
Exploring spatial and temporal patterns in  

New Zealand scampi (Metanephrops challengeri) 

fisheries ecology. 

 

 

By 

Alaric Uamari McCarthy 

 

 

 

 

 

 

 

A thesis submitted in fulfilment of the requirements for the degree of Doctor of Philosophy in 

Marine Science. The University of Auckland. 2021.  

 



 



Abstract 

i 
 

Abstract  

New Zealand scampi (Metanephrops challengeri) is a commercially important species, representing one of 

New Zealand’s most highly valued seafood export products by weight. Despite their economic significance, 

relatively little is understood of their ecology, and the factors affecting their distribution in comparison to 

their northern hemisphere counterpart, the Norway lobster (Nephrops norvegicus). This is largely due to 

the difficulty and expense of gathering data for cryptic deep-sea species such as New Zealand scampi. 

There remain substantial information gaps in our knowledge with regard to aspects of their habitat ecology, 

reproductive biology and distribution that are likely to have implications for management and sustainability 

of the fishery. 

The research presented in this thesis aims to improve our understanding of patterns of scampi habitat 

associations, trawl efficiency, maturity, catch distribution and fishing effort to provide insights into the 

potential for improved fishing efficiency and scampi management. To achieve this aim, the research for this 

thesis investigated novel aspects of the in-situ biology of New Zealand scampi at a variety of scales, using 

a combination of field video experimentation, field sampling and analysis of historical catch data. These 

included: trawl-scale investigations of scampi-habitat associations and the first direct assessments of 

scampi trawl efficiency using video technology deployed on trawl nets (Chapter 2); assessment of broad-

scale patterns in the size at onset of maturity of female scampi and the first estimates of the size at onset 

of maturity of male scampi (Chapter 3); and the adoption of a range of spatial analyses not previously 

documented for the New Zealand scampi fishery to investigate drivers of spatial and temporal patterns of 

commercial fishing effort, catch and catch per unit effort (CPUE), and assess historical catch efficiency of 

the fleet (Chapter 4).  

The results of the research suggest a negative relationship between the distribution of scampi burrows 

(most reliable proxy of scampi abundance) and smooth topography, but a positive relationship with conical 

mounds (formed by bioturbators) within three fisheries management areas (FMAs) (Chapter 2). These 

findings indicate that scampi may be patchily distributed over fine scales and potentially predictable in their 

localised distribution. Scampi trawl efficiency was low, with only 30% of observed scampi passing over the 

footrope and into the trawl net, indicating that a much lower proportion of emerged scampi are caught during 

trawling than previously assumed. Catching success decreased further over rough topography (27%), with 

the presence of conical mounds (23%), and when scampi were partially in their burrows (10%) (Chapter 2). 

Estimates of the size at onset of maturity for female scampi increased with latitude among FMAs and 

corresponded with decreases in both water temperature and scampi density. The results also indicate that 

gonadal widening (morphological maturation) and early-stage gonad maturation (physiological maturation) 

occurs prior to the bearing of eggs (Chapter 3). Finally, trends in spatial variations of scampi fishing effort 

and catch within FMAs coincided with changes in fisheries management strategies and were likely 

influenced by fishers avoiding moulting seasons and strategically targeting larger sized scampi in shallower 

but less scampi-dense areas. An observed disconnect between the spatial allocation of fishing effort and 
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spatial patterns of CPUE may signal catch inefficiencies and sub-optimal fishing of the scampi fleet (Chapter 

4). Collectively, these findings of the research presented in this thesis have the potential to help inform 

more targeted and sustainable fishing practices, whilst also identifying regional differences in scampi 

reproductive potential and fishing susceptibility and contribute to more robust stock assessments. 
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1 Chapter One: General Introduction 

1.1 New Zealand Scampi Fishery 

The New Zealand scampi, Metanephrops challengeri (Balss, 1914), is a clawed deep sea lobster, which 

has a wide distribution around much of New Zealand in waters of 200 – 600 m deep on the continental shelf 

(Cryer et al., 2005; Tuck, 2009). New Zealand scampi are a benthic dwelling species, with a slender body 

shape and typically reaching 13-20 cm in overall length as adults, and characterised by a pink and orange-

banded exoskeleton, (Figure 1.1). New Zealand scampi are one of 18 extant species within the lobster 

genus Metanephrops (Crustacea: Decapoda, Nephropidae, Metanephrops) which all live on continental 

shelves and slopes at various locations around the world. Some species in the genus have ranges across 

vast areas of the Indo-Pacific Ocean, South Atlantic Ocean and the Caribbean Sea (Chan et al., 2009; 

Tshudy et al., 2007). Scampi is also the common name for the Norway lobster, Nephrops norvegicus, which 

predominantly occupies European waters of the North-Eastern Atlantic Ocean and the Mediterranean Sea 

(Bell et al., 2006; Bell et al., 2013). Until recently the two genera, Nephrops and Metanephrops were 

considered to be synonymous (Nephrops) (Tshudy et al., 2009). 

 

Figure 1.1 Adult male New Zealand scampi (Metanephrops challengeri) Source: Alaric McCarthy 

 

Scampi fisheries are commercially important in many parts of the world. Nephrops norvegicus has been 

commercially fished for over 100 years and is the most valuable crustacean fishery in Europe (Bell et al., 

2006; Bell et al., 2013). Likewise, New Zealand scampi represents one of the most highly valued seafood 

export products by weight in New Zealand, with high grade scampi selling internationally for over NZD$300 

per kg (Oravida, 2017). In the 2008-09 fishing year, New Zealand landed 600 t of scampi with an export 
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value of NZ$11 million (Anderson, 2012). Landings for that year were less than half of the Total Allocated 

Commercial Catch (TACC). 

Pioneers of the New Zealand scampi fishery began trawling in the late 1980’s off the coast of the Bay of 

Plenty in north-eastern New Zealand. Exploratory trawling identified further commercial fishing grounds off 

the Wairarapa Coast, south of the Bay of Plenty (Tuck, 2009). By the 1991-92 fishing year, these two areas 

were incorporated into the Quota Management System (QMS) as scampi Quota Management Areas 

(QMAs) 1 and 2 respectively (SCI 1 and SCI 2, Figure 1.2) (Tuck, 2007). Between 1991 and 2002, catches 

of scampi were restrained using a mixture of competitive and individually allocated catch limits, although 

by 2004 only competitive catch limits were issued. During this period extensive scampi grounds were also 

discovered along the Chatham Rise (SCI 3 and SCI 4A, Figure 1.2) and at the Auckland Islands (SCI 6A). 

By 2004 all scampi grounds were introduced into the QMS with prior commercial catch records and stock 

assessments determining TACC (Tuck, 2007) (Figure 1.2). Since the establishment of the QMS in 2004, 

total annual catches of scampi in area 6A, located around the Auckland Islands to the south of New Zealand, 

have steadily declined (MPI, 2018) (Figure 1.3). This may be a reflection of fishers opting for shorter travel 

distances rather than a decline in the stock, as scampi catch rates (per trawl) have stayed relatively 

consistent in area 6A in recent years (Tuck, 2017). In the 2014-15 fishing year, total estimated scampi 

landings across all fisheries areas were 875 t of the TACC 1231 t (MPI, 2018). Scampi fishing in New 

Zealand is conducted exclusively by commercial trawlers, using light multi-rig bottom trawl gear. There is 

no allowance for recreational or customary harvest of New Zealand scampi (Tuck, 2009). 
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Figure 1.2 Spatial distribution of the scampi trawl fishery since 1988-89 (ungroomed data), and scampi 
fisheries management areas as revised in 2004. Black dots represent the mid-point location of commercial 
trawls. Image generated in R software from MPI catch data.   
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Figure 1.3 Total annual scampi catch (kg) by fisheries management area (SCI 1, 2, 3, 4A and 6A). The 
area of circles is proportional to the total weight of landed scampi, with the largest circle representing 
1,331,875 kg. Figure generated in R software from MPI catch data.  

 

1.2 Scampi habitat and distribution 

New Zealand scampi live in mud or sandy substrates at depths of 140 – 650 m, although the fishery primarily 

operates between 200 – 600 m depth (Cryer et al., 2005). By comparison, most of the European N. 

norvegicus fishery operates in less than 200 m of water, with some scampi grounds located as shallow as 

20 m (Bell et al., 2013; Chapman et al., 1971). Comparatively little is known about the behaviour, ecology 

and diet of New Zealand scampi due to the difficulty of gathering biological data at depth. New Zealand 

scampi build burrows in the sediment and are thought to spend a considerable proportion of their time within 

them (Farmer, 1975; Katoh et al., 2013; Tuck, 2010). Their sedentary nature and preference to stay in 

burrows suggests that population migrations of any significance are unlikely (Bell et al., 2013; Tuck, 2010). 

The distribution of scampi is primarily informed by trawl catch records. While the main fishing grounds are 

well established, a number of exploratory trawls have discovered smaller scampi grounds along the west 

coast of the North and South Islands, including along the Challenger Plateau, although not in commercially 
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exploitable quantities (Tuck, 2009). Exploratory trawls along the Challenger Plateau have also extended 

beyond New Zealand’s exclusive economic zone (EEZ) (SCI 7) (Figure 1.2). Since not all grounds within 

New Zealand’s EEZ have been trawled, including parts of the Campbell Plateau (SCI 6B), it is possible that 

there are scampi grounds yet to be discovered. However, because scampi are dependent on muddy to 

sandy seabed habitat, their overall geographical distribution is highly discontinuous (Bell et al., 2013). Their 

presence across deep water continental shelf plateaus in New Zealand suggests that sediment type, 

suitable for burrow construction (Tuck, 2010), and water temperatures may be limiting factors in their 

distribution. Seawater temperatures measured at the seafloor fluctuate from 7 to 13.7 °C in SCI 1 and 2 

(North Island east coast) (Cryer et al., 2005), 7 to 10 °C across the Chatham Rise (SCI 3 and 4A) (Hadfield 

et al., 2007), and 6.5 to 9 °C along the Campbell Plateau (SCI 6A and 6B) (Morris et al., 2001; Sutton, 

2003). New Zealand sea surface temperatures are considerably warmer, with average annual temperatures 

ranging from 12.5 to 19.5 °C (www.niwa.co.nz).  

While these broad scale patterns of distribution offer some insight into scampi habitat range, they may not 

account for finer scale variation in occurrence (Palmer et al., 1990) and they provide little insight into 

scampi-habitat ecology and species associations at the level of the trawl. Identifying such associations at 

finer scales may improve insight into the role of environmental factors in determining scampi density and 

distribution and allow for more targeted and less wasteful fishing effort. 

1.3 Scampi abundance 

New Zealand scampi stock assessments has been hindered by the lack of reliable methods for estimating 

abundance because research trawls and commercial catch data suffer from large temporal variations in 

catch rates, especially among years (Cryer et al., 2005; Tuck, 2009). Currently, there is no single reliable 

estimate of virgin scampi biomass, or biomass that will support an estimation of Maximum Sustainable Yield 

(MSY) for the fishery (Tuck, 2009). Despite this, a number of different methods have been adopted to 

estimate scampi abundance within the scampi fisheries management areas. A degree of consistency 

among the different methods that have been used to estimate sizes of scampi stocks lends some weight to 

these estimates of abundance. 

A common method for estimating abundance in scampi fisheries is the analysis of catch, effort and landings 

information from commercial and research trawls (Tuck, 2009). Scampi abundance trends can be estimated 

from these data by calculating un-standardised catch per unit effort (CPUE) indices, i.e., by dividing the 

total catch by the total effort in hours of trawling. The data is then standardised every three years for each 

QMA using general linear modelling approaches, and taking into account any changes in stock boundaries 

(e.g., Tuck, 2009; Tuck, 2014; Tuck, 2017). Large changes in CPUE over time provide some potentially 

useful insights into the state of the fishery. 

http://www.niwa.co.nz/
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CPUE for the New Zealand scampi fishery has generally progressively declined since the mid-1990s. The 

rate and timing of this decline differs among the five primary QMAs (i.e., SCI 1, 2, 3, 4A, 6A) (Cryer et al., 

2005; Tuck, 2009) (Figure 1.4). SCI 1 (Bay of Plenty) and SCI 2 (Hawkes Bay / Wairarapa Coast) saw rapid 

declines in CPUE since peaking in the mid-1990’s, followed by low but stable catch rates. However, CPUE 

has been steadily increasing in SCI 2 since 2011 (MPI, 2018). Data from SCI 3 (off the east coast of the 

South Island and western Chatham Islands), the largest fishery, saw a gradual increase in CPUE during 

the 1990’s, peaking in 2000 before steadily declining. The CPUE for SCI 4A (eastern Chatham Islands) 

peaked in 2001 with a CPUE median of over 150 kg of scampi per hour, the greatest of the five primary 

fisheries areas, before rapidly declining over the following two years. The fact that SCI 4A was not fished 

between 1993-94 and 1997-98, or in 2000-01 may have allowed for stock replenishment, resulting in high 

CPUE in the 2001 season. In SCI 6A (Auckland Islands), the second largest fishery, the CPUE peaked in 

1991 before declining and stabilising from 1994 onwards. While CPUE trends fluctuate between years, all 

fishery areas have displayed declines of between 30-80% since the mid 1990’s (Tuck, 2009). Declines in 

CPUE can be indicative of declining stocks due to overharvest (Maunder et al., 2006). To date, analyses 

of scampi CPUE patterns have been restricted to individual QMAs and have not yet accounted for spatial 

trends within or across QMAs. Likewise, little attempt has been made to relate trends in scampi CPUE to 

environmental or fishery-related factors. 

In 1998 photographic surveys were introduced as fishery-independent means for estimating scampi 

abundance by photographing the seafloor in QMAs and counting the number of visible scampi, and major 

burrows openings within a given area (Cryer et al., 2003; Cryer et al., 2001). Burrow counts can provide a 

more reliable estimate of scampi abundance than trawl-catch records, as trawls only catch the small 

proportion of scampi that have emerged from their burrows and onto the seafloor (Tuck, 2010). 

Photographic surveys have been undertaken in four scampi management areas; SCI 1, 2, 3 and 6A (e.g., 

Cryer et al., 2003; Cryer et al., 2001; Cryer et al., 2004; Tuck, Parkinson, et al., 2015a; Tuck et al., 2016; 

Tuck, 2009). Estimates of scampi abundance based on counts of major burrow openings have ranged 

between 93 million to 125 million for SCI 1, 72 million to 234 million for SCI 2, 61 million to 444 million for 

SCI 3, and 117 million to 361 million for SCI 6A (MPI, 2018). 

A length-based population model was recently developed (Cryer et al., 2005; Tuck et al., 2012), 

incorporating all abundance indices (standardised CPUE, trawl surveys and photographic surveys) and 

length frequency data (commercial catches, research trawl catches, size distribution of scampi from 

photographic surveys). This model allows for the estimation of absolute biomass and stock trajectories. 
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Figure 1.4. Annual scampi CPUE (kg hr-1) for each primary quota management area. Figure generated in 
R software from MPI data.  
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1.4 Scampi density 

Scampi density has been primarily estimated through the use of photographic surveys of the seafloor (e.g., 

Cryer et al., 2003; Cryer et al., 2001; Tuck, Parkinson, et al., 2015a; Tuck et al., 2016; Tuck et al., 2019). 

The use of commercial trawl catch records can severely underestimate scampi density, as a large 

proportion of scampi remain uncaught whilst hiding in their burrows and scampi are also unlikely to be 

evenly distributed along the length of a trawl track. Density of scampi can be estimated from photographic 

counts of visible scampi and major burrow openings. The density of visible scampi is typically lower than 

that of major burrow openings, as scampi are easily obscured from view while in their burrows. Counts of 

visible scampi have typically been 10-20% of burrow counts, with the exception of SCI 6A where the 

proportion of visible scampi were markedly greater, leading to the suggestion of a different relationship 

between scampi and burrows in this region (Tuck, 2010). 

To estimate scampi density, photographic surveys are conducted in known scampi grounds, and replicated 

annually (when possible) within designated sampling areas to maintain consistency (Tuck, Parkinson, et 

al., 2015a; Tuck, Parkinson, et al., 2015b; Tuck et al., 2016; Tuck et al., 2019). Mean density estimates of 

major burrow openings have been relatively consistent over time within each scampi QMA, although density 

estimates for area 6A are lower than SCI 1 and SCI 2 (Table 1.1). Mean burrow densities ranged from as 

low as 0.026 burrows m-2 in SCI 6A to 0.158 burrows m-2 in SCI 2, i.e., the equivalent of one scampi burrow 

per 33.4 m2 and 6.3 m2, respectively. In comparison, N. norvegicus are typically found at mean densities of 

up 0.91 m-2 (Johnson & Johnson, 2013). Densities near to the high end of that range have allowed for a 

more targeted fishery via the use of creels and pots in a variety of locations across Europe (Bell et al., 

2013). The potential for an equivalent potting fishery for New Zealand scampi is likely to be partly contingent 

on locating areas of high scampi density or the development or more effective potting technology. Burrow 

densities as high as 0.3 scampi m-2 at some locations within sampling sites in SCI 2 (Tuck et al., 2016), 

indicate that scampi distribution may be aggregated in certain areas which could make the use of pots more 

effective in these higher density locations. 
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Table 1.1 Overall survey mean densities (m-2) of major burrow openings and visible scampi for SCI 1, 2 
and 6A (Tuck et al., 2015b; 2016). 

Area Year Major burrow opening Visible scampi Scampi as % of openings 

SCI 1 1998 0.125 0.023 19% 

SCI 1 2000 0.078 0.015 19% 

SCI 1 2001 0.109 0.010 9% 

SCI 1 2002 0.104 0.013 13% 

SCI 1 2003 0.082 0.012 15% 

SCI 1 2008 0.086 0.011 13% 

SCI 1 2012 0.083 0.020 24% 

SCI 1 2015 0.087 0.015 17% 
     

SCI 2 2003 0.068 0.007 10% 

SCI 2 2004 0.106 0.009 9% 

SCI 2 2005 0.063 0.009 15% 

SCI 2 2006 0.049 0.009 18% 

SCI 2 2012 0.079 0.022 27% 

SCI 2 2015 0.158 0.025 16% 
     

SCI 6A 2007 0.0624 0.012 20% 

SCI 6A 2008 0.0270 0.011 40% 

SCI 6A 2009 0.0590 0.008 13% 

SCI 6A 2013 0.0258 0.007 26% 

SCI 6A 2016 0.0299 0.010 33% 

 

1.5 Scampi catchability 

The ability to catch scampi in trawl nets is largely determined by their patterns of emergence from their 

burrows, which makes them more vulnerable to capture by trawling. Hence, determining when scampi are 

most active on the seafloor will help improve fishing efficiency and also reduce uncertainty around stock 

assessments (Tuck, Parsons, et al., 2015; Tuck, 2010). Scampi stock assessments currently rely primarily 

on photographic surveys to estimate density and abundance, and assume a 100% burrow occupancy rate 

in the process (Tuck, 2010). Should a large proportion of burrows be unoccupied, current estimates of 

scampi abundance would need to be reassessed (Sardà et al., 2012). 

Emergent behaviour of scampi can be estimated indirectly through the analysis of commercial catch and 

effort data. Comparing scampi catch rates across a variety of temporal scales can be used to infer hourly, 

diurnal or seasonal patterns of emergence. A number of studies on the N. norvegicus fishery has revealed 

that the emergence of this species is influenced by diurnal, lunar and moulting cycles (Aguzzi et al., 2003; 

Bell et al., 2006; Bell et al., 2013). Similarly, analyses of catch rates of New Zealand scampi have shown a 
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consistent diurnal pattern across all QMAs, with greatest emergence occurring during the day, and reduced 

emergence during times of moulting (Tuck, 2010). Diurnal patterns of emergence observed for N. 

norvegicus occupying shallow waters are assumed to be related to light (Chapman, 1980), but at depths of 

300 – 600 m, indirect cues of the day-night cycle, such as the cycling of nutrients may play a role in 

entraining their emergence (Aguzzi et al., 2011). 

Direct investigations of New Zealand scampi emergence have been undertaken, via the use of acoustic 

tagging methods. Hydrophones moored near the seabed monitored the relative detectability of acoustically 

tagged scampi, with the acoustic signal of scampi down burrows dampened or undetectable (Tuck, 

Parsons, et al., 2015). The results suggest strong emergence cycles in relation to tidal current, with inshore 

water flow coinciding with emergence. The study also suggested that scampi emergence occurs diurnally 

with emergence peaking just after dawn. 

Another aspect when considering scampi catchability is the efficiency of trawl fishing gear to catch emerged 

scampi. New Zealand scampi are only harvested with bottom trawls, with the fishery recording higher 

bycatch rates than any other commercial fishery that has been examined in the country (Anderson, 2012; 

Ballara et al., 2009). To date no formal investigation of the proportion of emerged scampi caught by trawlers, 

and the factors affecting scampi trawl efficiency has been undertaken in New Zealand. 

With the detrimental effects of bottom trawling on the marine benthic environment being widely 

acknowledged (Kaiser et al., 2002; Thrush et al., 2002), and with crustacean demersal trawling being 

ranked as some of the most energy intensive fisheries globally (Tyedmers, 2004), poor scampi trawl 

efficiency could further compound the negative impacts of reduced trawl selectivity. Understanding the 

factors affecting scampi trawl efficiency has good potential to lead to improvements in fishing efficiency. 

1.6 Scampi maturity 

Determining age or size at onset of sexual maturity (SOM) is important for understanding the reproductive 

strategy of a species and the fitness of individuals as a determinant of their reproductive output (McQuaid 

et al., 2006). Size at maturity may vary with fishing pressure, population density and habitat characteristics 

(McQuaid et al., 2006; Queirós et al., 2013; Tuck et al., 2000). Determining the growth rate of scampi has 

proven difficult for both N. norvegicus (Bell et al., 2013; Farmer, 1973) and New Zealand scampi alike. The 

estimation of scampi growth rates, through scampi tagging efforts in New Zealand have been hindered by 

tag return rates as low as 1%, with the majority of these returns being caught prior to their next moulting 

cycle (Cryer et al., 1999; Tuck, 2009). In comparison, investigations of size in relation to maturity is relatively 

straightforward and has been extensively studied for N. norvegicus at a number of European locations 

(McQuaid et al., 2006; Queirós et al., 2013; Thomas, 1964; Tuck et al., 2000). In contrast, only very 

preliminary estimates of SOM have been made for New Zealand scampi (Tuck, 2014, 2017). 
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SOM can be estimated for New Zealand scampi via three primary methods, including the size of the 

smallest ovigerous female (Thomas, 1964), the size at which 50% of females display eggs or ripe ovaries, 

and investigations of sudden allometric changes in body parts in relation to body size that may be indicative 

of sexual maturity (Tuck et al., 2000). Analysis of trawl survey data, based on the size at which 50% of 

scampi display eggs, suggests that New Zealand scampi reach sexual maturity at 30 mm orbital carapace 

length (OCL) in areas off the North Island (SCI 1 and SCI 2) (Tuck, 2014), and at 38 mm OCL for the 

Auckland Islands (SCI 6A) (Tuck, 2017). An analysis of SOM across the full distribution of this species and 

accounting for explanatory environmental variables is currently lacking. Information on SOM is vital for 

estimating the size of spawning stocks, a central component of fisheries management (Leocádio et al., 

2012). Likewise, a better understanding of SOM and its relationship with growth rates has implications for 

ongoing aquaculture endeavours, by informing where might be best to source broodstock. 

1.7 Research aims and thesis structure 

Despite ongoing research efforts to better understand the New Zealand scampi fishery, there are still major 

information gaps with regard to aspects of their ecology, reproductive biology and distribution that are likely 

to have implications for management and sustainability of the fishery. This is partly due to the difficulty and 

expensive nature of gathering data at depth for deep sea species. The research presented in this thesis 

aims to improve our understanding of patterns of scampi habitat associations, trawl efficiency, maturity, 

catch distribution and fishing effort through a combination of field experimentation, field sampling and 

analysis of historical catch data. These investigations look to provide insights into the potential for improved 

fishing efficiency and scampi management.  

This thesis is structured into five chapters as follows: 

Chapter 1: General Introduction 

This introductory chapter provides an overview of our current understanding of the status of the fishery with 

regard to scampi distribution, abundance, density, catchability and maturity. The research aims for the 

thesis are outlined.  

Chapter 2: An investigation of New Zealand scampi habitat associations and scampi trawl efficiency – a 

trawl-scale approach. 

The research presented in this chapter investigates scampi-habitat associations and scampi trawl efficiency 

at the level of the trawl by sampling individual trawls with video technology attached to trawl nets at locations 

within three different QMAs.  

This chapter is being refined for submission to a science journal. It has been primarily formatted as a stand-

alone manuscript, therefore some minor repetition with other sections of the thesis should be expected.  
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Chapter 3: Estimates for the size at onset of maturity for New Zealand scampi. 

The research presented in this chapter investigates spatial and geographical variability of the size at onset 

of maturity for New Zealand scampi using a range of methods including the size of smallest berried females, 

the size at which 50% of females possess mature ovaries, the size at which 50% of females bear eggs, and 

morphometric measurements to investigate shifts in allometric growth in both males and females. 

This chapter has been primarily formatted as a stand-alone manuscript, therefore some minor repetition 

with other sections of the thesis should be expected. This chapter has been published as: 

McCarthy A, Tuck I, Jeffs A. (2018). Estimates for the size at onset of maturity for New Zealand scampi 

(Metanephrops challengeri). Bulletin of Marine Science. 94 (3): 699-718. 

(https://doi.org/10.5343/bms.2017.1122)  

Chapter 4: Spatial patterns in scampi fishing effort, catch and CPUE 

The research presented in this chapter uses a range of spatial analyses not previously adopted for the New 

Zealand scampi fishery to gain insights into the spatial variability of CPUE, drivers of the distribution of 

fishing effort, and a high-level assessment of the catch efficiency of the fleet.  

Chapter 5: General Discussion 

This chapter presents a summary of collective key research findings from the previous chapters, discusses 

the implications of these findings for scampi fisheries management and fishing efficiency of the scampi 

fleet, and suggests directions for future research work.  

 

https://doi.org/10.5343/bms.2017.1122
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2 Chapter Two: An investigation of New Zealand scampi 

(Metanephrops challengeri) habitat associations and scampi 

trawl efficiency – a trawl-scale approach. 

2.1 Introduction 

2.1.1 Habitat associations 

Associations between species and habitats are one of the foundational principles of ecology (Aarts et al., 

2013). Identifying such associations is important for predicting a species distribution to help inform 

conservation or management efforts (Ando et al., 1998; Guisan et al., 2000). While broad scale patterns of 

association offer insights into a species’ potential habitat range (Pimm et al., 2014), the broad scale 

distribution patterns may not account for finer scale variation in occurrence (Palmer et al., 1990). 

For epifaunal and demersal species in deep sea environments, acquiring finer scale information on species-

habitat associations can be challenging due to the difficulty of gathering data at depth. New Zealand scampi, 

Metanephrops challengeri, is one such deep sea species whereby its distribution is primarily understood 

through broadscale patterns derived from commercial trawl catch records (Cryer et al., 2005; Tuck, 2009). 

Scampi is a commercially important species of clawed deep sea lobster that is widely distributed on the 

continental shelf of New Zealand at depths of 200 - 600 m (Cryer et al., 2005; Tuck, Parsons, et al., 2015; 

Tuck, 2009). Scampi build burrows in the sediment and are thought to spend a considerable proportion of 

time either in their burrows or foraging near them (Katoh et al., 2013; Tuck, 2010). Their sedentary nature 

and a strong behavioural preference to stay near burrows suggests that any dispersal in this species most 

likely only occurs during the short pelagic larval phase (Bell et al., 2013; Heasman et al., 2019; Tuck, 2010). 

While the main fishing grounds are well established, a number of exploratory trawls have discovered scampi 

are also present along the west coast of the North and South Islands, including along the Challenger 

Plateau, although not in commercially exploitable quantities (Tuck, 2009). As scampi are dependent on 

muddy to sandy seabed habitat, their overall geographical distribution is discontinuous (Bell et al., 2013). 

Their presence across deep water continental shelf plateaus in New Zealand suggests that sediment type, 

suitable for burrow construction and water temperatures may be important limiting factors in their 

distribution (Tuck, 2010). A better understanding of scampi-habitat associations at a range of scales may 

give insight into the general role of environmental factors in determining scampi density as well as allowing 

for more targeted fishing. However, scampi distribution patterns at finer scales, as well as their ecosystem 

roles and interactions with species that are not fisheries targets remain poorly understood (Johnson, 

Lordan, et al., 2013). Investigations of habitat associations at these finer scales often require techniques or 

technology that allow for direct observations of species in their habitat. For example, deep water drop 



Chapter Two 

14 
 

cameras can sample very small areas of seabed at a time, but are highly inefficient for spatial coverage, 

especially for species at low densities, such as scampi (Cryer et al., 2001; Cryer et al., 2004). 

2.1.2 Scampi trawl efficiency 

Crustacean trawl fisheries are associated with some of the highest bycatch and discard rates in the world 

(Alverson et al., 1994; Catchpole et al., 2008b; Kelleher, 2005). This trend holds true for the New Zealand 

scampi trawl fishery, with scampi accounting for only 17% of the total catch biomass for all observed 

scampi-targeted trawls from 1990 to 2010 (Anderson, 2012; Ballara et al., 2009). The remainder of the 

observed catch comprises over 450 different finfish and marine invertebrate species, the bulk of which are 

unmanaged with an average of 4.2 kg of fish discarded for every 1 kg of scampi caught since 2006 

(Anderson, 2012). 

Poor scampi trawl efficiency of scampi could further compound the negative impacts of reduced trawl 

selectivity. As scampi are burrow dwelling organisms, the ability to catch scampi in trawl nets is largely 

determined by their patterns of emergence (Tuck, Parsons, et al., 2015; Tuck, 2010). However, the 

proportion of emerged scampi caught during trawls is not well understood and can only be indirectly 

approximated by comparing trawl catch records to independent estimates of stock density which are difficult 

to procure (Tuck, 2010). 

Demersal trawling remains the sole method of fishing for scampi in New Zealand waters, with the 

commercial fleet adopting multiple trawl rigs of two or three lightweight nets of very low headline height 

(MPI, 2013). While most efforts to reduce bycatch and improve efficiency of scampi trawls have focused on 

improving selectivity once fish have entered the net (Hartill et al., 2006), comparatively little effort has been 

placed on assessing the efficiency of scampi capture at the front of the trawl. 

2.2 Aim and objectives 

The aim of this study was to provide insight into scampi-habitat associations at the level of the trawl and 

offer an assessment of scampi trawl efficiency by sampling with video technology attached to scampi trawl 

nets. Specifically, this study used video recording to; i) identify any associations between the distribution of 

scampi burrows, and visually apparent topographical features of the seabed, visible epifauna and fish taxa, 

and ii) measure the proportion of visible scampi caught by trawl nets and determine whether scampi trawl 

efficiency is influenced by scampi size, positioning and topography. Furthermore, these investigations were 

conducted at three spatially separated commercial fishing grounds for New Zealand scampi to determine 

whether results were specific to different locations. 
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2.3 Methods 

2.3.1 Data collection 

Video data were collected from 12 scampi trawls conducted in three commercially important scampi fishing 

grounds, i.e., Bay of Plenty, Mernoo Bank and north of Chatham Islands (Figure 2.1). Five of the 12 trawls 

from which video data was analysed were conducted using the research vessel Kaharoa on the Mernoo 

Bank (Chatham Rise) (fisheries management area SCI 3) and occurred over two separate scampi voyages; 

2010 - 2 trawls, 2016 - 3 trawls (Figure 2.1). The trawl locations were randomly selected and used a single 

rigged bottom trawl net with a 25 m wide mouth and with a mesh size of 55 mm. Each trawl was towed at 

a speed of 5.6 km hr-1 for 1 hr (Table 2.1). 

Seven of the 12 trawls were conducted using a commercial trawl vessel in two commercial scampi fishing 

grounds. Four of the seven trawls occurred off the coast of the Bay of Plenty (fisheries management area 

SCI 1) in 2016, while the remaining three trawls occurred just north of the Chatham Islands (fisheries 

management area SCI 4) in 2018 (Figure 2.1). All trawl locations were randomly selected and used a twin-

rigged bottom trawl net with a 60 m wide mouth and with a mesh size of 55 mm. Trawls were towed at a 

speed of 4.8 km hr-1 and ranged from 6 – 7.5 hr in duration.  

