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Abstract 

Research in north-eastern New Zealand marine reserves has provided valuable insights into 

spiny lobster (Jasus edwarsii) behaviour, movement, and reproduction and demonstrated how 

reserves can allow recovery of lobster populations and contribute to spill-over fisheries. 

However, over the last 20 years lobster populations in these reserves have undergone 

considerable declines, raising questions around the effectiveness of reserves in protecting 

populations from fishing. This thesis examines the effectiveness of two north-eastern New 

Zealand marine reserves in protecting lobster populations and investigates the drivers and 

implications of long-term declines in lobster within these reserves. This was assessed using an 

analytical approach applied to dive and potting survey data, and tag-recapture data, collected 

within and adjacent to both reserves. The status of fished stocks in the study area was assessed 

using reserve populations as unfished controls. This analysis estimates spawning stock and 

biomass in fished areas was 2-3% of unfished levels, which is considerably lower than fishery 

estimates of stock status. Novel analytical approaches were used to analyse gradients in catch 

rates across reserve boundaries and found limited evidence of edge effects and spill-over. In 

addition, seasonal potting caught few lobster on offshore soft-sediment habitats and there were 

no tag-recaptures on or near offshore boundaries. Seasonal offshore movements were mostly 

limited to movements between shallow and deep reef, and young adult males undertaking 

nomadic longshore movements were the main demographic caught in adjacent fisheries. These 

results contrast previous reports which describe spill-over across the offshore boundaries and 

likely reflect comparatively lower population densities. The harvest of lobster undertaking 

seasonal movements beyond offshore boundaries is believed to have contributed to population 

declines as populations throughout the reserves were impacted by fishing. In addition, this 

fishing is believed to have reduced resilience of these populations to an extended period of low 

recruitment. Overall, these results highlight the poor state of the wider fishery and suggest that 

while the reserves examined still play a role in protecting lobster, they are too small to fully 

protect lobster populations. The results and methods developed provide important information 

that can inform both future marine reserve design and fisheries management. 
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 GENERAL INTRODUCTION 

1.2 Background 

Over-capitalization and poor management has driven global marine fisheries close to 

ecological and economic crisis (Pauly et al., 2005). In 2016, fishing production reached an all-

time high with 79.3 million tonnes taken from the marine environment alone (FAO, 2018). The 

global reliance on marine sourced protein is significant (Pauly et al., 2005), and the 

socioeconomic importance of fisheries sustains the livelihoods of 40.3 million people 

worldwide (FAO, 2018). No-take marine reserve implementation and research has shown the 

unequivocal benefits of eliminating all extractive activities from marine ecosystems 

(Ballantine, 2014, Roberts, 1997, Halpern and Warner, 2002, Hastings and Botsford, 1999, 

Roberts et al., 2001, Pauly et al., 2002, Schrope, 2001, Rodrigues et al., 2004). Marine reserves 

protect whole ecosystems and the complex interactions they encompass from fishing (Pauly et 

al., 2002, Allison et al., 1998, Sobel, 1993). Across the globe the establishment of marine 

reserves has resulted in increases in species density, biomass, individual sizes, and overall 

increases in species diversity (Ballantine, 2014, Halpern, 2003, Sala and Giakoumi, 2018, 

Lester et al., 2009). Furthermore, marine reserves have also been proposed to enhance 

biological processes which underpin adaptation and resilience to climate change (Roberts et 

al., 2017). 

Marine reserves were initially conceived for a range of purposes, including avenues of 

ecological protection, recreation, education, and scientific research. When effectively enforced, 

marine reserves have provided scientists with a quasi-experimental framework to investigate 

the broader ecological impacts of extractive activities in marine ecosystems (Osenberg and 

Schmitt, 1996). In addition to ecological and scientific benefits, direct economic benefits have 

been attributed to tourism, with the recovery of large charismatic species attracting divers and 

other tourists (Green and Donnelly, 2003). In some instances, the amenity value of resources 

protected within marine reserves (via tourism) outweighs the projected commodity value of the 

fish resources if harvested and sold via fishing (Sala et al., 2013).  

The value of protected areas to fisheries has mostly focused on direct connections between 

recovered populations and nearby fisheries. Of general interest is how positive conservation 

outcomes of protection can also benefit fisheries and fishers who have been displaced or have 

lost access to fishing grounds due to establishment of marine reserves (Gaines et al., 2010, 
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Lynham et al., 2020, Lenihan et al., 2021). Subsequently, much attention has been given to 

marine reserves providing spatial refuge to harvested species, thus insuring against overfishing 

or recruitment failure  (Stefansson and Rosenberg, 2005, Bohnsack, 1998), and the ability of 

recovered populations to supplement nearby fisheries through the spill over (movement out of 

marine reserves) of harvestable biomass and export of larvae (Thorbjørnsen et al., 2018, 

Abesamis and Russ, 2005, Halpern et al., 2009b, Goñi et al., 2010).  

The paucity of information from marine environments prior to wide scale commercial fishing 

has made estimation of the broader effects of fishing difficult. Pauly’s seminal essay (Pauly, 

1995) discusses how, without accurate and representative baseline information, perceptions of 

what constitutes a natural or unaffected system can shift with consecutive generations. In a 

fisheries context this can lead to a gradual acceptance of lower fish biomasses and diversity.  

However, recovery of exploited populations in established marine reserves can provide insights 

into the extent of fishing impacts on exploited populations and provide important contemporary 

representations of population abundance under unfished conditions. Through comparisons with 

fished areas, marine reserves can therefore provide an unfished baseline that can facilitate 

simple quantification of the impacts of fishing independent of environmental perturbations 

(Dayton et al., 2000). Such comparisons can guide decision making processes (Hilborn et al., 

2004) and encourage integration of ecosystem dynamics into management strategies (Wilson 

et al., 2020). However, the potential value of marine reserves in providing unfished baseline 

information for fisheries has generally been underappreciated and underexplored. 

The value of marine reserves in providing an unfished baseline will be most informative when 

harvested species are effectively conserved, marine reserves are old enough for harvested 

species to have recovered towards unfished levels, and protection is sufficiently enforced 

(Hilborn et al., 2004). Marine reserve efficacy has commonly been measured by comparing 

biological metrics (e.g. sizes of organisms, density, and biomass of assemblages) between 

marine reserves and adjacent fished areas (Dunham et al., 2020). After several decades of 

place-based research, positive marine reserve effects based on such comparisons are well 

established (Edgar et al., 2014, Lester et al., 2009). Despite the global ubiquity of positive 

marine reserve effects, increases in abundances of exploited species within marine reserves 

relative to fished areas are still largely reported in a way that emphasises protection effects 

rather than fishing effects. Furthermore, perceptions of spill-over have largely focused on 

changes to densities and catch rates in adjacent fished areas rather than how the removal of 

spill-over biomass impacts populations within reserves. To better understand the wider value 
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of marine reserves it is imperative that perceptions shift from focusing on recovery in the 

absence of extractive pressures, to a more nuanced view of the extent to which populations in 

reserves represent an unfished population and how exploitation in the surrounding waters may 

impact populations within reserves. For the effective management of exploited species within 

marine reserves, it is necessary to understand the interaction between reserve design, fishing 

pressure and the movement of exploited species.     

1.3 The spiny lobster, Jasus edwardsii 

Spiny lobsters (family Palinuridae) are a conspicuous and important component of many of the 

world’s rocky reef ecosystems. In New Zealand, four species occur, the most common and well 

known species being the red rock lobster Jasus edwardsii (colloquially: crayfish, Māori: kōura 

or kōura papatea) (Booth, 2006). The packhorse or green rock lobster, Sagmariasus verreauxi, 

is regionally common in northern New Zealand, and the other two species: the deep-water 

lobster Projasus parkeri and the tropical species Panulirus versicolor are less 

common/conspicuous (Booth, 2006).  

Jasus is a pan-Southern Hemisphere genus of rock lobster with an exceptionally wide 

latitudinal distribution from ~23˚S (Pollock, 1986) to the sub-Antarctic islands  (Booth, 2006, 

Booth and Webber, 2001). Jasus along with Projasus and Sagmriasus (packhorse) lobsters 

make up the Silentes – palinurids that lack a stridulating organ at the antennae (George and 

Main, 1967). J. edwardsii is widespread throughout much of Australasia. In Australia, J. 

edwardsii occur from Geraldton (Western Australia) in the west, across the south coast 

(Southern Australia), around Tasmania and as far north as Coffs Harbour (New South Wales) 

on the east coast (Phillips et al., 2008). In New Zealand, J. edwardsii are present from the Three 

Kings Islands (Manawatāwhi) in the north, to the Auckland Islands (Motu Maha/Maungahuka) 

in the south, and the Chatham Islands (Rēkohu/Wharekauri) in the east (Booth and Ovenden, 

2000, Booth, 2008). The species becomes more abundant further south and is more abundant 

on the North Island’s east coast than on the west coast (Kensler, 1967). 

J. edwardsii are mostly nocturnal, seasonally moving between rocky reef and into deep soft 

sediment environments (MacDiarmid, 1991). They occupy a broad depth range, from the 

intertidal to about 300 m on deep seamounts throughout New Zealand’s exclusive economic 

zone (New Zealand Fisheries, 2019). Research on the recovery of predators within marine 

reserves has demonstrated that J. edwardsii can have a large influence on the ecology of 

shallow reefs (Shears and Babcock, 2004, Shears and Babcock, 2007, Babcock et al., 1999, 
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Shears and Babcock, 2002, Babcock et al., 2010, Shears et al., 2006, Shears and Babcock, 

2003, Shears et al., 2008, Langlois et al., 2005, Salomon et al., 2008, Salomon et al., 2010). 

Experiments, surveys, and field observations have demonstrated that predation on the sea 

urchin Evechinus chloroticus can indirectly influence kelp (Ecklonia radiata) density and 

persistence via density and behaviour driven top-down trophic cascades (Shears and Babcock, 

2002, Shears and Babcock, 2003, Cole and Keuskamp, 1998, Spyksma et al., 2017). However, 

large-scale population declines due to intensive fishing has seen their ecological importance 

dramatically reduced (Pinkerton et al., 2015).  

