines 

showing the 95% confidence intervals. 

 

2.4.6 Model diagnostics 

 

Model diagnostics were conducted on the best fitting model. The points on the simulated 

quantile-quantile plot lay close to the 1:1 line and the p-value was not significant (Fig. 2.6). 
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Therefore, the null hypothesis that the Poisson model fits the data was not rejected. The 

gam.check function indicated a high k-index close to 1, suggesting that the maximum of four 

degrees of freedom (k) did not under-smooth the variables. No evidence of spatial 

autocorrelation is evident in the correlogram (Fig. 2.7). 

 

Figure 2.6. Quantile-quantile plot of observed residuals versus expected residuals generated 

from simulation-based diagnostics for the best fitting model using environmental predictors for 

sevengill sharks in Te Whaka ā Te Wera, Rakiura. 

 

Figure 2. 7. Correlogram of residuals for the top generalised additive model for sevengill 

sharks in Te Whaka ā Te Wera, Rakiura in 2018 and 2019. The y-axis indicates the degree of 

correlation and the x-axis indicates distance between sampling points (m). The shaded area 

represents the 95% pointwise bootstrap confidence interval. 
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2.5 Discussion 

 

Understanding habitat selection of predatory species is fundamental to providing insights into 

community ecology (Heithaus et al. 2002). Previous studies of habitat use by sevengill sharks 

have described some seasonal use of particular environments, with findings explained by the 

differing requirements of different life-history strategies (Ebert, 1989; Lucifora et al. 2005; 

Barnett et al. 2010; Irigoyen et al. 2018). In the present study, the use of BRUVs worked well 

for detecting spatial and temporal variation in distribution of sevengill sharks. SDMs proved 

highly valuable for identifying important associations between the relative abundance of 

sevengill sharks and (i) distance from the inlet entrance, (ii) water temperature, (iii) depth, (iv) 

ambient light, (v) prey abundance, (vi) visibility, and (vii) seafloor substrate type (Table 2.6). 

The high deviance explained (60.9%) and r2 value of 0.72 indicated that the best model 

explained a large amount of the variation in the data (Table 2.5), and therefore provides useful 

insights into the environmental drivers of habitat use by sevengill sharks.  

 

2.5.1 Predictor variables 

 

The best GAM for explaining distribution of sevengill sharks in Te Whaka ā Te Wera suggested 

that distance from the inlet entrance had the greatest effect on the number of sharks detected 

(Fig. 2.5b; Table 2.5). In Te Whaka ā Te Wera there was a strong preference for areas in the 

western end, furthest away from the seaward entrance. These observations corroborate previous 

research in the inlet that reported higher abundances of sevengill sharks at the inner end of the 

inlet on the northwest arm in Sawdust Bay (Housiaux et al. 2018; Lewis et al. 2020). Similarly, 

in Caleta Malaspina, Patagonia, sevengill sharks have reportedly low abundances at the inlet 

mouth, with higher relative abundance occurring in the inner portion of the inlet (Irigoyen et 

al. 2019). The reason that sharks favour the inner part of the inlet is not clear but may be related 

to gradients in water properties such as salinity or dissolved nutrients. 

 

Higher relative abundance of sevengill sharks occurred in warmer waters, with fewer sharks in 

cooler waters (Fig. 2.5a). The spatial ecology of several shark species has previously been 

associated with seasonal variations in water temperature (Heithaus, 2001; Heupel and 

Simfendorfer, 2008; Barnett et al. 2010). Tiger sharks in Shark Bay, Western Australia, for 

example, showed higher abundances in shallow, coastal waters during summer when water 

temperature was highest (>19˚C) (Heithaus, 2001). The present study supports previous 

evidence identifying seasonal trends of sevengill sharks moving into coastal embayments and 
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estuarine areas during summer (Ebert, 1989; Lucifora et al. 2005; Barnett et al. 2010; Abrantes 

and Barnett, 2011; Williams et al. 2012). Previous sampling of sevengill sharks in Te Whaka 

ā Te Wera determined greater relative shark abundance during summer seasons, attributed 

primarily to water temperature (Housiaux et al. 2018; Lewis et al. 2020). In the present study, 

sharks were sighted in water temperatures between 9˚C and 17˚C, corresponding with reported 

higher relative abundance of sevengill sharks between 12˚C and 17˚C in California (Van 

Dykhuizen and Mollet, 1992), and between 9˚C and 18˚C in Patagonia (Irigoyen et al. 2019). 

Seasonal migrations of sevengill sharks into warmer water temperatures have been attributed 

to important life history stages such as mating and parturition, particularly along the Patagonian 

(Lucifora et al. 2005; Irigoyen et al. 2018) and Californian coastlines (Ebert, 1989). 

Temperature may also be an indirect influence on shark abundance due to the habitat 

preferences of prey species (Barnett et al. 2010). In Tasmania (Barnett et al. 2010) and 

Washington (Williams et al. 2012) for example, higher seasonal abundances of sevengill sharks 

in warmer water temperatures were linked to seasonal prey exploitation. The positive 

relationship between relative shark abundance and water temperature observed here, may 

therefore be attributed to the physiological requirements of the sharks themselves, or as a 

response to the movements of their prey species. 

 

The results identified a negative relationship between relative shark abundance and ambient 

light intensity (Fig. 2.5c). The periodicity of light and dark (diel cycles) govern most species 

behaviour (Moore, 1997; Hammerschlag et al. 2017). It can be assumed that many species will 

be most active during phases of the diel cycle that offer them the greatest opportunities to 

maximise feeding, reproduction and/or predator avoidance (Bollens and Frost, 1991; 

Hammerschlag et al. 2017). It is commonly reported that elasmobranch species are most active 

during low-light periods (Andrews et al. 2009; Fitzpatrick et al. 2011; Bangley and Rulifson, 

2017). As a demersal species known to inhabit depths up to 200 metres (Abrantes and Barnett, 

2011), it has been suggested that sevengill sharks prefer lower light conditions, particularly for 

foraging. A six-year observational study on predation strategies in California, Namibia and 

South Africa concluded sevengill sharks favoured low light conditions when hunting, 

particularly when using an ‘ambush strategy’ (Ebert, 1991). In Luderitz Lagoon, Namibia, 

chumming nocturnally also proved more effective than during daylight hours (Ebert, 1991) and 

in Humboldt Bay, California, sevengill sharks appeared most active at night and on days with 

high cloud cover (Ebert, 1991). Similarly, previous research in Te Whaka ā Te Wera found 

high cloud cover coincided with an increased likelihood of shark sightings while chumming 
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(Housiaux et al. 2018). Similar trends of active foraging in low light conditions are 

characteristic of several shark species. White sharks for example, had a higher success rate of 

seal capture during crepuscular periods (Hammerschlag et al. 2006). Additionally, thresher 

sharks (Alopias vulpinus) forage in higher abundances in shallow habitats during low light 

periods (Bonnaterre, 1788; Cartamil et al. 2010).  

 

Water visibility was negatively correlated with relative shark abundance (Fig. 2.5d). There are 

reasons why low light conditions and low water visibility would provide favourable shark 

habitat (Ebert, 1991). This is likely due to the use of olfactory senses when foraging, which 

permit a significant advantage in detecting prey without the use of sight (Heuter et al. 2004; 

Schluessel et al. 2008). As seen in other elasmobranch species, olfactory cues have been 

identified as an important sense for detecting prey, particularly in low light conditions (Silver, 

1979; Heithaus et al. 2002; Schluessel et al. 2008). Early studies indicated that olfaction was 

the most effective sense in detecting prey and determining foraging patterns without the use of 

sight for three coastal shark species (Hobson, 1963). Furthermore, tiger sharks for example, 

are thought to be primarily driven by olfactory cues when foraging on the benthos (Heithaus et 

al. 2002; Schluessel et al. 2008). In previous findings the effect of water clarity on shark 

abundances has primarily been attributed to influencing predator-prey relationships 

(Lutjeharms et al. 2000; Heuter et al. 2004; Duncan and Holland, 2006). Previous studies have 

suggested that fast swimming prey may be more vulnerable to the ambush foraging strategy 

used by sevengill sharks in poor light and visibility conditions (Ebert, 1991). Plausibly, the 

same study in California and South Africa that concluded sevengill sharks foraged more 

actively in low light conditions (Ebert, 1991), also indicated a similar response in areas of lower 

visibility. Wintner and Kerwath (2017) also found that the presence of seven out of eleven 

common coastal shark species significantly increased relative to a decrease in water visibility 

along the east coast of South Africa. Not only can low visibility provide a potential foraging 

advantage for larger sharks, but it can also act as an anti-predator strategy in coastal nursery 

habitats (Yates et al. 2015). A study on the east coast of Australia found that lower water clarity 

had a positive effect on the abundance of three shark species including immature blacktips 

(Carcharhinus tilstoni), pigeye sharks (Carcharhinus amboinensis), and scalloped 

hammerheads (Spyrna lewini; Yates et al. 2015).  

 

A negative relationship was observed between shark count and depth, with higher abundances 

between 0 and 20 metres (Fig. 2.5e). Sevengill sharks have been found at similar depths in 



 

 

37 

Norfolk Bay, Tasmania where the average depth is approximately 15 metres (Barnett et al. 

2010). During daylight hours, sharks were predominantly bottom orientated near the 

substratum (>10m depth). This affinity for water deeper than 10 metres was thought to be 

predominantly prey-driven (Barnett et al. 2010). However, depths between 5 and 10 metres 

were used throughout the complete diel cycle (Barnett et al. 2010). Individuals in Derwent Bay, 

Tasmania, also swam at constant depths just above the substrate during daylight hours, only 

moving vertically through the water column during dark periods (Barnett et al. 2010). Depth 

has been identified as a strong influential environmental variable when predicting abundances 

for several shark species (Cartamil et al. 2010; Knip et al. 2011; Speed et al. 2010). In shallow 

coastal environments (<30 m depth) both white sharks and tiger sharks also remain 

predominantly bottom-orientated, using depth as a foraging strategy to remain cryptic (Tricas, 

1981; Goldman and Anderson, 1999; Holland et al. 1999). Furthermore, in the northern Gulf 

of Mexico, habitat use of blacknose sharks (Carcharhinus acronotus) was significantly 

influenced by depth, with males inhabiting shallower environments than females year-round 

(Drymon et al. 2020). Other species including the scalloped hammerhead and smoothhound 

sharks (Mustelus mustelus) showed a significant response to depth when using shelf-associated 

habitats (Drymon et al. 2020).  

 

Prey abundance was positively correlated with the relative abundance of sevengill sharks 

within Te Whaka ā Te Wera (Fig. 2.5f), as evidenced by a p-value for the coefficient of less 

than 0.05 (Table 2.6). Prey abundance is widely accepted as a strong influence on shark 

distributions worldwide (Lowe et al. 2006; Wirsing and Heithaus, 2007; Speed et al. 2010). In 

Willapa Bay, Washington (Williams et al. 2012), Derwent Estuary and Norfolk Bay, Tasmania 

(Barnett et al. 2010) for example, sevengill shark distributions are closely correlated with 

seasonal migration of prey species including gummy sharks (Mustelus antarcticus), large skate, 

and spiny dogfish. Spiny dogfish are known as a common prey species for sevengill sharks 

(Barnett et al. 2010; Williams et al. 2012) and are abundant in southern New Zealand (James 

et al. 2004; Boyd, 2008). They are known to seasonally migrate inshore to remain in water 

temperatures between 7˚C and 15˚C and to feed during periods of low light (von Szalay et al. 