All 12 trawls from both vessels were conducted during daylight hours to coincide with the period of maximum 

trawl catchability of scampi (Tuck, 2010). Sampling at a time when the greatest number of scampi are likely 

to be out of their burrows is an excellent aid to the identification of certain burrow types as belonging to 

scampi (Cryer et al., 2001). 
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Table 2.1 Video trawl locations (Bay of Plenty (BoP), Mernoo Bank, Chatham Islands), dates, depth, speed, 
video type (timelapse or continuous) and analyses conducted (scampi association analysis and/or scampi 
trawl efficiency analysis (SCP)). 

Trawl ID Vessel Location Date Time start Mean 
depth 
(m) 

Trawl 
speed  
(km hr-1) 

Video type Analysis 

Trawl A Commercial BoP 12/02/2018 5:00 a.m. 401 4.8 Timelapse Associations / SCP 

Trawl B Commercial BoP 14/03/2018 9:15 a.m. 445 4.8 Timelapse Associations / SCP 

Trawl C Commercial BoP 15/03/2018 1:30 p.m. 469 4.8 Timelapse Associations / SCP 

Trawl D RV Kaharoa Mernoo 30/09/2016 7:14 a.m. 343 5.6 Continuous Associations / SCP 

Trawl E RV Kaharoa Mernoo 30/09/2016 12:45 p.m. 369 5.6 Continuous Associations / SCP 

Trawl F RV Kaharoa Mernoo 1/10/2016 9:20 a.m. 400 5.6 Continuous SCP 

Trawl G Commercial Chatham 28/12/2016 4:30 a.m. 373 4.8 Timelapse Associations / SCP 

Trawl H Commercial Chatham 29/12/2016 1:40 p.m. 377 4.8 Timelapse Associations / SCP 

Trawl I Commercial Chatham 30/12/2016 8:30 a.m. 367 4.8 Timelapse Associations / SCP 

Trawl J Commercial Chatham 31/12/2016 2:02 p.m. 371 4.8 Timelapse Associations / SCP 

Trawl K RV Kaharoa Mernoo 1/10/2010 8:52 a.m. 398 5.6 Continuous SCP 

Trawl L RV Kaharoa Mernoo 10/10/2010 9:34 a.m. 366 5.6 Continuous SCP 

 

 

Figure 2.1 Twelve video trawl samples and their locations within the Mernoo Bank (FMA – SCI 3) (crosses), 
Chatham Islands (FMA – SCI 4) (vertical crosses) and Bay of Plenty (FMA – SCI 1) (circles). Symbols 
represent the mid-point location of video trawls. 
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2.3.2 Camera setup 

Scampi-habitat associations 

Video recordings for habitat-association analyses were taken using two camera systems with near identical 

setup. The camera system aboard the commercial vessel used a single Brinno TLC200 Pro video camera, 

while the system aboard the RV Kaharoa used a single DeepSea Power & Light Seacam500 camera. Each 

camera was encased within a custom built aluminium underwater housing. Both camera and a battery pack 

with a 4.2 Ah capacity were fixed to a custom built camera stand comprised of steel and plastic framing 

(Figure 2.2). The camera stand was secured using cable ties to the underside of the top panel of the scampi 

trawl net, positioned near the middle of the net and about 170 cm back from the headline (Figure 2.3). The 

camera stand was orientated to face in the direction of the trawl so that the camera’s field of view included 

a section of the footrope of the trawl net. Two white Cree XLamp LED lights with a calculated output of 

2142 lm were connected to the same battery pack and positioned immediately below the camera and 

directed toward the camera’s field of view (Figure 2.2). The camera on RV Kaharoa trawls was set up to 

take continuous recordings (25 fps) for the duration of the 1 hr trawls, whereas the camera on commercial 

trawls was configured to take an image at one second intervals (timelapse recordings) so that battery and 

data storage would maintain recording over the longer 6 – 7.5 hr trawls. Recordings were stored on 32 GB 

memory cards and downloaded after each trawl. 

Recordings from nine trawls were used for habitat association analyses (seven from commercial trawls, 

two from RV Kaharoa trawls) (Table 2.1), whereby the camera setup, angle of view and spatial scale was 

consistent across all trawls. The spatial scale of the image frames from continuous and timelapse 

recordings ranged from approximately 1.5 to 2 m2 and were estimated by counting the number of visible 

mesh squares at the base of the footrope visible in the recordings. 

Three of the 12 trawls in this study were excluded from habitat-association analysis, including Trawl F 

(Mernoo Bank, 2016) as the angle of view was too shallow relative to other trawls, and Trawl K and L 

(Mernoo Bank, 2010) as they were conducted using a different camera setup (see below). 

Scampi trawl efficiency 

Recordings from all 12 trawls were used for scampi trawl efficiency analyses. These included all trawls 

derived from the two camera systems outlined above (including Trawl F), as well as two 1 hr video trawls 

conducted in the Mernoo Bank during a scampi research voyage in 2010 (Table 2.1). Recordings from the 

2010 trawls were recorded using a different camera setup as a pilot study for the use of cameras on scampi 

trawl nets. The system included a SeaCorder video recording system with built-in white LED lights 

(minimum output of 120 lm) and battery pack (8.2 A hr and operational for 6 hours) mounted to a small 

sledge and towed from the footrope of the trawl. Recordings from these trawls was continuous (25 fps) and 

pointed sideways down the length of the footrope, but with adequate resolution and field of view to observe 
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scampi encountering the footrope. Recordings were stored on a 30 Gb hard drive and downloaded after 

each trawl. 

 

Figure 2.2 Camera stand, housing and lights used for scampi-habitat analysis recordings. 

 

Figure 2.3 Scampi trawl net components with camera positioning and field of view (mockup). The RV 
Kaharoa vessel used a single rigged net, while the commercial vessel used a twin-rigged net. 
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2.3.3 Analyses 

Scampi-habitat associations 

Video recordings were analysed for scampi-habitat associations for nine of the 12 trawls where the field of 

view was consistent among tows and suitable for analysis. Seven were conducted commercial trawls (three 

from Bay of Plenty, four from Chatham Islands) and two were conducted on the RV Kaharoa (Mernoo Bank) 

(Table 2.1, Figure 2.1). For each of the seven commercial trawls, 1 hr of unbroken video was randomly 

selected, as a means of standardizing trawl length. Selected frames from two 1 hr videos and timelapse 

recordings of the seafloor were scrutinized for visible features of interest. The following biological and 

topographical features within each frame were recorded:  

i) Scampi: Visible scampi were partitioned into two size categories (small ~ < 10 cm overall 

length, large ~ > 10 cm overall length). Size estimates were made by comparing scampi to 

trawl net mesh squares within the frame. 

ii) Scampi burrows: Scampi burrow openings were identified in accordance with characteristics 

and descriptors developed by Cryer et al. (2003), such as surface tracks leading from openings, 

shallow descent angle, sediment fan and crescent shape (Figure 2.4). Burrows were classified 

as either ‘highly characteristic’ or ‘probable’ based on the evaluation of these burrow 

characteristics. 

iii) Conical mounds: The number of conical mounds, likely formed by bioturbators, were counted 

per frame. These mounds ranged in size up to approximately 30 cm in diameter and were 

typically greater in height than the 60 mm diameter of the footrope. 

iv) Surface roughness: Benthic topography for each frame was categorized as either 

predominantly rough or smooth. Rough topography was where the majority of seafloor within 

the frame undulated more than the height of the footrope (60 mm), whereas vertical undulations 

in the seabed smaller than 60 mm was considered smooth. 

v) Epifauna and pelagic organisms: Epifauna and pelagic organisms were counted and identified 

to their lowest taxonomic rank. Smaller macrofaunal organisms (approximately <3 cm) were 

often too hard to identify and were left out of analysis. Likewise, occasionally fast-moving finfish 

species were unidentifiable and were instead categorized according to size (small ~ < 20 cm 

overall length, large ~ > 20 cm overall length). 

A power analysis was run to determine the number of sampled frames required to reliably detect a 

difference (at a significance level of 0.05) between the number of scampi burrows per frame as a reliable 

predictor of scampi abundance (Cryer et al., 2003) and other faunal and benthic features identified from the 

video imagery. The means and pooled variance per trawl sample of scampi burrows and conical mounds 

from a random sample of 840 analysed frames across two separate trawls within the Chatham Islands 

sampling site revealed a minimum sample size of 350 images per sampling location (FMA). Therefore 300 
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samples were randomly allocated for each 1 hr of trawl video recordings by assigning sequential numbers 

to each second of continuous recordings, or for each frame of timelapse recordings, and using a random 

number generator to sample 300 images. Assigning 300 samples to each trawl resulted in a sample size 

per sampling location that greatly exceeded the minimum requirement. The additional sampling enabled 

images to be discarded where the image quality was too poor for analysis, due to debris or water clarity, 

leaving a final total of 2,537 images for analyses. 

All image observations were carried out on clear images and by the same researcher to ensure consistency. 

A randomly selected subset of images were assessed by two benthic ecologists and a scampi expert to 

confirm the correct identification of organisms and scampi burrow characteristics. 

Poisson regression analysis was used to investigate the relationships between scampi burrow numbers per 

frame (response variable) and the explanatory variables: total visible scampi, counts of epifauna taxa, 

counts of finfish taxa, topography categories and presence or absence of conical mounds. Estimates of the 

regression coefficients indicate the direction and magnitude of the relationship between burrow numbers 

and explanatory values, with positive values indicating a positive relationship. In all cases the residual 

deviance value was smaller than the degrees of freedom and thus the data were not overdispersed. 

Statistical analyses was carried out using the statistical tool R (version 3.5.2). 

 

Figure 2.4 Four examples of sampled images from video trawls; A1 large scampi away from burrow; B2 
large scampi partially in burrow; B3 conical mound; C4 scampi burrow, C5 – C7 conical mounds; D8 
lookdown dory; D9 small scampi on the surface The bottom two images illustrate the difference between 
rough (C) and smooth (D) benthic topography. The footrope would occasionally fall out of view during the 
course of a trawl due to seafloor contact friction (D).  
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Scampi trawl efficiency 

Scampi trawl efficiency was assessed by observing the proportion of visible scampi that passed over the 

footrope and were deemed to have been ‘caught’ in the following trawl net versus those that passed under 

the footrope that were ‘not caught’. The analysis used 1 hr of trawl recordings from each of the 12 trawls, 

including the nine recordings sampled for habitat-association analysis. 

Rather than subsampling, each 1 hr of video recording was analysed in its entirety in order to observe all 

visible scampi encountering the viewed portion of the footrope. The pre-trawl arrival positions of scampi 

were categorized as follows; surface (visible scampi fully emerged from burrow) (Figure 2.5), partially in 

burrow, fully in burrow. Scampi size was also recorded in accordance with size categories used for habitat 

association analysis (small vs large). Topography (smooth or rough) and presence/absence of conical 

mounds for each scampi sighting was also recorded. 

A catch assessment could be made for all visible scampi encountering the footrope during RV Kaharoa 

trawls, due to the use of continuous recordings. In contrast, only a small proportion (9.5 %) of visible scampi 

from timelapse recordings used during commercial trawls were observed encountering the footrope. In 

those cases, the 1 sec interval between frames allowed for the same scampi to be observed in back-to-

back frames, approaching and then encountering or passing by the footrope. 

Multiple logistic regression analysis was used to test for the effect of variables (scampi position, scampi 

size, topography type, presence/absence of conical mounds) on the probability of scampi being caught. 

Chi-squared tests were also used to investigate whether the proportions of caught and uncaught scampi 

were different from expected proportions with respect to scampi position, scampi size, topography type and 

presence/absence of conical mounds. 
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Figure 2.5 Image from a trawl video of a scampi positioned on the surface and on smooth topography about 
to encounter the footrope of the trawl net. 

 

2.4 Results  

2.4.1 Scampi-habitat associations 

A total of 2537 images were analysed for the investigation of scampi-habitat associations (Table 2.2). 

Trawls with lower sample numbers were a result of the exclusion of frames with poor image quality due to 

debris and poor water clarity. The total number of visible scampi varied across trawls, ranging from 5 to 55 

per trawl. Of these, large scampi (> 10 cm body length) accounted for 58% of all observed scampi. Visible 

scampi as a proportion of scampi burrow openings ranged from 0.05 to 0.41 among trawls. These numbers 

are comparable to findings from photographic surveys conducted as a component of scampi stock 

assessment (Tuck, Parkinson, et al., 2015a; Tuck et al., 2016). Conical mounds were present across all 

trawls, with highest rate of occurrences in the Mernoo Bank (54 % of all samples) and lowest in Bay of 

Plenty (26 %). Rough topography was most prevalent for trawls conducted in the Mernoo Bank (74% of all 

Mernoo Bank samples) and Chatham Islands (80% of all samples), while two of the three Bay of Plenty 

trawls recorded predominantly smooth topography (Table 2.2). 
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Table 2.2 Summary of video trawls.  

 BoP (SCI 1)   Mernoo (SCI 3) Chatham (SCI 4)   

  Trawl A Trawl B  Trawl C  Trawl D Trawl F Trawl G Trawl H Trawl I Trawl J 

Samples 299 238 259 138 319 320 425 125 414 

Total scampi 9 5 19 19 22 36 50 6 55 

Small scampi  6 3 6 5 8 19 26 3 17 

Large scampi  3 2 13 14 14 17 24 3 38 

Total scampi burrows 63 99 92 87 207 226 128 37 134 

Scampi to burrow ratio 0.14 0.05 0.21 0.22 0.11 0.16 0.39 0.16 0.41 

Total conical mounds 53 85 139 113 241 356 391 62 191 

% smooth topography 71 65 39 27 25 10 14 21 33 

 

2.4.2  Epifauna and pelagic organisms 

A total of 33 taxa were identified from images, comprising 11 epifauna and 22 fish taxa (Table 2.3). Total 

visible epifauna counts were relatively low per trawl with scampi comprising a sizeable proportion of all 

epifauna numbers, accounting for between 13 - 76% of the epifauna per trawl (Table 2.3). For seven of the 

nine trawls, scampi comprised greater than 56% of total visible epifauna. A variety of other crustaceans 

including antlered crabs (Dagnaudus petterdi), squat lobsters (Munida spp.), krill (order: Euphausiacea), 

shrimp (order: Decapoda) and other (unidentifiable) crabs (order: Decapoda) were identified as minor 

proportions of total epifauna in other trawls. Sea pens (order: Pennatulacea) were prevalent during Mernoo 

Bank (SCI 3) trawls and a large grouping of sea urchins (class: Echinoidea) comprised 77% of total epifauna 

numbers during trawl I (Chatham Islands). 

The five most commonly identified fish taxa included rattails (family: Bathygadidae), hoki (Macruronus 

novaezelandiae), hagfish (Eptatretus cirrhatus), sea perch (Helicolenus spp.) and eels (order: 

Anguilliformes). Rattails were prevalent in Mernoo Bank and Chatham Island trawls but were only observed 

three times in Bay of Plenty. Twenty of the 24 observed ling (Genypterus blacodes), an active predator of 

scampi, occurred during Chatham Island trawls. 
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Table 2.3 Counts of visible epifauna and fish species classified to their lowest possible taxonomic level. 
*Unidentifiable fish smaller than approx. 200 mm. **Unidentifiable fish larger than approx. 200 mm. 

  
BoP (SCI 1)   Mernoo  

(SCI 3) 

  

Chatham (SCI 4)   

Common name Scientific name Trawl 

A 

Trawl 

B  

Trawl 

C 

Trawl 

D  

Trawl 

F 

Trawl 

G 

Trawl 

H 

Trawl 

I 

Trawl 

J 

Epifauna                     

Scampi Metanephrops 

challengeri 

9 5 19 19 22 36 50 6 55 

Antlered crab Dagnaudus petterdi 
     

2 3 
  

Other crabs Order: Decapoda 1 
   

1 7 7 1 18 

Sea pens Order: Pennatulacea 
  

4 13 61 9 4 3 11 

Sea urchins Class: Echinoidea 
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Sea star Class: Asteroidea 
    

7 2 2 1 1 

Squat lobster Munida spp.  
        

2 

Krill Order: Euphausiacea 
  

5 2 
     

Shrimp Order: Decapoda 4 3 4 
  

1 
   

Other cnidaria Cnidaria 
 

1 2 
 

1 
    

Unidentifiable 

epifauna 

 
2 

       
1 

Total epifauna 
 

16 9 34 34 92 57 66 47 88 

Scampi as a percentage of epifauna (%) 56 56 56 56 24 63 76 13 63 

Fish 
          

Hagfish Eptatretus cirrhatus 4 9 7 
 

  1 14 3   

Eels Order: Anguilliformes 2 2 
   

1 15 
 

5 

Ghost shark Class: Chimaeridae 
   

2 3 
    

Dogfish Order: Squaliformes 
        

1 

Flounder Family: 

Rhombosoleidae 

1 
    

1 
   

Hake Merluccius australis 
   

1   
   

3 

Hoki Macruronus 

novaezelandiae 

 
2 3 13 5 5 2 

 
31 

Ling Genypterus blacodes 
  

3 1 
 

1 1 
 

18 

Lookdown dory Family: Cyttidae 1 
 

1 
 

4 5 
  

7 

Rattail Family: Bathygadidae 2 
 

1 12 21 13 15 1 67 

Rays and Skates Subclass: 

Elasmobranchii 

    
1 

    

Common roughy Paratrachichthys trailli 1 
 

4 2   
   

1 
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Sea perch Helicolenus spp. 3 
  

2 10 1 2 2 8 

Silverside Argentina elongata 
 

2 
 

3 3 
   

4 

Snipefishes Family: 

Macroramphosidae 

  
1 

 
4 

   
1 

Squid Class: Cephalopoda 
 

1 
  

1 
    

Stargazer Kathetostoma 

giganteum 

    
1 

    

Warehou Family: 

Centrolophidae 

    
2 

    

Deepsea flathead Hoplichthys haswelli 1 
       

1 

Cod Family: Moridae 
    

1 
    

Finfish small* 
 

14 8 18 
 

10 22 19 2 34 

Finfish large** 
 

4 2 4 4 3 5 3 
 

96 

Total fish count 
 

33 26 42 40 68 55 71 8 277 

 

2.4.3 Associations per individual trawl 

A Poisson regression analysis identified a statistically significant positive relationship between the number 

of burrows (response variable) and total scampi numbers in four of nine trawls. Total scampi numbers rather 

than scampi size classes were analysed due to low scampi counts in three trawls. A positive relationship 

was also observed between burrow numbers and number of conical mounds in eight of the nine trawls 

(Table 2.4). Consequently, smooth benthic topography was also found to be less likely to have scampi 

burrows present for six of the nine trawls (Table 2.4). As individual taxa counts were low, taxa were pooled 

by total epifauna and total fish per trawl to investigate broad associations between burrows and benthic or 

pelagic species. A negative relationship was found for burrow numbers and total epifauna counts for a 

single Chatham Island trawl, whereas no relationships were observed for burrow numbers and total fish 

counts per trawl (Table 2.4). 
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Table 2.4 Relationships between scampi burrows and other variables. P-values and regression estimates 
(indicating direction and magnitude of the relationship) from Poisson regression analyses are provided. 
Emboldened values indicate statistical significance. 

 BoP (SCI 1)   Mernoo (SCI 3) Chatham (SCI 4)   

 Trawl A Trawl B  Trawl C  Trawl D Trawl F Trawl G Trawl H Trawl I Trawl J 

Total scampi 0.067 0.030 0.087 0.464 0.510 0.025 0.036 0.109 0.010 

Estimate 0.68 0.93 0.54 0.19 0.15 0.24 0.22 0.88 0.36 

Conical mounds <0.001 <0.001 <0.001 0.125 <0.001 <0.001 <0.001 <0.001 <0.001 

Estimate  0.59 0.57 0.62 0.18 0.58 0.44 0.47 1.05 0.38 

Smooth topography <0.001 0.002 <0.001 0.407 <0.001 0.022 <0.001 0.993 0.236 

Estimate -1.76 -0.69 -1.59 -0.22 -1.11 -1.65 -2.80 -17.09 -1.30 

Total epifauna 0.989 0.988 0.885 0.685 0.301 0.037 0.240 0.876 0.354 

Estimate -15.47 -15.13 -0.07 -0.15 -0.15 -0.42 0.15 0.00 0.20 

Total fish  0.806 0.212 0.899 0.42 0.449 0.421 0.979 0.182 0.201 

Estimate -0.25 -0.49 -0.03 -0.19 -0.11 0.10 0.00 0.86 -0.10 

 

2.4.4 Associations by fisheries area 

When grouping data by location, a positive relationship was observed between burrows and total visible 

scampi for Bay of Plenty and Chatham Island trawls. This relationship was also observed for small scampi 

in the Bay of Plenty and for small and large scampi in the Chatham Islands. A positive relationship between 

numbers of burrows and conical mounds was observed for all three locations, while there was a 

corresponding negative relationship between burrows and smooth topography at all locations. The relatively 

high standard errors of total scampi relative to the coefficients suggest high variability and patchiness in the 

distribution of visible scampi relative to burrows at all three sampling locations (Table 2.5). 

For regression analyses of individual taxa, it was necessary to pool data for trawls within sampling location 

due to low counts per trawl. No significant relationship between numbers of scampi burrows and the 

numbers of individual taxa was observed for trawls occurring in Bay of Plenty, however, for Mernoo Bank 

a positive relationship was found with ghost-sharks (estimate = 0.93, p = 0.025), and for Chatham Island 

location a positive relationship was found with antlered crabs (estimate = 0.65, p = 0.016), other crabs 

(estimate = 1.01, p = 0.042), eels (estimate = 0.44, p = 0.010), small finfish (estimate = 0.27, p = 0.014) 

and lookdown dories (estimate = 0.76, p = 0.002). 
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Table 2.5 Relationship between number of scampi burrows and other habitat variables for results of 
analyses of video recordings pooled by location. P values, regression estimates (indicating direction and 
magnitude of the relationship) and standard errors from Poisson regression analyses are provided. 
Emboldened values indicate statistical significance.  

 
BoP (SCI 1)    Mernoo (SCI 3)   Chatham (SCI 4A) 

 

  

Estimate Std. 

error 

P value Estimate Std. 

error 

P value Estimate Std. 

error 

P value 

Total scampi 0.646 0.208 0.002 0.227 0.169 0.179 0.330 0.068 <0.001 

Scampi small 0.805 0.255 0.002 0.084 0.276 0.763 0.281 0.095 0.003 

Scampi large 0.349 0.328 0.287 0.289 0.203 0.153 0.344 0.092 <0.001 

Conical mound 0.592 0.071 <0.001 0.423 0.064 <0.001 0.474 0.027 <0.001 

Smooth topography -1.092 0.161 <0.001 -0.625 0.189 <0.001 -1.995 0.414 <0.001 

 

2.4.5 Scampi trawl efficiency 

Over all sampling, regardless of location, only 30% of observed scampi encountering the footrope were 

caught, with the majority passing under the footrope of the trawl (Table 2.6). Scampi size had little effect 

on their chance of capture with 29% of small and 31% of large scampi caught. Scampi trawl efficiency 

decreased with rough topography (27%) versus smooth topography (38%) and with the presence versus 

the absence of conical mounds, (23% vs 35% respectively). Scampi position greatly affected their chance 

of capture with scampi observed partially in their burrows escaping capture 90% of the time compared to 

62% of scampi observed on the surface (Table 2.7). 

Multiple logistic regression analysis found scampi position to be the only variable with a statistically 

significant effect on scampi catchability (estimate = -1.38, p < 0.001). Likewise, chi-squared tests revealed 

that the proportion of caught and uncaught scampi were significantly different from expected proportions 

given scampi positions (χ2 = 10.63, p = 0.001), but not for scampi size (χ2 = 0.06, p = 0.81), topography 

(χ2= 1.73, p = 0.19) or presence of conical mounds (χ2 = 2.08, p = 0.15). Scampi positioned fully and partially 

in their burrows were combined for chi-squared tests to improve approximations, as only two of 186 scampi 

were observed fully in burrows.  
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Table 2.6 Summary of scampi trawl efficiency findings. 

FMA Recording type # of trawls # caught Total scampi 

SCI1 Timelapse  3 2 5 

SCI3 Video 3 19 72 

SCI3 (2010) Video 2 29 97 

SCI4 Timelapse  4 6 12 

Total  12 56 186 

 

Table 2.7 Scampi trawl efficiency by scampi size, topography and scampi position 

  # caught  # not caught  Total  % caught  

Scampi total  56 130 186 30 

Scampi small 15 37 52 29 

Scampi large 41 93 134 31 

Topography         

Scampi total × smooth 19 31 50 38 

Scampi total × rough 36 99 135 27 

Scampi total × conical 20 65 85 24 

Scampi total × no conical 35 66 101 35 

Scampi small × smooth 3 6 9 33 

Scampi small × rough 12 31 43 28 

Scampi small × conical 5 21 26 19 

Scampi large × smooth 16 25 41 39 

Scampi large × rough 24 68 92 26 

Scampi large × conical 15 46 61 25 

Position         

Scampi total × fully in burrow 0 2 2 0 

Scampi total × partially in burrow 5 47 52 10 

Scampi total × on surface 49 80 129 38 

Scampi small × fully in burrow 0 1 1 0 

Scampi small × partially in burrow 2 17 19 11 

Scampi small × on surface 12 19 31 39 

Scampi large × fully in burrow 0 1 1 0 

Scampi large × partially in burrow 3 30 33 9 

Scampi large × on surface 37 61 98 38 
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2.5 Discussion 

2.5.1 Habitat associations 

The present study offers a first account of the patterns of habitat association in the New Zealand scampi at 

the trawl scale. Scampi numbers were negatively associated with benthic smoothness and positively 

associated with conical mounds that were prevalent across sampling locations within the three sampled 

fisheries management areas. These results augment our current understanding of scampi-habitat 

preferences and the factors influencing scampi distribution patterns. Few acoustic surveys, allowing for the 

classification of seabed type of New Zealand scampi habitats, have been conducted with only a small 

proportion of those being groundtruthed by photographic surveys of scampi occupying the seafloor (Cryer 

et al., 2001). Nonetheless, groundtruthed acoustic surveys indicate that scampi distribution is likely tied to 

the availability of soft sediments suitable for burrow formation by scampi (Cryer et al., 2001). Furthermore, 

broad sediment preferences of scampi may be inferred by overlaying data collected during acoustic seabed 

classification surveys conducted along New Zealand plateaus (Harris et al., 2012; Nodder et al., 2011) with 

the distribution of scampi catches from trawl-catch records (Tuck, 2009). It is likely that conical mound-

forming bioturbators and scampi have similar sediment requirements and their distributions overlap due to 

this shared habitat preference. There is currently no research directly relating the presence of New Zealand 

scampi burrows to sediment grain size composition. 

Investigations of habitat associations and sediment requirements for the related Norway lobster (Nephrops 

norvegicus) (henceforth referred to as Nephrops) suggests that the availability of suitable sediment for 

burrow building is a pre-requisite for Nephrops distribution (Johnson, Lordan, et al., 2013). Examinations 

of burrow density with sediment composition has found ‘mud’ substrates (i.e., substrates with higher silt-

clay ratios and lower coarse sand ratios) correspond with higher burrow densities (Afonso-Dias, 1998; 

Campbell et al., 2009; Power et al., 2019). An understanding of sediment preferences and associations 

with other environmental factors including benthic topography has allowed for habitat suitability models to 

predict Nephrops distributions in existing and unexplored areas (Lauria et al., 2015). A similar 

understanding of scampi-habitat associations in New Zealand waters could potentially allow for more 

discriminate and targeted fishing efforts.  

In the present study it is unclear which organism is responsible for conical mound formation due to a lack 

of infaunal analysis of scampi-habitats. Burrowing polychaete worms are a likely candidate having produced 

similar looking mounds and of a similar size (up to approximately 30 cm in diameter) in other soft sediment 

habitats (Ray et al., 1956). Also, the presence of scampi burrows in areas without mounds suggest that 

scampi are unlikely to be responsible. As rough seabed topography was typically accentuated by the 

presence of conical mounds, the negative association between burrows and smooth topography may also 

be partially explained by shared sediment preferences between scampi and conical mound-forming 

organisms. It is possible that rough topography and conical mounds may aid in scampi predator avoidance 
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by offering a more three-dimensional habitat in which to build their burrows and provide some refuge from 

predators. While increased habitat structure has been shown to reduce detection from predators in other 

soft sediment crustacea (Main, 1987), these are typically associated with increased vegetation coverage. 

Investigations of predator avoidance strategies in Nephrops have revealed the use of olfaction to sense 

chemicals released by predators, swimming tail flip to rapidly avoid approaching predatory fish, and burrow 

submergence (Katoh et al., 2013). 

A positive relationship was observed between the numbers of burrows and the numbers of visible scampi 

for two of the three fisheries management areas. As scampi are thought to spend a considerable amount 

of their time in, or near, burrows (Tuck, 2010), it is unsurprising that a relationship was detected. However, 

the lack of a statistically significant relationship between numbers of burrows and visible scampi for Mernoo 

Bank trawls may be related to seasonal patterns of burrow emergence associated with scampi moulting 

cycles. These sampling dates overlapped with predicted female scampi moulting periods, which peak in 

October in SCI 3, and are associated with substantially reduced burrow emergence (Tuck, 2013). This 

would potentially reduce the proportion of visible scampi for Mernoo Bank samples in this study. Bay of 

Plenty sampling dates (February / March) did not coincide with predicted moulting periods (October / 

November) (Tuck, 2010). While an analysis of scampi emergence patterns has not been undertaken for 

SCI 4, Chatham Island trawls were conducted during months that aligned with historically higher catch rates 

for the fishery and are therefore less likely to be a moulting season. 

For regression analyses of individual taxa, it was necessary to pool data for trawls within sampling location 

due to low counts per trawl. However, pooling data by location assumes relative uniformity within each 

scampi FMA despite the vast size of FMAs in comparison to individual trawls. Further video trawls are 

required to determine the level of variation in the distribution of taxa within sampling locations.  

Scampi burrow numbers were only positively associated with four of the 33 identified taxa, and none 

consistently across all three fisheries management areas. Trawls were characterised by low total epifauna 

numbers but with a relatively high proportion of those observed being scampi (13-76% within trawls), 

suggesting that scampi are the dominant benthic epifaunal species. Detecting associations between 

sedentary burrow-dwelling species, such as scampi, and highly mobile pelagic species can be difficult when 

assessing at spatial scales of only a few metres (i.e., scale of video imagery). Pelagic and demersal fish 

species can move and migrate over large areas and their distribution and abundance are typically assessed 

via acoustic surveys (Simmonds et al., 2008), catch records and mark-recapture methods over much larger 

spatial scales. Scampi trawl catch records can offer insights into species associations over much broader 

scales, although they do not account for uncaught species due to gear selectivity parameters. An analysis 

of annual bycatch estimates from 1990 – 2010 across the entire scampi fishery revealed that more than 

half of the total bycatch biomass were comprised of five fish taxa: javelinfish (Lepidorhynchus denticulatus), 

unspecified rattail species (Macrouridae), sea perch (Helicolenus spp.), ling (Genypterus blacodes) and 
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hoki (Macruronus novaezelandiae) (Anderson, 2013). All five taxa were observed in the present study with 

‘rattails’ (grouping of javelinfish and unspecified rattails) making up the largest number of identifiable fish 

taxa. 

While comparatively time consuming, visual assessments of the seafloor potentially offer more accurate 

assessments of scampi-species associations than catch records as it includes scampi burrows, a more 

reliable indicator of scampi presence than trawl catches (Cryer et al., 2003; Cryer et al., 2001), and may 

account for uncaught species. In the present study a number of epifaunal species, including crustaceans, 

sea urchins and sea-pens were observed passing under the net and evading capture. Likewise, strong-

swimming fish were occasionally viewed actively avoiding capture using bursts of speed to swim upward 

and out of view of the video. The criteria used to assess the presence of burrows as belonging to scampi 

were, of necessity, partially subjective, but were based on a set of descriptors developed for ongoing 

photographic stock assessments (Cryer et al., 2003). Further replication may enable the use of scampi data 

to inform on the distribution of other species underrepresented in scampi trawls. 

2.5.2 Scampi trawl efficiency  

The detrimental effects of bottom trawling on the marine benthic environment are widely acknowledged 

(Kaiser et al., 2002; Thrush et al., 2002). In New Zealand, the degree of benthic modification from scampi 

trawls is poorly understood due the relatively great depths at which they operate that hinders scientific 

research (200 – 600 m). Adequate and direct observations of the seabed following scampi trawls is both 

difficult and costly at such depths. However, analysis of catch composition from overlapping demersal trawls 

over selected sites in north-eastern New Zealand suggests that trawling alters benthic community structure 

and reduces biodiversity over broad spatial scales (Cryer et al., 2002). 