1.4 New Zealand Lobster Fishery 

Māori have long considered kōura taonga (Paulin, 2007) with the presence of lobster remains 

in ancient middens indicating lobster collection well before the eighteenth century (Leach and 

Anderson, 1979). The first recorded “commercial sale” of the J. edwardsii occurred in 1769 in 

Tolaga Bay between local Māori and Joseph Banks. This interaction was fortuitously illustrated 

by Tupaia, the Tahitian navigator/high priest/translator on Captain James Cook’s maiden trip 

to New Zealand (Salmond, 2003). Ultimately, the exchange of kai moana particularly the 

exchange of lobster, played an important part in the early interactions between Europeans and 

Maori. From Joseph Banks’ journal:  

“But above all the luxuries we met with the lobster or sea crawfish must not be forgot… of them 

we bought great quantities of the native everywhere to the northward, who catch them by diving 

near the shore, feeling first with their feet till they find out where they lie” (Beaglehole, 1963) 

However, despite the abundance of lobster at the time and relative ease to harvest a trade in 

lobster was rarely established with early European settlers (Annala, 1983). This was in part due 

to the rapid degradation of lobster flesh once dead, and an inability of salting the flesh to 

preserve it for export (Arbuckle, 1971). By 1883 refrigeration had become more widespread 

and frozen fish products could be more confidently exported. By the 1930’s a lobster fishery 

had developed in the Hauraki Gulf region supplying domestic and international markets 

(MacDiarmid et al., 2016). With the development of a true industrialised fishing practice in the 

1950’s (Smith, 2013), the first boom in New Zealand’s lobster fishery occurred in 1956 in 

Fiordland, resulting in dramatic increases in catch as fishers from the east coast based 

themselves on the remote south-west coast (Gibbs, 2008). This was followed by the lobster 

fishery boom in the Chatham Islands in 1966, peaking in 1968 at a yield of over 6000 t, with 
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one vessel landing 2 tonnes in a single day, contributing to the maximum annual national catch 

of 10600 t (Annala and King, 1983).  

Typical of many commercial lobster fisheries, the New Zealand lobster fishery was 

characterized by heavy exploitation of new areas, marked by extremely high initial catch rates 

followed by dramatic declines (Booth, 2006). Alongside the explosive growth of intensive 

commercial fishing most lobster fisheries have seen dramatic declines over the “statistical era” 

(circa mid 1930’s – present day) (MacDiarmid et al., 2016). Over this period lobster biomass 

declined by over 70% in the Hauraki Gulf (MacDiarmid et al., 2016). Since the late 1980’s 

national commercial landings have remained stable, fluctuating between 3000 – 4000 t per 

annum (Jeffs et al., 2013), but fishing effort has had to steadily increase (Booth, 2008).  

The New Zealand rock lobster fishery has been managed by the Quota Management System 

(QMS), since 1 April 1990. Prior to this, more rudimentary management strategies were 

implemented, such as: minimum legal sizes which were first regulated in 1950 and escape gap 

regulations on fishing gear to the occurrence of handling damage on undersize lobster 

(Arbuckle, 1971). Currently, the New Zealand fishery for J. edwardsii is broken up into 10 

Quota Management Areas, CRA1 – CRA10, with Total Allowable Catch (TAC) for each area 

set annually. Boundary separations are not based on biology or ecology, but rather a means of 

fisher management. The TAC includes recreational fishing and customary Maori uses with the 

remainder allocated to the commercial fishery as Total Allowable Commercial Catch (TACC). 

TACC’s are set and adjusted to ensure that stocks are maintained at or above biological 

reference points. Commercial fishers use traps or “pots”, and can fish up to 400 pots per boat, 

but will typically fish around 50-150. Pots are not restricted in number or type but must have 

features to allow small lobsters to escape (typically a mesh of 52mm).  

1.5 Study location – Hauraki Gulf, New Zealand 

The Hauraki Gulf (Tīkapa Moana), on the north-eastern coast of New Zealand’s North Island 

(Te Ika ā Māui), is one of Aotearoa’s most valued and intensely used coastal spaces. The 

national significance of the Gulf and its life sustaining capacity was recognised with the 

Hauraki Gulf Marine Park Act 2000 (Act, 2000), which formed New Zealand’s largest marine 

park (Fig. 1). Sitting at the doorstep of New Zealand’s most populous region, the Hauraki Gulf 

has undergone considerable human change. This includes increased sediment loading due 

anthropogenic catchment activities including farming, forestry, and land development 
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(Hayward et al., 2006, Goff, 1997) and serious reductions in finfish and lobster biomass due to 

heavy commercial and recreational fishing pressures (MacDiarmid et al., 2016). 

The research presented in this thesis was carried out within and adjacent to two of New 

Zealand’s oldest marine reserves, the Cape Rodney to Okakari Point Marine Reserve (CROP), 

opened in 1977, and the Tawharanui Marine Reserve (TAWH), which was initially 

implemented as a no-take Marine Park in 1981 and became a marine reserve in 2011. Both 

reserves are situated on the mainland coast of the outer Hauraki Gulf and are commonly 

compared to each other due to close proximities and ecological similarities (Willis et al., 2003, 

Langlois et al., 2005, Shears et al., 2008). In this thesis, this comparability was utilized to 

provide generality of results regarding marine reserve effects, independent of habitat 

covariation. The ability to generalise about the effects of temperate marine reserves is known 

to be hindered by inadequate levels of replication or controls (Rowley, 1994). For example, 

when one protected area is compared with one fished area, it is difficult to unambiguously infer 

whether tested effects are due to protection or due to the natural intrinsic variability which 

characterises either location (Guidetti, 2002).  

The area including the CROP and TAWH marine reserves is characterised by warm-temperate 

waters and a temperate rocky reef ecosystem dominated by a mix of kelp forest and urchin 

barrens (Cole et al., 1990, Choat and Schiel, 1982). Kelp forest (Ecklonia radiata) habitat is 

more expansive within the boundaries of these marine reserves, with reef shallower than 10 m 

in adjacent fished areas dominated by urchin barrens (Shears and Babcock, 2002). Both 

reserves include the offshore margins of subtidal rocky reef, which in some areas extend over 

200 m offshore from the intertidal. Beyond the reef margins towards the reserve’s offshore 

boundaries the habitat in both reserves is predominantly a deep sandy habitat.  

The CROP marine reserve covers approximately 5 km of longshore rocky coastline extending 

roughly 800 m offshore, covering an area of 5.2 km2. The sub-tidal rocky reef extends mostly 

unbroken across the reserve’s longshore margins, extending to depths of 12-25 m. The TAWH 

marine reserve covers approximately 3.9 km of rocky and sandy beach coastline. Its offshore 

boundary sits between 400 m and 1200 m offshore and covers an area of 3.9 km2. The western 

half of TAWH is characterised by sandy beaches with patches of intertidal and subtidal rocky 

reef to depths of 10 m, whilst the eastern end is rocky coastline with subtidal rocky reef to 15 

m.  
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These marine reserves, in their current form, were established under the Marine Reserves Act 

1971.  The Marine Reserves Act 1971 had the original purpose of protecting marine organisms 

and the environment to allow their scientific study (Ballantine, 2014). However, contemporary 

reforms of the Act have proposed objectives other than scientific study, more in line with 

international conservation objectives (Rovellini and Shaffer, 2020). In this thesis marine 

reserves and marine protected areas (MPAs) refer exclusively to “no-take” marine reserves.  

Within both the CROP and TAWH marine reserves J. edwardsii has shown a strong positive 

response to protection, with indications of increases in both mean sizes and abundances of 

lobster (Shears et al., 2006, Kelly et al., 2000). Kelly et al. (2000) also described higher 

abundances and biomasses of legal sized lobster and greater egg production within these 

reserves compared to adjacent non-protected areas. Commercial lobster potting has been 

heavily concentrated near the boundaries of both reserves. Kelly et al. (2002) describe 

commercial fishers targeting spill-over across the reserve’s offshore boundary, a benthic area 

characterized by featureless soft sediment habitat. Kelly et al. (2002) concluded that this 

movements “maintained catch rates around the reserve at similar levels to nearby coastal 

areas”. 

Over the last twenty years both fishery and marine reserve monitoring data report declines in 

catch and abundances, respectively (LaScala‐Gruenewald et al., 2021, Webber et al., 2018). 

Due to heavily reduced populations, lobster within the Hauraki Gulf have been declared 

ecologically extinct (MacDiarmid et al., 2016). Despite this, a commercial fishery is still 

operating within the Hauraki Gulf. Although the TACC of the regional fishery (CRA2) was 

reduced by 60% as the spawning stock biomass (SSB) was estimated to have fallen below 

sustainability thresholds (20% unfished biomass) (Webber et al., 2018, Webber and Starr, 

2018). Recent compiling and analysis of long-term monitoring data from north-eastern New 

Zealand marine reserves also describes substantial declines in abundances in both protected 

and non-protected populations since the mid-2000s (LaScala-Gruenewald et al., 2021). This 

general pattern suggests a common mechanism influencing lobster populations within these 

marine reserves and the wider fishery. The CRA2 management area has experienced a period 

of consistently low recruitment since the mid-1990s. The 2017 stock assessment for this region 

indicated that recruitments in the 1990s were generally lower than those in the 1980s, and have 

been declining since the mid-2000s (Webber et al., 2018).  LaScala‐Gruenewald et al. (2021) 

state low recruitment alone cannot explain the declines observed in these reserves. Freeman et 

al. (2012b) suggest reserve populations maybe more resilient than fished populations to 
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fluctuation in larval supply and recruitment due large residual populations of legal sized 

animals that would be reduced if the area was fished. Similar trajectories in marine reserve 

survey data and fisheries catch raises questions regarding the ability of these reserves to 

effectively conserve lobster and implies these protected populations have been or are being 

impacted by fishing. 
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Figure 1: Map of study area indicating lobster fishery quota management areas and Hauraki Gulf 
marine reserve boundaries. 
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1.6 Thesis objectives  

Research in north-eastern New Zealand marine reserves has provided valuable insights into the 

complexities of spiny lobster behaviour (MacDiarmid, 1994, Kelly et al., 1999), movement 

(MacDiarmid, 1991, MacDiarmid et al., 1991, Kelly, 2001, Kelly and MacDiarmid, 2003), and 

reproduction (MacDiarmid, 1989a, MacDiarmid, 1989b), and demonstrated how reserves can 

allow the recovery of lobster populations (Kelly et al., 2000) and contribute to a spill-over 

fishery (Kelly et al., 2002). However, over the last twenty years lobster populations in these 

reserves have undergone considerable declines (LaScala‐Gruenewald et al., 2021), raising 

questions around the effectiveness and value of reserves in protecting populations against the 

impacts of fishing.  