2008). These findings are comparable to the water temperatures identified in the present study, 

where spiny dogfish were the most common potential prey species identified and were recorded 

in 65% of BRUV deployments (Table 2.3). Their broader habitat preferences, reported 

primarily from catch data in the North Atlantic Ocean (von Szalay et al. 2008), closely relate 

to those of sevengill sharks. No literature has yet described the prey species of sevengill sharks 
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in New Zealand; hence a wide range of potential prey species were recorded for analysis. 

Housiaux et al. (2018) suggested blue cod, a common species present year-round in Te Whaka 

ā Te Wera, may contribute to the annual residency of some sevengill sharks. In the present 

study, blue cod were the second most common potential prey species, present in 53% of the 

BRUV deployments (Table 2.3). The potential consumption of blue cod may be due to 

opportunistic foraging on smaller fish (Braccini. 2008; Knip et al. 2010; Bizzarro et al. 2017). 

The present study has attempted to quantify the influence of prey abundance on sevengill shark 

presence. However, due to the paucity of dietary data it would be beneficial to further 

investigate finer scale predator-prey relationships within Te Whaka ā Te Wera. 

 

Relative shark abundance showed a positive relationship with coarse substratum types (Fig. 

2.5g). As demersal foragers (Barnett et al. 2012) it may be that substrate type would have some 

influence on foraging habitats due to the preferences of particular prey species. Increased 

habitat complexity is often identified as favourable to many species of fish (Chittaro, 2004). 

Substrate type has also been documented influencing the structures of reef shark assemblages, 

for example, in the Caribbean and the Pacific (Pikitch et al. 2005; Chin et al. 2012). 

Furthermore, the Australian sharpnose shark (Rhizoprionodon taylori) consistently selected 

habitats with seagrass substrate over other habitats for foraging behaviour in Cleveland Bay, 

Queensland (Munroe et al. 2014). There is scope here for further investigation into substrate 

type relative to prey presence to tease apart potential unidentified relationships. 

 

In the present study, salinity was excluded from all models due to high concurvity with water 

temperature (Table 2.3). Salinity, however, is widely accepted as an important factor 

determining habitat use of many chondrichthyan species (Abel et al. 2007; Grubbs and Musick, 

2007; Heupel and Simfendorfer, 2008; Speed et al. 2010). Thus, it could be important to further 

explore this potential relationship. Tidal flow was found to have little detectable effect on the 

distribution of sevengill sharks as it was not included in the top models. There is evidence from 

elsewhere however, that flow rates can play an important role in habitat selection by sharks. 

For example, leopard sharks (Triakis semifasciata) and brown smoothhounds (Mustelus henlei) 

in Californian estuaries, have been observed opportunistically foraging on flood tides before 

retreating with the ebb tide into deeper channels (Bizzarro et al. 2017). It was suggested that 

high flow and turbid conditions allows capture of prey in areas that would otherwise be 

unreachable (Bizzarro et al. 2017).  
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2.5.2 Management implications  

 

Understanding habitat preferences of sharks, and the ecological consequences of their presence 

or absence, allows strategic management and conservation planning to be implemented 

(Simfendorfer et al. 2011). The present study established the first spatiotemporal habitat model 

quantifying both abiotic and biotic drivers of sevengill shark distribution within Te Whaka ā 

Te Wera, New Zealand. Sevengill sharks showed strong spatial and temporal heterogeneity 

within Te Whaka ā Te Wera, with higher abundance of sevengill sharks in warmer months at 

the western end of the inlet. These findings corroborate previous research undertaken in Te 

Whaka ā Te Wera (Housiaux et al. 2018; Lewis et al. 2020), suggesting preferences for the 

western end being driven by potential prey abundance (Lewis et al. 2020). There is potential 

that this area is a critical foraging ground worth protecting on a seasonal basis. Furthermore, 

the strong preference for shallow waters in the present study demonstrated the potential for 

high habitat crossover with anthropogenic activities, such as commercial and recreational 

fishing. Subsequently, there is a need to investigate the presence of sevengill sharks in other, 

more exploited coastal areas in New Zealand. The implementation of marine protected areas 

in New Zealand is primarily to safeguard biodiversity at habitat and ecosystem levels (DOC, 

2005). Thus, no specific strategies are employed to conserve individual chondrichthyan 

species. The present study offers a broad understanding of the drivers of spatial heterogeneity 

in sevengill shark distribution. The SDM developed in the present study could be used as a 

predictive tool to identify other important areas for sevengill sharks within New Zealand. The 

present study provides a baseline study in a near pristine habitat, free from commercial fishing 

and coastal development. There is potential to use Te Whaka ā Te Wera as a control site to 

compare with other, more highly exploited areas in New Zealand. Additionally, as the present 

study was developed for a large coastal shark species, it has potential to be used as a template 

for investigating the habitat preferences of other species. 

 

2.5.3 Future work and improvements 

 

Although the present study identified several significant predictors of sevengill shark 

distribution, it is important to consider potential limitations and where improvements could be 

made. A limitation within the study was accurately distinguishing the size of the bait plume 

emitted from the bait box during each deployment. Although the weight of the bait was 

standardised across all deployments, it is likely that the plume size varied due to environmental 

conditions, affecting the area sampled across deployments (Heagney et al. 2007; Taylor et al. 
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2013). In areas with high current speed for example, a 500 m distance between deployments 

may not be large enough to avoid overlap of bait plumes, risking spatial autocorrelation of the 

data. By including in situ measurements of current speed and direction for each deployment, 

as well as horizontal or vertical mixing in the water column, the volume of the bait plumes 

could potentially be estimated (Heagney et al. 2007; Taylor et al. 2013). Furthermore, 

additional BRUV sampling could be undertaken at different times of day and night in order to 

investigate the entire diel relationship between shark presence and ambient light. Generally, 

nocturnal habitat use of sharks has been identified through the use of electronic and acoustic 

tags or long-line CPUE (Sims et al. 2005; Chapman et al. 2007; Gleiss et al. 2013; 

Hammerschlag et al. 2017). Harvey et al. (2012) found selection of daytime deployments could 

create bias as nocturnally active species may be underrepresented. However, the use of artificial 

light for nocturnal sampling of sharks has potential to damage their eyes, change their 

behaviour and ultimately bias abundance estimates (Widder et al. 2005; Harvey et al. 2012a, 

b; Fitzpatrick et al. 2013). Therefore, nocturnal sampling should be employed with caution. 

Additionally, more investigations into the diet of sevengill sharks could allow the abundance 

of key prey species to be used as predictor variables in the SDMs, rather than the coarse 

approach of pooling the abundance of all potential prey species.  

 

2.5.4 Conclusion 

 

In conclusion, using an information-theoretic approach the present study has provided insight 

into habitat preferences of sevengill sharks in Te Whaka ā Te Wera. The top model used to 

describe relative shark abundance included seven significant environmental relationships;  

positive correlations with (i) water temperature, (ii) distance from the seaward entrance to the 

inlet, (iii) prey abundance, and (iv) coarse sediment type and negative correlations with (v) 

ambient light, (vi) depth, and (vii) water visibility. Finally, likely due to a combination of the 

variables mentioned above, there are plausible reasons for habitat preference furthest away 

from the seaward entrance to the inlet (Housiaux et al. 2018). To improve model estimates, 

more sampling could be undertaken on a seasonal and diel basis, and a better understanding of 

key prey species would provide valuable insight into habitat selection by sevengill sharks. 

These results will add to a baseline data set for this species in New Zealand. As the study was 

undertaken within a Mātaitai reserve, where commercial fishing pressure is absent, it provides 

a control setting, valuable for comparison with other, anthropogenically exploited sites and 

species around New Zealand. 
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Chapter 3 Investigating the foraging ecology of broadnose sevengill sharks using stable 

isotope analysis 

 

3.1 Introduction 

 

Identifying the trophic interactions among individuals within an ecosystem is essential for 

understanding wider community dynamics (Livingston, 1982; Link, 2002). As with other areas 

of elasmobranch biology, the dynamics of foraging ecology and trophic role lag behind studies 

on other marine taxa (Cortés, 1999; Braccini, 2008). Until two decades ago, very few estimates 

of trophic levels existed for elasmobranchs (Cortés, 1999). It is now widely accepted that due 

to having ontogenetic and spatiotemporal foraging variation, large shark species often play a 

primary role in energy transfer among upper trophic levels within marine ecosystems (Carrier 

et al. 2004; Papastamatiou et al. 2010; Bizzarro et al. 2017).  

 

Shark species occupying high trophic levels also have the potential to influence the abundance 

and distribution of lower trophic level species (Heithaus et al. 2010; Navia et al. 2012). These 

effects extend beyond direct consumption of prey (Heithaus et al. 2010; Bizzarro et al. 2017) 

to non-consumptive effects including predator induced habitat shifts and changes in behaviour 

(Lima and Dill, 1990; Schmitz et al. 2004; Creel and Christensen, 2008; Heithaus et al. 2008). 

Understanding the trophic role that large sharks play in their environments can allow strategic 

assessment of marine food web dynamics. Further, it aids the inference into critical functional 

responses to changing environmental conditions and anthropogenic influences across 

ecologically relevant spatiotemporal scales (Bizzarro et al. 2017). 

 

The trophic ecology of sharks has primarily been determined using two methods: (i) stomach 

content analysis (SCA), and (ii) stable isotope analysis (SIA). SCA is traditionally the 

identification of stomach contents to the lowest possible taxonomic level (Cortés, 1999; 

Wetherbee and Cortés, 2004). However, complete reliance on SCA for quantify foraging 

ecology has some limitations. For example, stomach contents may be biased by opportunistic 

feeding, different digestion rates of prey species, and the prevalence of unrecognised dietary 

items (Pinnegar and Polulin, 1999). Furthermore it only provides an immediate “snapshot” of 

an animal’s diet (Pinnegar and Polunin 1999; Tsai et al. 2014). Additionally, this method 

typically requires euthanisation of the target species, which is undesirable if population 

demographics and/or basic ecological data are unknown. 
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The stable isotope ratios of carbon and nitrogen in animal tissues provide a powerful alternative 

tool to investigate ecological questions regarding movement, foraging strategies, trophic 

position, reproduction and multi-species interactions (Hobson, 1999; Abrantes and Barnett, 

2011; Li et al. 2016). SIA is now routinely employed as a cost-effective and non-lethal method 

for studying the trophic ecology of elasmobranch species, requiring only a small amount of 

tissue for sampling (Hussey et al. 2012; Shiffman et al. 2012; Reum et al. 2017). SIA of white 

muscle tissue of elasmobranchs, which typically has a slow turnover of carbon isotopes (Logan 

and Lutcavage, 2010; Hussey et al. 2012), can provide information on assimilated diet over 

time (Tieszen et al. 1983; Fisk et al. 2002; Estrada et al. 2003; Matich et al. 2011).  

 

SIA investigates the relative abundance of stable isotopes of carbon (13C:12C) and nitrogen 

(15N:14N), reported as deviations from a standard as δ13C and δ15N (DeNiro and Epstein, 1978, 

1981). δ13C and δ15N can then be used as natural tracers to identify flow of organic matter 

through pathways in food webs (Post, 2002; McCutchan et al. 2003; Fry, 2006). Heavier 

isotopes of most elements are selectively retained during excretion of waste products 

(McCutchan et al. 2003; Caut et al. 2007). Therefore, at each trophic exchange there is an 

enrichment of the heavy isotope 15N by fractionation and a consequent increase of δ15N 

(DeNiro and Epstein, 1981; Minagawa and Wada, 1984; Vander Zanden et al. 1997; 

McCutchan, 2003; Caut et al. 2007). As isotopic fractionation occurs at a relatively predictable 

rate through trophic levels and appears unaffected by habitat (Minagawa and Wada, 1984), if 

the source of carbon and nitrogen in the consumer’s food web is known, the trophic level of 

the consumer can be estimated (McCutchan, 2003; Caut et al. 2007). Furthermore, the ratio of 

13C:12C values change relatively little as carbon moves through each trophic step (DeNiro and 

Epstein, 1981). This allows the δ13C value of a consumer to be used to determine the mixture 

of basal sources of carbon supporting their food web (Peterson and Fry, 1987; Post, 2002; Fry, 

2006). Knowledge of the source of carbon supporting large elasmobranch species (typically 

derived from coastal macroalgae or pelagic suspended particulate organic matter from 

phytoplankton; SPOM) can provide insight into critical foraging habitats, which in turn has the 

potential to aid implementation of strategic management (Hussey et al. 2011). 