Demersal trawling for several crustacean fisheries, including shrimp and scampi, are ranked as some of 

the most energy intensive fisheries globally (Tyedmers, 2004). Fishing vessels will travel for over 24 hrs to 

reach fishing grounds, particularly in the Mernoo Bank (SCI 3), Chatham Islands (SCI 4) (Figure 2.1) and 

in the Auckland Islands (SCI 6A) to the south of New Zealand. These long travel times and trawl towing 

distances (up to 50 km) all contribute to the comparatively high fuel demands of the New Zealand scampi 

fishery. Improving scampi trawl efficiency could reduce necessary fishing times, potentially reducing energy 

consumption and seabed damage. 

It is understood that the use of commercial trawl catch records can severely underestimate scampi density, 

as a large proportion of scampi remain uncaught whilst in their burrows. Visible scampi counts from stock 

assessment photos have typically been 10-20% of burrow counts (Tuck, 2010), with estimates from the 

present study falling within the margins of error (5–40%). However, the proportion of emergent scampi that 

are captured and the factors influencing scampi trawl efficiency have not been investigated until now. These 

preliminary findings suggest that less than a third of visible scampi are captured during trawls. While scampi 
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size had seemingly no effect on scampi trawl efficiency, burrow submergence had a significant effect on 

catch success. The presence of conical mounds tended to further reduce catch success. Rough topography 

and conical mounds reduced footrope contact with the seabed, allowing scampi to pass under the net. 

Likewise, partially emergent scampi were only observed to be caught when reacting to approaching trawl 

gear by flicking their tails and swimming upwards. Swimming, as a predator avoidance response, has been 

found to play a role in the capture of Nephrops in trawl nets with a proportion of those that are stimulated 

to swim being captured in the net (Newland et al., 1992). 

Other factors influencing Nephrops catch success have included swimming orientation (Newland et al., 

1989) and the number of trawl rigs used, with one study finding Nephrops catch rates improved 340% for 

twin rigged trawls over single rigged trawls (Sangster et al., 1998). The study suggested that differences in 

ground gear shape could imply different ground gear contact affecting fishing efficiencies. In the present 

study, a higher percentage of scampi were caught in twin-rigged commercial trawls (47%) than in single-

rigged trawls (24%). However, these results may be confounded by other variables, and by low numbers 

of observed scampi encountering the net for commercial trawls (17) relative to RV Kaharoa trawls (169). 

Of the 17 scampi assessed from commercial trawls, eight that were caught were all observed on the 

surface, while the nine uncaught were all partially observed in burrows, suggesting that catch success was 

predominantly influenced by scampi positioning. 

2.6 Conclusion 

While the main scampi fishing grounds of New Zealand are well established, exploratory trawls still occur 

on the outskirts of plateaus and along the west coast of New Zealand (Tuck, 2009). Locating areas of 

localized higher scampi abundance outside of established grounds is an energy intensive exercise given 

current methods. Exploratory trawls are typically based on water depth and proximity to established grounds 

and may yield little to no scampi. The present study suggests that the detection of conical mounds may be 

used as way of locating scampi patches for more targeted fishing. A better understanding of scampi-habitat 

associations with respect to sediment preferences, species interactions and other environmental factors 

could allow for more accurate predictions of scampi distribution and further reduce the need for ‘blind’ 

trawling. Given that the catch of available scampi in the present study was so low, further video 

assessments of the factors affecting scampi trawl efficiency are needed in order to potentially improve 

fishing efficiency. The results confirm the effectiveness of video sampling from commercial trawls to improve 

our understanding of deep-sea habitats and fishing efficiency. 
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3 Chapter Three: Estimates for the size at onset of maturity for New 

Zealand scampi (Metanephrops challengeri) 

3.1 Introduction 

Determining the size at the onset of maturity (SOM) is an important component of fisheries management 

as it offers insight into a species’ reproductive potential. The size at which crustaceans become sexually 

mature can change in response to changing environmental conditions (Wenner et al., 1974). For example, 

SOM in lobster species has been found to vary with temperature, food supply, population density and fishing 

pressure (Ayza et al., 2011; McQuaid et al., 2006; Queirós et al., 2013; Tuck et al., 2000; Wenner et al., 

1974). Populations that mature at smaller sizes may benefit from shorter juvenile periods resulting in higher 

rates of survival to maturity, while populations with delayed maturation tend to become more fecund, 

improving spawning potential (Stearns, 1992). 

Sexual maturation in lobsters is typically investigated by visual inspection of primary sexual characteristics 

and analyses of morphometric features related to sexual development. Methods to estimate SOM based 

on primary sexual characteristics include identifying the size of the smallest ovigerous female (Thomas, 

1964) and the average size at which 50% of females bear eggs or possess ripe ovaries (L50). The L50 

method is suggested to be a more reliable index of maturity across a population (Figueiredo, 1982) and is 

adopted by numerous studies (Bianchini et al., 1998; Booth, 1984; Groeneveld et al., 1994; Heydorn, 1969; 

McQuaid et al., 2006; Queirós et al., 2013; Tuck et al., 2000). For lobsters, the size at which 50% of females 

possess ripe ovaries is estimated through gonadal staging based on macroscopic observations of colour 

and shape (e.g. Bailey, 1984). The presence of eggs carried under the abdomen as a clear indicator of 

sexual maturity has become less commonly used to estimate L50, as sexually mature females do not 

necessarily bear eggs at any given point in time, particularly during moulting (Wenner et al., 1974). 

However, the reliability of egg-based estimates of SOM can be improved through an understanding of a 

species’ reproductive cycle, enabling targeted sampling of cohorts during egg-bearing phases. Species 

with longer egg-bearing periods also increase the likelihood of observing the true proportion of mature 

females at a given point in time. 

Morphometric methods to assess SOM are typically less time consuming than gonadal examinations and 

are used to investigate shifts in allometric growth associated with maturation. In crustaceans, the allometric 

relationships between body size and various secondary body parts and organs have been used to estimate 

the size at maturity in both males and females, on the basis that secondary sexual traits grow at different 

rates before and after maturity (Leme, 2005). For example, in male Nephrops, the size of secondary 

appendages such as the cutter and crusher claw have been shown to increase in relation to carapace 

length (CL) after reaching sexual maturity (Queirós et al., 2013; Tuck et al., 2000). Likewise, the proportional 
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widening of the abdomen in relation to CL in female Nephrops upon reaching sexual maturity increases 

their capacity for larger clutches of eggs (McQuaid et al., 2006; Tuck et al., 2000). 

In many crustaceans, including lobsters, age determination is not routinely possible due to a lack of hard 

structures bearing annuli as are commonly found in fish (Bell et al., 2013; Sheehy, 1990). Hence, body size 

is often used as a proxy for age. The relationship between size at maturity and age can be unreliable as 

growth rates may vary considerably with a variety of factors (Bell et al., 2013). Furthermore, physiological 

maturity (gonadal maturity), functional maturity (e.g., presence of eggs) and morphological maturity (e.g., 

allometric growth) may occur at different stages or times (Meurant, 1982). 

New Zealand scampi is a commercially important species of clawed deep sea lobster that is widely 

distributed on the continental shelf of New Zealand at depths of 200 - 600 m (Cryer et al., 2005; Tuck, 

Parsons, et al., 2015; Tuck, 2009). Scampi build burrows in the sediment and are thought to spend a 

considerable proportion of time near them (Katoh et al., 2013; Tuck, 2010). Their sedentary nature and a 

strong behavioural preference to stay near burrows suggests that any dispersal in this species only occurs 

during the pelagic larval phase (Bell et al., 2013; Tuck, 2010). 

As for other crustaceans, determining the growth rate and age at maturity of New Zealand scampi is 

challenging. Ongoing efforts to determine growth rates through tag-recapture studies have been hindered 

by return rates between 1 – 5%, with the majority of these returns being caught prior to their next moulting 

cycle (Cryer et al., 1999; Tuck, 2009). In comparison, investigating size in relation to maturity is relatively 

straightforward and has been extensively studied for Nephrops in a number of European locations 

(McQuaid et al., 2006; Queirós et al., 2013; Thomas, 1964; Tuck et al., 2000). 

Preliminary gonadal analysis of female scampi suggest that the size at which 50% of females displayed 

mature gonads (L50gonads) occurs at approximately 30 mm CL in two commercial fisheries management 

areas (FMAs) off the North Island (SCI 1 and SCI 2), and at 38 mm CL for the Auckland Islands (SCI 6A) 

(Tuck, 2014, 2017). No formal estimates of L50 as determined by the presence of eggs (L50eggs) have been 

made for scampi, although an unpublished preliminary study suggested estimates between 36 – 56 mm CL 

(Fenaughty, 1989). Avoiding times of moulting increases the likelihood of eggs being a reliable index for 

estimating maturity in female scampi, especially given their extended egg-bearing periods outside of 

moulting of up to 10 months (Tuck, 2010). SOM has not been estimated for male scampi. Likewise, an 

analysis of SOM across the full distribution of the species and accounting for environmental explanatory 

values is currently lacking despite recent evidence indicating significant genetic heterogeneity with the 

range of the scampi population (Verry, 2017). 
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3.2 Aim and objectives 

Therefore, the aim of this study was to investigate spatial and geographical variability of SOM for scampi 

using a range of methods including the size of smallest berried females, the size at which 50% of females 

possess mature ovaries (L50gonads), the size at which 50% of females bear eggs (L50eggs), and morphometric 

measurements to investigate shifts in allometric growth in both males and females. Estimates of SOM from 

four of the main fisheries management areas (FMAs) were then compared with regard to depth of capture, 

seafloor water temperature at time of capture measured by CTD probes, and estimates of scampi 

population density from photographic surveys of scampi burrow counts to determine any associations. 

3.3 Methods 

3.3.1 Data collection – primary sexual characteristics 

Egg stage, gonad stage and carapace length data for female scampi were accessed from the trawl 

database and combined commercial observer database provided by New Zealand’s Ministry for Primary 

Industries (MPI). These data were collected during trawl-surveys targeting scampi using research vessels, 

as well as sampling undertaken by MPI observer personnel on board commercial scampi trawl fishing 

vessels from 1991 – 2016. These data were a subset from a larger data set collected for general scampi 

stock assessment purposes. Data from research trawls came from three main FMAs (SCI 1, 2, 6A) and 

were undertaken predominantly (80%) during summer (with the extra 20% of survey trawls occurring within 

one month either side of summer) over different years to reduce seasonal variability, and were conducted 

outside of the scampi moulting periods for each respective FMA. Data from commercial trawls occurred 

throughout all seasons and across all FMAs (Figure 3.1). Both research and commercial trawls were 

conducted by 20 – 40 m length vessels, travelling at speeds of between 1.8 – 6.5 km h-1 for periods ranging 

from 1 – 8 hr. Research vessels used a single-rig commercial net attached to a research codend with mesh 

size of 42 mm. In comparison, gear type used in the commercial industry varies, but generally uses an 80 

mm mesh sized codend. Scampi caught in research trawls were sexed and measured according to their 

carapace length (CL, the distance from the base of the orbit to the carapace notch). Berried females had 

their eggs staged according to Fenaughty (1989). Female scampi from research trawls conducted in two 

FMAs (SCI 1 and 2) were dissected and had their gonads staged according to Fenaughty (1989) six stage 

development scale as follows:  

Stage 1 (immature), ovaries translucent, extending into thin lateral filaments.  

Stage 2 (onset of maturity), ovaries grey-white, occupying approximately 2/3rds of cephalothorax, thickened 

and cylindrical with swollen ends.  

Stage 3 (mature), ovaries grey-white with small patches of blue. Extended approximately 5 mm in diameter. 

Stage 4 (mature), ripe ovaries, dark to light blue with small white patches. Surface irregular. Gonad filling 

cephalothorax, thickened with spatulate proximities.  

Stage 5 (spent), ovaries grey-white with some blue residual eggs, small, shapeless and soft to touch.  



Chapter Three 

36 
 

Stage 6 (atretic), eggs hard yellow, being reabsorbed. Females with gonads at stage two or above were 

deemed mature. 

All research trawls also recorded trawl depth and seafloor temperature using CTD probes. For commercial 

trawls, only a sample of captured scampi were sexed, measured and egg staged. Mean scampi density for 

three FMAs (SCI 1, 2, 6A) were sourced from MPI stock assessment records, where density was estimated 

based on photographic surveys of scampi seabed burrow openings. Density estimates were pooled across 

stock assessment years to give an overall estimate of density within each FMA. 

3.3.2 Data collection – morphometric measurements 

Morphometric data were collected during a 16 day research trawl-survey within FMA 3 (SCI 3) in September 

2016. A total of 24 trawls were conducted, with three randomly allocated trawl stations occurring within 

each of the eight stock assessment strata layers along the Mernoo Bank (Chatham Rise) (Figure 3.1). The 

strata were defined to delimit distinct areas within the fishery with strata boundaries separated into 100 m 

depth bands, with the largest strata split latitudinally (north / south) so that random station allocation gave 

reasonable coverage. Strata layers were labelled: 902, 902A1, 902A2, 902B1, 902B2, 902c, 903 and 903A. 

All strata layers were situated adjacent to one another, covering a combined area of approximately 4992 

m2 within the northern region of SCI 3. The two northernmost strata (903 and 903A) were situated at 400-

500 m depth, while the remaining six strata were all situated at a depth of 300-400 m. Each trawl was one 

hour in duration, at a speed of 5.6 km h-1 and was conducted using a bottom trawl net with a 25 m wide 

mouth. Carapace length and tail width at its widest point across the second abdominal segment were 

measured for all intact male and female scampi that were landed from trawls (Figure 3.2). Chelae length 

and appendix masculina length were measured on a randomly selected sub-sample of male scampi from 

each trawl, with samples ranging from 83 – 116 individuals.  
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Figure 3.1 New Zealand scampi fisheries management areas and spatial distribution of analysed scampi 
trawls from research and commercial surveys from 1991-2016. Circles represent the mid-point location for 
research and commercial trawls collecting egg and gonad data. Crosses represent the mid-point location 
of scampi trawls collecting morphometric data from a single research survey undertaken in September 2016 
within SCI 3.   
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Figure 3.2 Positions of morphometric measurements analysed: A) AML, appendix masculina length; AW, 
abdomen width; B) Chel, chelae length; C) CL, carapace length. The appendix masculina (males) is found 
on the endopodite of the second pleopod in male scampi. 

 

3.3.3 Estimation of SOM from primary sexual characteristics 

L50eggs was estimated by fitting a logistic model to data on the proportion of mature females for each mm 

size class and estimating the CL at which 50% of females displayed eggs. The same analysis was 

conducted for gonad staging data, with L50gonads corresponding to the size at which 50% of females 

displayed mature (stage 2 or above) ovaries. The 95% confidence intervals for L50eggs and L50gonads estimates 

were calculated by applying the delta method to the logistic model, with non-overlapping confidence 

intervals implying statistical significance. Separate analyses were carried out for data pooled by sampling 

method (research versus commercial trawl), fisheries management areas, depth strata and temperature. 

For commercial trawl data, analysis of L50eggs was restricted to four main FMAs (SCI 1, 2, 4A, 6A) where 
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total number of trawls and berried females were high enough to make meaningful estimates. SOM was also 

estimated by recording the CL of the smallest berried female within each FMA as per Bailey (1984), which 

was defined as the CL at the smallest size at which more than one female displayed eggs within each FMA, 

and in so doing removing potential outliers due to human error during field sampling. This approach resulted 

in the exclusion of only six data points indicating eggs at unusually short carapace lengths (i.e., 11-16 mm 

CL). 

3.3.4 Estimation of SOM from morphometric data 

Estimation of SOM from morphometric data for male scampi was carried out using segmented robust 

regression analysis (Muggeo, 2008) which seeks to identify the point of inflexion (or break-point) in the 

relationship between two variables, in this case, an allometric relationship between length at the primary 

growth axis (CL) and the size of other body structures (i.e., appendix masculina, claw length). The model 

uses an iterative fitting process to estimate a broken line relationship between the response and predictor 

variables, including the location of a break-point along the observed range of the predictor variable (CL). 

Inflexion in the relationship between pairs of morphometric variables are often indicative of a shift in 

allometry, associated with sexual maturation, often in relation to the use of appendages in mating behaviour 

(Aiken et al., 1989; Farmer, 1974). Analysis followed recommendations by Muggeo (2008) and was carried 

out with the use of the ‘segmented’ package for R for the combined data set and also by strata.  

Segmented robust regression analysis was also used to estimate the morphological size at sexual maturity 

for female scampi by comparing CL to abdomen width. As the abdomen of female scampi widen to enable 

the accommodation of eggs, any shifts in allometry between the two morphometric measurements may be 

considered indicative of sexual maturity in female scampi. 

3.4 Results 

3.4.1 Estimates of SOM by FMA 

The number of sampled females varied between FMAs and sampling method, with highest numbers of 

females from research trawls sampled within SCI 1 (Table 3.1). Commercial trawls sampled a relatively 

consistent number of females across all four analysed FMAs. The overall proportion of females from each 

FMA that were mature, as determined by egg-bearing females, ranged between 0.54 and 0.86 from 

research trawls and 0.40 to 0.59 from commercial trawls. In comparison, higher overall proportions of 

females sampled for gonadal analysis from research trawls within SCI 1 and 2 were observed to be mature 

(Table 3.1). 
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Table 3.1 Total number and proportion mature of sampled females within each FMA. Data are categorized 
by sampling method (research trawl, commercial trawl) and analysis type (egg-bearing, mature gonads).   

FMA Total females (n)   Proportion mature 

 

Egg  
(Research) 

Egg  
(Commercial) 

Gonad  
(Research)   

Egg  
(Research) 

Egg  
(Commercial) 

Gonad  
(Research) 

SCI1 16121 24878 22439  0.57 0.59 0.91 

SCI2 7257 23738 9974  0.54 0.40 0.92 

SCI4A NA 25696 NA 
 

NA 0.42 NA 

SCI6A 2493 35612 NA   0.86 0.48 NA 

 

The size composition of sampled females from survey and commercial catches, as illustrated by cumulative 

frequency plots, are similar enough to share close selectivity parameters (Figure 3.3). There is some 

indication that a marginally higher proportion of females caught in commercial trawls are larger in SCI 2, 

however, the difference in size composition seems negligible for SCI 1 and SCI 6A despite research and 

commercial trawls using different codend mesh sizes.  

 

 

Figure 3.3 Cumulative length frequency distributions for female scampi from research and commercial 
(observer) catches by FMA. Length denotes carapace length (mm). 
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Estimates of SOM differed markedly between methods, with the CL of smallest berried females within each 

FMA being considerably smaller than estimates based on the size at which 50% of females bear eggs 

(L50eggs) or display ripe ovaries (L50gonads) (Table 3.2). With the possible exception of SCI 2, estimates of 

L50eggs were relatively similar between research and commercially gathered data despite commercial trawls 

sampling all year round and research trawls restricted predominantly to the same season for any given 

sampling year. While estimates of L50eggs for SCI 2 differ significantly between research and commercial 

trawls (as evidenced by non-overlapping confidence intervals), both values remain considerably larger than 

estimates for SCI 2 from L50gonads (Table 3.2).  

Table 3.2 Estimates of size at onset of maturity (L50, smallest ovigerous female) for female scampi from 
different fisheries management areas within each data set, using primary sexual characteristics (egg-
bearing, mature gonads). Mean sea floor temperature ( ̊C) and mean scampi burrow density (m-2) are also 
presented. 95% confidence intervals for L50 estimates and standard error of the means for seafloor 
temperature and burrow density are presented in brackets. 

FMA L50 (mm) Smallest 
ovigerous  

female (mm) 

Mean 
seafloor 

temp ( ̊C) 

Mean 
burrow 

density (m-2) 

 

L50eggs  
(Research) 

L50eggs  
(Commercial) 

L50gonads  
(Research)       

SCI1 39.8 (39.5 – 40.1) 39.9 (39.2 – 40.7) 30.1 (29.8 – 30.4) 19 10.33 (0.04) 0.085 (0.003) 

SCI2 40.5 (40.1 – 40.9) 46.6 (46.2 – 47.0) 30.0 (29.6 – 30.5) 19 9.83 (0.05) 0.083 (0.003) 

SCI4A NA 48.3 (47.1 – 49.5) NA 19 8.65 (0.05) NA 

SCI6A 47.6 (46.2 – 49.0) 48.8 (48.1 – 49.6) NA 22 7.66 (0.03) 0.050 (0.004) 

 

Estimates of L50eggs from both research and commercially sampled data suggest that female scampi mature 

at smaller sizes in SCI 1 and then at larger sizes with increasing latitude of the sampled FMAs, with size at 

maturation in female scampi estimated to be the largest in the southernmost FMA (SCI 6A). Non-

overlapping confidence intervals indicates statistically significant differences across FMAs for all estimates 

of L50eggs from research trawls. Likewise, estimates of L50eggs from commercial trawls were found to be 

significantly different between SCI 1 and SCI 2 (while SCI 4A and SCI 6A are not significantly different from 

each other, both differ significantly from SCI 1 and 2) (Table 3.2). A trend exists between FMA latitude and 

mean seafloor water temperature, with the highest mean temperature occurring in the northernmost FMA 

(SCI 1) followed by decreasing mean temperatures the further south the FMAs are located (Table 3.2). A 

general negative trend between estimates of L50eggs and mean seafloor water temperature can be observed 

across FMAs, with higher temperatures coinciding with smaller sizes at onset of maturity for female scampi 

(Table 3.2). Mean scampi burrow density, pooled from MPI photographic stock assessment data, differed 

among three FMAs. Highest mean burrow density (0.085 ± 0.003 burrows m-2) coincided with smallest 

estimates of L50eggs (SCI 1), while lowest mean burrow density (0.050 ± 0.004 burrows m-2) occurred in an 

area of relatively large SOM (SCI 6A) (Table 3.2). 
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Analyses of L50gonads gave almost identical estimates for two FMAs (SCI 1 and 2) (Table 3.2), with size at 

maturity occurring at 30.1 ± 0.15 and 30.0 ± 0.23 mm CL respectively (Table 3.2). These values are 24 – 

36 % lower than the corresponding estimates of L50eggs. No obvious relationship between estimates of 

L50gonads and burrow density or water temperature are apparent, although differences in overall scampi 

density between SCI 1 and SCI2 were minor. 

The differences in SOM estimates among FMAs and between egg and gonad samples are further illustrated 

by plotting the proportion of mature females at each incremental length (Figure 3.4). While model fits for 

gonad data are good, there is some evidence for asymptote in commercial egg data for SCI 1, 2 and 4A, 

and especially for both research and commercial egg data from SCI 6A. 

 

Figure 3.4 Proportion of female scampi mature at length (mm) with fitted curves and associated 95% 
confidence intervals (dashed lines). Grouped by fisheries management area (SCI 1, 2, 4A, 6A) and data 
type.  
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3.4.2 Estimates of SOM by depth strata  

A relationship between depth and mean water temperature can be observed, with colder temperatures 

occurring at greater depths within each of the four FMAs (Table 3.3). Of the four FMAs, only SCI 6A 

indicated a potential relationship between estimates of SOM and depth, and between SOM and 

temperature, with SOM generally increasing with depth and at colder temperatures. However, overlapping 

confidence intervals between 100 m depth bands indicates that these trends are likely not significant. 

Regrouping SCI 6A data by 50 m depth bands, however, does reveal a significant difference in SOM 

estimates, with larger SOM estimates for scampi residing above 450 m (L50 = 49.5 mm, 95% CI = 47.5 mm 

– 51.6 mm) when compared with those residing below this depth (L50 = 42.9 mm, 95% CI = 40.5 mm – 45.2 

mm).  

Table 3.3 Estimates of SOM (L50) from two data sets (egg-bearing, mature gonads) by 100 m depth strata 
within each FMA. Total number of sampled females, proportion mature and mean seafloor temperature are 
provided for each depth strata. 95% confidence intervals are presented in brackets for L50 estimates. 
Standard error of the mean are presented in brackets for seafloor water temperatures.  

FMA Depth  
(100 m 
strata) 

L50 (mm)   Total females 
(n) 

  Proportion 
mature 

Mean 
seafloor 

water 
temperatur

e (oC) 

    Eggs Gonads   Eggs Gonads   Eggs Gonads   

SCI1 201-300 43.0 (41.7-44.4) 31.6 (30.8-32.4) 
 

148 112 
 

0.21 0.73 12.18 (0.11) 
 301-400 39.9 (39.6-40.1) 30.9 (30.6-31.2) 

 
11770 10403 

 
0.55 0.89 10.67 (0.04) 

 401-500 40.2 (39.8-40.6) 29.1 (28.6-29.5) 
 

13428 10800 
 

0.59 0.93 9.73 (0.05) 
 501-600 43.3 (42.5-43.9) 29.7 (28.9-30.5) 

 
1062 999 

 
0.40 0.89 8.59 (0.10) 

SCI2 201-300 42.2 (41.6-42.8) 30.5 (29.9-31.0) 
 

416 409 
 

0.35 0.91 11.47 (0.12) 
 301-400 40.5 (40.2-40.8) 30.9 (30.6-31.2) 

 
8645 6724 

 
0.50 0.92 9.75 (0.07) 

 401-500 42.2 (41.2-43.0) 29.1 (28.6-29.5) 
 

2552 2078 
 

0.60 0.94 8.87 (0.06) 

SCI6A 301-400 41.6 (37.2-45.9) NA 
 

1234 NA 
 

0.60 NA 7.92 (0.11) 
 401-500 47.2 (45.5-48.8) NA 

 
2093 NA 

 
0.45 NA 7.54 (0.03) 

 501-600 51.5 (43.6-59.4) NA 
 

100 NA 
 

0.42 NA 7.27 (0.05) 

 

3.4.3 Estimates of SOM from morphometric data 

Segmented regression analysis of the relationship between CL and appendix masculina predicted an 

inflexion point at 52.5 mm CL ± 1.4 (SE) using pooled data for all male scampi sampled from SCI 3 (Figure 

3.5). The results indicate a decrease in the growth rate of the appendix masculina relative to CL in male 

scampi following the point of inflexion. When data were analysed separately by sampled area (strata layer), 

inflexion points ranged from 39.7 to 53.6 mm CL, with estimates from four of the five strata layers falling 

within a 5 mm CL range (48.7 – 53.6 mm CL) (Table 3.4) (Figure 3.6). For all strata layers, the growth rate 

of appendix masculina decreased relative to CL after the point of inflexion. The analysis of three strata 

layers (903, 9021 and 903A) produced unusually high variance due to low sample sizes and insufficient 

range of CL. They were subsequently removed from the results.  
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Table 3.4 Estimates of SOM (inflexion point) for male scampi from segmented regression analysis of 
appendix masculina length in relation to carapace length.  

Strata layer Inflexion point  
(mm, CL) 

Standard error  
(mm) 

n 

902A1 50.84 3.13 83 

902A2 48.70 4.74 84 

902B1 53.56 2.10 95 

902B2 39.69 3.17 116 

902c 52.81 2.58 91 

 

 

 

Figure 3.5 Relationship between appendix masculina length and carapace length for male scampi sampled 
from the Mernoo Bank (SCI 3) and pooled from all eight strata layers, during September 2016. Arrow 
indicates point of inflexion estimated using segmented regression analysis. n = 752 male scampi.  



Chapter Three 

45 
 

 

Figure 3.6 Relationship between appendix masculina length and carapace length for male scampi sampled 
from the Mernoo Bank (SCI 3), separated by strata layer. Arrows indicate points of inflexion, estimated 
using segmented regression analysis.  

 

No meaningful point of inflexion was observed through segmented regression analysis of chelae length in 

relation to CL for male scampi (Figure 3.7), although simple linear regression revealed a positive 

relationship between the two morphometric measurements (r2 = 0.88), suggesting isometric rather than 

allometric growth. 
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Figure 3.7 Relationship between chelae length and carapace length for male scampi sampled from the 
Mernoo Bank (SCI 3), during September 2016. n = 752 male scampi. 

 

For females sampled from SCI 3, analysis of the relationship between abdomen width and CL revealed an 

inflexion point in the regression at 33.8 mm CL ± 1.4 mm (SE) (Figure 3.8). The results suggest that 

abdomen width increases relative to CL at lengths > 33. 8 mm. This estimate of SOM is comparable to 

estimates of L50 from female gonad analysis. 
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Figure 3.8 Relationship between abdomen width and carapace length for female scampi sampled from the 
Mernoo Bank (SCI 3), during September 2016. Arrow indicates point of inflexion estimated using 
segmented regression analysis. n = 1995 female scampi.  

 

3.5 Discussion 

3.5.1 Estimates of SOM from primary sexual characteristics 

Determining the size at onset of sexual maturity in females based on the presence of eggs is a commonly 

used method in crustacean research due to its ease and reliability (e.g. Storrow, 1912; Thomas, 1964). The 

development of a six-stage gonad maturation scale for female scampi (Fenaughty, 1989), while 

comparatively time consuming and invasive, has offered another index for estimating SOM. While studies 

of SOM in Nephrops have found comparable results between the size of smallest berried females and 

estimates of SOM from gonad data (e.g. Tuck et al., 2000), few have compared the use of both egg and 

gonad indices to estimate L50 (the size at which 50% of females are mature). Results from the present study 

show large differences in estimates of L50 between the two indices, with estimates of L50gonads as much as 
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16.6 mm smaller (-36%) than estimates of L50eggs. While this difference is substantial, it is corroborated by 

findings from two preliminary studies. Fenaughty (1989) used the presence of eggs to estimate L50 across 

four FMAs (SCI 1, 2, 3, 6A) within the range of 36 – 56 mm CL. In comparison, estimates of L50 from gonad 

stages have been reported to occur at approximately 30 mm CL for scampi sampled from SCI 1 and SCI2 

(Tuck, 2014, 2017). These findings may be indicative of inherent differences between the onset of 

physiological maturity (i.e., early stages of ovary maturation) and functional maturity (i.e., presence of eggs) 

in scampi (Aiken et al., 1980; Meurant, 1982). Females displaying stage II ovaries (initial coloration and 

thickening) in the present study were deemed physiologically mature, however, it was the CL of later stage 

females (stage IV and V ovaries) that most closely matched estimates of L50 from egg stage data 

(Fenaughty, 1989). While the data suggest that physiological maturity generally occurs at smaller sizes in 

preparation for egg production, it is possible that resorption of developing gonads does not allow for 

complete egg development in some females (Figueiredo, 1982). Alternatively, a reassessment of the gonad 

maturation scale may confirm later stages of ovary development to be more closely associated with sexual 

maturity. 

The present study showed marked differences in the estimates of SOM based on the size of the smallest 

berried female within each FMA and the size at which 50% of females were ovigerous (L50egg). These 

differences were observed across all FMAs and with as much as 29.3 mm (61%) difference in CL between 

the two measurements. While this can be expected, the magnitude of the difference is large when compared 

to the range of estimates of SOM for Nephrops within a population (Tuck et al., 2000) and may potentially 

be indicative of other processes, such as genetic variation and differences in parasitic loadings. Large 

sample sizes within each FMA (i.e., n = 25,696 – 40,999) increases the likelihood of genetic outliers 

exhibiting precocious maturation. For example, at 19 mm CL, there were three ovigerous females out of 55 

sampled, and one ovigerous female at 20 mm CL out of 66 sampled. Gonadal development in crustaceans 

is regulated by a range of external (e.g., seasonal changes, light) and internal factors (e.g., neuroendocrine 

and non-neuroendocrine hormones) (Swetha et al., 2011), and manipulation of internal factors via gene 

mutation has the potential to speed the maturation process (Jung et al., 2013). Likewise, a rhizocephalan 

parasite has been shown to have an effect on the gonadal development of several decapod species 

(Elumalai et al., 2014; Innocenti et al., 2017; Shields et al., 1993), with an ability to induce early maturation 

(O'Brien, 1984). However, these propositions remain speculative in the absence of further investigation of 

precocious maturation in scampi. 

Estimates of L50eggs were relatively consistent between research trawl and commercial trawl datasets for 

SCI 1 and SCI 6A, despite sampling at different times of year. Research trawls were conducted primarily 

within the same season of each year of sampling in order to reduce seasonal variation and avoid periods 

of moulting (Tuck, 2014, 2017), with the majority of trawls typically occurring in late summer for SCI 1, 2 

and 6A. In contrast, commercial observer trawls were conducted at all times of the year and with irregularity. 

This irregularity may help explain the 12% difference in estimates of L50eggs from research and commercial 
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trawls for SCI 2, as a proportionally higher number of commercial trawls occurred during winter months in 

SCI 2 than in other FMAs. These estimates relied on data pooled over many years, and while it is possible 

there were temporal changes in SOM over this period, the relative consistency of the estimates among the 

datasets within FMAs suggest some stability in SOM estimates. 