The aim of this thesis was to examine the effectiveness of two northern-eastern New Zealand 

reserves in protecting lobster populations and investigate the drivers and implications of long-

term changes in lobster populations within these reserves. This thesis shifts perceptions of 

marine reserves from an emphasis on recovery to recognising the value of marine reserves as 

sources of unfished baseline or reference information. In this thesis, the lens is shifted from 

focusing on how marine reserve establishment has impacted J. edwardsii populations, to how 

fishing is impacting protected populations and how adjacent fished areas compare to reserve 

areas. In doing so, this provides important information that can be used to design marine 

reserves that more effectively protect exploited species populations. 

Chapter 2 – Fisheries stock assessments are heavily reliant on modelled estimates of unfished 

biomass due to the paucity of data prior to widespread industrialised fishing. This chapter 

highlights the value of marine reserves to fisheries as a source of empirical fisheries 

independent reference information to guide management decisions. Fisheries independent data 

were collected using potting and dive surveys inside and outside the CROP and TAWH marine 

reserves over two years. Using data from reserve areas as proxy estimates of unfished catch 

rates and biomass, this study assesses the status of the fished population. The outcomes of this 

assessment were compared against performance measures used in New Zealand fishery stock 

assessments and findings reported in the most recent stock assessment for the north-eastern 

New Zealand lobster fishery. This study demonstrates the simplicity of estimating population 

or stock status using marine reserve reference information and providing information on 

important metrics of population or stock composition.   
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Chapter 3 – Gradients in exploited species across marine reserve boundaries are often analysed 

to infer the extents of spill-over and edge effects. Chapter 3 investigates edge effects and spill-

over in two north-eastern New Zealand marine reserves by measuring variation in catch rates 

across reserve boundaries. Several different modelling approaches are used and compared to 

evaluate the impact of modelling strategies on the interpretation of these spatial gradients.  

Chapter 4 – In the 1990s seasonal offshore movements supported a spill-over fishery which 

maintained catch rates at similar levels to nearby coastal areas. More recently, these 

populations have undergone large declines and it is unknown the extent to which these offshore 

movements still occur and subsequently support a spill-over fishery. Chapter IV investigates 

seasonal variation in catch rates of lobster on reef and offshore sand habitats to determine 

whether seasonal offshore movements still occur, how they differ with sex and size, and how 

catch varies with distance from reef and across broad habitat types within each reserve. To 

determine how these seasonal offshore movements as well as catch rates and catch composition 

may have changed following large-scale declines, these data were also compared with historic 

catch data. This chapter highlights the sustainability issues of harvesting lobster on offshore 

boundaries and how this harvest ultimately reduces a marine reserves effectiveness.  

Chapter 5 – The mechanisms driving movement across reserve boundaries are related to a 

species biology, and therefore may vary in space and time between sexes and across 

ontogenies. If there are strong size and sex-dependent patterns to movement beyond reserves, 

this may alter the dynamics or structure of the protected population. Using tag-recapture 

information generated from lobster recaptured during seasonal potting surveys and lobster 

captured in the fishery this chapter aims to investigates relationships between sex, size, 

movement and capture in the fishery. Using these data, this study examines how distance 

moved before recapture during seasonal potting surveys, distance moved before capture in the 

fishery, likelihood of moving, and likelihood of being captured in the fishery, differ between 

sexes and across different sized lobster.  

Chapter 6 – This chapter discusses the findings of the research chapters of this thesis and 

provides some overarching conclusions in relation to previously reported studies, as well as 

recommendations on future directions for research. 
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 MARINE PROTECTED AREAS PROVIDE 
UNFISHED REFERENCE INFORMATION TO 

EMPIRICALLY ASSESS FISHERY STATUS 

2.2 Introduction 

Recovery of species and ecosystems within no-take marine protected areas (or marine reserves) 

and comparisons with fished areas allows quantification of the impacts of fishing (Dayton et 

al., 2000). The recovery of harvested species within marine reserves can be characterized by 

increased biomass, densities, and body sizes (Halpern and Warner, 2002, Hastings and 

Botsford, 1999, Roberts et al., 2001, Pauly et al., 2002, Schrope, 2001, Rodrigues et al., 2004). 

However, increases in exploited species in reserves relative to fished areas are typically 

reported in a way that emphasises the effect of protection, for example; “spawner biomass was 

16 times higher inside the reserves compared with adjacent fished sites” Taylor et al. (2012). 

Such studies and interpretations are often used to promote the benefits of marine protection as 

they treat the fished population as the reference point. Few studies in contrast have considered 

the reserve population as an unfished reference point from which to assess the status of adjacent 

fished population. Given the increasing pressure on fisheries globally (Garcia and Rosenberg, 

2010) and changing climatic conditions (Brander, 2007), the value of marine protected areas 

(MPAs) in providing unfished reference points to empirically assess fishery status has 

potentially been overlooked.  

Fisheries stock assessments typically rely on an estimate of unfished biomass to determine a 

stocks status (Cadima, 2003, Foley et al., 2015). Change in stock parameters relative to these 

biological reference points indicates utilisation opportunities or sustainability risks (Caddy and 

Mahon, 1995). From these points the lower limits of biomass, below which recruitment or stock 

productivity is compromised, can be set to limit the effects of exploitation (Beddington and 

Cooke, 1983). Reference points are generally denoted as baseline ‘initial biomass’ or ‘virgin 

stock size’ (B0) values. Here, initial biomass is an estimate of stock population before fishing 

began, or what the population is estimated to return to if fishing ceased. As historic catch data 

is often incomplete or sparse (Pinnegar and Engelhard, 2008) estimates of B0 are generally 

dependent on extrapolations beyond the historical limits of reliable catch data and estimates of 

annual recruitment, and are often calculated using sophisticated modelling (Maunder and Punt, 

2013). Modelled B0 estimates have been criticised for their dependency on assumptions 

regarding stock ecology (Pinnegar and Engelhard, 2008, Hilborn, 2002, Pitcher and Cheung, 
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2013), and are often limited in their ability to account for environmental changes (Pinnegar and 

Engelhard, 2008) or fishing driven evolutionary processes (Heino et al., 2013).  Both of these 

factors may alter the potential for stocks to return to pre-fishing levels under current conditions 

(Hilborn, 2002). Furthermore, modelled reference points are highly sensitive to assumptions 

regarding biological parameters (Maunder, 2012) and gear selectivity (Goodyear, 1996). 

Uncertainty or bias in these assumptions can substantially impact reference point estimates and 

lead to inaccurate assessment of current stock status, ultimately limiting the pre-cautionary 

effectiveness of the reference point (Clark, 2002, Maunder and Piner, 2015).   

Long-established, effectively designed and well managed marine reserves allow populations 

of exploited populations to recover (Edgar et al., 2014) and therefore provide examples of an 

unfished population under current environmental and evolutionary settings. However, the 

utilization of marine reserves to generate unfished reference points for stock assessment has 

not been well developed. The value of protected areas to fisheries has heavily focused on direct 

mechanisms, where reserve effects can potentially maintain or augment nearby fisheries. 

Incorporation of reserve data in fisheries stock assessments has mostly focused on a reserve’s 

ability to supplement biomass (Palumbi, 2004) or drive spatial heterogeneity in stock biomass 

and fisheries dependent catch data (McGilliard et al., 2015, Bohnsack, 1999, Field et al., 2006). 

Subsequently, research has predominantly focused on a marine reserves ability to provide 1) 

spatial refuge, insuring against complete stock depletion (Stefansson and Rosenberg, 2005), 

and 2) subsidise fisheries through the spill over (movement out of marine reserves) of 

harvestable biomass and/or propagules (Thorbjørnsen et al., 2018, Abesamis and Russ, 2005, 

Halpern et al., 2009b, Goñi et al., 2010). Although the latter may be contentious with a recent 

study suggesting  empirical evidence supporting net fishery benefits from protection via spill-

over is limited and context dependent (Krueck et al., 2017).  

The use of marine reserve data as reference points in fishery stock assessments is not a new 

idea. Dayton et al. (2000) stress the potential value of marine reserves to fisheries in the form 

of ecological baselines, with others arguing the theoretical fortitude of including data from 

unfished control sites to guide fisheries decision making processes (Hilborn et al., 2004). The 

contrasts in fishing pressure inside and outside reserve boundaries as well as the spatial 

replication provided by different marine reserves can offer fisheries managers an opportunity 

to gather empirical fisheries independent information, disentangle the effects of fishing from 

environmental perturbations and encourage integration of ecosystem considerations in to 

management strategies (Wilson et al., 2020). To date research on this area is largely conceptual 
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(e.g. Wilson et al., 2010, Babcock and MacCall, 2011), with few documented applications. 

Díaz et al. (2016) provide one of the few empirical examples to assess stock status using 

contemporary marine reserve data. Here, depletion of the lobster (Palinurus elephas) fishery 

in the western Mediterranean was quantified from the ratio of density and biomass within a 

marine reserve to that in fished areas. Ratios (fished/reserve) were substantially lower than the 

target ratios suggested in Babcock and MacCall (2011) (fished/reserve ratio of 60% of mature 

fish and 80% all fish), with lobster density in fished areas 8% of reserve levels and biomass 

5% reserve levels. Díaz et al. (2016) demonstrate that in data limited artisanal fisheries marine 

reserves can provide valuable insights into stock status, but further work needed to incorporate 

this approach into fisheries management. Data collected from reserves should be comparable 

to fisheries data, collected using similar methods and presented using comparable metrics.   

The spiny lobster Jasus edwardsii was historically an important predator of New Zealand’s 

rocky reef ecosystems (Pinkerton et al., 2015). It is a highly valued species supporting an 

intensive commercial fishery (Booth, 2008), and has responded positively to marine reserve 

protection across New Zealand (Kelly, 1999, Shears et al., 2006, Freeman, 2008). In north-

eastern New Zealand, the lobster fishery has experienced dramatic declines over the last 10 

years (LaScala‐Gruenewald et al., 2021). Total allowable commercial catch (TACC) was 

recently reduced by 60 % in this region, as spawning stock biomass (SSB) was estimated to 

have fallen below critical sustainability levels (20 % unfished SSB (SSB0), Webber et al. 