 

Accurate ecological interpretation from SIA in elasmobranch species requires accounting for 

any potential bias of urea and lipids in shark muscle tissue (see Hussey et al. 2012 for review; 

Li et al. 2016; Carlisle et al. 2017). Of particular concern when measuring δ13C values is the 

presence of lipids in the samples (Kim and Koch, 2012; Logan and Lutcavage, 2010a). Lipids 
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are depleted in 13C that consequently lower the estimates of δ13C values, relative to 

carbohydrates and proteins, which can alter δ13C values. This depletion has the potential to 

falsely represent dietary information (Logan et al. 2008). Therefore the extraction of lipids 

prior to SIA may be required in order to standardise data among individuals (Post et al. 2007; 

Hussey et al. 2012). In elasmobranch species, white muscle tissue typically has relatively low 

lipid levels, therefore it is important to identify whether lipid extraction is necessary (Matich 

et al. 2010; Hussey et al. 2012). Furthermore, elasmobranch species maintain relatively high 

levels of urea in their tissues in order to facilitate osmoregulation (Fisk et al. 2002; 

Hammerschlag, 2006). Subsequently, it is now widely accepted that δ15N values are expected 

to be depleted in the heavy isotope 15N, resulting in artificially lower estimates of trophic 

position (Fisk et al. 2002). Failure to account for this potential bias could induce error into the 

mass mixing models, and consequentially inaccuracies in both the estimates of trophic level 

and contribution of alternative basal organic matter sources (Phillips and Gregg, 2001). 

 

Studies of the foraging ecology of sevengill sharks to date in Tasmania, South Africa, 

Argentina and California have predominantly used SCA (Ebert 1989, 1991, 2002; Lucifora et 

al. 2005; Barnett et al. 2011), with only one study using SIA in Tasmania (Abrantes and 

Barnett, 2011). From these existing studies, sevengill sharks have been identified as primarily 

coastal opportunistic scavengers with a generalist diet of other chondrichthyan species, marine 

mammals, cephalopods and teleosts (Ebert, 1991; Lucifora et al. 2005; Barnett et al. 2010, 

2012; Abrantes and Barnett, 2011; Bizzarro et al. 2017; Hammerschlag et al. 2019). 

Cannibalism has also been observed within populations (Ebert, 1991; Barnett et al. 2012). Their 

opportunistic diet has been attributed to them being found amongst the highest trophic positions 

for all elasmobranch species, similar to white sharks (Ebert, 1991; Cortés, 1999; Bizzarro et al. 

2017; Hammerschlag et al. 2019). Although the foraging ecology of sevengill sharks in coastal 

ecosystems is relatively well understood outside of New Zealand, little is known about their 

offshore migrations during winter (Barnett et al. 2011). Seasonal migration patterns have been 

observed in Tasmania, California and Argentina (Abrantes and Barnett, 2011; Barnett et al. 

2011; Bizzarro et al. 2017, Irigoyan et al. 2017), and suggest their role in oceanic and coastal 

ecosystems is likely to vary both spatially and temporally (Estes et al. 2016; Bizzarro et al. 

2017).  

 

In New Zealand, the foraging ecology of sevengill sharks has not yet been investigated and 

trophic interactions remain relatively unknown. Determining the proportions of different 
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sources of basal organic matter (coastal macroalgae or pelagic SPOM) may therefore provide 

insights into their relevant presences in those ecosystems. In turn this would help to identify 

the prevalence of sevengill sharks in particular environments and the threats they may be 

exposed to. For example, SIA was used to quantify patterns of dietary specialisation of bull 

sharks and tiger sharks in two distinct ecosystems (Matich et al. 2011). The differences in 

dietary resources identified provided insights into the differing functional roles within their 

distinct food webs (Matich et al. 2011). 

 

Changes in elasmobranch abundance in other coastal ecosystems have been indicative of, or in 

response to, ecosystem-level change following habitat degradation and/or overfishing 

(Heithaus et al. 2008; Ferretti et al. 2010; Hussey et al. 2011). Currently, little is known of 

sevengill shark abundances in southern New Zealand and hence their roles and importance in 

marine and coastal ecosystems (Housiaux et al. 2018; Lewis et al. 2020). Using an ecosystem-

based approach to understand the reliance on distinct food webs and the trophic interactions of 

sevengill sharks can provide insights into community structure and will contribute to our 

knowledge of the ecology of sevengill sharks. This knowledge in turn will facilitate evidence-

based design and implementation of management. 

 

3.2 Aims 

 

The aim of the present study was to (i) investigate the importance of pre-treatment for stable 

isotope analysis of sevengill shark muscle tissue, (ii) identify the relative contribution of 

organic matter derived from macroalgae and SPOM to food webs supporting sevengill sharks 

in southern New Zealand, and (iii) investigate the trophic position of sevengill sharks in 

southern New Zealand relative to potential food sources. Combined with the investigation of 

habitat use in Chapter two, these data and analyses provide the first examples of linkages 

between foraging ecology and the trophic position of sevengill sharks in New Zealand.  

 

3.3 Methods 

 

3.3.1 Samples and data collection 

 

Samples of sevengill sharks (n = 9) were obtained from deceased specimens incidentally caught 

by commercial inshore trawl vessels in 2019. Bycaught sharks were obtained from the 

Wairarapa coast, Otakou coast, Catlins coast and Te Waewae Bay (Fig. 3.1). The location and 

water depth that each catch occurred at were obtained from the fishers involved. Each shark 
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was measured from the tip of the rostrum to the tip of the tail to record total length (TL). Sex 

was determined visually by the absence/presence of claspers at the pelvic fins on the ventral 

side of the body. The tail of each specimen was removed between 20 cm posterior to the dorsal 

fin and 20 cm anterior to the tail stock and stored on ice in the vessels’ freeze store. Once 

landed, white muscle tissue was excised from the left-hand dorsal side of the tail stock and 

stored in a -20˚C freezer at the Portobello Marine Laboratory in Dunedin.  

 

 

Figure 3. 1. Map showing the catch locations of individual sevengill sharks, ranging from Cape 

Palliser, Wairarapa to Te Waewae Bay, Southland, New Zealand (n = 9). 
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3.3.2 Sample preparation and laboratory analysis 

 

Considering the physiology of elasmobranch species, pre-treatment of tissue samples for SIA 

is fundamental to experimental design (see Hussey et al. 2012 for review). Therefore, robust 

protocols for SIA of elasmobranch muscle tissue involve the removal of urea using deionised 

water (DW; Fisk et al. 2002; Mathew et al. 2002; Kim and Koch, 2011). Muscle tissue samples 

were dried at 60˚C for 48 hours until they attained a constant weight, they were then 

homogenised into a fine powder using mortar and pestle. All samples were treated to extract 

urea using DW. Once homogenised, each sample was placed into a 5 ml Eppendorf tube. After 

4 ml of DW was added to each tube, the samples were vortexed for 1 minute, then left to soak 

for 10 min at room temperature. The samples were then centrifuged at 3000 RPM for 1 minute 

and the DW was decanted leaving rinsed muscle tissue. This process was repeated three times, 

then the samples were left to soak in DW for 24 hours. Finally, the samples were dried at 60˚C 

for 24 hours. Subsamples of 5-6 mg were sealed into tin capsules for analysis of δ13C and δ15N. 

 

After sample processing, the saturation of lipids in samples is indicated in the C:N ratio. A ratio 

of C:N <3.5 is acceptable for statistical analysis (Post, 2002, 2007). After the removal of urea, 

the lipid content of all samples exceeded the C:N threshold of 3.5. Therefore, lipid extraction 

was performed on all samples, based on protocol by Logan and Lutcavage (2010) from Bligh 

and Dyer (1959). However, common lipid extraction methods also have the potential to alter 

δ15N values, indicating the need for duplicate samples (one lipid extracted, one not lipid 

extracted) for optimal estimation of δ13C and δ15N, respectively (Pinnegar and Polunin, 1999; 

Logan et al. 2008; Hussey et al. 2010). Samples were immersed in methanol:chloroform 2:1 

solution and vortexed for one minute. After soaking at room temperature for 30 minutes they 

were centrifuged for 10 minutes at 3400 RPMs. The liquid containing solvent and lipids was 

removed using a pipette, leaving the muscle tissue at the bottom of the tube. This process was 

repeated three times, or until the liquid was clear and colourless after centrifugation. The 

samples were then dried at 60˚C for 24 hours to remove any remaining solvents before analysis. 

Subsamples of 5-6 mg were sealed into tin capsules for analysis of δ13C and δ15N. 

 

The analysis of δ13C and δ15N values in the white muscle tissue of sevengill sharks was 

completed using a Europa 20-20 update stable isotope mass spectrometer (Europa Scientific, 

Crewe, UK). The spectrometer was interfaced to a Carlo Erba elemental analyser (NA1500; 

Carlo Erba, Milan, Italy) with a continuous flow by the Iso-trace Ratio Mass Spectrometry 

Unit, Department of Chemistry, University of Otago. Delta values were calibrated to 
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international standards; atmospheric air for δ15N and Vienna Pee Dee Belemnite (VPDB) for 

δ13C. The isotope ratio is expressed in standard delta notation (Fry, 2006). All samples were 

measured inside the range of accepted values for the quality control standards. 

 

Obtaining the isotopic baseline required to estimate trophic level and basal organic matter 

supporting individuals is a challenging issue in the application of stable isotope techniques 

(Post, 2002). Because primary producers were not sampled concurrently with sampling of 

sharks, values of δ13C and δ15N for primary producers collected and analysed during 2018/2019 

on the southeast coast of New Zealand were gathered from the recent literature (Durante, 2020). 

The mean δ15N values of SPOM and macroalgae were 5.45 ±0.33 and 8.1 ±0.21, and the mean 

δ13C values were -24±0.25 and -15.93±0.94, respectively (Durante, 2020). Furthermore, 

isotope values for the prey field were from two coastal temperate reef fish communities in the 

Marlborough Sounds and Fiordland, southern New Zealand (Udy, 2019; Udy et al. 2019). 

These fish communities are characterised by similar groups of teleost species (Udy, 2019; Udy 

et al. 2019). The literature values gathered for SPOM, macroalgae and the prey field were all 

analysed using the same machine and calibrations used for the white muscle tissue of sevengill 

sharks by the Iso-trace Ratio Mass Spectrometry Unit, Department of Chemistry, University 

of Otago.  

 

3.3.3 Trophic positions 

 

A two-step procedure was used to estimate the basal organic matter consumed and the trophic 

level of individual sharks (Post, 2002; Jack and Wing, 2011; Udy et al. 2019). The relative 

contribution of macroalgae and SPOM based on δ13C was determined through an individual-

based two-source mass balance model, after Phillips and Gregg (2001). The approximation of 

trophic level was used to estimate trophic discrimination of δ13C during this step. The 

corresponding δ15N of the mixture of organic matter sources supporting each individual 

(δ15Nbase) was then estimated using the results of this model (Jack and Wing, 2011; Udy et al. 