As scampi do not bear eggs all year round, particularly during moulting cycles (Tuck, 2010), there will 

inevitably be periods where mature individuals are not ovigerous, potentially leading to overestimations of 

SOM (Wenner et al., 1974). Likewise, model fits for L50 based on the proportion of ovigerous females can 

be skewed during times when mature females do not carry eggs. Sampling indiscriminately throughout the 

year increases the likelihood of catching mature females without eggs in commercial trawls. This would 

likely account for the drop off in the proportion of mature females at larger sizes for commercial data relative 

to survey data for SCI 1 and SCI 2 (Figure 3.4). The plateau in the proportion of mature females (at around 

60%) at larger sizes for SCI 6A may be a result of sampling occurring close to spawning months. SCI 6A 

survey trawls occurred in March of each sampling year, while egg spawning for SCI 6A has been estimated 

to occur during January and February (Tuck, 2010). Preliminary analysis comparing scampi size (CL, mm) 

with egg stage indicates earlier spawning in smaller females (McCarthy, unpublished data). Under this 

scenario, largest females may spawn their eggs towards the end of the spawning season, extending well 

into March and resulting in a reduced number of larger mature females bearing eggs during that month. 

Furthermore, as a large combined proportion of SCI 6A commercial trawls occurred during moulting season 

(November and December) and during March, a similar plateau in the proportion of mature females at larger 

sizes is expected. The shallower slopes and poor data fits for SCI 6A relative to other FMAs is likely an 

artefact of fitting a logistic curve to data where females that are almost certainly mature are not carrying 

eggs. Unlike gonad staging, it seems evident that egg presence is only a good measure of maturity for M. 

challengeri at certain times of the year (i.e., not during moulting seasons and perhaps not during times of 

spawning). To correct for this, studies have suggested that females of the largest size classes (i.e., those 

which are obviously sexually mature), not be included in those analyses which use the presence of external 

eggs as evidence of maturity (Wenner et al., 1974). Despite this, the relative consistency in results between 

the two data sets with their inherent temporal differences lends some confidence to the estimates of SOM 

in this study. 

Studies have identified seasonal emergence patterns in Nephrops relating to reproductive cycles, with egg-

bearing females spending a large proportion of their time within burrows (Bell et al., 2006). Berried 

Nephrops are consequently less likely to be caught by trawlers during these periods. Unlike Nephrops, 

there is currently no evidence to suggest that emergence behaviour of New Zealand scampi is related to 

egg-bearing in females. Rather, seasonal emergence patterns are suggested to vary between areas, but 

are consistent with the moult cycle, with reduced emergence at times of moulting (Tuck, 2010). Egg bearing 

should therefore not influence catchability and hence the estimates of SOM from L50eggs. 
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Female scampi were found to mature at smaller sizes within SCI 1, the northern-most FMA off the coast of 

the Bay of Plenty, as evidenced by L50 estimates and steeper ogive slopes relative to other FMAs (Figure 

3.4). SCI 1 is characterized by the highest mean scampi burrow density, over twice that found in SCI 6A 

(Auckland Islands) located to the south of New Zealand. It is suggested that individual growth rates in 

Nephrops populations are density dependent, with smaller, slower growing individuals found in higher 

density areas (Tuck, Chapman & Atkinson, 1997). Increased density is expected to lead to reduced food 

availability and growth, which in turn is generally considered to reduce SOM (Breen, 1994; Lizaso et al., 

2000). Analysis of more localized samples across known density gradients within an FMA is required for 

further testing of this possible relationship. Understanding the possible influence of density on SOM is 

important, as density is affected by changes in fisheries management and fishing pressure (Gardner et al., 

2006). 

Mean seafloor water temperatures declined with increasing latitude across four FMAs within the scampi 

range. As water temperature measurements were only conducted on research trawls during primarily the 

same season of each year of sampling, they cannot account for full annual variation in water temperature. 

Despite this, latitudinal differences among the four FMAs were large enough for estimates of water 

temperature to serve as indicators of a latitudinal temperature gradient. Temperature is known to influence 

SOM in decapods. For example, the SOM of southern rock lobster (Jasus edwardsii) in Tasmania, Australia, 

correlates positively with temperature (Gardner et al., 2006), while New Zealand populations of this species, 

located at higher latitudes, are correlated negatively with temperature (Annala et al., 1980; Gardner et al., 

2006). The present study may suggest a negative relationship between temperature and SOM in female 

scampi, with maturation occurring at a larger size in colder waters. Larger SOM at colder temperatures may 

be a function of decreased metabolic rate and growth rate. It is a common phenomenon among marine 

ectotherms which tend to grow slower but mature at a larger body size in colder environments (Angilletta 

et al., 2004; Forster et al., 2012). This is thought to potentially result from thermal constraints on cellular 

growth that cause smaller cells at higher temperatures, and/or lesser metabolic costs of delayed maturation 

in colder waters (Angilletta et al., 2004). Furthermore, decreased oxygen supply in warmer waters has been 

linked with reduced somatic growth during ontogeny in ectotherms, as a means to mitigate progressive 

reductions in aerobic scope (Forster et al., 2012). A benefit to delayed maturation is the ability for larger 

females to carry more eggs, improving their reproductive output (Gardner et al., 2006). As fecundity in 

scampi is suggested to increase with CL (Fenaughty, 1989), females located in colder waters may have 

higher reproductive potential. However, as no clear relationship between SOM and temperature at depth 

was observed for female scampi in SCI 1 and SCI 2, it is possible that SOM may also be influenced by 

other factors such as population density. Determining the independent effect of these two interacting 

variables on SOM requires further investigation.  
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3.5.2 Estimates of SOM from morphometric data 

Several studies have identified discontinuities in the relative growth rate of crustacean body parts, such as 

claws or chelae in males, and abdomen width in females, interpreted as indications of morphological size 

at maturity (Abele, 1982; Claverie et al., 2009; Hall et al., 2006; Hartnoll, 1974). In Nephrops the allometric 

growth of the lengths of both the cutter claw and appendix masculina in relation to body size have been 

used as morphometric parameters for maturity (Farmer, 1974; McQuaid et al., 2006; Queirós et al., 2013; 

Tuck et al., 2000). Specifically, the cutter claw length of Nephrops from the Irish Sea has been shown to 

increase more rapidly after the onset of maturity, while the growth rate of appendix masculina decreased 

following maturity (McQuaid et al., 2006). Larger claw size following maturity may potentially be used by 

males to compete for mates (Farmer, 1974), while the decreasing growth rates for the appendix masculina 

after the point of inflexion suggests that the change in allometry may mark the size at which the male is 

physically capable of mating (McQuaid et al., 2006). 

The present study estimated points of inflexion indicating shifts in allometric growth in the length of the 

appendix masculina occurring between approximately 39.7 – 53.6 mm CL, with four of the five strata 

estimates falling within approximately 5 mm of each other. The range of estimates is comparable to that of 

some Nephrops studies, with estimates of SOM based on appendix masculina size varying by up to 25 mm 

CL (from 27.5 to 43.2 mm CL) among different stock locations within Scottish waters (Queirós et al., 2013). 

Similar to Nephrops, the growth rate of the appendix masculina decreased for scampi following the point of 

inflexion. While it is likely that male scampi are capable of physiological maturity (production of 

spermatophores) at smaller sizes, as is the case for Nephrops (McQuaid et al., 2006), it may be that males 

need to be of a certain size to functionally negotiate females during mating. Allometric growth was not 

detected for chelae in relation to CL for male scampi. Unlike Nephrops, New Zealand scampi do not display 

morphological claw asymmetry. Nephrops develop a crusher and a cutter claw that perform different tasks 

(Farmer, 1974) and grow at different rates following male maturity (McQuaid et al., 2006; Tuck et al., 2000), 

while in male scampi the claw growth appears to be largely isometric. Allometric growth of male chelae in 

the American lobster (Homarus americanus) is thought to be related to functional maturity, allowing for 

males to inseminate females (Aiken et al., 1989). 

Changes in the relationship between abdomen width and carapace length as an indicator of maturity has 

been documented for many crustacea (Claverie et al., 2009; Farmer, 1974; MacCormack et al., 2003; 

McLay et al., 2009; Tuck et al., 2000). A widening of the abdomen during sexual maturity increases the 

fecundity potential of a female (McQuaid et al., 2006). However, a comparison of SOM estimates in female 

Nephrops from different methods suggests that increases in abdomen width for females likely occurs prior 

to sexual maturity, in preparation for bearing eggs (Farmer, 1974; McQuaid et al., 2006). In the present 

study, segmented regression analysis estimated a proportional widening of the abdomen in female scampi 

in relation to CL occurring at 33.8 mm CL for scampi sampled from FMA 3. This estimate is comparable to 
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estimates of L50gonads (30 – 30.1 mm CL), suggesting that the onset of gonad maturation and widening of 

the abdomen typically occur earlier in development, in preparation for bearing eggs. 

3.6 Conclusion 

Overall, the results of this study indicate regional differences in maturation over the range of New Zealand 

scampi that may require greater consideration for managing the harvest of this important commercial 

species. As there is currently no minimum landing size (MLS) for New Zealand scampi, populations with 

delayed maturation (e.g., SCI 6A) may be more vulnerable to overexploitation of immature individuals. An 

improved understanding of the influence of external pressures (i.e., temperature, density and fishing 

pressure) on the regional variability of SOM is essential for further determining the reproductive potential 

and vulnerability of spawning stocks.
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4 Chapter Four: Spatial patterns in scampi fishing effort, catch and 

CPUE 

4.1 Introduction 

4.1.1 Analysis of commercial catch data 

Understanding the environmental and fishing-related factors that affect the abundance of a species is an 

essential component of fisheries management (Botsford et al., 1997; Heino et al., 2002). Likewise, an 

understanding of the patterns of both temporal and spatial change in abundance is important for designating 

appropriate fishing areas, estimating maximum sustainable yield (MSY), and predicting changes in stock 

abundance (Cryer et al., 2005; Tuck et al., 2012). The abundance of fished populations is most often 

assumed to be proportional to catch per unit effort (CPUE), a measure which is frequently used in stock 

assessments as a relative index of abundance (Hinton et al., 2004; Maunder et al., 2004). For New Zealand 

scampi, the analysis of commercial catch data is a vital component of stock assessments, with trends in 

CPUE providing useful insights into the state of the fishery (e.g. Cryer et al., 2000; Tuck, 2009). In particular, 

CPUE data provides an abundance index of the longest duration for the model currently used for assessing 

the fishery and is therefore very influential in estimating long-term trends in stock abundance. However, as 

scampi are burrow dwellers that are only caught when emergent, changes in CPUE may also reflect 

patterns of scampi catchability and changes in fishing behaviour rather than actual changes in abundance 

(Tuck, 2007). 

To date, variations in scampi CPUE have primarily been analysed over temporal scales within individual 

fisheries management areas and sub-areas (e.g. Cryer et al., 2005; Tuck, 2013; Tuck, 2014; Tuck, 2017). 

While unstandardized CPUE trends fluctuate between years and seasons, all primary fisheries 

management areas for scampi have exhibited between 30-80% decline in CPUE relative to their levels in 

the mid-1990s (Tuck, 2009), but with some evidence of CPUE recovery in more recent years (MPI, 2018). 

Furthermore, more detailed temporal analyses of commercial catch data indicates that catchability varies 

with both scampi diurnal emergence and in response to moulting cycles (Tuck, 2010). Preliminary 

investigations of the range of spatial movements by scampi fishing vessels and the nature of increases in 

fishing effort have been undertaken to investigate the extent to which fishing practices may be causing or 

obscuring trends in CPUE (Cryer et al., 2000; Tuck, 2009). While no link between the spatial activities of 

scampi fishing vessels and changes in CPUE have been found (Tuck, 2009), a range of spatial approaches 

examining commercial catch and effort data are available to help understand the extent to which 

environmental (e.g., depth) and biological factors (e.g., scampi burrow emergence), as well as changes in 

fishing behaviour and fishing regulations, can influence changes in the patterns of fishing effort, catch and 

CPUE. 
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Spatial analyses of commercial fishing effort and catch data can provide valuable information on the spatial 

heterogeneity of fish biomass as well as providing insights into the relationship between the allocation of 

fishing effort and the spatial dynamics of species (see Bordalo-Machado (2006) for a review of spatial 

analyses in fisheries). Disconnects between the spatial distribution of effort and CPUE may signal inefficient 

and/or non-targeted fishing practices (Bordalo-Machado, 2006). For New Zealand scampi, approximately 

25 years of catch data can be interrogated to provide such spatial insights into the fishery that would only 

otherwise be available through costly fishery independent methods, due to the remoteness of stocks and 

difficulty of gathering data at depth. 

4.1.2  History of New Zealand scampi management 

The management of scampi fisheries in New Zealand has undergone significant change since the inception 

of the fishery in the late 1980’s. The first reported domestic catches of scampi occurred in the 1987-88 

fishing year off the east coast of the North Island, in what are now known as FMAs SCI 1 & 2. Subsequently 

there was rapid expansion and by the 1990-91 fishing year, new fishing grounds had been established 

further south along the Chatham Rise (now SCI 3 & 4A) and Auckland Islands (now SCI 6A) (Tuck, 2007). 

Concerns that the expansion would lead to overfishing resulted in the Ministry of Fisheries in New Zealand 

adopting strict prohibitive regulations, with commercial fishing permits only issued on the recognition of 

previous access to the fishery and/or demonstration of a commitment to the fishery (Tuck, 2007). While 

there were no limits on scampi catches at the outset of the fishery, by the 1991-92 fishing year Individual 

Quotas (IQs) were introduced for SCI 1 & 2, with competitive catch limits introduced for all other FMAs (i.e., 

a limit on the total take for an area, but no allocations to individual fishers, vessels or companies). By 1992-

93 IQs were introduced for SCI 4 & 6A with competitive catch limits maintained for all other FMAs, with the 

main other scampi fishery being in SCI 3. However, from October 2001 – September 2004 all FMAs were 

managed under competitive catch limits inciting a ‘race for catch’ (Figure 4.1). 

On 1 October 2004 all scampi fishing areas were introduced into the Quota Management System (QMS). 

This system sets limits on the total allowable commercial catch (TACC) for a fisheries management area 

based on stock assessments, with a proportion of the TACC allocated as individual transferable quotas 

(ITQs) to vessels and commercial enterprises (Tuck, 2007). Introduction to the QMS also saw changes to 

the management boundaries of FMAs following examination of the biological appropriateness of some of 

the previous boundaries (Cryer et al., 2000) (Figure 4.2). The most notable modification occurred on the 

Chatham Rise, with the eastern border of SCI 3 extending further east to encompass what was previously 

QMA 3 and QMA 4W. Such management changes have undoubtedly influenced fishing behaviour and the 

distribution of fishing effort. As scampi are sedentary animals, changes in the spatial distribution of catches 

may reflect changes in fishing activity, as well as scampi abundance and emergence behaviour. Therefore, 

understanding what drives movement of the fishing fleet may be important for understanding spatial and 

temporal patterns of catches. Furthermore, an understanding of how the movement of the fleet and the 
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spatial allocation of fishing effort relate to spatial patterns in CPUE can provide insights on the catch 

efficiency of the fleet. 

 

Figure 4.1. Total annual scampi catch per fisheries management area. The area of circles is proportional 
to the total weight of landed scampi, with the largest circle representing 1,332 t. Colours denote changes 
in fisheries management strategies (grey = no catch limit, blue = individual quotas, orange = competitive 
catch limit, green = quota management system). 
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Figure 4.2. Left - Scampi fishery management areas, prior to 2004–05 fishing year. Right - Scampi fishery 
management areas, as revised at the start of the 2004–05 fishing year, when the boundaries between SCI 
3 and SCI 4A, and SCI 6A and SCI 6B were changed. 

4.2 Aim and objectives 

The overall aim of this research was to use the well-maintained data sets from the two most productive 

scampi FMAs (SCI 3 and SCI 6A) to better understand the spatial dynamics of these fisheries since their 

outset over 25 years ago. The specific objectives of these spatial analyses were to; 

1) investigate fine scale changes in the spatial distribution of commercial fishing effort, catch and CPUE, 

2) attempt to identify whether spatial changes in fishing activity are in response to biological and/or 

management-induced drivers, 

3) evaluate the historical catch efficiency of the fleet by investigating the spatial relationships between 

fishing effort and CPUE, and 

4) examine the usefulness of spatial analyses for characterising the state of scampi stocks. 
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4.3 Methods 

4.3.1 Data acquisition 

Commercial scampi fishing data for this research were accessed from the ‘Warehou’ database provided by 

New Zealand’s Ministry for Primary Industries (MPI). The database provides catch data by scampi FMA 

since the commencement of the fishery, with estimated catches recorded by industry on an individual tow 

basis since the instigation of the Trawl Catch, Effort and Processing Return (TCEPR) data gathering system 

in the 1988-1989 fishing year. All analyses described in this chapter have been conducted on the basis of 

current FMA boundaries (post 2004), but make reference to when boundary changes occurred where 

necessary. Two scampi FMAs with the highest overall commercial landings, SCI 3 (Mernoo Bank) and SCI 

6A (Auckland Islands), were selected for the spatial analyses (Figure 4.3). 

 

Figure 4.3 Spatial distribution of the New Zealand scampi trawl fishery from 1988 – 2016 and associated 
scampi fisheries management areas as revised in 2004. Black dots represent the mid-point location of 
commercial trawls. Scampi QMA boundaries and labels are shown. Blue shading indicates management 
areas included in the analyses for this current research. 
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4.3.2 Data grooming 

Like all fisheries-dependent data, the validity of analyses of data held in the TCEPR database for scampi 

is wholly reliant on commercial fishers submitting accurate data derived from their trawls. Given that scampi 

trawls number in the thousands per year, data errors in TCEPR records are common. TCEPR records 

provide a range of information including target species, estimated scampi catch weight (kg) and bycatch 

weight (kg), fishing depth (m) and duration (h), date, time and GPS location, vessel speed, vessel ID and 

net dimensions. 

Using the statistical software R (version 3.5.2), TCEPR trawl records where scampi was the nominated 

target species were extracted and screened for obvious errors by adapting the methods of previous data 

grooming efforts conducted for the purposes of stock assessment (Hartill et al., 2004; Tuck, 2009). For 

each record, the reported data were used to estimate scampi CPUE (kg h-1), the duration of the trawl shot, 

the distance between the start and finish locations, the average speed at which the trawl was conducted, 

the “down-time” between the start of the trawl shot and the end of the previous shot, and the average 

“steaming” speed necessary to get to the start position of the shot from the end position of the previous 

shot. Range checks were applied to these diagnostics as follows:  

  Diagnostic    Criterion for possible error 

  CPUE     >100 kg h-1 
  Trawl speed    >5 kn (9.3 km h-1), <0.5 kn (0.9 km h-1) 
  Steaming speed between trawl shots >10 kn (18.6 km h-1) 
  Trawl duration     >8 h 
  Down-time between shots  <0.5 h 
  Trawl distance    >35 NM (64.8 km) 
 

Records which violated these criteria were checked for obvious errors (e.g., checked against a series of 

trawls within the same trip for missing numbers or values) and removed along with trawls reporting incorrect 

locations (e.g., on land). The remaining data were allocated to scampi FMAs based on the midpoint of trawl 

locations, with separate groomed data sets extracted for SCI 3 and SCI 6A. Groomed data sets produced 

a total of 29,115 individual trawl records for SCI 3 and 29,214 trawls for SCI 6A over the fishing years 1990-

2015. 

4.3.3 Spatial analysis 

To improve standardisation of spatial analyses, rectangular boundaries were drawn around each FMA and 

sectioned into grid cells of equal decimal degrees. The R package “NZPlot” was used to construct a 

rectangular polygon boundary around each management area enclosing >99% of fishing events while 

limiting the amount of areas without records of fishing activity (Figure 4.4). The total sampled area of each 

FMA polygon was 160,684 km2 for SCI 3 and 17,388 km2 for SCI 6A. The polygons were sectioned into 



Chapter Four 

59 
 

rectangular grid cells of about 170 km2 delineated by a consistent number of decimal degrees, with each 

cell given a unique identifier. The area of individual cells varied from north to south due to the spherical 

nature of the Earth, varying by up to 3.1 – 4.2% within each FMA. The mid-point (mid latitude and mid 

longitude intersection) of trawl shots was used to allocate fishing events to individual cells within the grid. 

Data for each cell were aggregated temporally over each three-month fishing season. Analysing data by 

these spatial and temporal resolutions ensured that the fishing activities of individual fishing vessels or 

companies were not identified.  

 

Figure 4.4 Boundaries of polygons established around the majority of fishing activity within two fisheries 
management areas to facilitate spatial analysis. Dots represent the mid-point location of commercial trawls, 
with blue dots pertaining to SCI 6A trawls and green dots pertaining to SCI 3 trawls. 

 

4.3.4  Spatial patterns in fishing effort, catch and CPUE 

For each grid cell the sum total of fishing effort (h), sum total of scampi catch (kg) and the mean CPUE (kg 

h-1) for the period of 1990-2015 was calculated. The same values for each grid cell were also calculated for 

each fishing season of each year with a numerical identifier associated with each season (i.e., January to 

March = 1, April to June = 2, July to September = 3, October to December =4). In total, data were 

aggregated to 91 and 95 year-season combinations for SCI 3 and SCI 6A respectively over a period ranging 

from 1990 to 2015. There were 14 year-season combinations (9 in SCI 3 and 5 in SCI 6A) when no fishing 

events occurred. 
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A grid map was developed for each season (using R libraries “fishmod” and “RColorBrewer”), illustrating 

the spatial spread of fishing events and using a colour gradient to depict differences in fishing effort, catch 

and CPUE among cells. The Syrjala test (Syrjala, 1996) was used to test for differences in the spatial 

patterns of effort and catch across seasons and years. Syrjala computes a two-sample Cramer-von Mises 

and Kolmogrov-Smirnov type test which are designed to be sensitive to differences in the way the 

populations are distributed across a study area but insensitive to a difference in abundance between the 

two populations. The Cramer-von Mises test is designed to be more sensitive to the tails of a distribution, 

while Kolmogrov-Smirnov test has more power to detect deviations nearer the middle of the distribution 

(Razali et al., 2011). P values of <0.05 indicate that populations are significantly different in their pattern of 

distribution. 

Syrjala tests can only be conducted between two populations at a time. Given the number of seasonal data 

points (SCI 3 = 91, SCI 6A = 95), strategic pairwise comparisons were undertaken to reduce the total 

number of permutations. Seasonal data were aggregated into 5-year-blocks (e.g., all January-March 

datasets aggregated from 1990-1994). Year-blocks were partitioned as follows; 1990-94, 1995-99, 2000-

04, 2005-09, 2010-14, 2015. Pairwise comparisons were made between seasons within each year-block 

(to test for a seasonal effect) and for individual seasons across different year-blocks (to see how the spatial 

distribution of a particular season changes over time). These comparisons were conducted separately for 

effort and catch. Bonferroni correction was adopted to correct for type 1 errors, resulting in significance 

values of <0.0083 for seasonal effects within year-blocks (<0.017 for the 2015 year-block as fewer 

comparisons were available) and <0.0033 for effects of a particular season over time (<0.005 for the 

October-December season, as fewer comparisons were available). Tables of P values from comparisons 

are reported in the results with ‘normal’ significance values of <0.05 presented in orange and Bonferroni 

corrected significance values presented in red. Both significance levels were included for improved visual 

representation of gradations of differences in distribution patterns. Examples of significantly different and 

non-significantly different grid maps are provided in the Appendices. All comparisons were conducted 

separately for each FMA.  

A separate set of comparisons were made between the spatial distribution patterns of effort and CPUE from 

each corresponding year-block / season combination (e.g., 1990-94 season 1 effort versus 1990-94 season 

1 CPUE). All comparisons were conducted separately for each FMA.  

4.3.5 Spread and concentration of fishing effort 

An estimate of the spread of fishing effort was based on the number of different cells where fishing occurred 

for each season within each year. A negative binomial regression model was used to investigate differences 

in spread of fishing effort among seasons (years pooled) and among year-blocks. Estimates of the 

regression coefficients indicate the direction and magnitude of the relationship between seasons and year-

blocks.  A t-test was used to test for differences in spread pre and post management change of 2004. Linear 



Chapter Four 

61 
 

regression analysis was used to investigate the relationships between ‘spread’ and total catch per season, 

and between ‘spread’ and mean CPUE. 

A metric was used to estimate the concentration of fishing effort relative to the ‘spread’ of effort during a 

given season. This metric, known as ‘cells-80’, was calculated by dividing the number of cells comprising 

80% of the effort by the total number of fished cells (any seasons with four or fewer fished cells were omitted 

to reduce data skew), and provides a relative measure of fishing concentration rather than an absolute 

measure of concentration. An even distribution of effort across cells would yield a theoretical cells-80 value 

of 0.8, while a lower cells-80 value would equate to a higher relative concentration of effort. For example, 

a value of 0.1 suggests that 80% of fishing effort occurs in only 10% of fished cells. Cells-80 values were 

also calculated for catch and compared seasonally, annually and across year-blocks. A beta regression 

model, using the statistical package “Betareg” in R, was used to test for differences in cells-80 estimates 

across seasons. Separate “Betareg” models were also used to test for differences across year-blocks and 

fisheries management change (pre versus post October 2004). Trends in cells-80 values for effort and 

catch over time were visually compared with trends of median CPUE over time. 

4.3.6 Maximum cell analysis 

For each fishing season within each year the cell with the highest total fishing effort and highest mean 

CPUE was identified. The locations and frequency of occurrence of maximum cells were plotted on a grid 

map to allow for visual inspection of location recurrence and comparisons of the distribution between effort 

and CPUE. 

Fishing effort from the maximum cell and combined effort from the top five cells were calculated as a 

proportion of the total effort across all cells for each season within each year. The calculations were 

repeated with CPUE data. The proportion of maximum cells and top five cells were plotted for visual 

inspections of change over time. “Betareg” in R was used to tests for differences in proportions across 

seasons. Separate “Betareg” models were also used to test for differences across year-blocks and fisheries 

management change (pre versus post October 2004). 

4.3.7  Centre of gravity analysis 

The potential for movement of the fleet’s fishing effort and CPUE over time was investigated by estimating 

the centre of gravity (COG) location within each season for each year. COG pertains to the centre of a 

population’s distribution (Currie et al., 2019; Lewy et al., 2009; Thorson et al., 2016) and was estimated by 

calculating the mean latitude and longitude for all trawl shots conducted within a season, weighted 

separately by the fishing effort and CPUE for each shot. Separate maps were developed for effort and 

CPUE which plotted the COG locations over time. A line of latitude (-44.5˚ S for SCI 3, -51.5˚ S for SCI 6A) 

and line of longitude (173˚ E for SCI 3, 166˚ E for SCI 6A) at the boundary of the generated maps was used 

as reference points to measure south-north and west-east distances (km) to COG locations for both effort 
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and CPUE. Distances between corresponding effort and CPUE COG locations were also calculated, with 

two-way ANOVA used to test for differences among seasons and year-blocks. A significance value of <0.01 

was adopted following Bonferroni correction in order to correct for type 1 errors. T-tests were used to test 

for differences in distances pre and post 2004-05 management change. 

4.3.8 Depth analysis 

For each fishing season within years the total fishing effort, total catch and mean CPUE (by trawl shot) was 

quantified by 50 m depth bands of trawl shots. Line graphs were plotted to visualise changes in total effort, 

catch and mean CPUE at each depth band and season over time. Two-way ANOVAs were used to test for 

differences in total fishing effort, catch and mean CPUE among depth bands and seasons, and separately 

among depth bands and year-blocks. An overall significance value of <0.01 was adopted following 

Bonferroni correction in order to correct for type 1 errors. The mean length of male and female scampi at 

each depth band and for each management area was calculated from length frequency data collected 

during survey trawls conducted on research vessels independently of commercial fishing and for the sole 

purpose of data collection for stock assessment. Within the two study areas (i.e., SCI3 and SCI 6A), trawl 

surveys have occurred periodically since 2001. 

 

4.4 Results: SCI3 

4.4.1  Are there spatial patterns in fishing effort and do they change over time? 

The seasonal pattern of total fishing effort is variable among years (Figure 4.5A). The scampi fishery was 

managed with competitive catch limits until it was incorporated into the QMS in October 2004, and with the 

exception of the first two years of the fishery (i.e., 2002-2004), effort was consistently concentrated at the 

beginning of the fishing year (October – December season). The distribution of fishing effort became more 

evenly spread across seasons following the 2004 management change. The seasonal pattern of total catch 

among years closely follows that of effort (Figure 4.5B). While scampi catches were proportionally higher 

during the October-December seasons leading up to the management change (i.e., 2002-2004) (Figure 

4.5B), subsequently the highest values of catch were more evenly distributed across seasons and years. 
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Figure 4.5 Seasonal distribution of fishing effort (total hours fished) (A) and catch (kg) (B) in the scampi 
targeted fishery by fishing year for SCI 3. The area of the circles is proportional to the total hours of fishing 
(A) and total catch (kg); with the largest circles representing 5020 h (A) and 293,645 kg (B). 

 

The spatial distribution patterns of fishing effort among seasons varied among year-blocks (Table 4.1), with 

the Cramer-von Mises and Kolmogorov-Smirnov tests revealing similar patterns of statistical significance. 

During the outset of the fishery (1990 block) almost all four seasons differed from one another with regard 

to the distribution of effort across cells, but by the 1995 block no differences were detected among three of 

the seasons (January-March, April-June, July-September) (Table 4.1). Furthermore, the spatial distribution 

pattern of fishing effort for the October-December season tended to differ significantly from other seasons 

across all year-blocks, occurring in 10 of 15 Cramer-von Mises and 12 of 15 Komogorov-Smirnov tests 

(Table 4.1). Examples of significantly different (Figure 4.6) and similar (Figure 4.7) spatial distribution maps 

of effort for different seasons within the same year-block are provided. All further grid map examples for 

SCI 3 are provided in Appendix A. 

 

 

 

 

 

A B 
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Table 4.1 Pairwise Syrjala tests for differences in spatial distribution of fishing effort for scampi among 
seasons, within year-blocks (5-year periods) from 1990-2015 for SCI 3. P-values are presented for both the 
Cramer-von Mises and Kolmogorov-Smirnov pairwise tests. Red values indicate statistical significance of 
p<0.05, while orange values indicate Bonferroni corrected statistical significance of p<0.0083 (and p<0.017 
for the 2015 year-block).  

     Cramer-von Mises test                Kolmogorov-Smirnov test 

1990 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.003 0.009 0.018    0.004 0.003 0.008 

Ap-Jun   0.152 0.001     0.160 0.001 

Jul-Sep    0.005      0.004 

           
1995 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.067 0.189 0.083    0.091 0.277 0.034 

Ap-Jun   0.432 0.009     0.687 0.008 

Jul-Sep    0.025      0.030 

           
2000 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.049 0.476 0.043    0.022 0.342 0.037 

Ap-Jun   0.096 0.213     0.078 0.243 

Jul-Sep    0.014      0.004 

           
2005 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.009 0.014 0.095    0.001 0.006 0.061 

Ap-Jun   0.354 0.007     0.115 0.006 

Jul-Sep    0.027      0.014 

           
2010 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.004 0.003 0.152    0.012 0.012 0.328 

Ap-Jun   0.755 0.003     0.649 0.004 

Jul-Sep    0.006      0.010 

           
2015 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.894 0.031 *    0.679 0.021 * 

Ap-Jun   0.072 *     0.079 * 

Jul-Sep    *      * 
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Figure 4.6 Example of significantly different spatial distribution patterns of total fishing effort (h) for scampi 
occurring during A) April - June season, from 1995-1999, and B) October-December season, from 1995-
1999, within SCI 3. Cramer-von Mises and Kolmogorov-Smirnov tests results were 0.009 and 0.008 
respectively. 

 

Figure 4.7 Example of similar spatial distribution patterns of total fishing effort (h) for scampi occurring 
during A) April - June season, from 2005-2009, and B) July - September season, from 2005-2009, within 
SCI 3. Cramer-von Mises and Kolmogorov-Smirnov tests results were 0.354 and 0.115 respectively. 

 

Comparisons of fishing effort for each season among year-blocks suggest that spatial distribution of effort 

for the January-March season was most consistent, having the fewest number of significant differences 

across year-blocks (4 of 15 Cramer-von Mises and 7 of 15 Kolmogorov-Smirnov tests) (Table 4.2). The 

spatial distribution patterns for each of the remaining three seasons varied considerably among year-blocks 

as evidenced by the high proportion of statistically significant values (Table 4.2). Examples of significantly 

different and similar effort distribution patterns of corresponding seasons from different year-blocks are 

provided in Appendix A (Figure A1 and A2). 
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A 
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Table 4.2 Pairwise Syrjala tests for differences in spatial distribution of fishing effort across year-blocks, 
within the same season for SCI 3. P-values are presented for both the Cramer-von Mises and Kolmogorov-
Smirnov pairwise tests. Orange values indicate statistical significance of p<0.05, while red values indicate 
Bonferroni corrected statistical significance of p<0.0033 (and p<0.005 for the October-December season). 