(2018)). Changes in the estimate of unfished biomass between consecutive stock assessments 

has contributed to large shifts in the predicted status of the fishery; between the 2013 and 2017 

stock assessments stock status shifted from 36.8 % of initial spawning stock biomass (SSB0) 

(Starr et al., 2014) to 19 % (Webber et al., 2018). The extent of this change and the ultimate 

effect on perceived status of the fishery demonstrates how estimates of unfished biomass are a 

major source of uncertainty in stock assessments.  

This study uses a fisheries-independent approach to empirically assess the status of a fished 

lobster population using data from inside and outside marine reserves. Fisheries independent 

data were collected using potting and dive surveys inside and outside two long-established 

marine reserves in north-eastern New Zealand. Potting surveys enable efficient surveying of 

large areas and deeper habitat not easily survey by divers (Miller, 1990) and provide metrics 

directly comparable to those used for larger fisheries stock assessments. However, potting 

surveys only provide information on the proportion of the populations caught using traditional 

fishing methods (i.e. generally larger individuals) and a number of factors can affect 
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catchability and how it varies across lobster population demographics (see Ziegler et al., 2002a, 

Ziegler et al., 2002b). In contrast, dive surveys provide an independent assessment of the 

overall population size structure and abundance and are not influenced by factors associated 

with potting methods. Using both data sets, fishery-relevant metrics of vulnerable (legal-size) 

and spawning stock (sexually mature female lobsters) can be estimated based on catch rate 

(from potting survey) and biomass (from dive surveys) for fished and reserve locations. Using 

data from reserve areas as proxy estimates of unfished catch rate and biomass this study aimed 

to empirically assess fishery status of the sampled fished population. The fisheries metrics and 

estimates of stock status derived from this study are then directly compared against equivalent 

measures reported in the recent stock assessments for the larger north-eastern New Zealand 

lobster fishery.  

2.3 Methods 

 Study system:  

This study was carried out in two of New Zealand’s oldest fully protected marine reserves, the 

Cape Rodney to Okakari Point Marine Reserve (CROP) which was opened in 1977, and the 

Tawharanui Marine Reserve (TAWH) which was initially implemented as a no-take Marine 

Park in 1981 and became a marine reserve in 2011. Both reserves are situated on coastal 

mainland areas of the outer Hauraki Gulf, north-eastern New Zealand. This area is 

characterised by warm-temperate waters and a temperate rocky reef ecosystem dominated by 

a mix of kelp forest and urchin barrens. Kelp forest (Ecklonia radiata) habitat is more 

expansive within the boundaries of these marine reserves, with reef shallower than 10 m in 

adjacent fished areas dominated by urchin barrens (Shears and Babcock, 2002). Both reserves 

encompass the offshore margins of subtidal rocky reef which in some areas extend over 200 m 

offshore from the intertidal. Beyond the reef margins towards the reserve’s offshore boundaries 

the habitat in both reserves is predominantly a deep sandy benthos.  

The CROP reserve covers approximately 5 km of longshore rocky coastline extending roughly 

800 m offshore, covering an area of 5.2 km2. The sub-tidal rocky reef extends mostly unbroken 

across the reserve’s longshore margins, extending to depths of 12-25 m. The TAWH marine 

reserve covers approximately 3.9 km of rocky and sandy beach coastline. Its offshore boundary 

sits between 400 m and 1200 m offshore and covers an area of 3.9 km2. The western half of 

TAWH is characterised by sandy beaches with patches of intertidal and subtidal rocky reef to 

depths of 10 m, whilst the eastern end is rocky coastline with subtidal rocky reef to 15 m. 
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Commercial lobster potting is heavily concentrated near the boundaries of both reserves and 

has historically occurred on the offshore boundaries (Kelly et al., 2002). However catch on the 

offshore boundaries was reported as highly variable (see Kelly et al., 2002) and more recently 

local lobster fishers have reduced effort or stopped fishing on the offshore boundary altogether 

(per local fishers comments). The study area is located within the CRA2 lobster fishery 

management areas (QMA) and the 905 statistical reporting area (Fig. 1).  

 Potting survey: 

Commercial potting methods were used to capture lobster, Jasus edwardsii, and provide 

spatially explicit catch per unit effort (CPUE, from here on referred to as catch rate) data and 

catch size information within both marine reserves and adjacent fished waters. Potting surveys 

were carried out during autumn (March-April) and spring (November-December) in 2018 and 

2019. March-April (autumn) surveys aimed to target individuals on the reef prior to female 

ecdysis and mating, whilst November-December (spring) surveys targeted individuals post 

male ecdysis and female egg release. Pots were deployed overnight with soak times no longer 

than 24 hours. Potting station positioning in reserve and fished areas was stratified by depth, 

with equal representation of pots dropped on shallow (<10 m) and deep (>15 m in CROP, >10 

m in TAWH) reef habitat. Additional potting was also carried out on offshore soft-sediment 

habitats as part of wider movement studies, but these data are not included in this study. Within 

each reserve, potting stations were positioned to span the reserve’s total longshore extent within 

each depth strata. Potting stations outside of the reserve were selected within the same depth 

stratum, but under guidance of a local commercial lobster fisher to ensure effort was 

representative of local commercial fishing effort. Surveys were undertaken over a total of 31 

days over two years within the autumn and spring sample periods. For each day of sampling, 

20–25 pots were dropped/lifted. The pots positions were randomly selected from a pre-

determined list of potting stations (location/season/year potting effort in Table 1 supplementary 

material).   

All surveys were carried out using the same commercial fishing vessel, fisher, and potting 

equipment. Pots used were the standard reinforced steel pot used within the CRA2 fishery. 

Filleted fish frames were used for bait, with the species varying based on seasonal availability. 

Bait species included snapper (Chrysophrys auratus), gurnard (Chelidonichthys kumu) and 

tarakihi (Nemadactylus macropterus) and was temporally consistent with that used by the 

fishery. 
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 Lobster processing:  

All caught lobster were measured, and sexed. Carapace length (CL) was measured between the 

antennal platform to the dorsal posterior margin of the carapace along the midline. Tail width 

was measured in a straight line between the tips of the primary spines on the second segment 

of the tail. TW and CL measurements were taken with vernier callipers to the nearest 0.1 mm. 

The sex and reproductive status of each lobster was determined visually. Each lobster was 

examined for sexually dimorphic features such as the 5th periopod and the pleopods (Paterson, 

1968, MacDiarmid, 1991). Female were classed as either mature or juvenile based on 

reproductive stage determined by the length of the setae on the pleopods (mature: 6mm or 

longer) (MacDiarmid, 1989b). Individual weight of lobster was measured using digital fish 

scales (Berkley digital fish scales 50lb).  

 Dive surveys: 

Lobster populations within both reserves and adjacent non-reserve areas were surveyed using 

underwater visual census methods. Surveys were conducted annually in 2018 and 2019 in May 

(see LaScala‐Gruenewald et al. (2021) for full Methods and long-term patterns in this data set). 

Surveying at this time aimed to coincide with J. edwardsii mating, minimising the influence of 

seasonal movements on inshore abundances (Kelly & MacDiarmid, 2003; MacDiarmid, 1991). 

During this period male and female lobster are concentrated on shallow reefs (MacDiarmid 

1991; Kelly & MacDiarmid 2003). While this may result in seasonally elevated densities on 

shallow reefs, this effect is assumed to be constant between reserve and fished areas, and 

therefore a good indicator of overall population status. 

Within both reserves, six sites were surveyed; three shallow (0 – 10 m) and three deep (10 – 

20 m). On adjacent fished reefs, three shallow and three deep sites were surveyed (LaScala‐

Gruenewald et al., 2021). These sites are part of a long-term monitoring program and were 

selected which rocky reef habitat which is generally suitable for J. edwardsii. At each site five, 

50 x 10 m, haphazardly placed transects were sampled. All lobster observed along each transect 

were sexed and carapace lengths were measured to the nearest 5 mm.  

Minimum size limit (MSL) and weight estimates: 

The morphometric relationship between lobster TW and CL was determined by fitting a linear 

regression (Fry et al., 2014) to the potting survey data (Fig. 1 supplementary material). Linear 

regressions were fitted separately to female (CL = 12.1 + 1.39 x TW, R2 = 0.81) and male (CL 

= -18.8 + 2.11 x TW, R2 = 0.94) data.  Male and female CL’s corresponding with sex specific 
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TW MLS’s were determined using linear fits; Female: TW = 60 mm, CL 95.5 mm, Male: TW 

= 54 mm, CL = 95.14 mm.  

The morphometric relationship between lobster CL and weight was determined using a log fit 

(Fig. 2 supplementary material). Weight values for the dive survey data were generated from 

the power curve equation weight = a*CLb using a linear regression fitted to log (CL) and log 

(weight) from all potting surveys where weights were accurately measured. Here “a” is the 

antilog of the regression and “b” is the slope (Taylor and Willis, 1998). To account for sexual 

dimorphism regressions were separated by sex:  

Female: weight (kg) = 6.918 e-6 x CL (mm) 2.46, R2 = 0.76 

Male: weight (kg) = 1.096 e-6 x CL (mm) 2.86, R2 = 0.95 

 Data analysis: 

All modelling was performed in R (v4.0.3, R Core Team, 2020) using the brms package 

(Bürkner, 2017), which uses Bayesian inference with Markov chain Monte Carlo (MCMC) 

sampling using a Hamiltonian Monte Carlo algorithm implemented in Stan (Carpenter et al., 

2017). Models were performed with four MCMC chains for 2000 iterations with the first 1000 

discarded as burn-ins and used the default non-informative priors, with the default max tree 

depth of 10. Chain convergences were assessed using the  statistic (Gelman and Rubin, 1992). 

Posterior predictive checks were visualized using the bayesplot package (Gabry and Mahr, 

2018). 

Three metrics were calculated and analysed for each of the catch rate (kg pot lift-1) and biomass 

(kg transect-1) data sets: “Total”: all lobster caught or observed, “Vulnerable biomass”: all 

lobster caught or observed above minimum legal size (MSL) limits (tail width – male 54 mm, 

female 60 mm), and “SSB” (spawning stock biomass): all reproductively mature female lobster 

caught or observed. As maturity status of female lobster observed during dive surveys was not 

recorded, SSB in dive survey data was determined as all female lobster with carapace lengths 

greater than 87.5 mm; the length of maturation in north-eastern New Zealand female J. 

edwardsii defined in MacDiarmid (1989b).     