2019). The estimate of trophic level was then iterated back into the mass balance model until a 

stable solution was obtained for the mixture of organic matter sources and trophic level (Jack 

and Wing, 2011). To estimate trophic position of individual sharks, δ15Nbase was then used 

where trophic position = (δ15Nconsumer - δ
15Nbase)/ n, where n represents the trophic enrichment 

in δ15N (Post, 2002). For each enrichment step among trophic levels, the mean trophic 

discrimination factors of +0.5 ‰ (SE 0.17) for δ13C, and +2.3 ‰ (SE 0.28) for δ15N were used 

(McCutchan et al. 2003). The ability to resolve trophic levels of individuals in complex food 
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webs relies on an understanding of variability in trophic discrimination factors (Δ15N) 

associated with fractionation of δ15N at each trophic level (McCutchan et al. 2003; Newsome 

et al. 2010). To check the sensitivity of the trophic level estimates to any potential variability 

in trophic fractionation, the standard error of Δ15N obtained from McCutchan et al. (2003) was 

subtracted and added to create an estimated range of trophic level (i.e. ±2 SE; Appendix 3). 

There was some variability in the basal organic matter sources (represented as ±SE), however 

these numbers come from a large sample size on the southeast coast of New Zealand (Durante, 

2020), and it has been assumed that they represent the true means.  

 

3.3.4 Data analysis and statistical framework 

 

Paired t-tests are used to determine whether the mean of two sample sets differ significantly 

when observations have been made in pairs (Hsu and Lachenburg, 2005). Accordingly, the 

statistical difference between pre lipid extraction and post lipid extraction treatments were 

tested using paired t-tests in relation to (i) δ13C, (ii) δ15N, (iii) proportion of carbon derived 

from macroalgae, (iv) trophic level and (v) C:N ratio. In each case the paired samples were 

obtained from the same individual shark. Two-sample t-tests are applied when two samples are 

assumed to be independent (Xu et al. 2017). Two-sample t-tests for unequal variances 

(Harraway, 1993) were used to investigate the relationship between sex of individual sharks 

and (i) δ13C, (ii) δ15N, (iii) the proportion of carbon derived from macroalgae, (iv) trophic level, 

and (v) total length. Standard least squares regression analyses were used to investigate 

relationships between (i) δ15N and total length, (ii) δ13C and trophic level, and (iii) proportion 

of carbon derived from macroalgae and trophic level and (iv) proportion of carbon derived 

from macroalgae and total length. Standard least squares regression estimates linear 

relationships between one or more independent variables and a dependent variable by 

minimising the sum of squares of the differences between observed and predicted values of the 

dependent variable. Finally standard least squares regression analyses were used to identify 

any relationship between latitude of capture and δ13C. For interpretation of all analyses one-

way ANOVA tables were produced. All statistical analysis was performed using JMP (SAS, 

version 15.1.0), with a significance level of 5% (i.e. α = 0.05). 
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3.4 Results 

 

3.4.1 Summary of sharks sampled 

 

All nine sharks were captured between latitudes -41˚38 and -46˚41, and longitudes 175˚17 and 

167˚24. Total length of the sharks ranged from 140-230 cm (mean = 186.7 cm). Four sharks 

were male, three were female and two were of undetermined sex. These biological 

characteristics and the approximate locations of capture are summarised in Table 3.1. 

 

Table 3. 1. Summary of basic biological characteristics (sex and total length), latitude 

longitude, and depth (m) of individual sevengill sharks caught in southern New Zealand. Empty 

cells indicate no data. 

Sample Latitude Longitude Depth 

(m) 

Sex Total length 

(cm) 

1 -45˚52 170˚41  F 200 

2 -46˚17 167˚31 26 M 180 

3 -46˚21 167˚24  M 230 

4 -46˚21 167˚24 55 F 140 

5 -46˚41 169˚16 50  230 

6 -41˚39 175˚17  M 200 

7 -46˚19 167˚27 56 M 180 

8 -46˚19 167˚27 56 F 180 

9 -46˚19 167˚27   140 

 

3.4.2 Effect of treatment on δ13C and composition of organic matter 

 

Prior to lipid extraction δ13C values ranged from -17.67 to -16.85‰ decreasing post lipid 

extraction to a range of -17.29 to -16.25‰.  The difference between extreme values was 0.82‰ 

and 1.04‰ respectively. These effects are summarised in Table 3.2. Mean δ13C significantly 

increased post lipid extraction from -17.40 (SE = 0.10) to -16.92 (SE = 0.12; (p-value=0.0027; 

Table 3.3; Fig. 3.2a). The C:N ratio ranged from 3.74 to 4.32 prior to lipid extraction and 

decreased to between 3.18 and 3.72 post lipid extraction. The mean value of the C:N ratio 

significantly decreased post lipid extraction from 3.91 (SE = 0.18) to 3.51 (SE = 0.05; p-value 

= 7.5e-04), indicating that the extraction process was effective in the tissues analysed (Table 

3.3).  
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The estimated proportion of macroalgae-derived carbon in shark diet composition ranged from 

0.52 to 0.65 prior to lipid extraction. This range increased to between 0.59 and 0.74 post lipid 

extraction (Table 3.2). The mean estimated proportion of macroalgae-derived organic matter 

increased significantly from 0.57 (SE = 0.01) to 0.64 (SE = 0.02) post lipid extraction (p-value 

= 1.5e-3; Table 3.3; Fig 3.2b).  

 

Table 3. 2. Summary of the effects of lipid extraction treatment on δ13C and δ15N values, 

proportion of organic matter derived from macroalgae (% macro), C:N ratio and trophic level 

(TrL) identified using stable isotope analysis of muscle tissue of sevengill sharkss from 

southern New Zealand. DW represents urea-extracted samples and LR represents lipid-

extracted samples. 

  δ15N (‰) δ13C (‰) % macro C:N ratio TrL 

Sample DW 

DW  

+  

LR 

DW 

DW  

+  

LR 

DW 

DW 

 +  

LR 

DW 

DW

+ 

LR 

DW 

DW 

+ 

 LR 

1 16.52 16.40 -17.67 -16.48 0.52 0.68 4.32 3.61 4.21 3.96 

2 15.88 15.61 -17.54 -17.29 0.56 0.60 3.85 3.48 3.89 3.72 

3 16.39 16.07 -17.37 -17.14 0.57 0.61 3.95 3.72 4.10 3.92 

4 16.47 15.12 -17.64 -17.1 0.54 0.64 3.96 3.18 4.18 3.47 

5 16.03 15.51 -16.85 -16.25 0.65 0.74 3.93 3.4 3.85 3.52 

6 16.5 16.41 -17.08 -17.08 0.60 0.61 3.74 3.6 4.11 4.06 

7 16.26 16.19 -17.64 -17.25 0.53 0.59 3.74 3.53 4.08 3.99 

8 16.41 16.2 -17.2 -16.7 0.59 0.66 3.76 3.52 4.09 3.91 

9 16.03 16.05 -17.65 -16.98 0.54 0.63 3.91 3.51 3.98 3.88 

Mean 

±SE 

  

16.28 

± 

0.08 

15.90 

±  

0.15 

-17.40 

±  

0.10 

-16.92 

±  

0.12 

0.57  

±  

0.01 

0.64  

± 

0.02 

3.91 

 ± 

0.18 

3.51 

± 

0.05 

4.05 

± 

0.04 

3.82 

± 

0.07 
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Table 3. 3. Results of paired t-tests for lipid extraction treatment on δ13C and δ15N values, 

proportion of organic matter derived from macroalgae (% macro), C:N ratio and trophic level 

(TrL) from muscle tissue collected from sevengill sharks in southern New Zealand. Df = 

degrees of freedom, and asterisks indicate significance of factors (p < 0.001 ***, p < 0.01 **, 

p < 0.05 *, p < 0.1.). 

Variable df Test statistic P-value 

δ13C 8 -4.27 2.7e-03*** 

δ15N 8  2.37 4.5e-02* 

% macro 8 -4.71 1.5e-3*** 

TrL 8  3.38 9.5e-03*** 

C:N ratio 8  5.27 7.5e-04*** 

 

3.4.3 Treatment effect on δ15N and trophic level 

 

Post urea extraction δ15N values ranged between 15.88 and 16.52‰ and post lipid extraction 

the range decreased to between 15.12 to 16.41‰ (Table 3.2). The difference between extreme 

values was 0.64‰ and 1.29‰ respectively. Mean δ15N significantly decreased after lipids were 

extracted (p-value = 0.045; Table 3.3; Fig. 3.2c). The estimated trophic levels obtained for each 

shark using δ15N values prior to lipid extraction ranged from 3.52 to 4.21 (Table 3.2). Post lipid 

extraction these values decreased to a range between 3.47 and 3.99 (Table 3.2). The mean 

estimated trophic level significantly decreased from 4.21 (SE = 0.04) to 3.82 (SE = 0.07) post 

lipid extraction (p-value = 9.5e-03; Table 3.3; Fig. 3.2d).  
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Figure 3. 2. Effect of urea and lipid removal on a) mean δ13C values, b) mean proportion of 

macroalgae-derived carbon in shark diet, c) mean δ15N values, and d) mean trophic level 

obtained from white muscle tissue of sevengill sharks in southern New Zealand (±SE). DW = 

urea removal and DW + LR = urea and lipid removal. 

 

3.4.4 Individual variability in proportion of carbon derived from basal organic matter sources 

 

The proportion of organic matter derived from macroalgal sources in shark tissues ranged from 

59% to 74% with a mean of 64% (SE = 0.02; Table 3.2). Females had a significantly higher 

proportion of carbon derived from macroalgae (66%) compared to males (60%) (p-value = 

3.8e-03; Table 3.4; Fig. 3.3a). No significant relationships were identified between proportion 
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of macroalgal-derived carbon from basal organic matter sources and total length, although there 

was a significant relationship between proportion of carbon derived from macroalgae and 

trophic level (Table 3.5). Moreover there was no significant relationship between δ13C and 

latitude of sharks caught (p-value = 0.29), or δ13C and length and (p-value = 0.16). 

 

Table 3. 4. Results of t-tests for sex of individual sharks relative to δ13C values, δ15N values, 

proportion of carbon derived from macroalgae (% macro), trophic level (TrL) and total length 

(cm) obtained from muscle tissue of sevengill sharks in southern New Zealand. Df = degrees 

of freedom and asterisks indicate significance of factors (p < 0.001, p < 0.01 **, p < 0.05 *, p 

< 0.1.). 

Variable df Test statistic p-value 

δ13C 5 2.62 4.6e-02* 

δ15N 5 1.29 0.25 

% macro 5 5.09 3.8e-03*** 

TrL 5 1.64 0.16 

Length 5 -1.19 0.28 

 

Table 3. 5. Summary of standard least squares regression of total length and trophic level (TrL) 

relative to proportion of organic matter derived from macroalgal sources (% macro) in muscle 

tissue of sharks in southern New Zealand. Df = degrees of freedom and asterisks indicate 

significance of factors (p < 0.001, p < 0.01 **, p < 0.05 *, p < 0.1.). 

Predictor Response df 

Sum of 

Squares p-value r2 

Length % macro 8 0.02 0.41 0.10 

TrL % macro 8 0.02 0.58 0.04* 

 

3.4.5 Individual shark variability of δ15N and trophic level 

 

The trophic level of sevengill sharks ranged from 3.85 to 4.21, with a mean of 4.05 (±0.04) 

(Table 2.3). Results of the sensitivity analysis showed that this can vary by ± 0.57, given ±1 

SE around the trophic discrimination factor. Mean δ15N and mean trophic level appeared 

slightly higher in females than males (Fig. 3.3b, d), however these relationships were not 

significant (Table 3.4). There was no significant relationship between total length of sharks and 
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δ15N values (p-value = 0.85), although larger sharks appeared to have higher δ15N values (Fig. 