Cramer-von Mises test    Kolmogorov-Smirnov test 

January – March             

 1990 1995 2000 2005 2010 2015   1990 1995 2000 2005 2010 2015 

1990  0.091 0.073 0.265 0.108 0.152  1990  0.027 0.014 0.143 0.213 0.189 

1995   0.273 0.044 0.075 0.170  1995   0.184 0.013 0.089 0.259 

2000    0.049 0.094 0.126  2000    0.024 0.042 0.053 

2005     0.004 0.019  2005     0.007 0.034 

2010      0.241  2010      0.291 

               

April-June             

 1990 1995 2000 2005 2010 2015   1990 1995 2000 2005 2010 2015 

1990  0.173 0.006 0.001 0.001 0.251  1990  0.219 0.001 0.001 0.001 0.093 

1995   0.055 0.012 0.027 0.128  1995   0.047 0.029 0.015 0.035 

2000    0.017 0.086 0.149  2000    0.015 0.060 0.118 

2005     0.034 0.021  2005     0.032 0.011 

2010      0.071  2010      0.055 

               

July-September             

 1990 1995 2000 2005 2010 2015   1990 1995 2000 2005 2010 2015 

1990  0.539 0.142 0.002 0.014 0.032  1990  0.709 0.248 0.004 0.008 0.030 

1995   0.296 0.007 0.028 0.044  1995   0.376 0.004 0.006 0.022 

2000    0.018 0.055 0.064  2000    0.018 0.014 0.057 

2005     0.052 0.036  2005     0.024 0.008 

2010      0.238  2010      0.119 

               

October-December             

 1990 1995 2000 2005 2010 2015   1990 1995 2000 2005 2010 2015 

1990  0.025 0.022 0.012 0.005 x  1990  0.052 0.001 0.006 0.008 x 

1995   0.162 0.036 0.040 x  1995   0.031 0.078 0.070 x 

2000    0.061 0.033 x  2000    0.048 0.048 x 

2005     0.001 x  2005     0.002 x 

2010      x  2010      x 
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4.4.2  Are there spatial patterns in scampi catch and do they change over time? 

Spatial distribution patterns of scampi catch differed sporadically among seasons for each year-block with 

statistical differences detected in 16 of 33 Cramer-von Mises and 14 of 33 Kolmogorov-Smirnov pairwise 

tests (Table 4.3). The tests suggest that the differences in the spatial pattern of catches among seasons is 

similar to that found for effort (Table 4.1), but with slightly fewer significant differences found between the 

October-December season and the other three seasons (8 of 15 Cramer-von Mises and 10 of 15 

Kolmogorov-Smirnov tests) (Table 4.3). Examples of significantly different and similar spatial distribution 

patterns of catch for different seasons within the same year-block are provided in Appendix A (Figure A3 

and A4). 

Table 4.3 Pairwise Syrjala tests for differences in spatial distribution of total scampi catch (kg) between 
seasons, within year-blocks (5-year periods) from 1990-2015 for SCI 3. P-values are presented for both the 
Cramer-von Mises and Kolmogorov-Smirnov pairwise tests. Orange values indicate statistical significance 
of p<0.05, while red values indicate Bonferroni corrected statistical significance of p<0.0083 (and p<0.017 
for the 2015 year-block). 

Cramer-von Mises test   Kolmogorov-Smirnov test 

1990 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.003 0.005 0.075    0.004 0.003 0.062 

Ap-Jun   0.272 0.001     0.242 0.001 

Jul-Sep    0.002      0.009 
           

1995 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.166 0.149 0.134    0.143 0.165 0.077 

Ap-Jun   0.286 0.029     0.240 0.015 

Jul-Sep    0.024      0.047 
           

2000 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.032 0.384 0.064    0.031 0.285 0.026 

Ap-Jun   0.067 0.201     0.050 0.229 

Jul-Sep    0.034      0.024 
           

2005 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.014 0.029 0.093    0.006 0.009 0.034 

Ap-Jun   0.276 0.014     0.335 0.004 

Jul-Sep    0.086      0.053 
           

2010 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.005 0.005 0.225    0.010 0.013 0.248 

Ap-Jun   0.444 0.001     0.567 0.002 

Jul-Sep    0.004      0.008 
           

2015 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.869 0.019 x    0.734 0.008 x 

Ap-Jun   0.069 x     0.093 x 

Jul-Sep    x      x 
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The spatial distribution of catch was most consistent for the January-March season among year-blocks, 

with no evidence of statistically significant differences detected for 11 of the 15 Cramer-von Mises and 9 of 

the 15 Kolmogorov-Smirnov tests (Table 4.4). The patterns of spatial distribution for each of the remaining 

three seasons varied considerably among year-blocks as evidenced by the high proportion of statistically 

significant values (Table 4.4). Examples of significantly different and similar catch distribution patterns of 

corresponding seasons from different year-blocks are provided in Appendix A (Figure A5 and A6). 

Table 4.4 Pairwise Syrjala tests for differences in spatial distribution of total scampi catch (kg) across year-
blocks, within the same season for SCI 3. P-values are presented for both the Cramer-von Mises and 
Kolmogorov-Smirnov pairwise tests. Orange values indicate statistical significance of p<0.05, while red 
values indicate Bonferroni corrected statistical significance of p<0.0033 (and p<0.005 for the October-
December season).      

Cramer-von Mises test    Kolmogorov-Smirnov test 

January-March              

  1990 1995 2000 2005 2010 2015    1990 1995 2000 2005 2010 2015 

1990  0.169 0.070 0.111 0.215 0.170  1990  0.067 0.027 0.130 0.300 0.222 

1995   0.263 0.025 0.115 0.126  1995   0.276 0.012 0.113 0.279 

2000    0.034 0.083 0.076  2000    0.007 0.034 0.035 

2005     0.002 0.015  2005     0.003 0.019 

2010      0.202  2010      0.234 
               

April-June             

 1990 1995 2000 2005 2010 2015   1990 1995 2000 2005 2010 2015 

1990  0.330 0.005 0.001 0.001 0.206  1990  0.336 0.003 0.001 0.001 0.073 

1995   0.042 0.012 0.035 0.183  1995   0.022 0.013 0.054 0.077 

2000    0.009 0.074 0.157  2000    0.013 0.051 0.108 

2005     0.118 0.017  2005     0.075 0.011 

2010      0.064  2010      0.078 
               

July-September             

 1990 1995 2000 2005 2010 2015    1990 1995 2000 2005 2010 2015 

1990  0.619 0.131 0.005 0.017 0.030  1990  0.518 0.136 0.005 0.008 0.036 

1995   0.356 0.007 0.020 0.031  1995   0.394 0.005 0.011 0.030 

2000    0.026 0.044 0.051  2000    0.021 0.025 0.074 

2005     0.116 0.044  2005     0.118 0.008 

2010      0.196  2010      0.096 
               

October-December             

 1990 1995 2000 2005 2010 2015    1990 1995 2000 2005 2010 2015 

1990  0.071 0.131 0.035 0.023 x  1990  0.159 0.040 0.050 0.063 x 

1995   0.295 0.027 0.045 x  1995   0.127 0.022 0.097 x 

2000    0.025 0.048 x  2000    0.015 0.072 x 

2005     0.002 x  2005     0.004 x 

2010      x  2010      x 



Chapter Four 

69 
 

4.4.3  Do spatial distribution patterns of fishing effort coincide with CPUE? 

The spatial distribution of effort and CPUE for each season within year-blocks were compared using 

pairwise Syrjala tests. While effort and CPUE data from corresponding seasons are distributed over the 

same cells, unlike tests between seasons which may have fishing effort distributed over vastly different 

cells, those cells with high records of effort may not necessarily coincide with high CPUE. Cramer-von 

Mises tests suggests this to be the case for 8 of the 23 seasons within individual year-blocks, with the 

distribution pattern of effort and CPUE differing significantly for all four seasons at the outset of the fishery 

(1990 year-block) (Table 4.5). For example, the April-June seasons of the 1990 year-block shows cells with 

highest concentrations of fishing effort occurring nearer to the geographical centre of the fishery while cells 

with highest mean CPUE records are more dispersed across a wider area (Appendix A, Figure A7). By 

contrast, the April-June seasons of the 2010 year-block, while not perfectly aligned, exhibited similar spatial 

patterns of effort and CPUE with higher records of both occurring near 176˚ longitude (Appendix A, Figure 

A8). For most seasons, and particularly for Kolmogorov-Smirnov tests, no significant differences in the 

distribution patterns of effort and CPUE were detected (Table 4.5). In these cases, cells with high or low 

fishing effort generally coincide with corresponding high or low CPUE. 

Table 4.5 Pairwise Syrjala tests for differences in spatial distribution of total effort (h) and CPUE (kg h-1) 
within the same seasons across year-blocks, from 1990-2015 within SCI 3. P-values are presented for both 
the Cramer-von Mises and Kolmogorov-Smirnov pairwise tests. Red values indicate statistical significance 
of p<0.05. 

  Cramer-von Mises test    Kolmogorov-Smirnov test 

  Jan -Mar Apr-Jun Jul-Sep Oct-Dec   Jan -Mar Apr-Jun Jul-Sep Oct-Dec 

 1990 0.039 0.003 0.020 0.034   0.127 0.020 0.056 0.090 

 1995 0.085 0.015 0.065 0.086   0.233 0.026 0.059 0.129 

 2000 0.250 0.035 0.189 0.201   0.269 0.075 0.175 0.232 

 2005 0.144 0.144 0.056 0.464   0.283 0.179 0.066 0.662 

 2010 0.011 0.391 0.402 0.012   0.030 0.448 0.340 0.034 

 2015 0.171 0.254 0.411 x   0.119 0.439 0.463 x 

 

4.4.4 Does the spread and concentration of fishing effort change over time? 

The spread of fishing effort per season ranged from 0 – 54 cells, with the average number of fished cells 

per season across all four seasons over the 25 years of data being 22.9 (±1.3 SE). Nine of the 92 seasons 

recorded a spread of 40+ cells, with seven of those occurring during October-December season (Figure 

4.8). All four seasons with a spread of 50+ cells occurred within a two-year span near the outset of the 

fishery (1992 – 1994). A negative binomial regression model revealed estimates for the spread of fishing 

effort (number of fished cells) for October-December season to be significantly higher than other seasons 

(estimate = 0.44, p = 0.010). The model revealed no relationships in ‘spread’ among year-blocks. No 

difference was detected for spread of fishing effort pre- and post-introduction to the QMS (t = -0.958, p = 
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0.342). A linear regression model revealed a significant relationship between ‘spread’ (number of fished 

cells) and total fishing effort (h) regardless of years or seasons (t = 157.3, p <0.001), but with the model 

accounting for only 63% of the variance (r2 = 0.634) (Figure 4.8). By contrast, no significant relationship 

was detected between spread and mean CPUE (t = 0.194, p =0.846), suggesting that spread alone is 

unlikely to explain patterns in scampi CPUE. 

The concentration (i.e., as a measure of the evenness of the distribution across cells) of effort and catch 

varied over time. The proportion of fished cells accounting for 80% of the effort within a given season (cells-

80) ranged from a highly concentrated value of 0.10 to a relatively dispersed 0.71 (Figure 4.9). If effort and 

catch were evenly distributed across cells, we would expect a cells-80 value of 0.80. Instead, both were 

reasonably concentrated, with highest concentration of effort occurring during July-September of 2009 (with 

only 2 of the 20 fished cells (0.10) accounting for 80% of the effort). During that same season, 80% of the 

catch occurred in only 1 of the 20 fished cells (0.05). Cells-80 values for catch were less varied than that of 

effort with a more concentrated range of 0.05 to 0.50 but followed similar trends over time (Figure 4.9). 

Cells-80 values for effort and catch suggest relatively low concentration during the first two years of the 

fishery (although total effort was relatively low during this period) and again for the period from 1995-2005. 

Effort and catch then became more concentrated from 2006 – 2012. Trends in cells-80 values were 

somewhat similar to trends in median CPUE over years (Figure 4.9) and year-blocks (Figure 4.10) with 

higher median CPUE values occurring from 1995-2004 followed by a drop off after the 2004 management 

change. Beta regression models found statistical differences in cells-80 values across year-blocks, with 

significantly higher concentration of effort occurring during the 2010-14 block (p = 0.027), and significantly 

lower concentration (higher dispersion) of catch occurring during the 2000-04 block (p = 0.046) relative to 

other blocks (Figure 4.10). Cells-80 did not differ significantly with season but did differ with management 

change, with effort (p<0.001) and catch (p<0.001) being more concentrated following the 2004 

management change. 
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Figure 4.8 Total fishing effort (h) plotted against the spread of effort (number of cells), by fishing season 
with associated regression lines for SCI 3 for the period of 1990-2015. 

 

 

 

Figure 4.9 The proportion of the number of total cells comprising 80% (Cells-80) of A) total fishing effort (h) 
and B) catch (kg) compared to C) median CPUE (kg/h) by year from 1990-2015 for SCI 3. Vertical dashed 
line represents the introduction of scampi in to the QMS in October 2004. 
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Figure 4.10 Cells-80 values for A) effort and B) catch and C) median CPUE by year-block for SCI 3. 

 

4.4.5 Maximum cell: Is a high-density patch always a high-density patch? 

The locations of the maximum effort cells (i.e., the cell with the highest total effort aggregated over a three-

month season) were found to be relatively recurrent with the 92 maximum cells spread over a total of 27 

cells (Figure 4.11, Figure 4.12A). Of these, two cells accounted for over 29% of all maximum effort locations, 

and the top five cells accounting for 54% (Figure 4.11, Figure 4.12A). By contrast, the location of maximum 

CPUE cells was more widely distributed (Figure 4.12B), occurring in 55 cells, over twice as many as for the 

maximum effort (Figure 4.11). The locations of the maximum effort and corresponding maximum CPUE 

cells for any given season matched only 10 times out of 92 seasons of fishing. The location of the top two 

most frequently recurring maximum CPUE cells accounted for 12% of all maximum CPUE locations, with 

the top five cells accounting for 24% of all maximum CPUE locations (Figure 4.11B). 

The proportion of total fishing effort across all cells occurring in the cells with maximum fishing effort was 

over a third (34% (± 2% SE)), when averaged across 92 seasons. On average over a third of total fishing 

effort was concentrated in only 4.4% of fished cells (number of fished cells averaged 22.9 ± 1.3 SE per 

season). The mean percentage of total fishing effort rose to 76% (± 2% SE) for the top five fished cells 

within each season. On average 17% (± 2% SE) of total CPUE (the sum of CPUE values from all fished 

cells) occurs in those cells with maximum CPUE across 92 seasons. Mean CPUE rose to 45% (±3% SE) 

for the cells with the greatest effort within each season. The proportion of total effort occurring in maximum 

cells and top five cells varied over time, with the high proportions recorded during the first two years of the 

fishery when total effort was low (Figure 4.13). Beta regression modelling revealed the proportion of effort 

for maximum cells to be significantly higher during July-September (p=0.001), but not significantly different 

among year-blocks or either side of the 2004 management change. By contrast, the proportion of CPUE 

occurring in maximum cells differed significantly with management change, with proportions being 

significantly lower after the introduction of the QMS (p<0.001) (Figure 4.14). Differences in the proportions 

of CPUE occurring in maximum cells were also found for seasons, with higher proportions occurring in July-

A B C 



Chapter Four 

73 
 

September (p=0.014) and among year-blocks, with proportions in 2005 (p=0.010) and 2010 blocks 

(p=0.010) being significantly lower. 

 

Figure 4.11 Histogram of the frequency of occurrence of maximum effort and maximum CPUE cells 
occurring within each season of each year, from 1990-2015. N = 92 seasons with fishing events for SCI 3. 

 

 

Figure 4.12 Spatial distribution and frequency of the location of, A) cells with maximum fishing effort cell 
per season, and B) cells with maximum CPUE cell per season, both for the period from 1990-2015 for SCI 
3. N = 92 seasons. 

 

 

Figure 4.13 Proportion of total fishing effort for scampi accounted for by the cell with the maximum fishing 
effort and top five cells within each season from 1990-2015, for SCI 3. Vertical dashed line represents the 
introduction of scampi into the QMS in October 2004. 
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Figure 4.14 Proportion of total CPUE accounted for by the cell with the maximum CPUE and top five cells 
within each season from 1990-2015, for SCI 3. Vertical dashed line represents the introduction of scampi 
in to the QMS in October 2004. 

 

4.4.6 Does centre of gravity shift over time? 

The centre of gravity (COG) locations per season were widely dispersed during the first two years of the 

fishery, with COG locations to the west and southern regions of the SCI 3 fishery (Figure 4.15, Figure 4.16). 

As part of the 2004-05 management change, the SCI 3 fishery was formed by encompassing the previously 

established QMA 3 and QMA 4W areas, which effectively extended the eastern boundary of QMA 3 from 

176˚ E to 180˚ E. Only four effort and three CPUE COG locations were located to the west of 176˚ E (Figure 

4.15), all occurring prior to the management change (Figure 4.16). Distances from the western boundary 

of the map indicate a relatively tight west-east grouping of effort and CPUE COG locations across most 

seasons from 1992 onwards (Figure 4.16). By contrast, the south-north distances varied over time, with 

effort and CPUE COG locations rapidly moving northward during early years with some variation occurring 

in 1995-96, stabilizing from 1997-2004 before creeping south again from 2005-2012 (Figure 4.16). 

Corresponding effort and CPUE COG locations rarely matched, with distances between the two averaging 

17.7 km (± 2.2 km SE) and ranging from 0 – 150.4 km (Figure 4.17). Particularly large distances between 

corresponding COG estimates occurred during the first recorded season of April-June of 1990 (150.4 km) 

and during July-September of 1995 (111.9 km). These distances roughly equate to 4 – 5 times a typical 

straight-line trawl length. Two way ANOVA suggests that distances between corresponding effort and 

CPUE COG locations did not differ significantly among seasons (F = 1.49, p = 0.224) or among year-blocks 

(F = 2.08, p = 0.787), with no interaction effect between the two variables (F = 1.40, p = 0.177). However, 

t-tests did reveal a significant difference in distance between corresponding effort and CPUE COG locations 

either side of the 2004 fisheries management change (t = 2.423, p = 0.019) with distances being 10.1 km 

greater on average prior to introduction of the fishery into the QMS. This difference remained significant 

with the removal of two outliers (t = 2.153, p = 0.035), but with the average difference in distance falling to 

5.3 km. 
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Figure 4.15 Centre of gravity location points for fishing effort and CPUE for scampi from 1990-2015, for 
SCI 3. Data points are colour coded by year-block with each dot representing a fishing season. Vertical 
dashed line represents the eastern boundary of the fishery (176˚ E) prior to the 2004-05 management 
change.  

 

 

Figure 4.16 West to east distances (km) to effort and CPUE centre of gravity locations in a scampi fishery 
from the western map boundary (173˚ E) (A, B), and south to north distances from the southern map 
boundary (44.5˚ S) (C, D), plotted annually for an area within SCI 3. Horizontal dashed line (A, B) represents 
the distance from the western map boundary corresponding to 176˚ E. Vertical dashed line represents the 
introduction of scampi into the QMS in October 2004. 
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Figure 4.17 Distance (km) between corresponding effort and CPUE centre of gravity locations for an area 
within SCI 3, aggregated by season and plotted by year from 1990-2015. Vertical dashed line represents 
the introduction of scampi in to the QMS in October 2004. 

 

4.4.7 Does depth influence fishing effort, catch and CPUE? 

Median fishing depth of the SCI 3 fishery gradually increased from approximately 360 m in 1990 to 390 m 

in 2000 (as indicated by the fitted local regression line) (Figure 4.18), before steadily returning to shallower 

waters. In the early years of the fishery, median fishing depth of a few seasons was particularly shallow 

(317 m in October-December of 1995, 327 m in July-September of 1991), but had increased to 446 m in 

July-September of 2001. During the final three years of the competitive catch limit system (2002-2004), 

when annual catch limits were caught within the first fishing season of each year, median fishing depth 

decreased sharply by approximately 30 m. Shallower depths generally coincide with larger scampi for SCI 

3 (within their habitable range) as evidenced by the means of length frequency data collected on research 

trawls (Table 4.6), with males being on average 3.2 – 8.0% larger than females. The bulk of total fishing 

effort conducted in SCI 3 is concentrated near the centre of the fishery within two sub-areas MN and MW 

(see Tuck, 2009) at depths typically between 350-400 m (Table 4.7). The depth distribution of each cell 

where fishing has occurred is mostly within 250 to 500 m depth (Figure 4.19). 
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Figure 4.18 Plot of median fishing depth for scampi in SCI 3 from 1990-2015, with a fitted local regression 
line. Each data point is calculated from all fishing events occurring within a 3-month season. N = 92 fishing 
seasons for which data was collected. Vertical dashed line represents the introduction of scampi in to the 
QMS in October 2004. 

 

Table 4.6 Mean male and female scampi carapace length (mm) at each 50 m depth band for SCI 3 and 
SCI 6A. Data were collected from survey trawls for the purposes of stock assessment. N = 14,435 scampi 
for SCI 3 and 15,764 scampi for SCI 6A. 

  
SCI 3   SCI 6A 

 

Depth band (m) All (mm) Males (mm) Females (mm) All (mm) Males (mm) Females (mm) 

300-349 47.32 48.64 45.58 - - - 

350-399 46.71 48.14 44.31 47.49 46.62 47.89 

400-449 43.48 44.73 42.03 46.80 47.87 46.12 

450-499 41.77 43.32 39.50 45.11 45.54 44.78 

500-549 - - - 46.69 46.36 46.07 
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Figure 4.19 Spatial profile of A) total accumulated fishing effort (h) for scampi within cells and B) the 
corresponding depth (per 50 m) associated with each fished cell within SCI 3 from 1990-2015. 

 

Total effort and catch by depth 

The bulk of fishing effort was distributed across three 50 m depth bands with fishing at 300-350 m, 350-400 

m and 400-450 m depth bands accounting for 24.0%, 65.1% and 7.2% of total fishing effort respectively 

from 1990-2015 (Table 4.7). The percentage of total catch at each depth band was similar to that of effort 

with most catch (67%) occurring at 350-400 m (4,254 t), 19.7% at 300-350 m and 8.3 % at 400-450 m 

(Table 4.7). 

Plotting total fishing effort for each depth band reveals changes in targeted fishing depth over time (Figure 

4.20). Fishing effort for the first two years was low, but by 1992 effort increased rapidly with the arrival of 

the fleet from northern fishing grounds (i.e., SCI1 and SCI 2). From 1993 to 2004 the bulk of fishing was 

distributed over a relatively large range of depths (300-450 m), with 99% of the all the effort conducted 

between 400 and 500 m occurring within these years (Figure 4.20). During this period fishing effort was 

punctuated with short bursts of seasonal activity (Figure 4.20). The distribution of effort by depth changed 

considerably following the 2004 introduction of scampi into the QMS. Fishing effort became more targeted 

at 300 and 350 m depths bands with fishing at even shallower depth (i.e., 250 m) becoming more prevalent 

from 2013. 

At 300 m, a small surge of fishing activity occurred between 1992-93, before dropping to relatively low 

levels from 1995 – 2004, with most of the activity occurring in the October-December season. Fishing 

activity increased after 2004 for all seasons, but was the most pronounced for the first two seasons of the 

fishing year (October-December, January-March) (Figure 4.21a). A similar pattern of fishing activity is 

observed at 350 m with most of the fishing effort occurring in October-December prior to management 

change, but with activity peaking in July-September after 2004 (Figure 4.21b). As May to September fall 

outside of known moulting cycles (February – April for males, October – December for females) (Tuck, 

2013), increased fishing activity during July-September may reflect more concerted efforts to reduce the 

proportion of moulting individuals in the catch. At 400 m, fishing activity was almost exclusively limited to 

A B 
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the beginning of each fishing year with effort peaking in 1993. By 2004 activity at 400 m had dropped 

considerably with the SCI 3 fleet moving to shallower depths (Figure 4.21c). 

The pattern of scampi catch with depth over time was similar to that of fishing effort, but with catch being 

proportionally higher in the years leading up to the management change (1995-2004) relative to catch in 

the years following (Figure 4.22), despite the increase in fishing effort after 2004 (Figure 4.20). Likewise, 

from 1995-2004 most of the catch occurred during the October-December season at 300, 350 and 400 m 

depth bands (Figure 4.23a, b, c), with catch becoming more widely spread across seasons for 300 and 350 

m depth bands following the change in fisheries management. The highest catch in any single season 

occurred in the October-December season of 1997, with over 220 t of scampi landed (Figure 4.23b). Catch 

at 400 m dropped markedly after 2004 with catches not exceeding 500 kg for any given season (Figure 

4.23c). 

The increase in catch relative to effort from 1995-2004 is further illustrated when examining mean CPUE 

by depth over time (Figure 4.24). Trends in CPUE are relatively consistent across depth bands, gradually 

climbing from 1992 and peaking in July-September of 1998 at over 151 kg of scampi per hour. CPUE 

fluctuates but remain relatively high until the 2004 change in the management system, after which CPUEs 

decline and plateau at below 40 kg h-1. 

Total fishing effort and total catch were found to vary significantly by depth band (Appendix B: Table B1), 

with both being significantly higher at 350 m relative to 300 m and 400 m (Appendix B: Table B1, Figure 

B1). CPUE was significantly higher at 350 m than at 400 m with a difference in the means of 8.4 kg h-1 

(Appendix B: Table B1). Effort and CPUE varied significantly when apportioned by year-block. CPUE was 

significantly higher during the 1995 and 2000 year-blocks relative to 1990 (Appendix B: Table B1, Figure 

B1), while effort was higher in 2005 and 2010 relative to 1995 (Appendix B: Figure B1). An interaction effect 

between depth and year-block was observed for effort, with the combination of effort at 350 m depth during 

the 2005 and 2010 year-blocks returning significantly higher results (interaction effects have been omitted 

from the table to reduce table size) (Appendix B: Figure B1). When partitioning the data by seasons, catch 

and CPUE were found to be significantly higher during the October-December fishing season (Appendix B: 

Table B2, Figure B2), with CPUE means differing by as much as 26.9 kg h-1 between October-December 

and April-June. While depth remained a significant factor in determining effort and catch, there was no 

interaction effect between depth and season. 
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Table 4.7 Total and proportional fishing effort (h) and scampi catch (kg) by 50 m depth band for SCI 3 from 
1990-2015.  

 250 m  300 m  350 m  400 m  450 m  500 m  550 m  

Total effort (h) 1,329 42,455 115,178 12,683 5,153 1 13 

% total effort 0.8 24.0 65.1 7.2 2.9 0.0 0.0 

Total catch (kg) 33,298 1,239,379 4,254,175 522,963 243,642 7 125 

% total catch 0.5 19.7 67.6 8.3 3.9 0.0 0.0 
 

 

 

 

 

  

Figure 4.20 Total fishing effort (h) for scampi by 50 m depth band for SCI 3, plotted over time (season and 
year) from 1990-2015. Dotted vertical line indicates the change in management from ITQ to QMS in October 
2004. 

 

Figure 4.21 Stacked plots of total fishing effort (h) for scampi by season occurring at 300-349 m (a), 350-
399 m (b) and 400-449 m (c) for SCI 3, for the period of 1990-2015. Vertical dotted line represents the 
introduction of scampi in to the QMS in October 2004.  

 

c 

a b c 
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Figure 4.22 Total scampi catch (kg) by 50 m depth bands for SCI 3, plotted over time (season and year) 
from 1990-2015. Dotted vertical line indicates the change in management from ITQ to QMS in October 
2004. 

 

 

Figure 4.23 Stacked plots of total scampi catch (kg) by season occurring at 300-349 m (a), 350-399 m (b) 
and 400-449 m (c) for SCI 3, for the period of 1990-2015. Vertical dotted line represents the introduction of 
scampi in to the QMS in October 2004. 

 

Figure 4.24 Mean catch per unit effort (kg h-1) by 50 m depth bands for SCI 3, plotted over time from 1990-
2015. Each datapoint corresponds to mean CPUE of one season. 
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4.5 Results: SCI 6A 

4.5.1 Are there spatial patterns in fishing effort and do they change over time? 

Seasonal patterns of total effort (h) and catch (kg) were similar for SCI 6A, with effort and catch being 

relatively consistent across seasons from 1992-2001 (Figure 4.25). As with most of the other scampi 

fisheries, the 2002-2004 period was characterised by concentrated fishing activity early in the fishing year 

(October-December and January-March), until the catch limit was reached. Effort and catch gradually 

shifted to the second half of the fishing year (April-June and July-September) following introduction of the 

QMS to the fishery (Figure 4.25). 

 

Figure 4.25 Seasonal distribution of fishing effort (total hours fished) (A) and catch (kg) (B) in the scampi 
targeted fishery by fishing year for SCI 6A. The area of the circles is proportional to the total hours of fishing 
(A) and total catch (kg); with the largest circles representing 7560 h (A) and 234,170 kg (B). 

 

Both spatial tests detected sporadic significant differences in the distribution patterns of fishing effort among 

seasons within each year-block (Table 4.8). Greatest significant variability in spatial distribution among 

seasons occurred during the 2000-04 year-block. In contrast, few differences among seasons were 

detected for the 1995-99 and 2010-14 year-blocks. Examples of significantly different (Figure 4.26) and 

similar (Figure 4.27) spatial distribution maps of effort for different seasons within the same year-block are 

provided. All further examples of distribution maps for SCI 6A are provided in Appendix C. 

 

 

A B 



Chapter Four 

83 
 

Table 4.8 Pairwise Syrjala tests for differences in spatial distribution of fishing effort for scampi among 
seasons, within year-blocks (5-year periods) from 1990-2015 for SCI 6A. P-values are presented for both 
the Cramer-von Mises and Kolmogorov-Smirnov pairwise tests. Orange values indicate statistical 
significance of p<0.05, while red values indicate Bonferroni corrected statistical significance of p<0.0083 
(and p<0.017 for the 2015 year-block). 

 

     Cramer-von Mises test                Kolmogorov-Smirnov test 

1990 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.013 0.106 0.030    0.003 0.126 0.113 

Ap-Jun   0.009 0.170     0.064 0.159 

Jul-Sep    0.047       0.164 

           
1995 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.064 0.230 0.014    0.060 0.224 0.012 

Ap-Jun   0.078 0.072     0.078 0.069 

Jul-Sep    0.114      0.070 

           
2000 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.125 0.004 0.120    0.037 0.009 0.141 

Ap-Jun   0.031 0.240     0.047 0.013 

Jul-Sep    0.019      0.008 

           
2005 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.029 0.142 0.129    0.015 0.150 0.267 

Ap-Jun   0.008 0.031     0.023 0.069 

Jul-Sep    0.320      0.330 

           
2010 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.098 0.103 0.198    0.090 0.392 0.251 

Ap-Jun   0.032 0.072     0.096 0.114 

Jul-Sep    0.767      0.802 

           
2015 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.006 0.004 x    0.003 0.004 x 

Ap-Jun   0.042 x     0.097 x 

Jul-Sep    x      x 
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Figure 4.26 Example of significantly different spatial distribution patterns of total fishing effort (h) for scampi 
occurring during A) January-March season, from 1990-1994 and B) April-June season, from 1990-1994, 
within SCI 6A. Cramer-von Mises and Kolmogorov-Smirnov test results were p = 0.013 and p = 0.003 
respectively. 

 

Figure 4.27 Example of non-significantly different spatial distribution patterns of total fishing effort (h) for 
scampi occurring during A) July-September season, from 1995-1999 and B) October-December season, 
from 1995-1999, within SCI 6A. Cramer-von Mises and Kolmogorov-Smirnov test results were p = 0.114 
and p = 0.070 respectively. 

When comparing the same season across year-blocks, both spatial tests revealed highest variability for the 

January-March season (Table 4.9), with significant differences occurring for 9 of the 15 Cramer-von Mises 

pair-wise tests and for 8 of the 15 Kolmogorov-Smirnov pairwise tests. Differences are likely the result of a 

A B 

A B 
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reduction in effort during the January-March season following the 2004 management change (Figure 

4.25A). Spatial distribution of effort for April-June and October-December seasons did not differ significantly 

for the most part over the 25-year period, while July-September at the outset of the fishery (1990-94 year-

block) proved to be significantly different from corresponding seasons across other blocks. Examples of 

significantly different and similar effort distribution patterns of corresponding seasons from different year-

blocks are provided in Appendix C (Figure C1 and C2). 