1. Catch rate data 

All potting data was constrained to pots directly on and immediately adjacent to reef habitat 

(see Fig. 1) to ensure data is comparable to the fishery as commercial fishers in the area 

primarily fish on or very near to reef habitat (per comments from local fisher).  
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Catch rates (CPUE, kg pot lift-1) were modelled in relation to the following explanatory effects: 

Year (2018 and 2019), Location (CROP, TAWH) and Status (reserve, fished) as fixed effects, 

and potting station ID as a random effect. Initial modelling tested the orthogonal spatial design 

present in equation 1. Seasonal (autumn and spring) survey data was modelled independently, 

and posteriors were assessed to determine ubiquity of catch rate variation between CROP and 

TAWH areas. To account for excess zeros in the data (catch of 0), models were fitted using a 

hurdle mixed model design. A gamma response distribution was used as data were continuous 

and non-negative. To incorporate prior knowledge of the probability of 0 lobster per pot 

varying between reserve and fished locations, hu (distribution of probability of 0 in mixed 

model) was permitted to vary with Status.  

Equation 1: Catch ~ Location*Status+Year+(1|StationID) 

initial modelling indicated no effect of location and no interaction between location and status 

(supplementary material, Table 2), all reserve and fished locations were subsequently pooled, 

and season was incorporated as a fixed effect. Final model design is specified in equation 2. 

Differences between interaction combinations were tested by assessing the 95% highest density 

intervals (HDI) of group means. The null hypothesis of no difference between interaction 

groups was rejected when 95% of the HDI’s did not bracket zero (Kruschke, 2014). 

Equation 2: Catch ~ Status*Season+Year+(1|StationID) 

2. Dive survey data  

Total lobster biomass, vulnerable biomass and spawning biomass were calculated for each 500 

m2 transect metrics were modelled in relation to status and location and Year as explanatory 

(fixed) effect and site as a random effect. Biomass was determined from the weights of all 

lobster recorded generated from CL’s using the power curves described above. A hurdle mixed 

model was fitted to account for excess zeros (no lobster observed on transect) in the data and a 

gamma response distribution was used as the data was continuous and non-negative. 

Addressing prior knowledge of probability of 0 lobster per transect varying between reserve 

and fished locations, hu (distribution of probability of 0 in mixed model) was permitted to vary 

with Status. However, initial modelling indicated no effect of location and no interaction 

between location and status (supplementary material, Table 3). The location was subsequently 

removed. The final model specified below in equation 3.  

Equation 3: Biomass ~ Status+Year+(1|Site) 
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3. Stock assessment using marine reserve reference points 

Stock assessment of the sampled fished lobster population was derived from catch and biomass 

ratios between fished and reserve areas, using reserve area data as an unfished denominator or 

reference point. Ratios were determined from the model coefficients for the status fixed effect 

tested in equations 2 (catch data) and equation 3 (biomass data). Ratios were expressed as 

percentages determined from posterior conditional mean estimates, with upper and lower 95 % 

credible intervals (CL95%).  

Mean percentage estimates (with CL95%) were plotted against estimates of stock status reported 

in the most recent fishery stock-assessment (Webber et al., 2018). Here, estimates of current 

SSB, the modelled biomass of all reproductively mature females, are reported as a percentage 

of estimated unfished SSB (or SSB0). In the Webber et al. (2018) stock-assessment SSB0 

represents the estimated point SSB reaches unfished equilibrium with average recruitment rate.  

Percentage estimates (marine reserve proxy and modelled reference point in fishery stock 

assessment) were plotted in relation to the soft limit (10% of SSB0) and hard limit (20% of 

SSB0) performance measure points used in New Zealand fishery stock assessments (Govt NZ, 

2008). When stock assessment estimates a 50% or higher probability SSB is below 20% of 

SSB0, the soft limit is breached, and a time-constrained re-building plan is implemented (i.e., 

reduced TACC).  Similarly, when stock assessment estimates a 50% or higher probability SSB 

is below 10% of SSB0, the hard limit is breached, and fishery closure is considered. Probabilities 

were calculated using mean 95% credible intervals.  

2.4 Results 

 Catch rates and biomass at reserve and fished locations: 

The total number of lobster caught during potting surveys and observed during dive surveys 

within both reserves was dramatically higher than that in adjacent fished areas across both years 

of surveying (Fig. 2).  Catch rates were particularly low in fished areas during the autumn 

surveys, with only one lobster caught in 2018 (legal sized female from the TAWH fished area) 

and 3 lobster caught in 2019 (two legal males and one sub-legal juvenile female from the CROP 

fished area). Across both years, only 1.1% of all lobster caught in autumn and 6% of lobster 

caught in spring were from the fished area. Dive survey data between reserve and fished areas 

was comparably divergent with only 9% of all lobster observed from transects within fished 

areas. All catch rate and biomass (from dive surveys) data from fished sites were highly right 
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skewed, due to high frequencies of empty pots (catch = 0) and transects with zero lobster 

recorded (Fig. 2).  

Female lobster made up 27% of all lobster caught in fished areas and 45% of lobster caught in 

reserve areas during potting surveys. Within reserve areas, proportions of female and male 

lobster differed between reserves; females 33.5% and males 76.5% in CROP, females 63.6% 

and males 36.4% in TAWH. In the dive survey data 31.3% of lobster observed in fished areas 

were female, 53.6% were male and 15.1% were unable to be sexed. The proportion of female 

and male lobster recorded during dive surveys varied between reserves; females 38% and males 

62% in CROP, and females 60% and males 40% in TAWH.   

Size distribution data reveal key differences between potting and dive survey methodologies, 

and between reserve and fished areas (Fig. 3). Catches of sub-legal lobster were low, but 

proportionally higher in fished areas (10% of total fished area catch) than reserve areas (3% of 

total reserve area catch). Compared with potting data, sub-legal lobster are proportionally more 

prevalent in the dive survey data. Transects from fished areas were proportionally dominated 

by sub-legal lobster (83% of all lobster observe from fished areas) compared to reserve 

transects where sub-legal lobster made up 25% of all lobster observed in reserves areas. The 

size distribution of male lobster in the potting survey data is left skewed with a dominance of 

large males (60% of male lobster >140 mm CL), whereas the size distribution of male lobster 

in dive surveys data has a higher proportion of smaller individuals (77 % of male lobster < 140 

mm CL). In data from both survey methodologies the female size structure is normally 

distributed, but as for males there is a higher proportion of smaller individuals in the dive data.  

There was some evidence in the catch data for a bimodal male size distribution, but this was 

not evident in dive data.  

 Modelled catch rates in reserve and fished areas:  

Conditional effects indicate higher catch in reserve areas than fished area across all catch 

metrics (Fig. 4A). Coefficients for the likelihood of catches equalling 0 (hu) also indicate 

significant differences between reserve and fished areas. Coefficients for all catch metrics 

provide no evidence of a significant season effect or a significant season and status interaction. 

However, pairwise comparisons for catch metrics suggest significant differences in catch 

between seasons within reserves. Here, spring catches are significantly higher than autumn 

catches across all catch metrics. Model coefficients also suggest a significant difference 

between sampling years across all catch metrics. However, this effect is only weakly significant 
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(Table 1), reflecting only slightly higher catches in 2018 spring surveys than 2019 spring 

surveys (Fig. 2). Total catch rate is estimated as 18.7 (CL95% between 9 – 35) times higher in 

reserve areas than in fished areas in autumn, and 26.7 (CL95% between 21 – 33) times higher in 

reserve areas compared to fished areas in spring (estimated mean and CL95% catch values (kg / 

pot) in Table 2). The reserve effect increases further when spring catch is constrained to the 

vulnerable and spawning stock catch metrics. Here, vulnerable catch is 28 (CL95% between 22 

– 36) times higher in reserve than fished areas and spawning stock is 32 (CL95% between 20 – 

54) times higher in reserve areas.  

 Modelled biomass in reserve and fished areas: 

Conditional effects indicate higher biomass estimates within reserve areas than fished areas 

across all biomass metrics (Fig. 4B), however coefficients for the status effects only indicate a 

significant reserve effect for the total and vulnerable biomass metrics (Table 3). The 

insignificant reserve effect for the spawning biomass metric is likely a result of the high number 

of zero’s at fished sites where only two out of 59 transects had reproductive females over two 

years of sampling, compared to 65 out of 120 transects at reserve sites. Consequently, 

coefficients for the likelihood of biomass per transect equalling 0 (hu) still indicates a 

significant difference between reserve and fished areas (higher likelihood of 0 in fished areas, 

Table 3). For all biomass metrics there is no indication of a significant difference between 

sampling years (Table 3). Conditional mean estimates for total biomass metric are 12 (CL95% 

between 9 - 15.8) times higher in reserve areas than in fished areas (estimated mean and CL95% 

biomass values (kg / 500 m2) in Table 2). As with the catch data, margins of difference between 

reserve and fished areas (i.e. reserve effect) are higher when biomass data is constrained to 

vulnerable biomass. Here, vulnerable biomass is 37.7 (CL95% between 19.6 – 73.3) times higher 

in reserve areas than in fished areas.  

 Status of fished populations relative to MPA reference points: 

Estimates of the population status (expressed as the % of the unfished reference point) of 

vulnerable lobster in the local fishery based on spring catch rates and dive survey biomass were 

comparable (3.6%, CL95% between 2.75 – 4.55%, and 2.6%, CL95% between 0.9 – 9.3% 

respectively) and similar to that estimated for the wider CRA2 fishery (5.2%, CL95% between 

4.2 – 6.4%; Webber et al. 2018) (Fig. 5). Estimates of the population status for spawning stock 

in the local fishery based on spring catch rates and dive survey biomass were also comparable 

(3.1%, CL95% between 1.8 – 4.9%, and 1.94%, CL95% between 0.3 – 7.4% respectively), but 
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substantially lower than the estimate for the wider CRA2 fishery (18.5%, CL95% between 16.3 

– 21.1%; Webber et al. 2018). The total, vulnerable and SSB components of the fished 

populations surveyed were each estimated, based on catch rate and biomass, to have a 95% 

probability of being below 10% of the unfished reference population (Table 5).  