3.4). Moreover, there was no significant relationship between total length and sex of sevengill 

sharks although males appeared larger than females (Table 3.4; Fig. 3.3c). No significant 

relationships were identified between trophic level and length, δ13C or δ15N values (Table 3.6). 

 

Table 3. 6. Summary of standard least squares regression of δ13C and δ15N values and total 

length (cm) relative to trophic level (TrL) obtained from muscle tissue of sevengill shark in 

southern New Zealand. Df = degrees of freedom and asterisks indicate significance of factors 

(p < 0.001, p < 0.01 **, p < 0.05 *, p < 0.1.). 

Predictor Response df 

Sum of 

Squares p-value r2 

δ13C TrL 8 0.11 0.74 0.02 

Length TrL 8 0.11 0.66 0.03 

δ15N TrL 8 0.45 0.85 0.01 
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Figure 3. 3. a) Mean proportion of macroalgae-derived organic matter in shark diet, b) mean 

δ15N values, c) mean total length (cm), and d) trophic level, relative to the sex of sevengill 

sharks in southern New Zealand (n = 7). F = female, M = male. Error bars indicate ±1 SE. 
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Figure 3. 4. δ15N values in relation to total length (cm) of sevengill sharks collected in southern 

New Zealand (n = 9). 

 

3.4.6 Placing sevengill sharks in a coastal temperate food web 

 

The two locations where the prey field was sampled were in Fiordland (Fig. 3.5a) and the 

Marlborough Sounds (Fig. 3.5b). Basal organic matter values used were sampled from the 

southeast Otakou coast (Fig. 3.5a, b). The two alternate groups of organic matter sources 

(SPOM and macroalgae) were well discriminated by δ13C. After the trophic discrimination 

values sourced from McCutchan et al. (2003) were applied to all trophic levels, all individual 

sharks fell between the two sources, suggesting there is no input from terrestrial sources (Fig. 

3.5a, b). The δ15N values indicate sevengill sharks sit approximately one full trophic level 

above these fish communities in both locations (Fig. 3.5a, b). Carbon fractionation is indicated 

as the δ13C value are slightly higher than those of the fish community (Fig. 3.5a, b).  
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Figure 3. 5. Stable isotope ratios (δ13C and δ15N) of base organic matter sources (macroalgae 

and suspended particulate organic matter, SPOM) with trophic discrimination after McCutchan 

et al. (2003) applied to multiple trophic levels. Black dots represent averages for reef fish 

species (±1 SE) from (a) Fiordland, 1. Butterfly perch, 2. Telescope fish, 3. Scarlett wrasse, 4. 

Spotty, 5. Blue cod, 6. Banded wrasse, 7. Marble fish, 8. Tarakihi, 9. Girdled wrasse, 10. 
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Leatherjacket, 11. Sea perch, 12, Blue moki, 13. Greenbone, 14. Trumpeter, 15. Copper moki, 

16. Red-banded perch, 17. Red cod, 18, Splendid perch, 19. Common roughy, and (b) 

Marlborough Sounds 1. Blue cod, 2. Spotty, 3. Banded wrasse, 4. Butterfly perch, 5. Scarlett 

wrasse, 6. Blue moki, 7. Marble fish, 8. Red moki, 9. Tarakihi, 10. Kahawai, 11. Leatherjacket, 

12. Yellow-eyed mullet, and 13. Greenbone. Reef fish species are plotted alongside sevengill 

sharks (represented by triangles) in southern New Zealand (n = 9). 

 

3.5. Discussion 

 

Stable isotope analysis of δ13C and δ15N in white muscle tissue was used to investigate (i) the 

effect of pre-treatment on white muscle tissue, and (ii) the foraging ecology of sevengill sharks 

in southern New Zealand. The present study provides new insights into an appropriate 

methodology for applying multiple chemical treatments to remove urea and lipids from white 

muscle tissue of sevengill sharks, and other elasmobranchs. Furthermore, isotopic values varied 

between sexes, however no apparent correlations were identified with total length, or latitude 

of capture. The present study was the first to investigate variability in stable isotope ratios of 

sevengill sharks in New Zealand. These results give insight into the foraging ecology for the 

species, however there is a need to further address a broad range of tissue compositions, and 

habitats. 

 

3.5.1 Effects of lipid treatment on δ13C and δ15N 

 

It is assumed that many elasmobranch species have low lipid content (Bone and Roberts, 1969; 

Hussey et al. 2010, 2012), however the effects of lipid extraction can vary greatly among 

species or tissues (Hussey et al. 2012). Therefore, it is important to determine if the lipid 

extraction process is required prior to interpreting any ecological results (Post et al. 2007; 

Logan and Lutcavage, 2008; Hussey et al. 2012; Kim and Koch, 2012; Li et al. 2016).  

 

The C:N ratio is a widely accepted proxy for lipid content, whereby tissues with a C:N ratio 

<3.5 are mostly composed of pure proteins with minimal lipid bias, indicating lipid extraction 

is not required (Post et al. 2007). Given that lipids are depleted and variable in carbon relative 

to proteins, the presence of lipid in muscle tissues can increase the C:N ratio (DeNiro and 

Epstein, 1977; Tieszen et al. 1983; Pinnegar and Polunin, 1999; Post et al. 2007). In the present 

study the mean C:N ratio decreased from 3.87 to 3.51 post lipid extraction (Table 3.2), 
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indicating that lipid removal was effective for the muscle tissue samples analysed, similar to 

changes previously found in teleost muscle tissue (Sweeting et al. 2006).  

 

In the present study chloroform:methanol 2:1 was used to remove lipids from the muscle tissue 

of sevengill sharks. Mean δ13C values significantly increased after lipid extraction (Table 3.3; 

Fig. 3.2a), indicating that although lipid content was relatively low, C-depleted lipids were 

removed. These results corroborate previous studies showing that δ13C values of muscle tissue 

in elasmobranch species significantly increased following lipid extraction (Logan and 

Lutcavage, 2008; Hussey et al. 2012; Kim and Koch, 2012; Li et al. 2016; Carlisle et al. 2017). 

In a review of the effects of urea and lipid extraction from elasmobranch muscle tissue, δ13C 

values of eight estuarine and marine elasmobranch species significantly increased post lipid 

extraction emphasising the need for standardisation within and between species (Hussey et al. 

2012). Li et al. (2016) also emphasised the importance of removal of both urea and lipids to 

eliminate isotopic bias in muscle tissue of pelagic sharks in the Northeast Central Pacific 

Ocean. This study further identified that although the lipid contents of pelagic sharks analysed 

were low, there was still a need to extract 13C-depleted lipids (Li et al. 2016).  

 

Additionally, post lipid and urea extraction of white muscle tissue, δ13C values were 

significantly higher in four out of five temperate coastal shark species from the north-eastern 

Pacific Ocean (Carlisle et al. 2017). Moreover, the C:N ratio significantly decreased for each 

of those five species post lipid extraction, including both white sharks and spiny dogfish 

(Carlisle et al. 2017), two elasmobranch species that are known to inhabit similar niches to 

sevengill sharks (Ebert, 1991; Hanchet, 1998; Hammerschlag et al. 2018). The δ13C values in 

muscle tissue of spiny dogfish also significantly increased post lipid removal treatment in 

several other studies (Logan and Lutcavage, 2010; Reum, 2011). 

 

It is important to acknowledge that there is considerable heterogeneity in lipid content between 

and within species, determined by foraging dynamics and life history constraints (Post et al. 

2007). SIA is often used to determine proportions of nutritional sources across spatial scales 

from coastal to pelagic primary producers (Sotiropoulos et al. 2004). Thus, there is potential 

for lipid-biased estimates of δ13C to inaccurately estimate proportions of these base organic 

matter sources, and consequently lead to misinterpretation in foraging habits of individuals 

and/or populations (Post et al. 2007). For example, blacktip sharks (Carcharhinus limbatus) 

sampled in South Africa held significantly more lipids than individuals sampled in the Atlantic 

Ocean and Gulf of Mexico (Davidson et al. 2011). The single other study using SIA to 
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investigate foraging patterns of sevengill sharks did not indicate the necessity for lipid 

extraction from white muscle tissue (Abrantes and Barnett, 2011). This highlights the need to 

standardise individual δ13C values when investigating variation within a population across wide 

geographical ranges (Post et al. 2007; Hussey et al. 2012).  

 

The significant increase in δ13C values seen in the lipid extracted muscle tissue in the present 

study could have important ecological implications. The proportion of estimated macroalgal-

derived organic matter identified in the food webs supporting shark diet increased significantly 

following lipid extraction (Table 3.3; Fig. 3.2b). Again, this emphasises the need for 

standardised methodological protocols for determining the need for lipid extraction, as 

recommended by previous studies (Logan and Lutcavage, 2008; Hussey et al. 2012; Kim and 

Koch, 2012; Li et al. 2016). 

 

It is widely accepted that chloroform:methanol methods for lipid extraction have potential to 

alter both δ13C and δ15N values of muscle tissue (Logan and Lutcavage, 2008; Hussey et al. 

2012; Kim and Koch, 2012; Li et al. 2016; Carlisle et al. 2017). In the present study the effect 

of lipid extraction on δ15N values for sevengill shark muscle tissue was significant (Table 3.3; 

Fig. 3.2c), suggesting that other nitrogenous compounds or nitrogen from protein may have 

been removed. (Steele and Daniel, 1978; Peterson and Fry, 1987; Bearhop et al. 2000; Logan 

and Lutcavage, 2008; Churchill et al. 2015). Hussey et al. (2012) found the largest and most 

significant shifts in δ15N values observed among 21 elasmobranch species were in highly 

mobile marine shark species, similar to sevengill sharks. However, unlike the positive response 

of δ13C values after lipid extraction, the alteration of δ15N values is not yet fully understood 

(Pinnegar and Polunin, 1999; Sotiropoulos et al. 2004). These results offer robust support for 

the need to test for mechanisms of δ15N alteration following chemical lipid extraction and 

indicate δ15N values for analysis should be taken post urea extraction but prior to lipid 

extraction (Logan and Lutcavage, 2008; Kim and Koch, 2012; Li et al. 2016; Carlisle et al. 

2017). Similar suggestions have been made with respect to problems associated with acid-

washing (Bunn et al. 1995; Bosley and Wainright, 1999). However, this double treatment of 

both urea and lipid extraction will increase the amount of sample material needed and the cost 

of analysis. An alternative for lipid normalisation may be using statistical corrections (Logan 

et al. 2008; Post et al. 2007; Sweeting et al. 2008; Hoffman and Sutton, 2010), although given 

the high variability among and between elasmobranch species, developing a standardised 

process remains problematic (Hussey et al. 2012). 
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3.5.2 Sources of primary productivity  

 

Sevengill sharks sampled in southern New Zealand had a small range of carbon and nitrogen 

isotope ratios (Table 3.2), especially considering the wide spatial scale of the study. However, 

latitude appeared to have no significant relationship with δ13C values in shark diet. Although 

the variation in δ13C can indicate diversity of organic matter derivation to their food webs, the 

results of the present study indicate these sharks predominantly forage in coastal macroalgal 

supported communities. This is reflected through high δ13C values (Table 3.2) and a significant 

proportion of organic matter derived from macroalgae supporting their underlying foodwebs. 

These findings support conclusions from previous literature from Tasmania, identifying 

sevengill sharks with higher δ13C inhabited inshore sites (Abrantes and Barnett, 2011).  

 

In coastal food webs, benthic macroalgae is generally identified as the primary source of 

organic matter, portrayed through higher δ13C values than pelagic planktonic producers, which 

have distinct seasonal coastal occurrences (Mann, 1973; Duggins et al. 1989; Clementz and 

Koch, 2001; Jack and Wing, 2011; Udy et al. 2019). While phytoplankton-derived organic 

matter may also support temperate coastal environments (Gregson and Booth, 2005; Ware and 

Thomson, 2005; Udy et al. 2019), macroalgal-derived organic matter is relatively stable year-

round in kelp habitats of southern New Zealand (Jack and Wing, 2011). Thus, the high 

percentage of macroalgae-derived organic matter indicates the sevengill sharks in the present 

study are dependent on coastal food webs for approximately two-thirds of their energy 

requirements. 