Table 4.9 Pair-wise tests for differences in spatial distribution of fishing effort across year-blocks, within the 
same season, for SCI 6A. P-values are presented for both the Cramer-von Mises and Kolmogorov-Smirnov 
pairwise tests. Orange values indicate statistical significance of p<0.05, while red values indicate Bonferroni 
corrected statistical significance of p<0.0033 (and p<0.005 for the October-December season).      

Cramer-von Mises test    Kolmogorov-Smirnov test 

January-March             

 1990 1995 2000 2005 2010 2015   1990 1995 2000 2005 2010 2015 

1990  0.076 0.050 0.016 0.011 0.002  1990  0.075 0.256 0.011 0.011 0.002 

1995   0.083 0.093 0.032 0.003  1995   0.241 0.105 0.028 0.003 

2000    0.068 0.066 0.001  2000    0.048 0.022 0.001 

2005     0.093 0.001  2005     0.233 0.001 

2010      0.002  2010      0.002 
               

April-June             

 1990 1995 2000 2005 2010 2015   1990 1995 2000 2005 2010 2015 

1990  0.107 0.358 0.059 0.107 0.160  1990  0.026 0.390 0.011 0.042 0.081 

1995   0.405 0.041 0.046 0.550  1995   0.576 0.030 0.027 0.671 

2000    0.144 0.239 0.410  2000    0.148 0.196 0.532 

2005     0.070 0.085  2005     0.090 0.054 

2010      0.075  2010      0.093 

               

July-September             

 1990 1995 2000 2005 2010 2015   1990 1995 2000 2005 2010 2015 

1990  0.037 0.002 0.007 0.004 0.002  1990  0.032 0.002 0.008 0.004 0.001 

1995   0.070 0.184 0.091 0.062  1995   0.021 0.166 0.073 0.058 

2000    0.086 0.083 0.382  2000    0.042 0.045 0.355 

2005     0.078 0.027  2005     0.151 0.066 

2010      0.046  2010      0.089 

               

October-December             

 1990 1995 2000 2005 2010 2015   1990 1995 2000 2005 2010 2015 

1990  0.098 0.204 0.197 0.091 x  1990  0.069 0.454 0.336 0.137 x 

1995   0.051 0.101 0.193 x  1995   0.026 0.179 0.237 x 

2000    0.152 0.046 x  2000    0.194 0.074 x 

2005     0.131 x  2005     0.187 x 

2010      x  2010      x 
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4.5.2  Are there spatial patterns in scampi catch and do they change over time? 

The spatial distribution patterns of total catch (kg) across seasons differed irregularly within year-blocks 

(Table 4.10). Patterns of statistical differences were similar to that of effort (Table 4.8) with lower spatial 

variability among seasons detected for the 2010-14 year-block and with July-September and April-June 

being consistently different from all other seasons within 2000-04 and 2005-09 year-blocks respectively. 

Examples of significantly different and similar spatial distribution patterns of catch for different seasons 

within the same year-block are provided in Appendix C (Figure C3 and C4). 

Table 4.10 Pairwise Syrjala tests for differences in spatial distribution of total scampi catch (kg) between 
seasons, within year-blocks (5-year periods) from 1990-2015 for SCI 6A. P-values are presented for both 
the Cramer-von Mises and Kolmogorov-Smirnov pairwise tests. Orange values indicate statistical 
significance of p<0.05, while red values indicate Bonferroni corrected statistical significance of p<0.0083 
(and p<0.017 for the 2015 year-block). 

Cramer-von Mises test    Kolmogorov-Smirnov test 

1990 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.046 0.130 0.028    0.014 0.160 0.211 

Apr-Jun   0.044 0.245     0.132 0.300 

Jul-Sep    0.064      0.200 
           

1995 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.032 0.207 0.013    0.006 0.195 0.006 

Apr-Jun   0.199 0.078     0.108 0.065 

Jul-Sep    0.072      0.050 
           

2000 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.166 0.017 0.101    0.107 0.042 0.126 

Apr-Jun   0.028 0.176     0.036 0.100 

Jul-Sep    0.039      0.036 
           

2005 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.046 0.158 0.133    0.019 0.227 0.287 

Apr-Jun   0.016 0.048     0.052 0.103 

Jul-Sep    0.344      0.365 
           

2010 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.179 0.095 0.165    0.127 0.319 0.297 

Apr-Jun   0.033 0.056     0.088 0.100 

Jul-Sep    0.497      0.587 

           

2015 Jan-Mar Apr-Jun Jul-Sep Oct-Dec   Jan-Mar Apr-Jun Jul-Sep Oct-Dec 

Jan-Mar  0.004 0.002 x    0.002 0.004 x 

Apr-Jun   0.053 x     0.071 x 

Jul-Sep    x      x 
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As was the case for effort, a comparison of the spatial distribution patterns of each season across year-

blocks revealed greatest variability in the pattern of catch for the January-March season over time (Table 

4.11). Few significant differences were detected in the distribution pattern of catch in April-June across 

year-blocks. The same is true for the October-December season (Table 4.11), despite total catch varying 

considerably over time (Figure 4.25B), indicating that the amount of catch and distribution of catch across 

cells are both important factors in determining spatial differences. Examples of significantly different and 

similar catch distribution patterns of corresponding seasons from different year-blocks are provided in 

Appendix C (Figure C5 and C6). 

Table 4.11 Pairwise Syrjala tests for differences in spatial distribution of total scampi catch (kg) across 
year-blocks, within the same season, for SCI 6A. P-values are presented for both the Cramer-von Mises 
and Kolmogorov-Smirnov pairwise tests. Orange values indicate statistical significance of p<0.05, while red 
values indicate Bonferroni corrected statistical significance of p<0.0033 (and p<0.005 for the October-
December season). 

Cramer-von Mises test    Kolmogorov-Smirnov test 

January-March             

  1990 1995 2000 2005 2010 2015    1990 1995 2000 2005 2010 2015 

1990  0.062 0.038 0.006 0.008 0.002  1990  0.046 0.170 0.002 0.009 0.001 

1995   0.051 0.082 0.028 0.001  1995   0.128 0.092 0.020 0.001 

2000    0.057 0.021 0.001  2000    0.038 0.007 0.001 

2005     0.062 0.001  2005     0.171 0.001 

2010      0.001  2010      0.001 

               

               

April-June             

 1990 1995 2000 2005 2010 2015    1990 1995 2000 2005 2010 2015 

1990  0.317 0.228 0.075 0.106 0.289  1990  0.160 0.551 0.032 0.063 0.216 

1995   0.417 0.080 0.037 0.594  1995   0.266 0.069 0.029 0.736 

2000    0.092 0.124 0.409  2000    0.076 0.053 0.325 

2005     0.097 0.112  2005     0.260 0.062 

2010      0.050  2010      0.098 

               

July-September             

 1990 1995 2000 2005 2010 2015    1990 1995 2000 2005 2010 2015 

1990  0.037 0.002 0.005 0.004 0.002  1990  0.043 0.001 0.004 0.002 0.002 

1995   0.075 0.168 0.085 0.070  1995   0.034 0.161 0.084 0.052 

2000    0.138 0.143 0.423  2000    0.076 0.124 0.400 

2005     0.074 0.026  2005     0.151 0.038 

2010      0.037  2010      0.161 
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October-December             

 1990 1995 2000 2005 2010 2015   1990 1995 2000 2005 2010 2015 

1990  0.050 0.214 0.180 0.118 x  1990  0.019 0.192 0.176 0.132 x 

1995   0.028 0.086 0.115 x  1995   0.012 0.143 0.077 x 

2000    0.184 0.057 x  2000    0.159 0.088 x 

2005     0.133 x  2005     0.174 x 

2010      x  2010      x 

 

 

4.5.3 Do spatial distribution patterns of fishing effort coincide with CPUE? 

Spatial distribution patterns of total fishing effort and corresponding CPUE coincide for most seasons, 

across most year-blocks (Table 4.12). Only five of 23 Cramer-von Mises tests indicated significant 

differences, with four of those occurring within the first decade of the fishery and three of the five occurring 

in January-March. Only three of 23 Kolmogorov-Smirnov tests revealed significant differences, all occurring 

during the 1995-99 block (Table 4.12). While effort and CPUE from the same season occupy the same 

cells, the distribution of cells with high fishing effort and high CPUE do not coincide in these cases. For 

example, for the January-March seasons of the 1990 block, the highest mean CPUE values were recorded 

in the far south west of the fishery, while greatest effort was distributed nearer the centre (Appendix C: 

Figure C7). By contrast, July-September of the 2000 block saw predominantly mid to low values of fishing 

effort coinciding with mid to low values of CPUE, with the exception of two outlying cells (Appendix C: Figure 

C8). 

 

Table 4.12 Pairwise Syrjala tests for differences in spatial distribution of total effort (h) and CPUE (kg h-1) 
within the same seasons across year-blocks, from 1990-2015 within SCI 3. P-values are presented for both 
the Cramer-von Mises and Kolmogorov-Smirnov pairwise tests. Red values indicate statistical significance. 

  Cramer-von Mises test    Kolmogorov-Smirnov test 

  Jan -Mar Apr-Jun Jul-Sep Oct-Dec   Jan -Mar Apr-Jun Jul-Sep Oct-Dec 

 1990 0.046 0.593 0.087 0.046   0.106 0.531 0.318 0.055 

 1995 0.010 0.009 0.076 0.074   0.020 0.022 0.043 0.052 

 2000 0.089 0.413 0.180 0.066   0.139 0.257 0.246 0.121 

 2005 0.262 0.110 0.264 0.095   0.432 0.325 0.175 0.138 

 2010 0.033 0.118 0.085 0.175   0.075 0.144 0.228 0.202 

 2015 0.186 0.286 0.232 *   0.203 0.542 0.311 * 
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4.5.4  Does the spread and concentration of fishing effort change over time? 

The spread of fishing effort per season ranged from 0 – 44 cells, with an average number of fished cells 

per season of 24.5 (±1.02 SE). A negative binomial regression model detected no differences in ‘spread’ 

(number of fished cells) among seasons but did detect greater ‘spread’ for the 2005 year-block relative to 

the 1990 year-block (estimate = 0.303, p = 0.0198). A t-test did not detect a difference in the spread of 

fishing effort pre- and post-introduction of the QMS (t = -1.50, p = 0.139). Linear regression revealed a 

significant relationship between the spread of fishing effort (number of cells) and total fishing effort (h) (F = 

127.825, p <0.001), but with the regression model explaining only 59% of the variability of the data (r2 = 

0.588) (Figure 4.28). No significant relationship was detected between spread of fishing effort and mean 

CPUE (t = -0.206, p = 0.837), suggesting that the spread of fishing effort alone cannot account for temporal 

variations in CPUE. 

Concentration (i.e., an estimate of the evenness of distribution across fished cells) of effort and catch varied 

among seasons and years (Figure 4.29). The proportion of fished cells accounting for 80% of the effort 

(cells-80) ranged from a highly concentrated value of 0.10 to a more dispersed 0.67 for effort and from 0.13 

to 0.50 for catch. Mean cells-80 values of 0.34 and 0.32 for effort and catch respectively suggest reasonably 

high concentrations of both variables across seasons. The most concentrated cells-80 value for effort 

occurred during January-March of 2004 with 80% of the effort occurring in just 2 of 20 (0.1) fished cells 

(Figure 4.29). The following season (April-June 2004) saw the highest concentration of catch with 80% of 

scampi caught in just 1 of 8 (0.13) fished cells (Figure 4.29). Despite variation in cells-80 values for effort 

and catch over time (Figure 4.29 and Figure 4.30), beta regression modelling suggests no significant 

differences in values across seasons, year-blocks or with management change. Trends in cells-80 values 

for effort and catch were not visually similar to trends in median CPUE when plotted annually (Figure 4.29) 

or by year block (Figure 4.30). 
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Figure 4.28 Total fishing effort (h) plotted against the spread of effort (number of cells), by fishing season 
with associated regression lines for SCI 6A for the period of 1990-2015. 

 

 

 

Figure 4.29 The proportion of the number of total cells comprising 80% (Cells-80) of A) total fishing effort 
(h) and B) catch (kg) compared to C) median CPUE (kg/h) by year from 1990-2015 for SCI 6A. Vertical 
dashed line represents the introduction of scampi in to the QMS in October 2004. 

A B C 
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Figure 4.30 Cells-80 values for A) effort and B) catch and C) median CPUE by year-block for SCI 6A. 

 

4.5.5 Maximum cell: Is a high-density patch always a high-density patch? 

The location of cells with maximum fishing effort varied across 99 seasons from 1990-2015 for SCI 6A 

(Figure 4.31, Figure 4.32). Maximum effort was recorded in only 24 unique cells across that time frame, 

with the top two most frequently occurring cells accounting for 25% of all maximum effort locations and with 

the top five cells accounting for half (Figure 4.31). This suggests that fishing effort tends to be focused in 

the same locations over time. By comparison, maximum CPUE cells were more widely distributed, occurring 

in 50 unique cell locations. Of these, the two most frequently occurring cells accounted for 14% of all 

maximum CPUE cell locations, with the top five accounting for over 25% (Figure 4.32). A broader 

distribution of the location of maximum CPUE cells suggests a disconnect between higher fishing effort and 

CPUE. Indeed, when plotted spatially (Figure 4.32), highest cell counts of maximum effort tended to be 

located to south-west, while highest CPUE cell counts tended to be further to the east (Figure 4.32). The 

locations of the maximum effort and corresponding maximum CPUE cells matched for only eight out of 99 

seasons. 

The percentage of total fishing effort across all cells occurring in the cells with maximum fishing effort was 

26% (±2% SE), when averaged over 99 seasons. This figure suggests that on average 26% of fishing effort 

occurs in just 4.2% of fished cells (number of fished cells averaged 24.5 ±1.02 SE per season). The mean 

percentage of total fishing effort rose to 64% (±2% SE) for the top five fished cells within each season. The 

percentage of total CPUE (the sum of CPUE values from all fished cells) occurring in the cells with maximum 

CPUE was 11% (±1% SE) for the maximum CPUE cell and 36% (±2% SE) for the top five CPUE cells. 

These proportions varied annually, with higher proportions for maximum effort cells (Figure 4.33) and 

maximum CPUE cells (Figure 4.34) generally occurring in the years and seasons with fewer overall fished 

cells. Beta regression modelling found no significant differences in the proportion of effort occurring in 

maximum cells among seasons or either side of the 2004 management change, but did reveal lower 

proportions of effort in maximum cells for the 2005 year-block relative to the 1990 year block (p=0.019). 

A B C 
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Similar findings were revealed for the proportion of CPUE occurring in maximum cells, with proportions for 

the 2005 year-block being significantly lower than the 1990 year-block (p=0.033), but with no differences 

detected among seasons or year-blocks.  

 

 

Figure 4.31 Histogram of the frequency of occurrence of maximum effort and maximum CPUE cells 
occurring within each season of each year, from 1990-2015. N = 95 seasons with fishing events for SCI 
6A. 

 

  

Figure 4.32 Spatial distribution and frequency of the location of, A) cells with maximum fishing effort cell 
per season, and B) cells with maximum CPUE cell per season, both for the period from 1990-2015, for SCI 
6A. N = 95 seasons. 

 

0

5

10

15

20

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49

Fr
eq

u
en

cy
 o

f 
o

cc
u

re
n

ce

Unique cell

Effort CPUE



Chapter Four 

93 
 

 

Figure 4.33 Proportion of total fishing effort for scampi accounted for by the cell with the maximum fishing 
effort and top five cells within each season from 1990-2015, for SCI 6A. Vertical dashed line represents the 
introduction of scampi into the QMS in October 2004. 

 

Figure 4.34 Proportion of total CPUE accounted for by the cell with the maximum CPUE and top five cells 
within each season from 1990-2015, for SCI 6A. Vertical dashed line represents the introduction of scampi 
in to the QMS in October 2004. 

 

4.5.6 Does centre of gravity shift over time? 

The centre of gravity (COG) locations of effort and CPUE for each season varied spatially within SCI 6A 

along a broad south-west to north-east continuum (Figure 4.35). COG locations at the outset of the fishery 

tended to be located nearer the south west of the fishery (Figure 4.35), with shortest distances to the 

western boundary of the map occurring between 1991-1996 (Figure 4.36). COG locations for effort and 

CPUE gradually shifted eastward until 2004, but with considerable variation among individual seasons in 

their distances from the western border (Figure 4.36A, B). For example, the three years leading up to the 

management change (2002-2004) saw COG locations of effort and CPUE stretch to the far north-east of 

the fishery (Figure 4.35, Figure 4.36). COG locations for effort were more variable than CPUE after 2004 

(Figure 4.36) particularly with respect to their west-east movement. 
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There were discrepancies in the COG locations of effort and CPUE from corresponding seasons, with 

distances between the two averaging 9.79 km (± 0.9 km SE) and ranging from 0 – 66.2 km (Figure 4.36). 

Two way ANOVA revealed that distances did not differ significantly among seasons (F = 2.481, p = 0.119) 

or year-blocks at the adjusted significance of 0.001 (F = 4.828, p = 0.031). A significant change in distances 

between corresponding effort and CPUE COG locations either side of the 2004 management change was 

revealed with t-tests, with average distances almost halving (12.2 km to 6.9 km) following introduction into 

the QMS. 

   

Figure 4.35 Centre of gravity location points for fishing effort and CPUE for scampi from 1990-2015, for 
SCI 6A. Data points are colour coded by year-block with each dot representing a fishing season. 
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Figure 4.36 West to east distances (km) to effort and CPUE centre of gravity locations in a scampi fishery 
from the western map boundary (166˚ E) (A, B), and south to north distances from the southern map 
boundary (51.5˚ S) (C, D), plotted annually for an area within SCI 6A. Vertical dashed line represents the 
introduction of scampi in to the QMS in October 2004. 

 

 

Figure 4.37 Distance (km) between corresponding effort and CPUE centre of gravity locations in a scampi 
fishery, aggregated by season and plotted by year from 1990-2015 for an area within SCI 6A. Vertical 
dashed line represents the introduction of scampi in to the QMS in October 2004. 

A B 

C D 
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4.5.7 Does depth influence fishing effort, catch and CPUE? 

The fishing grounds of SCI 6A were deeper than that of SCI 3 with vessels recording individual trawl depths 

going down as far as nearly 1000 m depth. Of the 29,023 scampi-targeted fishing events from 1991 - 2015, 

all but 68 occurred between 300 – 549 m depth. Median fishing depth per season was relatively shallow at 

the outset of the fishery (400-420 m), but increased markedly in depth into the late 1990s (Figure 4.38). 

Median depth varied somewhat between seasons following the management change in 2004 but overall 

tended to increase (Figure 4.38). As with SCI 3, analysis of scampi length frequency data from survey trawls 

reveals a general inverse relationship between depth and scampi size (Table 4.13), with the exception of 

scampi occupying deep waters (500-549 m). It should be noted that scampi abundance is low at that depth 

band, with catch accounting for less than 0.1% of total scampi catch. Total cumulative fishing effort across 

all seasons was highest nearer the south-west of the fishery (Figure 4.39B), occurring in cells that fell within 

two 50 m depth bands (400-449 m and 450-499 m) (Figure 4.39A). Comparatively little fishing effort 

occurred outside of the high-density area to the south-west despite other cells occupying favourable depths 

(Figure 4.39). 

 

Table 4.13 Mean male and female scampi carapace length (mm) at each 50 m depth band for SCI 3 and 
SCI 6A. Data were collected from survey trawls for the purposes of stock assessment. N = 14,435 scampi 
for SCI 3 and 15,764 scampi for SCI 6A. 

 

SCI 3   SCI 6A 
 

Depth band (m) All (mm) Males (mm) Females (mm) All (mm) Males (mm) Females (mm) 

300-349 47.32 48.64 45.58 - - - 

350-399 46.71 48.14 44.31 47.49 46.62 47.89 

400-449 43.48 44.73 42.03 46.80 47.87 46.12 

450-499 41.77 43.32 39.50 45.11 45.54 44.78 

500-549 - - - 46.69 46.36 46.07 
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Figure 4.38 Plot of median fishing depth for SCI 6A from 1990-2015, with a fitted local regression line. 
Each data point is calculated from all fishing events occurring within a 3-month season. N = 95 fishing 
seasons for which data were available. Vertical dashed line represents the introduction of the QMS to this 
scampi fishery in October 2004. 

 

 

Figure 4.39 Spatial profile of A) total accumulated fishing effort (h) for scampi within cells and B) the 
corresponding depth (per 50 m) associated with each fished cell within SCI 6A from 1990-2015. 

 

 

 

 

A B 
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Total effort and catch by depth 

Sixty six percent of all fishing effort occurred within the 450 m depth band, while most of the remaining 

fishing effort occurred within the 400 m band. Fishing either side of those depth bands each accounted for 

less than 0.1% of total fishing effort (Table 4.14). The percentage of total catch at each depth was similar 

to that of effort (Table 4.14), with over 99% of total catch (5,635 t) occurring within 400 and 450 m depth 

bands. 

Plotting effort by depth over time reveals a gradual shift, with effort being relatively evenly distributed across 

both 400 and 450 m depth bands for much of the first decade, before moving predominantly into 450 m 

during the final years of the ITQ and beginning of the competitive catch system (2000-2004) (Figure 4.40). 

Total effort was particularly high during this period (2000-2004), after which effort returned to become more 

evenly distributed across 400 and 450 m depth bands following introduction of the fishery into the QMS in 

October 2004. 

Examining each depth-block by season reveals strong trends in seasonal activity over time. At 400 m, 

fishing effort during the first seven years of the fishery primarily occurred in January-March. Fishing activity 

during this season gradually and consistently declined at this depth over time to near zero by 2015. By 

contrast, fishing activity at 400 m during the April-June season increased considerably following the 2004 

management change. October-December saw a spike of fishing activity during the final years of the 

competitive catch system (2001-2004) but was otherwise characterised by low effort (Figure 4.41). At 450 

m depth, fishing effort during the first decade occurred primarily during January-March, with effort spiking 

early in the fishing year (October-December, January-March) between 2002-2004 as fishers raced to attain 

their competitive catch limits. From 2010, fishing effort shifted to April-June and July-September seasons 

(Figure 4.41). The pattern of scampi catch with depth over time (Figure 4.42) and by season at each depth 

(Figure 4.43) broadly reflected that of effort. 

Trends in mean CPUE over time were similar across all depths, with CPUE declining sharply from a high 

of 90 kg h-1 for the first recorded season for a quite limited area from 1991-1995 before levelling off for 

much of following five years (Figure 4.43). Mean CPUE spiked during 2000-2001 before falling to low values 

of between 3 - 21 kg h-1 for the final two years under the ITQ system. Mean CPUE levelled out following 

the management change. 

Total fishing effort and catch differed significantly across depth bands (Appendix D: Table D1). Only two 

depth bands (400 and 450 m) were included in analyses as they accounted for over 99% of both effort and 

catch. Mean CPUE did not differ significantly by depth, but did differ by year-block, with the 1990-year-

block having significantly higher CPUE records relative to other year-blocks (Appendix D: Table D1, Figure 

D1). Catch also varied by year-block, with the catch in the 2000-block being significantly higher. No 
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significant differences in effort, catch or CPUE were detected among seasons (Appendix D: Table D2, 

Figure D2). 

Table 4.14 Total and proportional fishing effort (h) and scampi catch (kg) by 50 m depth band for SCI 6A 
from 1990-2015. 

Depth 300 m 350 m  400 m 450 m 500 m 550 m 

Total effort (h) 56 1,362 67,018 133,752 142 0 

% total effort 0.0 0.7 33.1 66.1 0.1 0.0 

Total catch (kg) 1,560 40,223 1,891,797 3,743,417 4,648 0 

% total catch 0.0 0.7 33.3 65.9 0.1 0.0 

 

Figure 4.40 Total fishing effort (h) for scampi by 50 m depth band for SCI 6A, plotted over time (season 
and year) from 1990-2015. Dotted vertical line indicates the change in management from ITQ to QMS in 
October 2004. 

 

Figure 4.41 Stacked plots of total fishing effort (h) for scampi by season occurring at 300-349 m (a), 350-
399 m (b) and 400-449 m (c) for SCI 6A, from 1990-2015. Vertical dotted line represents the introduction 
of scampi in to the QMS in October 2004. 
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Figure 4.42 Total fishing catch (kg) by 50 m depth band for SCI 6A, plotted over time (season and year) 
from 1990-2015. Dotted vertical line indicates the change in management from ITQ to QMS in October 
2004. 

 

Figure 4.43 Stacked plots of total scampi catch (kg) by season occurring at 300-349 m (a), 350-399 m (b), 
and 400-449 m (c) for SCI 6A, from 1990-2015. Vertical dotted line represents the introduction of scampi 
in to the QMS in October 2004. 

 

Figure 4.44 Mean catch per unit effort (kg h-1) by 50 m depth band for SCI 6A, plotted over time from 1990-
2015. Each datapoint corresponds to mean CPUE of one season.  
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4.6 Summary of key findings  

SCI 3 SCI 6A 

Test for differences in effort distribution 
 

• High degree of spatial differences in effort among 
seasons, with distribution of the October-
December season differing most frequently from 
other seasons within year-blocks. 

• Spatial distribution patterns of effort was most 
consistent for the January-March season across 
year-blocks, despite large variations in total effort 
among years. All other seasons varied significantly 
across year-blocks. 

 

Test for differences in catch distribution 
 

• Spatial distribution of catch differed sporadically 
among seasons, and within year-blocks. Fewer 
differences were detected relative to 
corresponding effort. 

• Spatial distribution patterns of catch were most 
consistent for the January-March season across 
year-blocks, despite large variations in total catch 
across years. 

 

Test for differences between effort and CPUE 
 

• Spatial distribution patterns of effort and CPUE for 
corresponding seasons differed most frequently at 
the outset of the fishery (1990-95) despite 
occupying the same cells. 

 

Spread and concentration of the fishery 
 

• The spread of fishing effort was significantly 
higher during the October-December season. 

• Spread of fishing effort relates positively with total 
fishing effort. 

• Spread did not correlate with changes in mean 
CPUE. 

• Effort and catch were concentrated relative to 
their spread. 

• On average, 80% of the effort occurred in just 29% 
of fished cells for a given season. 

• On average, 80% of the catch occurred in just 26% 
of fished cells for a given season.  

• The concentration of the fishery changed 
significantly over time, becoming more dispersed 
during 2000-05 and more concentrated in 2005-14 
relative to its spread. Overall, effort and catch 
were more concentrated relative to its spread 
following the 2004 management change. 
 

 
 

• Spatial distribution patterns of effort differed 
only sporadically among seasons within year-
blocks, with fewer significant differences relative 
to SCI 3.  

• Spatial distribution patterns of effort was least 
consistent during the January-March season 
across year-blocks. April-June and October-
December exhibited few significant differences 
across year-blocks. 

 

 
 

• Spatial distribution of catch differed sporadically 
among seasons, and within year-blocks, with 
fewer significant differences relative to SCI 3. 
 

• Spatial distribution patterns of effort were least 
consistent during the January-March season 
across year-blocks. 

 
 

 
 

• Few differences were observed in the 
distribution patterns of effort and CPUE at the 
level of the cell, with most differences detected 
within the first 10 years of the fishery. 

 

 
 

• The spread of fishing effort did not differ with 
season or year-block. 

• Spread of fishing efforts relates positively with 
total fishing effort.  

• Spread did not correlate with changes in mean 
CPUE. 

• Effort and catch were concentrated relative to 
their spread. 

• On average, 80% of the effort occurred in just 
34% of fished cells for a given season. 

• On average, 80% of the catch occurred in just 
32% of fished cells for a given season.  

• The concentration of the fishery did not differ 
significantly with season, year-block or 
management change relative to its spread. 

 
 
 
 



Chapter Four 

102 
 

SCI 3 

Maximum cell: high density patches 
 

• The location of maximum effort cells was highly 
recurrent across 92 seasons. 

• The location of maximum CPUE cells was more 
varied and dispersed over a wider area than 
maximum effort cells. 

• The location of maximum effort and CPUE cells 
matched only 11% of the time. 

 
Centre of gravity 
 

• COG locations were highly dispersed during the 
first two years of the fishery, before rapidly 
shifting east and focusing around an area of high 
catch. 

• COG locations shifted southward slightly 
following the 2004 management change. 

 

• COG locations for effort and CPUE differed by an 
average of 17.7 km. The average distance 
decreased by an average of 10.1 km following 
the 2004 management change. 

 
 

Depth analysis 
 

• Median fishing depth has gradually decreased 
since 2001, with the fleet moving gradually south 
east. 

 
 

• Scampi are generally larger in shallower waters. 

• Most effort (65%) and catch (68%) occurred 
between 350-400 m. 

• CPUE was highest from 1995-2004 under the 
competitive catch limit system and dropped 
considerably following the 2004 management 
change, across all depths. 
 

 

• Effort and catch were intensified during the first 
quarter of the fishing year (Oct-Dec) in the final 
years of the competitive catch limit system. 

• Effort and catch at 350-400 m then shifted to 
July-September to in order to avoid moulting 
seasons upon introduction to the QMS in 2004.  

• The pattern of seasonal effort and catch differed 
across depth bands.  

SCI 6A 

 
 

• The location of maximum effort cells was highly 
recurrent across 99 seasons. 

• The location of maximum CPUE cells was more 
varied and dispersed over twice as many cells as 
maximum effort cells. 

• The location of maximum effort and CPUE cells 
matched only 8% of the time. 

 

 
 

• COG locations for effort and CPUE varied 
spatially along a south-west to north-east 
continuum. 
 

• COG locations shifted north-east during the 
decade, with movement of locations varying less 
following the 2004 management change. 

• COG locations for effort and CPUE differed by an 
average of 9.8 km. The average distance almost 
halved following the 2004 management change. 

 
 
 
 
 

• Median fishing depth increased from 1990-97 
before levelling out. Fishing depth became more 
diverse following the 2004 management change 
with several seasons seeing a return to 
shallower waters. 

• Scampi are generally larger in shallower waters. 

• Most effort (66%) and catch (66%) occurred 
between 450-500 m. 

• The fishery has exhibited a very gradual decline 
in CPUE since its inception, across all depths. 

 
 

• For the first decade (1990-2000) much of the 
effort and catch occurred during January-March. 

• Effort and catch intensified from during the first 
half of the fishing year from 2002-2004 
(competitive catch limit system). 

• Effort and catch at 450-500 m shifted to the 
second half of the year to avoid moulting cycles.  
 

• The pattern of seasonal effort and catch differed 
slightly across depth bands.  
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4.7 Discussion 

4.7.1 Spatial grid size 

This chapter explores a range of spatial analyses not previously documented for the New Zealand scampi 

fishery, adopting the use of rectangular grid cells to investigate fine scale changes in the spatial distribution 

of commercial fishing effort, catch and CPUE. Spatial analysis of trawling effort using rectangular grids has 

been previously adopted for an area that included a Nephrops fishery. Jennings et al. (1999) described 

spatial trends in trawling effort in the North Sea from 1977-95 using ICES statistical rectangles of 0.5˚ 

latitude × 1˚ longitude (with each rectangle approximating 3600 km2). The analysis revealed patchiness in 

fishing effort and strong north to south trends in the distribution of trawls. The study highlighted the need 

for finer scale spatial analyses because assessments based on the average area swept by trawls was found 

to overlook fine scale patterns and give poor indication of the direct impacts of trawling on biota. 

The present study used grid cells roughly 20 times smaller (approximately 170 km2) than ICES statistical 

rectangles in order to investigate spatial trends at scales relevant to the size of scampi fisheries 

management areas. While there is no inherently correct cell size, minimum size selection was somewhat 

constrained by the need to maintain confidentiality of commercial vessels while also being large enough to 

encompass the midpoint of multiple trawls in order detect differences. The grid cells in the present study 

were initially set at half their current size, but at such a high resolution, spatial differences over the 

proportionally vast areas sampled for each FMA (SCI 3 = 160,684 km2, SCI 6A = 17,388 km2) were detected 

almost ubiquitously when aggregated by season. Sampling at too fine a scale would likely overestimate 

patchiness and obscure meaningful trends and interpretation of the fishing activity and catch data. Some 

form of bias is inherent in any cell size selection for the analysis of trawl fisheries (Branch et al., 2005), with 

large cells (e.g., the 5° × 5° cells used by Campbell et al. (1999)) providing only broad indicators of fisher 

behaviour, and small cells (e.g., 0.5 km × 0.5 km cells in Zimmermann (2003)) allowing for the overlap of 

fishing pressure into adjacent cells. Despite this, the New Zealand scampi fishery benefits from access to 

high resolution trawl data with coordinates of all tows accounted for. By contrast, Nephrops catches are 

reported per statistical rectangle (0.5˚ latitude × 1˚ longitude, ~56 × 65 km) (Bell et al., 2013), and arguments 

have been made for CPUE to be aggregated at scales of 10-20 km in order to detect density declines (Bell 

et al., 2005). The suggested scales are comparable to the cell sizes used in the present study (i.e., ~10 × 

17 km). 