2.5 Discussion  

This study used potting and dive survey data of rock lobster (J. edwardsii) from inside two 

New Zealand marine reserves to provide a fisheries-independent assessment of the status of 

the surrounding fished population. All metrics of catch and biomass were considerably higher 

in the reserve areas than in the adjacent fished areas across all surveys. As expected, margins 

of difference between reserve and fished areas were much higher in the vulnerable lobster catch 

and biomass metrics than the total metric reflecting the size-selective nature of fishing (as 

described in Shears et al., 2006, Langlois and Ballantine, 2005, Kelly et al., 2000, Freeman et 

al., 2009, Edgar and Barrett, 1999). Vulnerable lobster catch and biomass was 28 and 38 times 

higher in reserve areas than fished areas, respectively. Overall variation in catch and biomass 

were similar across metrics (total, vulnerable and spawning), indicating that potting survey 

catch rates are proportional to dive survey biomass estimates. Consistency in fisheries metrics 

between survey methodologies validates the use of information collected in diver-based 

surveys to estimate fishery status. Whilst the wider size structure captured by dive surveys (i.e., 

greater representation of sub-legal biomass) show how these data can provide additional 

information on key biological parameters such as recruitment (i.e., Gardner et al., 2001). All 

metrics across both survey methods indicate the fished population is <10% of unfished marine 

reserve populations. This fisheries independent approach suggests that the surrounding fished 

population is at lower levels than recent stock assessments suggest for the QMA as a whole 

(Webber et al., 2018) and highlights the value of marine reserves as a fishery independent data 

source. 

 Estimates of catch rate and biomass across fished and reserves areas 

This study employed the same potting equipment used in the fishery to avoid introducing 

changes in catchability and ensure comparability and relevance to fishery catch data (Babcock 

and MacCall, 2011). Very low numbers of legal-sized individuals were caught in fished areas, 

with only 2 legal lobster (total of 4 lobster) caught from a total 117 pot-lifts over both autumn 

surveys, and 45 legal lobster from a total of 122 pot-lifts in both spring surveys. Of these, only 

1 reproductive female was caught during the autumn surveys and only 4 during the spring 
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surveys. The mean catch per unit effort (CPUE) of 0.19 kg/pot lift (CL95%: 0.13 – 0.28) for 

fished areas in spring were below those reported for 2018-19 in the wider fishery (CRA2, 0.38 

kg/pot lift) and for the smaller statistical area (area 905, 0.327 kg/pot lift) (values from New 

Zealand Fisheries, 2019). However, fished area CPUE is closer to CPUE’s reported for 2017-

18 prior to the 60% reduction in TACC (CRA2, 0.246 kg/pot lift, and area 905, 0.219 kg/pot 

lift). Lower catch rates in this study could be due to lower lobster biomass within the study area 

compared to the wider fishery management areas or a result of the narrower sampling period 

compared to the fishery. However, it is also possible the reported fishery CPUE’s are 

overestimated if there is underreporting of effort in the wider fishery (for example 

underreporting or failure to include empty pot lifts in reported catch data). 

Overall, vulnerable catch rates (equivalent to reported CPUE in the fishery) within reserve 

areas were on average 28 times higher than in fished areas and over 17 times higher than the 

wider fishery and statistical area estimates (estimates taken from Webber et al., 2018). These 

patterns are comparable to that seen in dive survey data where vulnerable biomass was 38 times 

higher than in fished areas. The large differences in CPUE and biomass between reserve and 

fished areas are driven by both higher abundances and larger sizes of lobster within reserves. 

Spawning catch rate and spawning biomass in reserve areas were substantially lower than 

vulnerable biomass based on both potting and dive survey data due to the smaller average sizes 

(and therefore weight) of female lobsters (i.e., lower contribution to overall population 

biomass) and their lower overall occurrence in catch data. Although the latter is explained by 

catchability dynamics around pots where aggressive interactions can prevent entry of smaller 

sub-ordinate individuals (Ziegler et al., 2002a, Ziegler et al., 2002b), co-variability in spawning 

CPUE and biomass estimates suggests the influence of catchability on final spawning catch 

estimates is small (Tuffley et al., 2018).  

There was clear seasonal variation in catch at reserve sites, but due to consistently low catch 

rates in fished areas posterior conditional estimates exhibited little obvious difference between 

seasons.  At reserve sites catches were lower in autumn surveys, compared to spring surveys, 

which is likely due to reduced feeding activity prior to mating in J. edwardsii populations 

(MacDiarmid, 1989a, Kelly et al., 1999). There is also little commercial harvest of lobster at 

this time of year (https://fs.fish.govt.nz/Page.aspx?pk=8&tk=41&stock=CRA2). The higher 

catch rates recorded in spring coincide with peak feeding rates, particularly for males (Kelly et 

al., 1999). Ultimately, comparisons between fished and reserve areas were only made using 

https://fs.fish.govt.nz/Page.aspx?pk=8&tk=41&stock=CRA2
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spring data due to lower overall catch rates in autumn and to coincide with when the bulk of 

the fishery occurs (July-December).   

 Assessing the status of fished populations:  

The latest stock assessment for the CRA2 fishery estimates SSB (spawning stock biomass) to 

be at 19% of SSB0 (estimated spawning stock biomass before fishing began), with an 82% 

probability SSB is below 20% of SSB0 (Webber et al., 2018). Using catch rate and biomass from 

two marine reserves as proxies for unfished levels, this study suggests SSB (from spawning 

catch in fished areas) in the fished areas examined is 2% and 3%, respectively, of SSB0 (from 

spawning catch in reserve areas) with a 95% probability SSB is below 10 % of SSB0. If this is 

indicative of the wider stock, the fished biomass would be deemed to have fallen below 

sustainability hard limits and fishery closure should be considered. Estimates of vulnerable 

catch rate and biomass in the fished areas examined are 2.6% and 4.9%, respectively, of 

unfished (reserve) levels, which is lower but within the bounds of variation of the stock 

assessment estimate (5.2% of unfished vulnerable biomass (B0)).  

Contrasting results for SSB and vulnerable biomass between this study and the fishery 

assessment appears to relate to the relative contribution of reproductive females (SSB) to 

vulnerable biomass. The fishery estimates that reproductive females (SSB0) make up 46.4% of 

the vulnerable biomass (B0), whilst this study’s estimates based on unfished reserve populations 

is 28.7% (catch data). While the reason for this discrepancy requires further investigation, the 

fisheries estimates rely on modelled estimates of the contribution of sublegal females to SSB. 

In contrast, the dive survey data provide a direct empirical measurement of the overall 

population size structure and relative contribution of sublegal and legal individuals to SSB. For 

example, the overall contribution of sub-legal reproductive females to SSB in this study was 

11% based on biomass data. This demonstrates that while the reserve data can provide an 

independent estimate of stock status, it can also be used to provide information on key 

parameters that can be incorporated into more traditional stock assessments or at least used to 

validate existing parameters. In this instance, uncertainties associated with modelled estimates 

of sub-legal SSB generated using maturity ogives could be tested against empirical sample data. 

 Marine reserves as sources of unfished reference data  

The spatially explicit nature of marine reserves encourages stock assessment at local spatial 

scales consistent with the spatial extents of many coastal fisheries and fished populations 

(Palumbi, 2004). Furthermore, incorporating data from multiple marine reserves across the 
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broader fishery area can provide wider generality of stock status but also identify spatially 

specific variation in stock status that may be overlooked in larger scale fisheries management 

strategies. In this study, the results were consistent across the two areas examined, and lobster 

populations in these areas are typical of those seen in reserve and fished areas in other parts of 

in north-eastern New Zealand (LaScala‐Gruenewald et al., 2021, Kelly et al., 2000). This 

suggests these results are reflective of stock status in other parts of the wider fishery area. 

Marine reserve reference points are expected to be most useful when marine reserves 

effectively conserve a harvested species, are old enough for populations of harvested species 

to have recovered towards unfished levels, and are sufficiently enforced (Hilborn et al., 2004). 

However, recovery of populations within reserves is still unlikely to reach true B0 levels due to 

permeable reserve boundaries, movement out of marine reserves (Goñi et al., 2010, Kelly et 

al., 2002, Walters et al., 2007), high fishing effort disproportionality focused on reserve 

boundaries, as well as recruitment subsidy in some species highly dependent on the broader 

fished population (Allison et al., 1998, Kellner et al., 2007). The two marine reserves examined 

in this study are over 30 years old, yet recent research has shown lobster populations have 

declined within their boundaries, at least in part due to their small size (LaScala-Gruenewald 

et al., 2021).  Consequently, this study’s estimates of stock status (2-3 % of SSB0) are likely an 

overestimate as the reserve reference data is likely lower true B0 levels. Nevertheless, the data 

from these reserves provides valuable and fishery-independent insights into the wider state of 

the fishery. The establishment of more effective, well-designed, and well-enforced marine 

reserves in habitat that is representative and relevant to commercially targeted species will 

further improve the power of marine reserve reference data though greater representation of 

the wider fishery area.  

Maunder and Piner (2015) stated fisheries research needs to improve upon its understanding of 

the technical aspects of fisheries stock assessments modelling, in particular simplifying 

assumptions stemming from a heavy reliance on fisheries dependent catch data. Greater 

incorporation of marine reserve data in stock assessment is likely to reduce reliance on 

assumptions regarding biological processes (i.e., natural mortality, recruitment, growth) and 

the broader ecological effects of environmental processes such climate change. Populations 

within marine reserves provide contemporary representations of populations in the absence of 

fishing pressure under current environmental and biological conditions, thus eliminating the 

need for assumptions or additional data on the population level effects of such processes. 

However, the extent of this marine reserve information will be highly dependent on the 
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reserve’s effectiveness or the reserve’s capacity to provide resilience and resistance to the of 

impacts fishing.    

This study highlights the value of marine reserves to fisheries as a source of empirical fisheries 

independent reference information to guide management decisions. Through the 

implementation of potting and diving based surveys, catch data comparable to that generated 

by the wider commercial fishery was generated and shown to be reflective of the true 

population biomass. Using these empirical data, the status of the fished population was 

determined to be below 5% of the unfished reserve area reference point. While these findings 

are based on two reserves and adjacent fished areas, these results are believed to be broadly 

indicative of the wider fishery. These results suggest relative stock levels are lower than 

estimated in the most recent fisheries stock assessment. Furthermore, as it is unlikely marine 

reserve biomass is truly reflective of unfished levels, our estimates are likely overestimates of 

true stock status. This study demonstrates the simplicity of estimating population or stock status 

using marine reserve reference information and providing information on metrics of population 

or stock composition. Plans for establishment of future marine reserve should consider the 

value of such areas to fisheries as a source of unfished reference data and ultimately a tool to 

enhance fisheries management.    
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Figure 1: Potting stations and dive survey sites within and adjacent to the Cape Rodney to 

Okakari Point (CROP) and Tawharanui (TAWH) marine reserves in north-eastern New 

Zealand. Inset map also shows the spatial boundary of the large-scale fishery management area 

(CRA2) and the smaller statistical reporting areas (905, 906 labelled). Blue cross within the 906 

statistical area shows position of the Whanganui-a-Hei (Hahei) marine reserve. 
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Figure 2 Catch rate (A) and biomass (B) of spiny lobster J. edwardsii at fished and reserve 

locations in 2018 and 2019. Catch rates based on potting surveys in Autumn and Spring. 