 

The results of the present study also indicated that female sevengill sharks had a significantly 

higher proportion of macroalgae-derived carbon than males (Table 3.4; Fig. 3.3a), in agreement 

with studies in Tasmania, Australia (Abrantes and Barnett, 2011). It has been documented in 

Australia (Barnett et al. 2011), South Africa (Ebert 1989, 1996), and Washington State in North 

America (Williams et al. 2011) that female sevengill sharks tend to remain in inshore coastal 

environments while males migrate away from coastal aggregation sites in winter. The 

observation suggests females could acquire a higher proportion of macroalgae-derived organic 

matter in their diets relative to males, due to their movement and residency patterns in coastal 

habitats. Previous literature has identified the movement patterns of sevengill sharks following 

their prey species migrations in Tasmania (Barnett et al. 2010, 2011) and South Africa (Ebert 

1991, 2002). Because isotopic signatures represent approximately 1-2 years of assimilated diet, 
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seasonal trends in proportions of base organic matter contributions to sevengill shark diet may 

be diluted by dominance of macroalgal-derived carbon as opposed to pelagic SPOM. 

 

Although isotopic enrichment of both δ13C and δ15N values with increasing body size has been 

documented for a wide range of marine fishes (Jennings, 2005; Churchill et al. 2015; Shipley 

et al. 2017), there were no significant relationships identified between carbon isotope 

composition and total length of the sharks in the present study. The single other study using 

stable isotope analysis of sevengill sharks in Tasmania analysed 146 individuals and also found 

no significant relationship between δ13C values and total length (Abrantes and Barnett, 2011). 

This Tasmanian study did, however, find higher δ13C values during autumn compared to sharks 

collected between winter and summer (Abrantes and Barnett, 2011). This may indicate either 

residency in coastal δ13C enriched ecosystems, or some seasonal variability in use of food 

resources, although the latter is unlikely due to the long turnover time of carbon isotopes in 

white muscle tissue of elasmobranch species.  

 

Furthermore, the lengths of individuals sampled in the present study ranged from 140 – 230 

cm (mean = 186.67). The lengths of all males (n = 4) were consistent with maturity, while 

females (n = 3) were sub-adults (based on length at maturity from Ebert, 1989; Dukhuizen and 

Mollet, 1992). A larger sample including a wider ontogenetic range of sharks may identify 

relationships with δ13C and δ15N that were not identified in the present study. Additionally, 

using a sample size spanning all four seasons, and incorporating the use of tissues with faster 

turnover times (e.g. blood or liver tissue; Matich et al. 2012), may identify seasonal or 

geographic trends in δ13C or δ15N values of sevengill sharks relative to latitude of capture.  

 

3.5.3 Trophic level  

 

Sevengill sharks in southern New Zealand appear to occupy high trophic levels ranging from 

3.85 – 4.21 with a mean of 4.05 ± 0.04 (n = 9; Fig. 3.2d). Sevengill sharks have previously 

been placed in trophic levels as high as 4.7 (Cortés, 1999) and 4.57 (Bizzarro et al. 2017). The 

differences in mean estimated trophic level between the present study and these two previous 

studies may be due to different methods of trophic level calculation.  Both Cortés, (1999) and 

Bizzarro et al. (2017) used basal organic matter represented as values of 1 from Pauly and 

Christensen, (1995), while the present study used values of 0. Consequentially, the mean 

estimates of trophic level in the present study may be higher than the estimates from Cortés, 

(1999) and Bizzarro et al. (2017). However, given the mean change in trophic level relative to 
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the natural variability of the trophic discrimination factor in the present study (± 0.57; 

Appendix 3), the mean estimates of trophic level for sevengill sharks do appear to corroborate 

the estimates in Cortés, (1999) and Bizzarro et al. (2017). 

 

Larger animals are expected to have higher δ15N than smaller animals due to ontogenetic 

differences in foraging ecology (Ebert, 2002; Lucifora et al. 2005; Estrada et al. 2006; Braccini, 

2008; Abrantes and Barnett, 2011). However, no significant relationships were identified 

between sevengill shark trophic level and total length. Again, the small sample size (n = 9) 

lacked representation of any juvenile sharks, mature females and sub-adult males. If sharks 

with a larger range of total lengths were analysed, perhaps these relationships may become 

clearer. There was also no significant relationship between trophic level and sex. This may 

indicate there are no differences among these factors, although this is unlikely given previous 

reports of these relationships being detected (Ebert, 2002; Lucifora et al. 2005; Estrada et al. 

2006; Braccini, 2008; Abrantes and Barnett, 2011). It could be assumed that the sample of 

sevengill sharks in the present study was representative of the southern New Zealand 

population, although it is more likely that the sample size was not large enough to detect any 

differences in these variables. 

 

While the resolution of stable isotope data generally precludes identification of specific prey 

species, the diet of sevengill sharks collected in places over the time period of this study are 

consistent with primary prey fields in two locations of southern New Zealand. Across both sites 

from which prey data were obtained, sevengill sharks sat consistently one full trophic above 

the fish community (Fig. 3.5a, b). Comparatively, in South Africa the trophic level and foraging 

niche of white sharks has indicated an overlap in habitat use with sevengill sharks in coastal 

temperate kelp-associated environments (Ebert, 2002; Hammerschlag et al. 2018). Previous 

research using SCA has reported mature sevengill sharks feeding on larger prey items, 

including marine mammals and other chondrichthyan species, while smaller sevengill sharks 

feed primarily on teleost species (Cortés, 1999; Ebert, 2002; Lucifora et al. 2005; Braccini, 

2008; Barnett et al. 2010). More specifically, the trophic level of sevengill sharks is known to 

increase with size (Ebert, 2002; Lucifora et al. 2005; Braccini, 2008; Abrantes and Barnett, 

2011). Abrantes and Barnett (2011) reported the largest size class analysed (>250cm) had lower 

δ15N than smaller sharks (<250cm). This was possibly a reflection of residency in coastal areas 

as all of those samples (>250 cm) were females.  
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The low reliance of sevengill sharks on pelagic prey fields is logical given the abundance and 

diversity of prey in productive coastal habitats of New Zealand (Udy et al. 2019). These kelp-

associated fish assemblages are known to move further offshore during winter into deeper and 

warmer water (Win, 2011). Furthermore, because macroalgae is predominantly assimilated 

into the food web through detritus, there is potential for fish communities both within and 

adjacent to kelp forests to derive kelp-associated organic matter into their diets (Duggins et al. 

1989; Harrold et al. 1998; Krumhansl and Scheibling, 2012). Based on the trophic position of 

sevengill sharks identified in the current study, directly above the kelp-associated prey fields, 

it may be assumed these sharks follow the seasonal migration of these prey fields. Perhaps 

under different conditions these sharks may fill a different niche, but in New Zealand they 

appear to be apex predators of coastal kelp-associated ecosystems. However, in future studies 

it may be beneficial to include organic matter sources from detrital and/or terrestrial systems 

as these sharks are inhabiting benthic, nearshore ecosystems. Moreover, due to a small sample 

size and the lack of all-encompassing ontogenetic variation among the individuals sampled, 

these results should be interpreted with caution. 

 

3.5.4 Implications for isotope studies of sevengill sharks 

 

The present study was the first study to investigate isotopic signatures of sevengill sharks in 

New Zealand, and one of few published studies on this species globally. As the sample size 

was small and only white muscle tissue was analysed these results should be interpreted with 

caution. Moreover, the single other study that used SIA to investigate sevengill shark foraging 

ecology did not perform lipid extraction on white muscle tissue (Abrantes and Barnett, 2011), 

emphasising the need to determine the necessity of lipid extraction across and within species. 

Finally, the present study supports the use of white muscle tissue for analysing biochemical 

tracers in sevengill sharks. The resolution of these data precludes prey-specific analyses, 

however there is potential to explore alternative tissues such as liver and blood. Previous 

studies have identified that these tissues have faster turnover times than white muscle tissue 

(Hussey et al. 2012; Matich et al. 2014). Analysis of these alternative tissues may indicate 

seasonal habitat use and foraging patterns, and even diet switching (Matich et al. 2014). There 

is potential for SIA to offer a non-invasive approach to study foraging ecology, while yielding 

large sample sizes. Due to the lack of empirical data on this species, it is suggested that SIA 

should be prioritised over SCA which, in the past has required euthanasia of sharks in large 

sample sizes. 
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3.5.5 Implications for management 

 

The present study highlights some issues for the management and conservation of sevengill 

sharks in New Zealand. These sharks appear to predominantly rely on coastal productivity in 

temperate kelp-associated ecosystems which are vulnerable to land-based and anthropogenic 

influences (Babcock et al. 1999; Udy et al. 2019). Any localised activities, such as fishing or 

aquaculture, may therefore impact sevengill sharks indirectly through habitat degradation, or 

directly through the removal of sharks or their prey. 

 

There has been a global trend in overfishing resulting in loss of kelp forests over the past three 

decades (Steneck et al. 2002, 2004). Previous studies showed large predatory fish can regulate 

benthic invertebrate populations through consumption (Badas and Steneck, 1995; Steneck et 

al. 2004; Harris et al. 2010; Powter et al. 2010). Through fishing down food webs, large 

vertebrate species were often targeted early (Steneck et al. 2002), such that large predatory 

fishes acting as apex predators have been lost worldwide (Stevens et al. 2000; Steneck et al. 

2002; Heithaus et al. 2008). Consequently, teleost fish species are now the most commonly 

identified predator in kelp-associated ecosystems (Steneck et al. 2002). In the few locations 

where apex predatory chondrichthyans still exist in these ecosystems, urchins and large benthic 

invertebrates are rare, and kelp is abundant (Badas and Steneck, 1995; Steneck et al. 2004). 

 

Biodiversity within trophic levels is critical for the structure and function of kelp-associated 

ecosystems (Estes et al. 1989; Steneck et al. 2002). Management recommendations should now 

focus on minimising fishing impacts and sustaining populations of functionally important 

species in these systems (Estes et al. 1989; Steneck et al. 2002; Heithaus et al. 2008). 

Dependency on coastal food webs has potentially important implications for the management 

and protection of large coastal sharks. This study has shown that kelp-associated habitats 

appear critical for sevengill sharks, which is different to other large sharks in New Zealand. 

Both the shortfin mako (Isurus oxyrinchus) and blue shark (Prionace glauca) for example, are 

pelagic species found throughout most of New Zealand’s Exclusive Economic Zone (EEZ), 

although the shortfin mako is less common in the cooler waters around the South Island 

(Francis et al. 2015a). Another of New Zealand’s large coastal shark species is the bronze 

whaler (Carcharhinus brachyurus), found in temperate waters (Lucifora et al. 2005). While 

studies on this species in New Zealand are limited, in South Australia, Argentina and South 

Africa bronze whalers exhibit seasonal site fidelity when water temperatures are between 16˚C 
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and 24˚C, with a high affinity to patchy sand and seagrass habitats (Smale, 1991; Cliff and 

Dudley, 1992; Lucifora et al. 2005; Drew et al. 2019). It is therefore unlikely that there is much 

overlap between distribution of sevengill and bronze whaler sharks in New Zealand coastal 

habitats. White sharks are the only large coastal shark species in New Zealand known to occupy 

the same niche as sevengill sharks (Francis et al. 2015b). However, white sharks are highly 

migratory (Bonfil et al. 2005; Weng et al. 2007; Carlisle et al. 2017) and thus the overlap with 

habitat of sevengill sharks may occur only seasonally.  