4.7.2 Detecting spatial differences 

Differences in the spatial distribution patterns of fishing effort, scampi catch and CPUE were detected using 

a modified version of the original Syrjala test (Syrjala, 1996). This is an easily applied statistical test for a 

difference between the spatial distributions of two populations (McAdam et al., 2012). The Cramer von-

Mises test requires survey data consisting of counts of individuals or estimates of density of two populations 

taken from many locations throughout a landscape (see Chiu et al. (2009) for a summary of proposed 



Chapter Four 

104 
 

generalisations). The modification includes a secondary test (Kolmogorov-Smirnov test) which investigates 

a different aspect of the distribution (i.e., tail-end versus centre distributions). A high degrees of consistency 

in results between the two methods provides greater confidence that the detected differences are 

significant. In the present study, the two tests were similar in their level of detection of spatial differences, 

being consistent 75.4 % and 60.2 % for SCI 3 and SCI 6A respectively, with those not coinciding usually 

due to one test detecting just outside the ‘normal’ level of significance (of <0.05). Such consistency lends 

confidence to the detected differences being real. While ‘normal’ P values of <0.05 were not necessarily 

significant following Bonferroni correction, they nonetheless indicate some difference in distribution patterns 

between two populations. Furthermore, the fact that the Syrjala test is designed to be sensitive to 

differences in the way populations are distributed, but insensitive to differences in total abundance, explains 

the low proportion of detected differences in effort and catch distribution for January-March (SCI 3) across 

year-blocks (1990-2015) despite large variations in total fishing effort over that time period. 

Syrjala applications have been successfully applied in a range of cases in the literature (McAdam et al., 

2012; McKinney et al., 2019). These include assessments of the spatial changes in jellyfish biomass 

(Brodeur et al., 2002), differences in the spatial distributions of adult and juvenile Pacific cod from trawl 

data (Syrjala, 1996), effectiveness of conservation strategies (Lawler et al., 2003), and tests of differences 

in the distribution of respiratory infections affecting tortoises in the Mojave Desert (Berry et al., 2015). The 

present study provides the first application of Syrjala tests for either scampi or Nephrops. However, recent 

further modifications to the Syrjala test are available proposing greater sensitivity (McKinney et al., 2019) 

and allowing for the incorporation of telemetric fisheries data (McAdam et al., 2012). 

 

4.7.3 What drives changes in spatial patterns? 

Drivers of change in the distribution of fishing effort, catch and CPUE can be inferred from the results. A 

summary is provided below of the likely factors influencing movement of the fleet, which in turn influences 

the distribution of catch. 

Management changes 

The results indicate that changes in scampi fisheries management had a substantial effect on the 

movement of the fleet and distribution of fishing effort. The two FMAs were subjected to different 

management regimes prior to their introduction into the QMS in 2004 (Tuck, 2007) resulting in differences 

in their distribution patterns of effort over time. SCI 6A has seen more consistency in its management, 

having been predominantly managed under an individual quota system, with the exception of 2001-2004 

when competitive catch limits were introduced for all management areas. By contrast, SCI 3 underwent 

more complex management changes with the area east of 176˚ E longitude (formally QMS 4W) 

experiencing the same management changes as SCI 6A, while the area to the west experienced a longer 
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period of competitive catch limits (1993-2004). Competitive catch limits incentivise a ‘race for catch’ among 

the fleet. Consequently, the majority of fishing effort for SCI 3 typically occurred within the first season of 

each fishing year (October-December) from 1993-2004, and also for SCI 6A from 2001-2004. As well as 

affecting temporal patterns of effort distribution, Syrjala tests further indicate that competitive catch limits 

also had a considerable effect on the spatial distribution of fishing effort for SCI 3. Spatial patterns of effort 

during October-December differed most frequently from other seasons, with analysis of the spread of effort 

indicating wider coverage of the fishery during October-December for SCI 3. Interestingly, greater 

differences in spatial patterns in effort across most seasons (within year-blocks) were detected following 

introduction of the QMS to SCI 3 (in 2004) despite a more even distribution of total effort across seasons. 

This indicates other seasonal drivers of effort distribution that are probably related to scampi biological 

cycles, which are discussed below in more detail. Fewer differences in the spatial distribution of effort and 

catch among seasons were detected for SCI 6A relative to SCI 3, most likely a consequence of a more 

consistent management regime over the study period of 1990-2015. However, the greatest number of 

differences in effort and catch distribution among seasons for SCI 6A was detected for the 2000-2004 year-

block during which all management areas were fished on a ‘first-come-first-served’ basis. 

For SCI 3, the distribution patterns of fishing effort of three seasons (from April-December) exhibited a high 

degree of inconsistency among year-blocks. This is likely a consequence of the fishery experiencing longer 

periods of vastly different management strategies, as well as undergoing significant changes to its 

boundaries upon introduction to the QMS in 2004. Effort and catch concentration (i.e., a measure of the 

evenness of distribution across fished cells) increased after 2004 indicating that fishing effort per season 

became more targeted relative to its spread (total number of fished cells) when vessels were managed by 

individual quotas. Movement of the centre of gravity (COG) of the fleet also became slightly less varied 

after 2004 with the fleet moving southward. Furthermore, distances between COG locations of effort and 

CPUE decreased significantly after 2004 as a possible consequence of more targeting fishing efforts. 

SCI 6A exhibited greater consistency in the spatial distribution patterns of effort and catch for individual 

seasons across year-blocks. This was particularly apparent for April-June and October-December, and for 

July-September when excluding the highly variable 1990-94 year-block at the outset of the fishery. The lack 

of detected differences may in part reflect a more even distribution of total fishing effort over time and a 

greater consistency in management regimes. However, differences were detected in January-March 

following the 2004 management change coinciding with a considerable drop in total effort and CPUE for 

that season. January and February is the period during which there is a higher incidence of post moult (soft 

shell) animals (Tuck, 2017) in SCI 6A, with fishers looking to improve the proportion of sellable catch after 

the reintroduction of individual quotas in 2004. Unlike SCI 3, the spread and concentration of fishing effort 

and catch did not differ with the change in management regime, although the greatest concentrations of 

both effort and catch occurred at the beginning of the 2004 management change. Similar to SCI 3, COG 

locations of both effort and CPUE for SCI 6A became less varied following introduction of the QMS to the 
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fishery in this area. Greatest variations in the location of COG occurred at the outset of the fishery when a 

high proportion of trawls were exploratory, and during the years of competitive catch limits (2001-2004), 

when most vessels were in full operation and seeking competitive edges. Likewise, the average distance 

between corresponding effort and CPUE COG locations halved after 2004, possibly suggesting more 

spatially targeted and less spatially sporadic fishing efforts. 

Biological cycles and depth 

Seasonal patterns of CPUE in populations of Metanephrops and Nephrops species have previously been 

related to patterns of moulting (Bell et al., 2013). For New Zealand scampi, burrow emergence has been 

shown to reduce during times of moulting (Tuck, 2010), but occur at different times for males and females 

(Table 4.15). While the final years of the competitive catch limit system (2001-2004) saw a surge of fishing 

activity and catch during the early months of the fishing year (October-December) across all management 

areas, the introduction of individual quotas in 2004 coincided with a change of fishing behaviour most likely 

related to avoidance of post moult (soft-shelled) animals. As well as being harder to sell, soft shelled scampi 

are more likely to be damaged during trawls (Anderson, 2012). For SCI 3, an increase of the bulk of fishing 

effort after 2004, occurred during the second half of the fishing year, and particularly during July-September. 

However, this trend was not ubiquitous across depths with shallower depths maintaining proportionally 

higher effort from October to March (depth factors are discussed below in further detail). Similarly, after 

2004 SCI 6A saw a greater proportion of fishing effort shift to seasons outside of the moulting period, but 

at different rates across depth bands. While diurnal cycles of emergence are suggested to affect scampi 

catch rates (Aguzzi et al., 2011; Aguzzi et al., 2003; Bell et al., 2008; Tuck, Parsons, et al., 2015; Tuck, 

2010), aggregating data in the present study effectively nullifies diurnal patterns. There is also no conclusive 

evidence that the patterns of emergence for New Zealand scampi coincide with lunar cycles, as suggested 

for Nephrops (Bell et al., 2008; Chapman, 1980) and other lobster species (Nagata et al., 1997). 

The differences in seasonal fishing behaviour with depth upon introduction to the QMS may be a product 

of strategic fishing. Individual transferable quotas are considered to give fishers a long-term stake in the 

fishery and confer stewardship incentives, ultimately changing behaviour by reducing competition among 

fishers (Grafton, 1996; Squires et al., 1995). As such, fishing under an ITQ system becomes more strategic, 

encouraging fishers to maximise the quality of their catch within their allocated limits (Batstone et al., 1999; 

Lock et al., 2007). One such strategy of maximising catch quality is to avoid fishing during moulting periods, 

as seems to predominantly be the case for SCI 6A across its most productive depth bands (400-450, 450-

500 m), and for SCI 3 at its most productive depth band (350-400 m). However, at lesser-fished shallower 

depths (300-350 m) fishing effort most frequently occurred during the first half of the fishing year (October-

March) coinciding with known moulting cycles. As scampi are size-graded, with larger individuals selling for 

proportionally more, it is possible that a proportion of fishers may be spending these months targeting larger 

individuals in lower-density areas without overly compromising catch limits, and returning to more 

productive depths outside of moulting times. 
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Table 4.15 Summary of scampi biological processes for SCI 3 and SCI 6A. *Indicates beginning of the 
fishing year. Source; Tuck (2016); Tuck (2017). 

SCI 3 Jan Feb Mar Apr May Jun Jul Aug Sep Oct* Nov Dec 

Male moult X X X         X 

Female moult         X X X  
Mating          X X  
Eggs spawn X           X 

Eggs hatch        X X    

             
SCI 6A             

Male moult  X ? X         
Female moult          X X  
Mating          X X  
Eggs spawn           X X 

Eggs hatch        X X    
 

Analysis of length-frequency data from scampi trawl surveys in the present study suggest that scampi are 

generally larger in shallower areas. Evidence of an inverse relationship between size and depth has also 

been found in studies of Nephrops (Mori et al., 2001; Robey et al., 2013). While it is unclear why larger 

scampi should occupy shallower waters, there is much evidence in the literature suggesting an inverse 

relationship between body size and population density for Nephrops (Johnson, Lordan, et al., 2013; Merder 

et al., 2020; Tuck, Chapman & Atkinson, 1997). In such cases, resource limitations (food) may restrict the 

capacity for growth (Gårdmark et al., 2006; Tuck, Chapman & Atkinson, 1997), enabling individuals in lower 

density areas to grow to larger sizes. While this offers a potential explanation for the observed trend of size 

with depth for New Zealand scampi, further investigations of the relationship between scampi density, size 

and depth are required for confirmation. 

For SCI 6A, fishing effort during January-March coinciding with the male moulting season, dropped away 

substantially upon introduction to the QMS. Interestingly, a high proportion of fishing effort was maintained 

during the female moulting season (October-December) from 2004-2009. This is likely another example of 

fishers looking to improve the quality of catch by prioritising size of individuals over abundance. As males 

tend to grow larger than females (Tuck, 2017) and with median size of males peaking in June and 

September-October (Tuck, 2009) (i.e., data collected from observer trawls in SCI 6A), fishing during the 

female moulting season allows for a higher proportional catch of male scampi which tend to be larger in 

size. 
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Historical fishing pressure 

Historical fishing pressure in its simplest form is the quantity of fishing effort per unit area occurring over 

some historical timeframe. While the disruptive and detrimental effects of bottom trawling on the marine 

benthic environment are widely documented (Engel et al., 1998; Kaiser et al., 2002; Olsgard et al., 2008; 

Thrush et al., 2002), evidence suggests that increased trawling and subsequent smoothing of trawled 

seabed may improve scampi CPUE by facilitating better contact of fishing gear with the seafloor (Gibson, 

2016). Preliminary investigations of scampi trawl efficiency suggest that less than a third of emerged scampi 

are caught, with rough benthic topography reducing the catch success due to poor seafloor contact (refer 

to Chapter 2). Gibson (2016) performed a temporal analysis of all scampi management areas and found 

that some of the annual variation in CPUE could be explained by historical fishing pressure. However, the 

effects of historical fishing pressure were found to be area specific with increased fishing pressure in SCI 3 

generally coinciding with increased CPUE up to a point of saturation after which CPUE declined, while the 

opposite was true for SCI 6A (Gibson, 2016). 

SCI 3 exhibited proportionally higher CPUE from 1996-2004 while managed under a competitive catch limit 

system, despite total annual effort increasing after 2004. The high concentration of fishing effort at the 

beginning of each fishing year (October-December) from 1996-2004 may have smoothed fishing grounds, 

subsequently increasing CPUE. Indeed, some commercial fishers have suggested that immediately towing 

over the same trawl line can increase scampi catch (anonymous scampi vessel skipper, pers comms. 

2017). In the present study, the highest annual median CPUE coincided with a period of the lowest median 

‘spread’ from 1996-2000 suggesting more concentrated fishing effort during that period. Furthermore, the 

‘race to catch’ under the competitive catch limit system (spanning from 1991-2004 for SCI 3) usually 

resulted in fishing grounds having a nine to ten month recovery period and thus potentially preventing trawl 

saturation. Studies on the relationship between effort and abundance suggest that Nephrops (Robey et al., 

2013) and rock lobster (Groeneveld et al., 2003) abundance increases when fishing effort is reduced for a 

period of time. 

Gear modifications 

Modifications to trawl gear for the improvement of catch cannot be ignored as a potential contributing factor 

to changes in scampi CPUE over time. Several methods to improve the selectivity and efficiency of 

harvesting scampi and Nephrops have been investigated. In New Zealand scampi and in Nephrops 

fisheries, such methods for improving trawl selectivity have included; a) changes to mesh sizes and 

orientation, b) reduction in the overall weight of gear, c) modifications to trawl nets to allow for the escape 

of untargeted fish, d) the use of pots or creels as an alternative to trawling, and e) emergence of commercial 

market outlets for certain scampi bycatch species (Anderson, 2012; Finucci et al., 2019; Hartill et al., 2006). 
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The effect of mesh size on catch composition has been extensively researched for northern hemisphere 

Nephrops and has been largely driven by a desire to protect cod fish from incidental capture in trawls 

(Drewery, 2015; Frandsen et al., 2010; Ungfors et al., 2013). As a result, regulations have increased cod-

end mesh sizes in parts of Europe over time from 40 to 70 mm (e.g. Kirkegaard et al., 1989) allowing small 

fish and undersized Nephrops, in regions with minimum landing size limits, to pass through trawl nets. With 

no minimum landing size limit, New Zealand’s legal scampi cod-end mesh size has not increased beyond 

55 mm. A lack of evidence of fleet-wide modifications to mesh size suggests that mesh size is unlikely to 

be a contributing factor for longer term changes observed in scampi CPUE. However, selectivity of scampi 

trawl gear can be improved by re-orientating mesh from the traditional diamond to a square configuration 

(Robertson et al., 1986). Diamond mesh compresses under load, progressively ‘closing up’ as drag 

increases. In contrast, square mesh retains its shape under load, maintaining selectivity (Robertson et al., 

1986). The use of square mesh became standard practice near the outset the New Zealand scampi fishery 

and is therefore unlikely to have had a noticeable impact on scampi CPUE over the period examined in this 

current study. Most other modifications to Nephrops nets have focused on reducing bycatch (see Catchpole 

et al. (2008)), with surprisingly few equivalent documented studies available for New Zealand scampi (Hartill 

et al., 2006). 

Studies of Nephrops trawls have found that trawl duration can significantly alter CPUE (Sala, 2018). 

Similarly, temporal modelling of scampi catch found that CPUE tended to peak at around seven hours of 

trawl duration, with sharp declines when shortening to one hour, and steady declines when extending 

duration from 7 out to 18 hours (Gibson, 2016). Median fishing duration for SCI 3, however, was consistently 

lower than seven hours (although more varied) during the period associated with highest mean CPUE 

(1996-2004) (refer to Figure 4.44). Whereas median fishing duration after introduction to the QMS hovered 

consistently at around seven hours (Figure 4.45). Median fishing duration for SCI 6A was also lower at the 

outset of the fishery when mean CPUE was at its highest, but subsequently levelled off within the first seven 

years (Figure 4.45). As these trends seem to conflict with findings of Gibson (2016) when analysed at a 

much broader scale, it is likely the effects of fishing duration on CPUE are confounded by other variables. 

Furthermore, while trawl speed has also been found to affect catch efficiency by affecting footrope contact 

with the seafloor (Weinberg et al., 2002), there is no evidence that trawl speed has changed significantly 

over time for either SCI 3 or SCI 6A (Figure 4.45). 
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Figure 4.45 Boxplots of fishing duration (h) and fishing speed (knots) of commercial trawls for SCI 3 and 
SCI 6A from 1990-2015. 

 

4.7.4 Catch efficiency of the fleet 

The results suggest a degree of disconnect between the spatial allocation of fishing effort and spatial 

patterns of CPUE. During the 25-year study period, the locations of maximum CPUE cells (the cell with the 

highest CPUE (kg hr-1) per fishing season) were distributed over twice as many cells as the location of 

maximum effort cells (the cell with highest effort value per fishing season). These findings were consistent 

for both FMAs, with a high degree of recurrence of maximum fishing effort in certain cells. On average, over 

25% and 34% of total fishing effort for SCI 3 and SCI 6A, respectively, were concentrated in just over 4% 

of all fished cells. This suggests that fishers tend to concentrate fishing effort in areas of reliable catch, but 

that these areas seldom result in highest CPUE. Indeed, the location of maximum effort and maximum 

CPUE cells per season within each fishing year rarely coincided for either FMA, i.e., 11% and 8% of the 

time for SCI 3 and SCI 6A respectively. Furthermore, discrepancies in the COG location estimates of effort 

and CPUE were observed for most seasons within most fishing years. While mean distances between the 

COG locations of effort and CPUE were within the range of a single trawl length (17.7 km and 9.8 km for 

SCI 3 and SCI 6A respectively), distances between the two COG parameters did occasionally exceed 100 

km in SCI 3 and 50 km in SCI 6A. However, these higher values were likely the result of seasonally low 
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trawl counts spaced over large areas. Such disconnects between fishing effort and CPUE may also signal 

catch inefficiencies and sub-optimal fishing of the fleet (Bordalo-Machado, 2006). 

Scampi are not directly detectable by sonar as they are small and occupy deep waters (200-600 m) and do 

not contain a swim bladder that is vulnerable to acoustic detection. Scampi detection is usually limited to 

photographic (e.g. Tuck, Parkinson, et al., 2015a; Tuck et al., 2016) and video surveys (refer to Chapter 2), 

although there are indications that multibeam mapping of the seafloor may help define Nephrops grounds 

based on sediment composition (ICES, 2018). As such, New Zealand scampi fishers primarily rely on 

previous catch experience, returning to areas of known catch and avoiding areas of foul ground (commercial 

fisher, pers. comms. 2019). Indeed, skipper knowledge and experience is suggested to play a significant 

role in scampi fishing success (Ogilvie et al., 2018), however, the evidence in the present chapter suggests 

that increased effort does not necessarily equate to increased catch or CPUE. Fishing success is further 

complicated by the fact that scampi may be patchily distributed as photographic surveys indicate density 

varying considerably within some scampi grounds (Tuck, Parkinson, et al., 2015a; Tuck, Parkinson, et al., 

2015b; Tuck et al., 2016). While it is difficult to quantify catch efficiency of the fleet, efficiency in terms of 

CPUE is likely to remain sub-optimal without mechanisms to detect scampi while fishing. 

While the volume of scampi catch per hour of fishing (CPUE) is important to fishers, the size composition 

of the scampi in catches and even the composition of sellable bycatch may be of importance for fishers in 

deciding where to direct their fishing effort. Large scampi (Jumbo and Grade 1 sizes) are sold for more than 

twice the price of small scampi (Grade 5 size) at the same volume (e.g., gourmetseafood.co.nz). Therefore, 

from an economic efficiency standpoint, an increase in CPUE may not necessarily equate to an increase 

in the value of the catch per hour of fishing. A preference for landing more valuable higher-grade scampi 

over higher volume of catch may offer some explanation for the discrepancies observed between the spatial 

allocation of fishing effort and spatial distribution of CPUE in the present study. Indeed, depth analysis in 

the present study suggests that fishers (following introduction to the QMS) may be strategically targeting 

larger animals in lower density areas during certain seasons. As fishing success is largely driven by skipper 

knowledge and experience, understanding the factors that influence the decisions of fishers on where to 

fish is an important part of determining the total value of the catch for the fleet. Despite this, other avenues 

of enquiry may help improve catch efficiency, including further investigations of gear modifications to 

improve selectivity and seafloor contact as well as a better understanding of scampi-habitat associations. 

4.8 Conclusion  

This chapter analysed the well-maintained data sets from the two most productive scampi FMAs to better 

understand the spatial dynamics of these fisheries. The range of spatial analyses adopted were valuable 

in that the findings complement trends in effort, catch and CPUE observed from temporal analyses used 

for scampi stock assessments (e.g., Tuck, 2009), while providing further insight into the spatial variability 

of CPUE, drivers of spatial patterns of fishing activity and historical catch efficiency of the fleet. Specifically, 
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trends in spatial variations of fishing effort and catch within FMAs coincided with changes in fisheries 

management strategies, with the ‘race to catch’ incentives of the Competitive Catch Limit system typically 

producing a flurry of fishing activity within the first three months of each fishing year for both FMAs and 

coinciding with greater fishing spread (area covered by the fleet) for SCI 3. In contrast introduction to the 

QMS coincided with a more even distribution of catch and effort across seasons within fishing years for 

both FMAs and a greater concentration of fishing effort relative to spread. This was likely a consequence 

of fishers adopting more strategic and targeted fishing practices under the QMS in order to maximise the 

quality of their catch within their allocated limits. As such, the results suggest that the spatial and temporal 

distribution of fishing effort under the QMS may be influenced by fishers actively avoiding scampi moulting 

seasons and strategically targeting larger sized scampi in shallower but less scampi-dense waters. Finally, 

a noticeable disconnect between the spatial allocation of fishing effort and spatial patterns of CPUE may 

signal catch inefficiencies and sub-optimal fishing of the fleet associated with an inability to directly detect 

scampi while fishing. However, some of this disconnect may be a result of fishers strategically targeting 

larger and more valuable higher-grade scampi over higher volume of catch. 

CPUE data from scampi trawls provides an abundance index with the longest duration (i.e., since the fishery 

commenced) that is used for stock assessments and is most influential for estimating long term trends in 

stock abundance. As such, it is important to understand how spatial and seasonal patterns in the fishery 

might affect CPUE. Scampi fisheries worldwide seem somewhat robust to commercial fishing pressure 

despite these fisheries relying on slow growing organisms (Bell et al., 2013). The present study reveals 

periodically concentrated fishing activity within two FMAs over a 25-year period with only gradual declines 

in annual CPUE, and some evidence of recent CPUE recovery (MPI, 2019). Some of this perceived 

robustness may be attributed to the fact that scampi are distributed at relatively low densities (Tuck, 

Parkinson, et al., 2015a; Tuck et al., 2016) over comparatively vast areas, meaning that the limited New 

Zealand scampi fleet are far from comprehensive in their spatial coverage of FMAs for any given season 

or year. Furthermore, the inefficiency of trawling for catching scampi may also add further resilience to the 

fishery. Given the relative robustness of the fishery and the fact that fishing success is largely determined 

by skipper knowledge and experience, concentrating efforts on improving catch efficiency and selectivity 

through modification of fishing gear may help improve the sustainability of the fishery by reducing total 

fishing time, and thus improving energy efficiency and reducing seafloor habitat modification. The use of 

both spatial and temporal analyses to better understand drivers of the fishing fleet helps forecast fishing 

pressure and informs management to ensure that the species remains fishable in the long term. 
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5 Chapter Five: General Discussion 

5.1 Summary 

New Zealand scampi is a commercially important species, representing one of New Zealand’s most highly 

valued seafood export products by weight. Despite their economic significance, relatively little is understood 

of their natural ecology and the factors affecting their distribution in comparison to their northern hemisphere 

counterparts (Nephrops norvegicus). This is largely due to the difficulty and expense of gathering data for 

cryptic deep sea species such as scampi, and the relatively recent development of the New Zealand scampi 

fishery (1987/88) (Tuck, 2007) in comparison to European Nephrops fisheries, which were developed in 

the 1950s (Bailey et al., 1986; Ungfors et al., 2013). The majority of our current knowledge of the New 

Zealand scampi fishery is derived from analysis of commercial trawl-catch data, supplemented by 

photographic surveys used for commercial stock assessments of the species (e.g., Cryer et al., 2003; Cryer 

et al., 2005; Cryer et al., 2001; Tuck, 2009; Tuck et al., 2012). Recent investigations of scampi bait 

preference and foraging behaviour (Major & Jeffs, 2017; Major et al., 2018; Major, Ogilvie, et al., 2017), 

scampi gut contents analysis (van der Reis et al., 2018), larval biology (Heasman et al., 2019) and scampi 

population genetics (Verry, 2017; Verry et al., 2020) have been undertaken. However, there remain 

substantial information gaps with regard to aspects of their habitat ecology, reproductive biology and 

distribution that could have implications for management and sustainability of the fishery. 

The research presented in this thesis aimed to improve our understanding of patterns of scampi habitat 

associations, trawl efficiency, maturity, catch distribution and fishing effort to provide insights into the 

potential for improved fishing efficiency and scampi management. In doing so, the research for this thesis 

investigated aspects not previously explored for New Zealand scampi at a variety of scales, using a 

combination of field experimentation, field sampling and analysis of historical catch data. These included: 

the first trawl-scale investigations of scampi-habitat associations using video technology and the first direct 

assessments of scampi trawl efficiency, not reliant on analyses of commercial catch data (Chapter 2); the 

first assessment of broad-scale patterns for the size at onset of maturity of female scampi and the first 

estimates for the size at onset of maturity of male scampi (Chapter 3); and the adoption of a range of spatial 

analyses not previously documented for the New Zealand scampi fishery to investigate drivers of spatial 

and temporal patterns of commercial fishing effort, catch and CPUE, and assess historical catch efficiency 

of the fleet (see Table 5.1 for a summary of the main research findings). 
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Table 5.1 Summary of the main research findings presented in this thesis.  

Chapter Aim Methodology Scale of 
analysis 

FMAs  Main findings 

Chapter 2 Investigations of scampi-
habitat associations 

Field 
experiments 

Fine scale  
(trawl scale) 

SCI 1 
SCI 3 
SCI 4A 

• Scampi numbers were negatively associated with benthic 
smoothness and positively associated with conical mounds that 
were prevalent across sampling locations. 
 
• Scampi burrow numbers were only positively associated with 
four of 33 identified taxa, and none consistently across sampling 
areas and none across all three sampled FMAs.  
 
• Detection of conical mounds may be used as a way of detecting 
scampi patches for more targeted fishing.  
 
• These findings represent the first formal investigations of 
scampi-habitat associations over fine scales.       

 
Investigations of scampi 
catchability 

Field 
experiments 

Fine scale  
(trawl scale) 

SCI 1 
SCI 3 
SCI 4A 

• Scampi trawl efficiency was low, with only 56 of the 186 
observed scampi (30%) passing over the footrope and into the 
trawl net. Catching success decreased further when scampi were 
visible partially in their burrows (10%), and over rough 
topography (27%) and with the presence of conical mounds 
(23%). 
 
• These results indicate that a lower proportion of available 
scampi are caught during trawling than previously estimated.  
 
• The results confirm the effectiveness of video sampling from 
commercial trawls to improve our understanding of deep-sea 
habitats and fishing efficiency. 
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Chapter 3 Estimates of the size at onset 
of maturity (SOM) of scampi 

Field sampling + 
historical data 
analysis 

Fine scale  
(trawl scale) 
+  
Large scale  
(broad FMA 
coverage) 

SCI 1 
SCI 2 
SCI 4A 
SCI 6A 

• Estimates of SOM of female scampi from gonadal analysis (30 - 
30.1 mm CL) were comparable to estimates of allometric 
changes in abdomen width (33.8 mm CL), but smaller than 
estimates from egg bearing analysis (39.8 - 48.8 mm CL) 
indicating that gonadal widening (morphological maturation) and 
early-stage gonad maturation (physiological maturation) occurs 
prior to the bearing of eggs. 
 
• Estimates of SOM increased with higher relative latitudinal 
position of FMAs and corresponded with decreases in both water 
temperature and scampi density. These broad-scale patterns of 
SOM have not previously been explored.  
 
• SOM for males was estimated through investigations of 
allometric changes in appendix masculina, occurring at 52.5 mm 
CL. These results provide the first estimates of SOM for males.        

Chapter 4 Investigations of the spatial 
dynamics of the two most 
productive scampi fisheries 
from 1990 - 2015 

Historical data 
analysis 

Fine scale  
(~10x17 km 
grid cells)  
+  
Large scale  
(broad FMA 
coverage) 

SCI 3 
SCI 6A 

• Trends in spatial variations of scampi fishing effort and catch 
within FMAs coincided with changes in fisheries management 
strategies. 
 
• Spatial and temporal distribution of fishing effort under the QMS 
may be influenced by fishers actively avoiding scampi moulting 
seasons and strategically targeting larger sized scampi in 
shallower but less scampi-dense waters. 
 
• A disconnect between the spatial allocation of fishing effort and 
spatial patterns of CPUE may signal catch inefficiencies and sub-
optimal fishing.  
 
• There was a high recurrence of concentrated fishing effort 
within certain areas that seldom correlated with increased CPUE, 
suggesting that fishers rely on experience when selecting fishing 
locations. 
 
• Some of this observed disconnect may be a result of fishers 
prioritising higher value scampi over higher volume of catch. 
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5.2 Implications for scampi management 

Regional differences 

One of the primary goals of fisheries management is to balance harvest-induced mortality with natural 

recruitment to maintain self-sustaining populations to facilitate sustainable harvesting (Reiss et al., 2009). 

As such, understanding regional differences and characteristics of semi-discrete populations is vital for 

implementing appropriate management strategies (Begg et al., 1999). The stock structure of scampi in New 

Zealand waters is not well understood, although differences among scampi populations in average size, 

timing of diel and seasonal cycles of catchability, catch and bycatch ratios and CPUE trends (Tuck, 

Parsons, et al., 2015; Tuck, 2009) suggest that treatment as separate management units is appropriate 

(MPI, 2018). Recent analyses of the population dynamics of New Zealand scampi indicates that the 

southernmost population (SCI 6A: Auckland Islands) is genetically distinct from other populations (van der 

Reis, 2020; Verry et al., 2020). These two studies attributed these differences to a habitat disjunction off 

the Otago shelf and isolation-by-distance. The low level of gene flow amongst populations is exacerbated 

by a relatively short 11 day scampi larval phase (Heasman et al., 2019), and limited range-movement of 

adults as suggested by mark-recapture studies (Cryer et al., 1999). 

The results of this thesis further indicate regional differences in the characteristics of New Zealand scampi 

and potential for heightened vulnerability of Auckland Island scampi to increased fishing pressure. The 

findings from Chapter 3 suggest that female scampi tend to mature at larger sizes with higher relative 

latitude, coinciding with decreasing water temperatures and population densities (McCarthy et al., 2018). 

The larger estimates of SOM occurring for Auckland Islands scampi is likely a function of decreased 

metabolic rate and growth rate; a phenomenon common among marine ectotherms in colder environments 

(Angilletta et al., 2004; Forster et al., 2012). Slower growth rates and a delayed maturation period for 

Auckland Island scampi may suggest increased vulnerability of these scampi to fishing pressure, as the 

population may require longer recovery periods. However, findings from Chapter 4 suggest that Auckland 

Island scampi grounds seldom experienced longer recovery periods from benthic disturbance due to 

trawling (of up to ten months of each fishing year) typically associated with the competitive catch limit 

management system. Instead, fishing was generally more evenly distributed across seasons while 

managed under individual quota systems, but with spatial allocation of fishing effort being highly recurrent 

and concentrated in certain areas despite large spatial variations in CPUE. 