Biomass based on annual dive surveys carried out in Autumn.  
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Figure 3 – Size distribution of J. edwardsii at fished and reserve locations based on potting surveys in autumn and spring and dive surveys in 

autumn. Data pooled for 2018 and 2019. All data displayed in 10 mm bins. Red dashed line = minimum size limit (95 mm CL). Female lobster 

specified as either juvenile (J. female) and reproductively mature (Female). 
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Figure 4: Modelled catch rate (A) and survey biomass (B) for total, vulnerable (legal-sized 

individuals) and spawning stock (reproductive females). Figures display the predicted 

conditional means and 95% lower and upper credible intervals based on all predictors within 

the model, values in Table 1, and significantly distinct groups (letters) based on pairwise 

assessment of posterior HDI’s. * refers to no test due to insufficient non-zero values.  
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Figure 5: Estimates of the state of fished populations relative to unfished reference point from 

marine protected areas.  Estimates calculated for vulnerable (A) and spawning stock (B) 

biomass based on catch rate and dive survey biomass.  Estimates of stock status for the wider 

fishery (CRA2) are also shown for comparison (taken from Webber et al. (2018). Colours 

represent the fisheries soft limits (blue, 20% of unfished reference point) and hard limits (red, 

10% of unfished reference point).  
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Table 1: Model parameters for equation 2 fitted to potting survey tested catch rate (kg / pot-

lift) data metrics. Mean estimate and 95% credible upper and lower intervals displayed for all 

fixed effects including the Season x Status interaction. Significance determined by logit 

credible intervals which do not overlap 0.  Here, hu refers to the hurdle link, the probability of 

catch rate being 0.  

Total catch 
 

Estimate Est. Error lower upper 

Intercept -0.00119 0.417416 -0.75 0.889234 

hu_Intercept 1.673683 0.183835 1.332936 2.030966 

Season (Autumn vs. Spring) 0.213124 0.427767 -0.69541 0.990362 

Status (Fished vs. Reserve) 1.353275 0.417392 0.46293 2.097562 

Year (2018 vs. 2019) -0.16267 0.076026 -0.31168 -0.01716 

Season x Status 0.360282 0.435273 -0.44988 1.290521 

hu_Status -2.79773 0.221151 -3.23158 -2.36956 

Vulnerable catch 
 

Estimate Est. Error lower upper 

Intercept -0.00903 0.504827 -0.90192 1.099039 

hu_Intercept 1.772045 0.18475 1.410772 2.144095 

Season (Autumn vs. Spring) 0.241589 0.520249 -0.86623 1.173874 

Status (Fished vs. Reserve) 1.363297 0.509852 0.237983 2.261706 

Year (2018 vs. 2019) -0.16613 0.075753 -0.31277 -0.01179 

Season x Status 0.32283 0.525814 -0.61034 1.460762 

hu_Status -2.88205 0.224593 -3.32398 -2.45289 

Spawning catch 
 

Estimate Est. Error lower upper 

Intercept 0.206515 0.666208 -0.94759 1.639295 

hu_Intercept 2.951557 0.29536 2.404995 3.571994 

Season (Autumn vs. Spring) -0.29897 0.69278 -1.74858 0.927629 

Status (Fished vs. Reserve) 0.438417 0.671263 -0.97919 1.626562 

Year (2018 vs. 2019) -0.21239 0.097226 -0.39598 -0.02039 

Season x Status 0.800615 0.699752 -0.4503 2.287555 

hu_Status -2.82199 0.314113 -3.4761 -2.2436 
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Table 2: Conditional mean, standard error (se), and lower and upper 95% credible range of 

hurdle (gamma) modelled catch rates (kg/pot-lift) for total, vulnerable and spawning catch data 

metrics. 

Total catch 

Season Status Estimate  se lower upper 

Autumn Fished 0.156509 0.064663 0.070718 0.39091 

Autumn Reserve 2.920728 0.227038 2.489902 3.425914 

Spring Fished 0.193668 0.036453 0.133682 0.28231 

Spring Reserve 5.177008 0.383473 4.445018 5.988838 

Vulnerable catch 

Season Status Estimate se lower upper 

Autumn Fished 0.141348 0.069015 0.055074 0.427158 

Autumn Reserve 2.912956 0.242637 2.477486 3.397303 

Spring Fished 0.18349 0.036165 0.122242 0.269804 

Spring Reserve 5.12625 0.385141 4.425719 5.909362 

Spawning catch 

Season Status Estimate se lower upper 

Autumn Fished 0.058657 0.039229 0.016902 0.269486 

Autumn Reserve 0.889672 0.104952 0.70912 1.109955 

Spring Fished 0.045436 0.015305 0.022213 0.088344 

Spring Reserve 1.468695 0.152606 1.19905 1.804817 
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Table 3: Model parameters for equation 2 fitted to dive survey the test biomass (kg / 500 m2) 

data metrics. Mean estimate and 95% credible upper and lower intervals displayed for all fixed 

effects. Significance determined by logit credible intervals which do not overlap 0. 

Total biomass 
 

Estimate Est. Error lower upper 

Intercept 0.144539 0.289968 -0.40495 0.737022 

hu_Intercept 0.465694 0.269696 -0.06121 0.999709 

Status (Fished vs. 

Reserve) 

1.658019 0.323556 1.003385 2.281022 

Year (2018 vs. 2019) -0.03833 0.146292 -0.32508 0.242269 

hu_Status -2.41485 0.394096 -3.22306 -1.65355 

Vulnerable biomass 
 

Estimate Est. Error lower upper 

Intercept 0.065049 0.395531 -0.68207 0.875949 

hu_Intercept 1.921303 0.386056 1.210522 2.725478 

Status (Fished vs. 

Reserve) 

1.727714 0.41811 0.868398 2.546616 

Year (2018 vs. 2019) -0.15439 0.158564 -0.4663 0.155392 

hu_Status -3.73408 0.473377 -4.70078 -2.84114 

Spawning biomass  
 

Estimate Est. Error lower upper 

Intercept -0.69719 0.617952 -1.8513 0.583757 

hu_Intercept 3.521695 0.769147 2.251107 5.260928 

Status (Fished vs. 

Reserve) 

1.219566 0.625758 -0.08981 2.380591 

Year (2018 vs. 2019) 0.244721 0.161592 -0.07366 0.563232 

hu_Status -3.70318 0.791323 -5.4907 -2.36624 
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Table 4: Conditional mean, standard error (se), and lower and upper 95% credible range of 

hurdle (gamma) modelled biomass (kg / 500 m2) for total, vulnerable biomass and SSB data 

metrics. 

Total 

Status Cond. 

mean 

se lower upper 

Fished 0.440672 0.141007 0.229781 0.857803 

Reserve 5.284965 0.974175 3.624729 7.65197 

Vulnerable 

Status Cond. 

mean 

se lower upper 

Fished 0.136162 0.068102 0.047786 0.382155 

Reserve 5.137266 0.937054 3.504452 7.495025 

SSB 

Status Cond. 

mean 

se lower upper 

Fished 0.014768 0.012525 0.001972 0.086966 

Reserve 0.916665 0.188945 0.592159 1.411544 
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Table 5: Fished population status expressed as fished area catch rate and biomass as a 

percentage of marine reserve reference values and probabilities fished area catch rates are 

below fishery soft limit (20% of unfished levels) and hard limit (10% of unfished levels) 

determined using marine reserve reference points.    

Catch rate Season Mean lower upper 

Totalfished/Totalreserve Spring 3.77 2.98 4.68 

Vulfished/Vulreserve Spring 3.57 2.75 4.55 

Fishery2017/Vulreserve 
 

4.75 
  

Fishery2018/Vulreserve 
 

7.34 
  

SSBfished/SSBreserve Spring 3.08 1.8 4.92 

Biomass 
    

Totalfished/Totalreserve Autumn 5.45 3.02 10.16 

Vulfished/Vulreserve Autumn 2.58 0.87 9.28 

SSBfished/SSBreserve Autumn 1.94 0.31 7.41 

Catch rate probabilities 
    

P(Totalfished < 20% Totalreserve) Spring 0.95 
  

P(Totalfished < 10% Totalreserve) Spring 0.95 
  

P(Vulfished < 20% Vulreserve) Spring 0.95 
  

P(Vulfished < 10% Vulreserve) Spring 0.95 
  

P(SSBfished < 20% SSBreserve) Spring 0.95 
  

P(SSBfished < 10% SSBreserve) Spring 0.95 
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2.6 Supplementary material  

 Methods: 

Table 1: Potting effort (number of pot lifts) per survey in different areas (fished or reserve) and 

locations (CROP or TAWH). 
 

2018 2019 

Autumn Spring Autumn Spring 

Fished CROP 36 33 32 35 

TAWH 22 29 27 25 

Total 58 62 59 60 
 

Reserve CROP 72 52 52 53 

TAWH 37 32 32 36 

Total  109 84 84 89 
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 Results: 

Of the 1278 lobster caught, one was killed as a direct result of potting, 5.8% were injured; 

3.05% lost one or more antennae, 1.6% lost one or more legs, and 1.8% incurred other types 

of injury. Haemolymph samples collected from sampled animals will be analysed to determine 

the broader implication of non-lethal fishing effects on lobster. All bycatch was also released 

alive (see Table 4).  

Figure 1: Linear regression of observed tail widths again observed carapace lengths for female 

and male lobster. Red dotted line: legal tail width, green dotted line: corresponding carapace 

length.  
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Figure 2: Linear regression of lobster carapace length (mm) and measured weights fitted to log 

carapace length and log weight. 
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Figure 3: Model posteriors for equation 1. Autumn and spring survey data independently. 