 

Generally, sevengill sharks in New Zealand have been overlooked as a high trophic level apex 

predator in coastal waters, and thus little management is in place for the species. However, the 

results presented here identify sevengill sharks as a significant coastal predator, occupying high 

trophic levels and closely linked to kelp forest systems. New Zealand may therefore have a 

unique opportunity to strategically manage and conserve these sharks to mitigate any 

impending declines, which appear as a general trend in coastal shark species worldwide 

(Stevens et al. 2000; Ferretti et al. 2010; Knip et al. 2010; Speed et al. 2010; Roff et al. 2018). 

More data on their long-term movements and diets would be required to aid management and 

guide conservation efforts. A larger sample size may establish patterns of ontogenetic shift in 

diet. Furthermore, by concurrently sampling sharks, their prey field and organic matter in situ, 

a more accurate depiction of the sevengill shark food web could be determined. Future studies 

could also investigate the analysis of more specific biochemical tracers in different tissues 

which could provide information on potential seasonal variations in diet. 

 

These observations highlight the previously underestimated link between coastal primary 

producers and a large apex predator, the sevengill shark, in kelp-associated ecosystems in 

southern New Zealand. Thus, there are important implications here for developing an 

ecosystem-based approach to conservation and management specifically for high trophic level 

species, with the goal of preserving intact food webs.  
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Chapter 4 Synthesis and conclusions 

 

4. 1 Ecological importance of broadnose sevengill sharks 

 

The ongoing decline of shark populations worldwide is a cause for major ecological concern 

(Estes et al. 1998; Myers and Worm, 2003; Heithaus et al. 2008; Espinoza et al. 2014). There 

is little doubt that large sharks play key roles in the structure and function of marine food webs 

(Estes et al. 1998; Stevens et al. 2000; Myers and Worm, 2003; Bascompte et al. 2005; Heithaus 

et al. 2008; Heupal et al. 2014). As a high trophic level coastal predator, sevengill sharks are 

capable of exploiting multiple prey sources (Ebert, 1986, 2002; Barnett et al. 2010; Bizzarro et 

al. 2017). Within their temperate coastal ranges, they can be one of the most abundant apex 

predators (Ebert, 1989; Lucifora et al. 2005; Abrantes and Barnett, 2011; Barnett et al. 2012). 

Given their widespread presence in New Zealand’s coastal ecosystems (Cox and Francis, 1997; 

Anderson et al. 1998; Ford et al. 2018; Housiaux et al. 2018; Lewis et al. 2020), it is likely that 

they play an important role in the structure and function of these food webs.  

 

The implementation of effective management for large mobile predators such as sevengill 

sharks relies on resolving species distributions and understanding food web structure (Myers 

and Worm, 2005). In turn this allows for the identification and subsequent protection of habitats 

critical for life functions (Pauly, 2002; Pikitch et al. 2004; Myers and Worm, 2005). Previous 

studies have examined the general ecology and distribution patterns of sevengill sharks in 

southern Australia (Braccini, 2008; Barnett et al. 2010, 2012), South Africa (Ebert, 1996), 

North America (Ebert, 1989; Williams et al. 2011), northern Patagonia (Lucifora et al. 2005; 

Irigoyan et al. 2018, 2019) and New Zealand (Housiaux et al. 2018; Lewis et al. 2020). 

However, similar to sevengill shark populations in the Pacific Northwest coastal ecosystems 

(Williams et al. 2011), the species occurrence in New Zealand has generally been overlooked 

as an important component in coastal fish communities. Building on suggestions from previous 

research in New Zealand (Housiaux et al. 2018; Lewis et al. 2018), without more data on basic 

ecology (Housiaux et al. 2018; Lewis et al. 2020), it is impossible to adequately understand the 

scale of risk to local populations. In turn, the lack of quantitative data for sevengill sharks may 

result in poor management decisions for this species.  

 

The key motivation for this thesis was to contribute to closing the knowledge gap of 

spatiotemporal habitat use and foraging ecology of sevengill sharks in New Zealand. 

Ultimately this would provide environmental and fisheries managers with detailed information 
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on the best way to manage this large apex predator. This thesis has utilised data from BRUVs, 

combined with SIA in order to investigate the foraging ecology of this species. Spatiotemporal 

habitat use of sevengill sharks was examined in Te Whaka ā Te Wera, Rakiura, and SIA of 

bycaught sharks from southern New Zealand was used to evaluate trophic level and identify 

the predominant sources of organic matter and the food webs that fulfil their energy 

requirements. In a wider context, this research contributes to our understanding of the 

ecological relationships between sevengill sharks and the ecosystems that they inhabit. 

 

4.2 Summary of findings 

 

4.2.1 Objective 1: To quantify spatiotemporal habitat use of broadnose sevengill sharks in Te 

Whaka ā Te Wera, Rakiura, New Zealand 

 

In Chapter two, SDMs were used to quantify the relative abundance of sevengill sharks in 

relation to a suite of environmental variables gathered in Te Whaka ā Te Wera. Sevengill sharks 

showed evidence of heterogeneous distribution, driven by a range of abiotic and biotic 

variables. These included positive correlations with (i) distance from the inlet entrance, (ii) 

water temperature, (iii) availability of potential prey, and (iv) coarse sediment seafloor 

substrate, and negative associations with (i) depth, (ii) ambient light, and (iii) water visibility.  

 

The present study corroborated the findings of previous research which found higher relative 

abundances of sevengill sharks during warmer months (Housiaux et al. 2018; Lewis et al. 

2020). This seasonal increase in shark abundance, particularly in the end of the inlet furthest 

from the seaward entrance, supports findings from elsewhere which have identified seasonal 

aggregations in shallow coastal embayments (Ebert, 1991, 1996; Cresbi-Abril et al. 2003; 

Barnett et al. 2010; Stehfest et al. 2014; Irygoyan et al. 2018). Higher encounter rates in low 

ambient light and low water visibility are also supported by several other studies showing 

sevengill sharks being more active nocturnally, as well as on overcast days (Ebert, 1991; 

Barnett et al. 2010; Housiaux et al. 2018). Depth has been widely accepted as an influencing 

factor for shark distribution elsewhere (Barnett et al. 2010; Cartamil et al. 2010; Speed et al. 

2010; Knip et al. 2011; Drymon et al. 2020), and this was also confirmed by the results of the 

present study. Prey abundance influences the distribution of many chondrichthyan species, 

including sevengill sharks (Dicket et al. 2006; Lowe et al. 2006; Wirsing and Heithaus, 2007; 

Barnett et al. 2010; Speed et al. 2010; Williams et al. 2012), and this was also found to be the 
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case here. Preference for particular substrate types has also been reported in previous literature 

(Pikitch et al. 2005; Chin et al. 2012; Munroe et al. 2014).  

 

4.2.1 Objective 2: To investigate foraging ecology of broadnose sevengill sharks in southern 

New Zealand using stable isotope analysis. 

 

In Chapter three, SIA was used to investigate the primary organic matter sources in the diets 

of sevengill sharks and to identify their trophic positions in southern New Zealand. Initially 

there was a need to determine whether lipid extraction was required prior to use of muscle 

tissue of sevengill sharks for SIA. Following removal of urea using distilled water, the 

chloroform:methanol 2:1 methodology effectively removed lipids from white muscle tissue. 

This resulted in a significant increase in δ13C, supporting previous findings on white muscle 

tissues of elasmobranch species (Logan and Lutcavage, 2008; Hussey et al. 2012; Kim and 

Koch, 2012; Li et al. 2016; Carlisle et al. 2017). There was a significant decrease in δ15N 

following lipid extraction, thus δ15N values prior to lipid extraction were used for analysis. 

These results support the calls for a standardised approach to investigating isotopic signatures 

of white muscle tissue in elasmobranch species using both urea and lipid extraction methods 

prior to analysis (Logan and Lutcavage, 2008; Hussey et al. 2012; Kim and Koch, 2012; Li et 

al. 2016; Carlisle et al. 2017).  

 

Stable isotope ratios from white muscle tissue of sevengill sharks showed little variation among 

individuals. Although there was some individual variability in organic matter sources 

sustaining the food web of sevengill sharks, the sharks sampled were predominantly supported 

by macroalgal-derived carbon (mean = 64%). Pelagic SPOM productivity only represented 

approximately one third of the organic matter obtained to fulfill their energy requirements 

(mean = 36%). The results also showed significantly higher proportions of macroalgal-derived 

carbon in females (mean = 66%) compared to males (mean = 60%). This suggests that female 

sevengill sharks spend more time foraging in food webs linked to kelp-associated environments 

than males (Barnett et al. 2010; Abrantes and Barnett, 2011). The sevengill sharks in the present 

study were placed at high trophic levels ranging from 3.85 to 4.21 with a mean of 4.05 ± 04, 

these levels were similar estimates from elsewhere (Cortes, 1999; Bizzarro et al. 2017).  

 

4.3 Implications for management  

 

As sevengill sharks are apex predators in coastal temperate environments, developing 

management strategies for them may also positively impact the stability of the ecosystems 
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which they inhabit. In New Zealand, approximately 150 sevengill sharks are reported as 

bycatch annually (Ford et al. 2018), presumably with more unreported (Simmons et al. 2016; 

Durante et al. 2020). Due to their high habitat crossover with anthropogenic activities, there is 

a need to better understand this species’ biological resistance to exploitation. The focus of 

management recommendations should predominantly be on mitigating fishing impacts and 

sustaining this functionally important species in coastal ecosystems (Estes et al. 1989; Steneck 

et al. 2002; Heithaus et al. 2008). By doing so, sevengill shark populations in New Zealand 

may avoid reflecting the general trend of large coastal shark species being most at risk (Dulvy 

et al. 2014). Appropriate regulations to protect many elasmobranch species in the past have 

failed due to lack of scientific data (Hammerschlag et al. 2011; Speed et al. 2010; Chin et al. 

2010; Rizzarro et al. 2014). Prior to implementing effective management, the paucity of 

ecological data on sevengill sharks in New Zealand needs to be addressed. Insights from long-

term monitoring of population demographics and drivers of spatiotemporal habitat use are 

imperative when designing effective marine protected areas (Speed et al. 2010; Chin et al. 

2010; Rizzarro et al. 2014). The present thesis builds on previous demographic and 

spatiotemporal habitat investigations for one population of sevengill sharks in southern New 

Zealand (Housiaux et al. 2018; Lewis et al. 2020). 

 

Evidence from the present study corroborates findings from Lewis et al. (2020) suggesting that 

Te Whaka ā Te Wera is primarily used as a foraging area by sevengill sharks. The prevalence 

of macroalgae-derived carbon in the diet of sevengill sharks identified in Chapter three also 

indicates that they are a predominantly coastal species foraging in inshore environments, which 

is different to other large sharks in southern New Zealand. As these sharks have generally been 

overlooked as functionally important species in coastal kelp-associated systems in New 

Zealand, it would be prudent to act cautiously regarding management. Accordingly, 

minimising any impending declines through limiting anthropogenic effects is an appropriate 

management priority.  

 

In order to mitigate anthropogenic effects and other threats, the ecological knowledge gap for 

this apex predator needs to be further resolved. By using that information strategically, 

effective marine protected areas could be designed and implemented to preserve this species. 

However without robust data from long-term population monitoring, it would be difficult to 

design effective protected areas with adequate coverage of the target species (Speed et al. 