Additionally, photographic surveys suggest that emergence rates for scampi in the Auckland Islands fishery 

(i.e., SCI 6A) are significantly higher than in other fisheries management areas (Tuck, Parsons, et al., 2015), 

further increasing their susceptibility to trawl-capture. Findings from Chapter 2 showed that less than a third 

of observed scampi were caught in commercial trawls (in SCI 1, 3 and 4A), with rough seafloor topography 

offering an additional level of protection for emerged scampi, by reducing footrope contact with the seafloor. 

However, photographic evidence suggests that Auckland Island scampi grounds are comparatively flatter 
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and less mounded than scampi grounds within the Chatham Rise (SCI 3 and 4A) that presumably have a 

higher abundance of mound-forming bioturbating organisms (Tuck, Parkinson, et al., 2015b; Tuck, 2017). 

This comparative lack of mounded topography as well as a higher proportion of emergent scampi within 

the Auckland Island grounds may indicate that a higher proportion of the total available scampi are caught 

for a given trawl in SCI 6A relative to other scampi management areas. 

These regional differences, characterised by delayed scampi maturity and slower growth rates, higher 

burrow emergence rates and flatter topography for scampi around the Auckland Islands, coupled with a 

tendency for fishers to return to known patches despite variations in CPUE, increase the susceptibility of 

scampi at the Auckland Islands to fishing pressure. Indeed, Gibson (2016) revealed that, unlike other 

management areas, increased historical fishing pressure in SCI 6A has tended to coincide with reductions 

in CPUE. This is likely due to the differences in topography among management areas, whereby increased 

trawling over more mounded fishing grounds (e.g., SCI 3, 4A) may flatten the seabed and increase the 

catchability of emerged scampi up until a point of fishing saturation. These findings reiterate the importance 

of managing scampi stocks as separate units under the QMS whereby the increased susceptibility of certain 

scampi grounds is taken into consideration during stock assessments. 

Furthermore, as there is currently no minimum landing size (MLS) for scampi, populations with delayed 

maturation (e.g., SCI 6A) may be more vulnerable to overexploitation of immature individuals. MLS for 

Nephrops vary regionally, but are generally set at 25 mm CL and are largely determined by size at maturity 

estimates (Ungfors et al., 2013). Increases in codend mesh sizes in Nephrops fisheries (e.g. Kirkegaard et 

al., 1989) were originally aimed at reducing the capture of prized bycatch species (Drewery, 2015; Ungfors 

et al., 2013) rather than improving size selectivity of Nephrops. However, more recent studies have reported 

proportionally less undersized Nephrops caught when the codend mesh size is increased from 70 to 80 

mm (Cosgrove et al., 2015). Implementing a MLS can lead to increases in discard rates below a certain 

size (Pascoe, 1997), and the survival rate of scampi discards transiting through the water column and re-

establishing on the seafloor is unknown. The combination of a MLS and a minimum trawl mesh size (70 

mm stretched mesh) has resulted in Nephrops trawlers in some fisheries discarding up to half of their 

Nephrops catches in number of individuals (a third in weight), of which only 30% survive (Macher et al., 

2008). The suitability of applying a MLS for New Zealand scampi management requires further 

investigation. 

Despite this, other innovative approaches to improve size selectivity of Nephrops in vulnerable fishing 

grounds may be available for scampi management consideration. These involve investigations of codend 

modifications, including; the use of a combination of 70 mm square-mesh and 90 mm diamond-mesh panels 

to reduce the proportion of Nephrops below MLS by 37% (Frandsen et al., 2011); the use square-mesh 

codends versus diamond mesh codends resulting in greater protection of Nephrops under 20 mm CL (Sala 

et al., 2010); and the use of flexible 20 mm spaced polyurethane polymer grids to reduce juvenile catch in 

weight by 87% (Loaec et al., 2006). Most modifications of gear technology in the Nephrops fishery have 
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enabled species selectivity, reducing bycatch primarily through the use of separator grids, separator and 

guiding panels, square-mesh panels, capture avoidance designs and codend modifications (Catchpole et 

al., 2008). 

More robust stock assessments 

Estimates of scampi abundance and biomass are vital components of scampi stock assessments and help 

MPI in determining the total allowable commercial catch (TACC) for each fisheries management area. 

Uncertainty over trawl catchability associated with scampi emergence patterns has resulted in the 

development of photographic survey counts of scampi burrows to help provide an independent method for 

estimating scampi abundance and density (Cryer et al., 2003; Froglia et al., 1997; Smith et al., 2003; Tuck, 

Chapman, Atkinson, et al., 1997). Scampi biomass is typically estimated based on catches from trawl-

surveys which are then extrapolated out over fisheries strata and management areas (e.g., Tuck et al., 

2019). It is acknowledged that trawl survey estimates of biomass are likely to considerably underestimate 

absolute stock biomass as only scampi that have emerged from their burrows are available for capture 

(e.g., Tuck et al., 2019). The discrepancy between photographic burrow counts and trawl catches informs 

an estimate of scampi catchability which is currently built into the Bayesian model used for scampi stock 

assessments (e.g., Tuck, 2009). These loosely defined 'priors’ (estimated probability distributions) for the 

parameters of scampi catchability determine how best to scale-out burrow counts and trawl catches to stock 

population abundance and biomass estimates. However, the ‘prior’ distribution for catchability has 

previously assumed that all emerged scampi are caught and has not accounted for the fact that a significant 

proportion of emerged scampi may avoid capture, even over smooth terrain, as indicated by the research 

results presented in Chapter 2. Incorporating these new data could help generate better, more informed 

catchability priors. Failure to incorporate low scampi trawl efficiency rates may further underestimate stock 

biomass. Also, a better understanding of how scampi trawl efficiency changes with different terrain and 

habitat types could help provide more spatially refined estimates of stock biomass and help assess the 

relatively vulnerability of stocks. The use of video technology on trawl nets in the research presented in this 

thesis proved to be an effective tool for assessing the performance of trawls for catching emergent scampi. 

While analysis of the footage is time-consuming, there is opportunity to include trawl-video sampling on a 

random subset of research trawls to provide more robust estimates of catch-performance over a range of 

locations and habitat types. 

Included in scampi stock assessments are characterisations of the fishery (e.g., Tuck, 2009). These 

typically involve analyses of commercial catch, effort, observer and research data to examine the effects of 

seasonal patterns, vessel effects, time of day, state of tide, water depth, and tow duration on CPUE indices. 

For the most part, these standardisation models provide insights into the temporal patterns of CPUE at the 

broad spatial scales of entire FMAs (e.g., Cryer et al., 2005; Tuck, 2013; Tuck, 2014; Tuck, 2017), although 

preliminary spatial analyses have been undertaken investigating links between vessel movements and 

changes in CPUE (Tuck, 2009). There is an inherent danger of finer scale spatial changes in scampi 
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abundance being obscured in the currently adopted whole-area approach to stock assessments. The 

results from the research presented in Chapter 4 indicate that fishing activity can be locally concentrated 

with fishing effort moving across the range of an FMA over time. How scampi in localized areas of an FMA 

respond to fishing activity may vary enormously but is currently not considered in the broader scale 

assessment. Thus, the incorporation of spatial analyses at appropriate scales may offer important insight 

into spatial vulnerability within FMAs. 

Trends in commercial CPUE provide valuable insights into the state of the fishery and are by far the most 

plentiful data source (e.g., Cryer et al., 2000; Tuck, 2009). Reductions in CPUE can be indicative of 

overfishing and stock depletion (Maunder et al., 2006). There is opportunity to incorporate some of the 

spatial analyses performed in Chapter 4 into future stock assessments to: i) better understand the spatial 

and temporal patterns in CPUE and identify areas potentially susceptible to overfishing, ii) gain better insight 

into the drivers of fisher behaviour and spatial allocation of fishing effort for a given season, and iii) gain 

insight into the catch efficiency of the fleet. 

 

5.3 Implications for the fishery 

The potential for improved fishing efficiency 

The ability to predict scampi presence and identify higher density patches based on sediment types or 

features could dramatically improve fishing efficiency of the fishery and potentially allow for more targeted 

fishing practices. Analysis of scampi-habitat associations (Chapter 2) suggest that scampi burrows (for 

trawls occurring within SCI 1, 3 and 4A) are positively associated with the presence of conical mounds 

(formed by bioturbators) and negatively associated with smooth topography. These data indicate that 

scampi may be patchily distributed over fine scales and potentially predictable in their distribution. This 

study has highlighted the value of using video methods to investigate scampi habitat associations. The use 

of live-feed videos on commercial trawl nets could prove useful in the identification of ‘rough’ or mounded 

topography associated with scampi presence, and could be incorporated more into bottom-typing of scampi 

habitat during survey trawls in order to better understand the spatial scale of these habitat features. A 

further solution might be to correlate scampi and conical mound presence with acoustically detectable traits 

such as seafloor hardness. The potential for multibeam mapping to identify Nephrops grounds based on 

sediment composition has been explored with some success (ICES, 2018). Likewise, habitat suitability 

models based on an improved understanding of Nephrops habitat-associations has allowed for the 

prediction of Nephrops distributions in other areas (Lauria et al., 2015). 

The idea that scampi are patchily distributed is further corroborated by large variations in scampi burrow 

density estimates from photographic surveys (Tuck, Parkinson, et al., 2015a; Tuck, Parkinson, et al., 2015b; 

Tuck et al., 2016), with estimates as high as 0.3 m-2 occurring in strata within the northernmost FMAs (SCI 

1 and 2) (Tuck et al., 2016; 2019). These density estimates are aggregated from data collected over larger 
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scales than the level of the trawl and likely underestimate patchiness at the trawl scale. However, these 

estimates suggest that scampi can be more discriminately targeted by fishers to increase the overall 

efficiency of the fleet. The higher density estimates for scampi are comparable to some Nephrops fisheries 

which adopt the use of pots as alternatives to trawling (Bell et al., 2013; Johnson, Lordan, et al., 2013). 

Potting can be a significantly less energy intensive method for capturing scampi than trawling, as it does 

not require the gear to be towed over great distances. Baited pots or creels are used in parts of the 

European Nephrops fishery, including the coasts of Scotland, Iceland, Sweden, Norway and Portugal 

(Ungfors et al., 2013). Overall, potting accounts for less than 5% of the total European Nephrops catch, and 

is often a designated activity in shallow inshore areas separated from trawl grounds (Ungfors et al., 2013). 

Being a passive form of fishing, the use of pots has a number of benefits including minimal disturbance of 

the seafloor, minimal damage to caught scampi allowing for landings of a higher value product, and 

proportionally less bycatch than trawling (Leocádio et al., 2012). 

The use of pots has the potential to reduce fuel costs and environmental impacts associated with trawling 

in the New Zealand scampi fishery. However, the effectiveness of pots is dependent on the density of fish 

around the gear and the catch efficiency of the pots (Königson et al., 2015). Therefore, in order to overcome 

the lower density estimates of New Zealand scampi compared to Nephrops effective baits and pots are 

required. Potting trials for New Zealand scampi were undertaken in the 1980s in the Bay of Plenty and off 

the Wairarapa coast, but were hindered by high abundance of sea-lice and hagfish (Eptatretus cirrhatus) 

capture (Olsen et al., 1987). Recent developments in New Zealand scampi potting technologies have seen 

a reduction in hagfish catches (Major et al., 2017) and a greater understanding of scampi bait preferences 

(Major et al., 2018), but remain commercially unviable without a means to target high density patches of 

scampi.  

The fishery remains relatively robust, despite periodic and spatially concentrated fishing effort (for SCI 3 

and SCI 6A) and gradual declines and plateaus in SCI 6A CPUE (Chapter 4). While evidence suggests that 

historical fishing pressure decreases CPUE within the Auckland Islands (Gibson, 2016), there is potential 

to improve fishing efficiency in other FMAs where the opposite trend is observed by systematically 

increasing fishing pressure (e.g., towing over the same line twice). Fishing inefficiencies, as indicated by 

poor capture rates of available scampi (scampi trawl efficiency) (Chapter 2), and by a disconnect between 

the spatial allocation of fishing effort and spatial patterns of CPUE (Chapter 4), may be partly addressed 

through investigations of gear redesign. Such modifications might include alterations of the shape and 

weight of the ground rope to deliver better seafloor contact (Sangster et al., 1998), incorporation a tickler 

chain to disturb scampi from the seabed and improve scampi trawl efficiency (Thorsteinsson, 1986), and 

adoption of electric field fishing methods to stimulate involuntary swimming and emergence of scampi from 

burrows (Stewart, 1974). Incorporating such strategies alongside investigations of gear selectivity to reduce 

bycatch, may improve the robustness and sustainability of the fishery by reducing the total fishing time 

required to reach quota and reducing seafloor damage and bycatch by enabling shorter trawl distances.  
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5.4 Limitations of the study 

It is important to consider the limitations of this work and how they might affect interpretation of the data. 

Summarised below are the constraints and limitations that were encountered during the course of this 

research. 

Limited spatial resolution of trawl survey data 

Scampi fishing data from 1990-2016 were accessed from the ‘Warehou’ trawl database provided by New 

Zealand’s MPI. The data were made available as three datasets; commercial trawl data (catch data from 

every commercial trawl recorded on TCEPR forms): commercial observer data (sampling undertaken by 

MPI observer personnel on board a random sub-sample of commercial scampi fishing vessels); trawl survey 

data (research trawls for the purposes of aiding stock assessments). Of the three datasets, trawl survey 

data are the least comprehensive in terms of frequency of sampling and spatial coverage of FMAs. While 

commercial trawl data are available for every year in which scampi fishing occurred, trawl surveys are 

typically only carried out every two to three years per FMA and are usually restricted to certain months of 

the year when weather conditions are favourable (approximately 80% of the trawl survey data analysed in 

Chapter 3 occurred during summer). While the relative consistency of sampling periods among areas 

helped reduce seasonal variability and allowed for more direct comparisons of SOM estimates among 

FMAs (Chapter 3), the trawl survey data did not allow for more refined comparisons of SOM estimates 

across seasons. Furthermore, trawl surveys are typically limited to sampling within the most heavily fished 

areas of FMAs and are conducted over relatively short time frames (approximately 2-4 weeks) due to cost 

of operations (Cryer et al., 2003; Cryer et al., 2005; Cryer et al., 2001; Tuck et al., 2019; Tuck, 2009; Tuck 

et al., 2012). As such, the reliability of extrapolated trawl survey data as representative of local scampi 

populations may be questioned. Fortunately, estimates of SOM from commercial observer data when 

pooled were relatively consistent with those from trawl survey data, lending confidence that our estimates 

of SOM were characteristic of the population over broad temporal timeframes and spatial scales at the FMA 

level (Chapter 3). The analysis of trawl survey data partially contributed to the research results presented 

in Chapter 3 and were used to investigate relationships between mean scampi size and depth for research 

for Chapter 4. While a negative correlation between scampi size and depth was evident for SCI 3 and SCI 

6A (Chapter 4), the data would greatly benefit from further sampling across a range of seasons to rule out 

moulting and other seasonal effects of scampi emergence patterns. 

Limited environmental data 

There is a distinct lack of environmental data associated with scampi habitats. Our current understanding 

of scampi distributions is primarily derived from commercial trawl catch records, photographic surveys and 

trawl surveys. The environmental variables recorded during trawls are typically limited to depth for 
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commercial trawls and depth and seafloor water temperature for survey trawls. Seafloor water temperature 

may prove to be an important predictor variable of scampi distributions (Tuck, 2010), growth rates and other 

metabolic functions, as water temperature and SOM estimates were found to be negatively associated in 

Chapter 3. However, a lack of spatial coverage and resolution of survey trawls hinders comprehensive 

investigations of water temperature as a limiting factor of scampi distribution patterns. While satellite data 

for sea surface temperature and chlorophyll analysis has been used by New Zealand’s fishing industry 

(e.g., https://niwa.co.nz/our-services/online-services/satellite-data-services-0), large variations in these 

surface variables do no not necessarily coincide with changes in deep sea environments. Thus, surface 

environmental variables would likely be unreliable predictors of scampi distributions. 

Furthermore, while video trawls (Chapter 2) and photographic surveys offer a visual assessment of the 

scampi benthic environment, they provide little information on sediment type and grain size. Additionally, 

no effort has been made to infer scampi habitat preferences from acoustic seabed classification surveys 

conducted across plateaus (e.g., Harris et al., 2012; Nodder et al., 2011) that overlap with known scampi 

distributions. Only very preliminary acoustic surveys, groundtruthed by photographic surveys of scampi 

occupying the seafloor have been undertaken (Cryer et al., 2001), indicating that scampi distributions are 

constrained by soft sediment suitable for burrow formation. Existing New Zealand seabed sediment data 

have recently been collated (Bostock et al., 2019a, 2019b), but sample coverage in certain scampi grounds 

is sparse. To date, no investigations of the relationship between scampi burrow presence and sediment 

grain size composition have been carried out. In comparison, a more thorough understanding of the benthic 

environmental variables associated with Nephrops presence (including depth, slope, sediment type and 

rugosity) has allowed for habitat suitability models to predict Nephrops distributions in other existing areas 

(Lauria et al., 2015). A better understanding of temperature, sediment and topographical variables 

associated with scampi habitats could offer further insight into the spatial and temporal patterns of scampi 

distributions, and the role that these variables play in scampi reproductive ecology, recruitment and 

mortality. 

Logistics of conducting research on commercial platforms 

This research benefited greatly from the use of commercial vessels from which to conduct video-trawl 

experiments to investigate scampi habitat associations and scampi trawl efficiency during commercial 

trawls. However, the challenges of aligning commercial and research priorities during commercial trawls 

should be acknowledged. Conducting experiments which involves connecting and disassembling video 

frames to trawl gear in a consistent manner while trawling commercially, can slow fishing operations 

considerably. Given the high cost of operations, commercial vessels are under pressure to catch scampi 

as efficiently as possible. As such, delays caused by research activities can quickly become burdensome 

and the efficiency of commercial operations frequently is given priority. This was particularly the case during 

the early testing phase of the video-trawl setup, when a large number of video recordings from trawls were 

unusable due to compatibility issues with the synchronising of lights and video recordings, issues with 

https://niwa.co.nz/our-services/online-services/satellite-data-services-0
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camera angle placement and video obstruction due to benthic debris. To reduce inefficiency of operations, 

video trawls were undertaken approximately once every 20 trawls (on average). Furthermore, the window 

for undertaking video experimentation aboard both the commercial vessel and the research vessel (RV 

Kaharoa) were highly reliant on the presence of suitable weather conditions to protect the equipment during 

launch and retrieval from the vessels. Only one opportunity for sampling upon the research vessel was 

made available during the study period due to the infrequent nature of trawl surveys. Likewise, 

experimentation aboard the commercial vessel was only available a few times over a two-year period. As 

such, the extent of video analyses in the present study was relatively limited. Further replicates and more 

comprehensive coverage of the study areas would allow for a more refined understanding of scampi habitat 

associations and scampi trawl efficiency over a variety of scales. Other avenues of inquiry originally 

proposed at the outset of this research, including investigations of groundtruthing acoustic habitat mapping 

with trawl video data and investigations of bycatch selectivity experiments, were also hindered by technical 

issues (calibration error in the mapping software), logistical issues (research versus commercial 

prioritisation), inclement weather and cost. Despite this, much gratitude is offered to the commercial 

operators that assisted in undertaking trawl video experiments.  

 

5.5 Where to next 

Our ability to understand the state and vulnerability of the fishery, forecast fishing pressure and allow for 

more targeted and sustainable fishing practices will require more research into a number of areas. These 

areas are natural extensions of the research presented in this thesis, and may include the following: 

Relating sediment type and acoustic habitat mapping to scampi distribution 

As summarised in section 5.4, scampi sediment preferences are not well understood despite being an 

important predictor variable in their distribution (Tuck, 2010). Investigations of sediment size and 

composition within known scampi fishing grounds would help determine scampi sediment preferences. 

Such investigations would require grab sampling across a range of locations and would ideally be 

conducted in tandem with photographic surveys in order to relate sediment type to scampi density 

estimates. Sediment samples have been opportunistically collected during surveys on occasion (Tuck, 

pers. comm.), but the time required to deploy and recover a benthic grab sampler in 500 m water depth can 

limit survey progress when operations are tightly constrained to a 12 hour working day through health and 

safety requirements. Additionally, successfully groundtruthing acoustic benthic habitat features with 

photographic or video evidence of scampi burrow presence could allow for predictions of scampi presence 

in other areas. The potential for acoustic mapping to identify scampi grounds based on sediment 

composition has yet to be formally undertaken. Acoustically mapping preferred sediment types and other 

benthic features associated with scampi presence could allow for more targeted fishing practices, 

potentially reducing unnecessary energy expenditure, seafloor damage and bycatch.   
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Further trawl video testing 

This research has shown the value of using video methods to understand habitat features and biodiversity 

of scampi habitats. Further video testing across a broader range of scampi FMAs is required to gain a more 

comprehensive understanding of both scampi habitat associations and scampi trawl efficiency of the fleet. 

Testing among FMAs may reveal spatial differences in habitat associations and scampi trawl efficiency, 

particularly between SCI 6A and other FMAs as several regional differences have already been identified 

(refer to section 5.2). A better understanding of scampi-habitat associations with respect to sediment 

preferences, species interactions and other environmental factors could allow for more accurate predictions 

of scampi distribution and reduce the need for ‘blind’ trawling. Furthermore, a better understanding of the 

factors affecting scampi trawl efficiency could result in gear modifications to reduce total fishing time and 

improve fishing efficiency. 

Estimates of SOM across a range of locations for males 

The use of morphometric measurements to estimate SOM of males proved successful using data collected 

from a research voyage in SCI 3. Broadscale spatial patterns of SOM were identified for female scampi, 

with females tending to mature at larger sizes in colder and less scampi-dense environments. It light of this, 

it would be valuable to know whether SOM for males is similarly influenced across FMAs, as determining 

SOM offers insight into a species reproductive potential and stock vulnerability. 

Spatial analysis of all FMAs 

This research has highlighted the usefulness of adopting spatial analyses to provide an understanding of 

the drivers of spatial patterns of fishing activity and historical catch efficiency of the fleet. Analyses 

presented in Chapter 4 identified some key differences in these attributes between SCI 6A and SCI 3 that, 

in tandem with findings from research presented in the preceding chapters, indicate regional differences in 

fishing susceptibility that may be worthy of management consideration. Further spatial analyses of all other 

FMAs may further complement current stock assessments and offer a more robust foundation for 

management decisions of the scampi fishery. 

5.6 General conclusions 

The studies in this thesis have shed light on the distribution patterns of the New Zealand scampi fishery 

with respect to habitat ecology, size at maturity, fishing and catch distribution. The combination of field 

experimentation, field sampling and analyses of historical catch data used in the current research have 

provided useful insights into scampi habitat associations and scampi trawl efficiency at the trawl scale, 

differences in size at maturity estimates over broad scales, insights into CPUE variability, drivers of fishing 

effort distribution and catch efficiency at a range of scales. These findings have the potential to help inform 

more targeted and sustainable fishing practices, improve the identification of regional differences in scampi 

reproductive potential and fishing susceptibility, and contribute to more robust stock assessments. 
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6 Appendices 

The following appendices provide supplementary information for Chapter 4. 
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6.1 Appendix A: Examples of spatial grid maps for SCI 3 

Spatial distribution of fishing effort for a particular season between year blocks: 

  

Figure A1. Example of significantly different spatial distribution patterns of total accumulated fishing effort 

(h) occurring during A) October-December season, from 1990-1994 and B) October-December season, 

from 2005-2009.  

   

Figure A2. Example of non-significantly different spatial distribution patterns of total accumulated fishing 

effort (h) occurring during A) January-March season, from 1995-1999 and B) January-March season, from 

2000-2004.  

 

  

A B 

A B 
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Spatial distribution of scampi catch for different seasons within a year-block: 

  

Figure A3. Example of significantly different spatial distribution patterns of total accumulated scampi catch 

(kg) occurring during A) April-June season, from 1995-1999 and B) October-December season, from 1995-

1999.  

  

Figure A4. Example of non-significantly different spatial distribution patterns of total accumulated scampi 

catch (kg) occurring during A) April-June season, from 2010-2014 and B) July-September season, from 

2010-2014.  

 

  

A B 

A B 
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Spatial distribution of scampi catch for a particular season between year blocks: 

  

Figure A5. Example of significantly different spatial distribution patterns of total accumulated scampi catch 

(kg) occurring during A) April-June season, from 1990-1994 and B) April-June season, from 2005-2009.  

 

   

Figure A6. Example of non-significantly different spatial distribution patterns of total accumulated scampi 

catch (kg) occurring during A) October-December season, from 1995-1999 and B) October-December 

season, from 2000-2004.  

 

  

A B 

A B 
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Spatial distribution of fishing effort and CPUE for corresponding seasons: 

 

   

Figure A7. Example of significantly different spatial distribution patterns of A) total effort (h) and B) CPUE 

(kg h-1) occurring during the April-June season, and aggregated from 1990-1994. 

  

  

Figure A8. Example of non-significantly different spatial distribution patterns of A) total effort (h) and B) 

CPUE (kg h-1) occurring during the April-June season, and aggregated from 2010-2014.

A B 

A B 
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6.2 Appendix B: Supplementary depth analyses for SCI 3 

Table B1 Effects of depth and year-block on fishing effort, catch and CPUE. Two-way ANOVAs were 

conducted separately for effort, catch and CPUE. Tukey’s post hoc tests are provided for depth bands and 

year-blocks (relative to 1990). Pairwise comparisons of interaction effects are excluded to reduce table 

size. Significance values are adjusted to ≤0.01 to reduce type 1 errors.  

 Effort  Catch  CPUE  
 Df F value Pr(>|z|) Df F value Pr(>|z|) Df F value Pr(>|z|) 

Depth 2 63.67 <0.001 2 45.16 <0.001 2 6.36 0.065 

Block 5 5.57 <0.001 5 2.05 0.0722 5 78.19 <0.001 

Depth:Block 10 4.28 <0.001 10 1.63 0.0973 10 0.91 0.524 

Residuals 255  
 255  

 212   
Tukey’s post hoc         
Depth (m)  Difference P adj  Difference P adj  Difference P adj 

350 – 300  799 <0.001  33,130 <0.001  1.1 0.902 

400 – 300   -327 0.035  -7,873 0.452  -8.4 0.011 

400 – 350  -1,126 <0.001  -41,002 <0.001  -9.6 0.070 

Year block   
 

  
 

     

1995  -184.1 0.716  7,924 0.745  45.0 <0.001 

2000  51.8 0.999  20,880 0.035  36.4 <0.001 

2005  325.9 0.115  2,613 0.997  -8.0 0.179 

2010  395.2 0.027  5,722 0.917  -10.2 0.037 

2015  219.7 0.950  1,392 1.000  -6.7 0.907 
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Figure B1. Stacked box plots of total fishing effort (h), scampi catch (kg) and mean CPUE (kg/h) by year-

block (1990-94, 1995-99, 2000-04, 2005-09, 2010-14, 2015) and separated by depth band (300-349 m, 

350-399 m, 400-449 m) for SCI 3.  

 

 

 

 

 

 

 

 

 

 

 

 



Appendices 

132 
 

Table B2. Effects of depth and season on fishing effort, catch and CPUE. Two-way ANOVAs were 

conducted separately for effort, catch and CPUE. Tukey’s post hoc tests are provided for depth bands 

(relative to 300 m) and seasons (relative to April-June). Pairwise comparisons of interaction effects are 

excluded to reduce table size. Significance values are adjusted to ≤0.01 to reduce type 1 errors.  

 

  Effort  Catch  CPUE  
  Df F value Pr(>|z|) Df F value Pr(>|z|) Df F value Pr(>|z|) 

Depth 2 37.54 <0.001 2 54.99 <0.001 2 2.63 0.074 

Season 3 3.29 0.022 3 20.25 <0.001 3 10.72 <0.001 

Depth:Block 6 0.87 0.522 6 3.52 0.018 6 0.52 0.796 

Residuals 255   255  
 212   

Tukey’s post hoc           

Depth (m)  Difference P adj   Difference P adj   Difference P adj 

350 – 300  799 <0.001  33,130 <0.001  1.1 0.958 

400 – 300  -327 0.048  -7,873 0.372  -8.4 0.137 

400 – 350  -1,126 <0.001  -41,002 <0.001  -9.6 0.079 

Season          

Jan-Mar  -  Apr-Jun  158 0.74  6,705 0.662  10.4 0.184 

Jul-Sep  -  Apr-Jun  83 0.953  2,883 0.963  13.0 0.067 

Oct-Dec  -  Apr-Jun  421 0.024  33,540 <0.001  26.9 <0.001 

Jul-Sep  -  Jan-Mar  -75 0.963  -3,822 0.913  2.6 0.958 

Oct-Dec  -  Jan-Mar  263 0.257  26,836 <0.001  16.5 0.003 

Oct-Dec  -  Jul-Sep  338 0.098  30,657 <0.001  1.4 0.023 
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Figure B2. Stacked box plots of total fishing effort (h), scampi catch (kg) and mean CPUE (kg/h) by season 

(January-March, April-June, July-September, October-December) and separated by depth band (300-349 

m, 350-399 m, 400-449 m) for SCI 3.  
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6.3 Appendix C: Examples of spatial grid maps for SCI 6A 

Spatial distribution of fishing effort for a particular season between year blocks: 

  

Figure C1. Example of significantly different spatial distribution patterns of total accumulated fishing effort 

(h) occurring during A) January-March season, from 1995-1999 and B) January-March season, from 2015. 

  

Figure C2. Example of non-significantly different spatial distribution patterns of total accumulated fishing 

effort (h) occurring during A) April-June season, from 1995-1999 and B) April-June season, from 2000-

2004. 

 

A 
B 

A B 
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Spatial distribution of scampi catch for different seasons within a year-block: 

 

  

Figure C3. Example of significantly different spatial distribution patterns of total scampi catch (kg) occurring 

during A) July-September season, from 2000-2004 and B) October-December season, from 2000-2004.  

 

Figure C4. Example of non-significantly different spatial distribution patterns of total scampi catch (kg) 

occurring during A) July-September season, from 2005-2009 and B) October-December season, from 

2005-2009. 
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Spatial distribution of scampi catch for a particular season between year blocks: 

  

Figure C5. Example of significantly different spatial distribution patterns of total scampi catch (kg) occurring 

during A) January-March season, from 1990-1994 and B) January-March season, from 2005-2009. 

  

Figure C6. Example of non-significantly different spatial distribution patterns of total scampi catch (kg) 

occurring during A) April-June season, from 2000-2004 and B) April-June season, from 2010-2014. 

 

 

 

A B 
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Spatial distribution of fishing effort and CPUE for corresponding seasons: 

   

Figure C7. Example of significantly different spatial distribution patterns of total effort (h) and CPUE (kg h-

1) occurring during January-March season, from 1990-1994. 

   

Figure C8. Example of non-significantly different spatial distribution patterns of total effort (h) and CPUE 

(kg h-1) occurring during July-September season, from 2000-2004. 
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6.4 Appendix D: Supplementary depth analyses for SCI 6A 

Table D1 Effects of depth and year-block on fishing effort, catch and CPUE. Two-way ANOVAs were 

conducted separately for effort, catch and CPUE. 

 Effort  Catch  CPUE  
  Df F value Pr(>|z|) Df F value Pr(>|z|) Df F value Pr(>|z|) 

Depth 1 25.049 <0.001 1 24.669 <0.001 1 0.001 0.981 

Block 5 1.501 0.192 5 2.449 0.036 5 26.689 <0.001 

Depth:Block 5 1.417 0.22 5 1.009 0.414 5 0.14 0.983 

Residuals 177  
 177    177   
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Figure D1. Stacked box plots of total fishing effort (h), scampi catch (kg) and mean CPUE (kg/h) by year-

block (1990-94, 1995-99, 2000-04, 2005-09, 2010-14, 2015) and separated by depth band (400-449 m, 

450-499 m) for SCI 6A. 
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Table D2. Effects of depth and season on fishing effort, catch and CPUE. Two-way ANOVAs were 

conducted separately for effort, catch and CPUE. 

 Effort  Catch  CPUE  
  Df F value Pr(>|z|) Df F value Pr(>|z|) Df F value Pr(>|z|) 

Depth 1 25.25 <0.001 1 24.55 <0.001 1 0.00 0.985 

Season 3 1.22 0.305 3 1.48 0.221 3 0.00 0.552 

Depth:Block 3 2.83 0.040 3 2.64 0.051 3 0.49 0.690 

Residuals 181  
 181  

 181   
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Figure D2. Stacked box plots of total fishing effort (h), scampi catch (kg) and mean CPUE (kg/h) by season 

(January-March, April-June, July-September, October-December) and separated by depth band (400-449 

m, 450-499 m) for SCI 3. 
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