2010). New Zealand’s 44 current marine reserves were established to protect biodiversity at 
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the habitat and ecosystem levels; however, none have specific strategies for highly mobile 

chondrichthyan species (DOC, 2005). The focus of scientific monitoring has primarily been on 

high risk species and/or commercially valuable species exploited elsewhere (DOC, 2005). As 

sevengill sharks appear to be predominantly associated with macroalgae-derived organic 

matter (hapter 3), marine protected areas encompassing kelp-associated habitats could provide 

some protection for this species. Marine protected areas in Fiordland for example, have shown 

enhanced abundance and diversity of kelp forest associated fish communities (Wing and Jack, 

2004, 2013; Jack and Wing, 2013), although no data are currently available for sevengill sharks 

in these systems.  

 

The SDMs developed in chapter two for Te Whaka ā Te Wera can be used to predict preferred 

shark habitat, and therefore help guide the implementation of new marine protected areas to 

potentially protect sevengill sharks in New Zealand. SDMs have been used to identify and/or 

guide implementation and evaluation of marine protected areas for seabirds (Krüger et al. 2017; 

Cleasby et al. 2020), marine mammals (Hooker et al. 1999, 2011; Cañadas et al. 2005; Embling 

et al. 2010; Torres et al. 2013), and some shark species (Espinoza et al. 2014; Shiffman and 

Hammerschlag, 2016; Birkmaanis et al. 2020; Morales-Ramirez and Wang, 2020). Habitat 

suitability of whale sharks for example, was modelled using SDMs to identify potential areas 

for future protection in southeast Asia (Morales-Ramirez and Wang, 2020). Furthermore, 

SDMs determined the habitat use by several pelagic sharks offering a foundation for marine 

spatial protection plans within the Australian EEZ (Birkmanis et al. 2020).  

 

Ideally, managing an apex predator goes hand in hand with preserving the integrity of the 

ecosystem, including complex food webs and the services they provide (Chapin et al. 2000; 

Shiffman and Hammerschlag, 2016). Together the use of SIA and SDMs offer a valuable 

complementary approach to understanding the predominant ecosystems which sevengill sharks 

inhabit. Given the extent to which sevengill sharks are dependent on coastal kelp-associated 

food webs, protection should start there. As sevengill sharks are a highly mobile species, 

potential migratory routes also need to be addressed (Espinoza et al. 2014). Knowledge of 

critical habitats including foraging, reproduction and nursery areas is imperative to guide 

spatial protection for the migratory routes (Chapman et al. 2005; Heupel and Simfendorfer, 

2005; Chin et al. 2010; Speed et al. 2010; Rizzarro et al. 2014).  

 

Protection of migratory corridors has also been recommended in conjunction with sanctuary 

zones for highly mobile shark species to mitigate impacts on vulnerable life history stages 
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(Chapman et al. 2005; Speed et al. 2010). Previous studies in Willapa Bay, Washington, 

suggested adult sevengill sharks remain within 30 to 240 km of shallow coastal embayments 

during colder months (Williams et al. 2012). However, some individuals have been 

documented migrating upwards of 800 km along the continental shelf (Barnett et al. 2011; 

Ketchum et al. 2017). Consequently, more research is still needed to quantify where sevengill 

sharks go when they leave shallow coastal areas during winter. 

 

Previous research has also identified the potential for partial or full seasonal closures of shallow 

embayments in California (Hight and Lowe, 2007) in order to mitigate anthropogenic 

exploitation of predictable shark aggregations. By incorporating higher resolution data on prey 

abundances through SDMs, and analysing carbon sources of shark tissues with faster turnover 

rates, seasonal patterns of habitat use and/or migration routes of sevengill sharks could be more 

intricately resolved. The present study corroborates findings of Housiaux et al. (2018) and 

Lewis et al. (2020) identifying Sawdust Bay, Te Whaka ā Te Wera as a seasonal aggregation 

location for sevengill sharks.  Te Whaka ā Te Wera is a Matāitāi area, free from commercial 

fishing and extensive coastal development. Due to low recreational fishing pressure within the 

inlet, it is potentially a control site for comparison to other exploited areas in New Zealand.  

 

4.4. Limitations and future work 

 

Although the results in the present study carry weight for identifying distributions and foraging 

ecology of sevengill sharks, it is important to consider where improvements could be made. 

The application of SDMs was useful for investigating habitat use, however it relied on 

methodologies that have some limitations. When using BRUVs there are some general 

technological issues to overcome (Cappo et al. 2007). For example, battery life and the 

maximum depth of camera housings create restrictions on soak time and maximum possible 

depth of deployments. Furthermore, image quality is reliant on ambient light and water 

visibility, introducing constraints that can vary across locations (Cappo et al. 2004). These can 

be minimised by optimising distance of the camera from the bait box. However, in coastal 

environments with high turbidity, visibility may remain a problem (Cappo et al. 2004; Watson 

et al. 2005). A reoccurring bias with studies using BRUVs is that they are limited to recording 

species attracted to bait (Stobart et al. 2007; Lowry et al. 2012). Consequently, prey species 

may avoid the BRUVs due to attraction of predators (Lowry et al. 2012). However, the passive 

nature of sampling with BRUVs offers a much less invasive means of sampling when compared 
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to physical capture (Cappo et al. 2004; Stobart et al. 2015; Sloman et al. 2019; Murray et al. 

2019). There is an ongoing ethical debate, required to define an acceptable level of mortality 

or harm to individual organisms in order to resolve ecological knowledge gaps (Brooks et al. 

2011; Sloman et al. 2019). As the ecology of sevengill sharks in New Zealand is only now 

beginning to be understood, and they are potentially vulnerable to anthropogenic impacts, the 

non-invasive use of BRUVs is recommended for future research. 

 

Quantifying the dependence of sevengill sharks on particular resources for energy requirements 

could be improved through more thorough analysis and/or different methodology. Important 

prey species may be identified using SDMs. By gaining more comprehensive prey data across 

a wider scale with finer resolution (Speed et al. 2010), other potentially important foraging 

areas for sevengills could be identified. Additionally, sevengill sharks’ preferences for 

particular resources identified through stable isotope analysis may become more obvious with 

a larger sample size. As no individual variability was detected relative to organic matter sources 

in the present study, a larger sample size may offer insight into ontogenetic trends. 

Furthermore, collection of multiple sharks from different locations would allow for comparison 

of these resource dependencies across large geographical scales. Organic matter sources and 

the prey field could also be sampled in the same location that sevengill shark tissues are sourced 

for stable isotope analysis. This would eliminate the assumptions of broad scale generalisation 

of prey fields and organic matter sources in the present study. However, it would require an 

increased sampling effort, and subsequently a larger financial budget. Furthermore, the use of 

satellite and/or acoustic tagging techniques could provide a better understanding of the 

spatiotemporal distribution of sharks, and opportunistic stomach content analysis may provide 

additional insights into diet (Ebert, 2002; Abrantes and Barnett, 2011).  

 

There are still significant knowledge gaps that need to be addressed for this species in New 

Zealand. As discussed in Chapters two and three, research on sevengill sharks in Te Whaka ā 

Te Wera and Otakou has previously investigated some environmental drivers of habitat use 

and population demographics (Housiaux et al. 2018; Lewis et al. 2020). The value of 

developing a long-term dataset of population demographics and habitat use of sevengill sharks 

cannot be overstated, particularly for Te Whaka ā Te Wera, a well-known aggregation site. The 

development of this long-term monitoring would increase our understanding of the species’ 

associations to habitats which are critical for foraging and reproduction. This knowledge is 

imperative in order to design effective marine protected areas (Speed et al. 2010; Chin et al. 
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2010; Rizzarro et al. 2014). Moreover, long-term studies allow variations in demographic rates 

to be investigated and correlated with environmental or anthropogenic perturbations (Grubbs 

et al. 2016). The importance of robust time-series data has been highlighted in recent 

controversies over the study by Myers et al. (2007). They presented a dataset spanning 35 years, 

associating declines in eleven large shark species with an increase in abundance of smaller 

chondrichthyan species through predation release. Subsequently, the increase of 

mesopredators, particularly cownose rays (Rhinoptera bonasus), was thought to be the cause 

of declines in local shellfish stocks (Myers et al. 2007). However a response from Grubbs et 

al. (2016), suggested that this study lacked the robust data required to connect the linkages of 

a trophic cascade. The causation of the fisheries decline remains uncertain, however Grubbs et 

al. (2016) emphasised the importance of a more thorough representation of spatial and temporal 

resolution of species’ distributions over long time periods. 

 

Photo-ID from BRUVs provides a reliable method that can successfully monitor demographic 

parameters over long time periods and wide geographical scales (Brooks et al. 2011). With 

clear criteria and a goal driven by conservation, citizen-science may be developed. A variety 

of research on whale sharks for example, has been complemented through the use of photo-ID 

provided by citizen science databases (Bradley et al. 2017), for populations at Ningaloo Reef 

(Andrzejaczek et al. 2016), the Maldives (Davies et al. 2012), and the Phillipines (Araujo et al. 

2016, 2019). Similar databases have been developed and utilised for a variety of marine 

megafauna, including humpback whales (Megaptera novaeangliae; Cheeseman et al. 2017), 

manta rays (Manta birostris), grey nurse sharks (Carcharias taurus; Dudgeon et al. 2019) and 

spotted eagle rays (Aetobatus narinari). The iNaturalist website offers a platform for citizen 

science photo uploads and identifies species across different locations. The photo-ID 

techniques used for sevengill sharks may allow this type of citizen science to be employed 

nationwide, with submissions from aquatic users including recreational and commercial fishers 

and divers.  

 

4.5 Concluding remarks 

 

The present thesis has expanded our understanding of the spatiotemporal habitat use and 

foraging ecology of sevengill sharks in southern New Zealand. The study also provided vital 

information on the role of sevengill sharks in kelp-associated food webs and confirmed 

previous estimates of their high trophic positions (Chapter 3; Cortes, 1999; Bizzarro et al. 
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2017). Understanding how these sharks use their environments, and what ecosystems they are 

predominantly foraging in, will help guide the conservation of sevengill sharks and the 

ecosystems they inhabit. These findings highlight the value of using minimally invasive survey 

techniques to investigate spatiotemporal habitat information. Furthermore, they provide a new 

understanding for drivers of habitat selection by sevengill sharks and offer insight into the 

potential roles they play as apex predators in southern New Zealand. It is hoped that these 

findings will help guide a multi-disciplinary approach to research, conservation and 

management of sevengill sharks in New Zealand. 
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Appendices 

 

Appendix 1. Cumulative prey curve showing mean maximum number of (a) spiny dogfish 

(Squalus acanthias) and (b) blue cod (Parapercis colias) per minute over the first 30 min of 

20 deployments in Te Whaka ā Te Wera, Rakiura.  

 

 

 

Appendix 2. Univariate Poisson model results used in model selection between concurved the 

predictor variables temperature (temp) and salinity (sal) in Te Whaka ā Te Wera, Rakiura. 

Table shows degrees the percentage deviance explained, adjusted r2, and AIC values (AIC 

values of the full model containing each predictor variable separately). 

 

Model formula Adj r2 d.e. (%) AIC  

sharkcount ~ temp 0.09 13.5 343.11 

sharkcount ~ sal 0.18 15.8 352.26 

 

 

 

 

 

 

 

 

 

 

 

0.

0.25

0.5

0.75

1.

0 8 16 23 31

M
ax

N
 o

f 
sp

in
y
 d

o
g
fi

sh

Time (minutes)

a)

0.

0.2

0.4

0.6

0.8

1.

0 8 16 23 31

M
ax

N
 o

f 
b

lu
e 

co
d

Time (minutes)

b)



 

 

113 

Appendix 3. Estimates for trophic level of sevengill sharks in southern New Zealand based on 

variation in trophic discrimination factor (Δ15N) of from 2.3 ±0.28 by 1SE from McCutchan et 

al. (2003). Mean difference between estimates of trophic level relative to variation in Δ15N = 

±0.57. 
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