Posteriors indicate no significant variation between locations (CROP and TAWH) providing 

justification to pool location data.  
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Table 2: Model parameters for equation 2 fitted to seasonal catch rate (kg / pot-lift) data 

separately. Mean estimate and 95 % credible upper and lower intervals displayed for all fixed 

effects including the Status x Location interaction. Significance determined by logit credible 

intervals which do not overlap 0.  Here, hu refers to the hurdle link, the probability of catch 

rate being 0. 

Autumn 
 

Estimate Est.Error lower upper 

Intercept -0.15 0.51 -1.07 0.92 

hu_Intercept 3.72 0.62 2.71 5.08 

Status (Fished vs. 

Reserve) 

1.48 0.5 0.41 2.39 

Location (CROP vs. 

TAWH) 

0.41 0.91 -1.26 2.31 

Year (2018 vs. 2019) -0.06 0.12 -0.28 0.16 

Status x Location -0.45 0.92 -2.39 1.26 

hu_Status -4.37 0.64 -5.76 -3.32 

Spring 
 

Estimate Est.Error lower upper 

Intercept 0.08 0.17 -0.25 0.42 

hu_Intercept 0.93 0.2 0.55 1.33 

Status (Fished vs. 

Reserve) 

1.85 0.17 1.51 2.19 

Location (CROP vs. 

TAWH) 

0.41 0.27 -0.11 0.94 

Year (2018 vs. 2019) -0.22 0.1 -0.41 -0.04 

Status x Location -0.43 0.3 -1.04 0.15 

hu_Status -2.81 0.3 -3.41 -2.25 

 

  



  Chapter 2 

44 
 

Table 3: Model parameters for Biomass ~ Status*Location+(1|Site) fitted to dive survey (kg / 

500 m2) data. Mean estimate and 95% credible upper and lower intervals displayed for all fixed 

effects including the Status x Location interaction. Significance determined by logit credible 

intervals which do not overlap 0.  Here, hu refers to the hurdle link, the probability of catch 

rate being 0 
 

Estimate Est.Error lower upper 

Intercept -0.12 0.53 -1.14 0.98 

hu_Intercept 0.47 0.26 -0.04 0.99 

Status (Fished vs. Reserve) 0.4 0.65 -0.92 1.65 

Location (CROP vs. 

TAWH) 

1.97 0.59 0.75 3.11 

Year (2018 vs. 2019) -0.04 0.15 -0.33 0.25 

Status x Location -0.51 0.75 -1.95 1.01 

hu_Status -2.41 0.38 -3.17 -1.69 
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Table 4: Model parameters for equation 2 fitted to potting survey tested catch rate (count / pot-

lift) data metrics. Mean estimate and 95% credible upper and lower intervals displayed for all 

fixed effects including the Season x Status interaction. Significance determined by logit 

credible intervals which do not overlap 0. Count / pot lift data tested using a zero-inflated 

negative binomial (zi) modelling design and family.  

Total  
    

 
Estimate Est. Error Lower upper 

Intercept -3.25 0.61 -4.53 -2.16 

zi_Intercept -2.54 2.73 -9.73 0.26 

Season (Autumn vs. Spring) 3.71 0.61 2.58 5 

Status (Fished vs. Reserve) 2.2 0.58 1.2 3.45 

Year (2018 vs. 2019) -0.14 0.09 -0.32 0.04 

Season x Status -1.14 0.59 -2.42 -0.12 

zi_Status -0.75 2.92 -4.87 6.48 
     

Vulnerable 
    

 
Estimate Est. Error Lower upper 

Intercept -4.21 0.85 -6.05 -2.75 

zi_Intercept -3.51 2.96 -11.49 -0.11 

Season (Autumn vs. Spring) 4.67 0.86 3.22 6.52 

Status (Fished vs. Reserve) 3 0.84 1.65 4.88 

Year (2018 vs. 2019) -0.17 0.09 -0.35 0 

Season x Status -1.98 0.84 -3.87 -0.58 

zi_Status -0.53 3.25 -5.71 7.57 
     

Spawning 
    

 
Estimate Est. Error lower upper 

Intercept -4.21 0.85 -6.05 -2.75 

zi_Intercept -3.51 2.96 -11.49 -0.11 

Season (Autumn vs. Spring) 4.67 0.86 3.22 6.52 

Status (Fished vs. Reserve) 3 0.84 1.65 4.88 

Year (2018 vs. 2019) -0.17 0.09 -0.35 0 

Season x Status -1.98 0.84 -3.87 -0.58 

zi_Status -0.53 3.25 -5.71 7.57 
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Table 4: Conditional mean, standard error (se), and lower and upper 95% credible range of 

zero-inflated (negative-binomial) modelled catch rates (count / pot-lift) for total, vulnerable 

and spawning catch data metrics. 

Total 
     

Status Season Cond. mean se lower upper 

Fished Autumn 0.03164978 0.016719 0.008794 0.076589 
 

Spring 0.27500219 0.064235 0.167739 0.427417 

Reserve Autumn 1.51413246 0.168984 1.204674 1.875658 
 

Spring 4.33745763 0.456725 3.541723 5.304086 
      

Vulnerable 
    

Status Season Cond. mean se lower upper 

Fished Autumn 0.01435052 0.010886 0.002076 0.049401 
 

Spring 0.26188892 0.061217 0.164587 0.399464 

Reserve Autumn 1.55060396 0.180321 1.219895 1.935686 
 

Spring 4.30759462 0.456028 3.498832 5.276639 
      

Spawning 
     

Status Season Cond. mean se lower upper 

Fished Autumn 0.003190837 0.003343 8.95E-05 0.019005 
 

Spring 0.034180256 0.016794 0.011487 0.087048 

Reserve Autumn 0.367885738 0.076834 0.243346 0.543473 
 

Spring 1.286866537 0.237353 0.873996 1.82429 
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Table 7: Bycatch 
 

Autumn Spring 
 

CROP TAWH CROP TAWH 

2018 Fished Reserve Fished reserve Fished reserve Fished reserve 

Bluecod 
 

1 
   

3 
  

Carpet 

shark 

     
1 

  

Hiwihiwi 1 
 

1 
     

Octopus 
   

1 
  

1 
 

Packhorse 

lobster 

    
1 

 
1 

 

Porae 
       

1 

Red Moki 
    

1 
   

Snapper 
     

2 
  

         

2019 
        

Bluecod 
 

1 
   

4 
  

Carpet 

shark 

    
1 2 

  

Hiwihiwi 
    

1 1 2 1 

Kina 1 
       

Packhorse 

lobster 

    
1 

  
1 

Snapper 1 6 1 
  

5 
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 MODELLING SPATIAL VARIATION IN 
EXPLOITED SPECIES ACROSS MARINE RESERVE 

BOUNDARIES 

3.2 Introduction 

Marine reserves protect whole ecosystems by eliminating extractive fishing pressures (Pauly 

et al., 2002, Allison et al., 1998, Sobel, 1993). The effects of excluding fishing are clear and 

widely reported in the form of increased population biomass, densities, and body sizes of 

exploited species (Halpern and Warner, 2002, Hastings and Botsford, 1999, Roberts et al., 

2001, Schrope, 2001, Rodrigues et al., 2004). Under a conservation designation, marine 

reserves aim to restore and ensure persistence of marine ecosystems (Edgar and Barrett, 1999, 

Pomeroy et al., 2005, Botsford et al., 2001, Sala and Giakoumi, 2018). In contrast, fisheries 

aligned objectives for marine reserves strive for enhancement of adjacent fishery stocks via the 

movement or “spill-over” of adults and propagules of harvestable species across reserve 

boundaries (Gell and Roberts, 2003, Hilborn et al., 2004, Rowley, 1994). This spill-over, in 

turn, is expected to manifest as elevated catch rates or densities just outside of reserve 

boundaries. Conceptually, spill-over is fundamentally problematic for conservation objectives, 

as it implies the harvesting of mobile components of a protected population. Analysis of 

gradients in density or catch rates across marine reserve boundaries are often used to infer the 

degree of spill-over and also the subsequent edge effects (depressed densities due to the harvest 

of spill-over) immediately within reserve boundaries (i.e. McClanahan and Kaunda‐Arara, 

1996, Rakitin and Kramer, 1996, Chapman and Kramer, 1999, Nillos Kleiven et al., 2019, Goñi 

et al., 2006, Ashworth and Ormond, 2005, Halpern et al., 2009a). 

Movement across reserve boundaries has been widely linked to density-dependent 

displacement from high density reserve areas towards low density fished areas (for example 

Abesamis and Russ, 2005, Di Lorenzo et al., 2016, Lizaso et al., 2000). Subsequently, density 

gradients are expected to increase and plateau towards the centre of reserves and decline 

towards the boundary as the probability of crossing boundaries and fishing mortality increases 

(Kellner et al., 2007, Willis et al., 2003). Within reserve areas declining abundances towards 

reserve boundaries are referred to as edge effects and elevated densities or catch rates of 

exploited species in fished areas immediately outside of reserves boundaries are argued as 

evidence of spill-over (Fig. 1) (Kellner et al., 2008). The extent of both are strongly linked to 

a species mobility (Claudet et al., 2010), marine reserve size (Kramer and Chapman, 1999), 
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habitat continuity across reserve boundaries (Kay et al., 2012, Freeman et al., 2009), as well as 

the level of fishing pressure focused on reserve boundaries (Kellner et al., 2007). Analysis of 

these gradients can provide important insights into edge effects and spill-over, and more 

generally the effectiveness of marine reserves at protecting certain species, which can inform 

marine reserve design to best achieve conservation or fisheries objectives.  

Movement across reserve boundaries is generally assumed to be constant, driving gradual rates 

of change between reserve and fished areas. Studies which have assessed edge effects or spill-

over from gradients across reserve boundaries have mostly done so by fitting models which 

assume a continuous relationship between abundance, density or catch rate, and distance to or 

from reserve boundaries (see Fig. 1A). Models widely used include linear regression (i.e. 

Abesamis et al., 2006), generalized additive or spline models (GAM’s) (i.e. Nillos Kleiven et 

al., 2019, Harmelin-Vivien et al., 2008), and/or logistic function curves (i.e. Guidetti, 2007, 

Kaunda-Arara and Rose, 2004, Halpern et al., 2009a). However, abundances of harvested 

species are known to rapidly change at reserve boundaries due to a steep change in fishing 

effort and population density between protected and fished areas (for example Chapman and 

Kramer, 1999). These methods assume a gradual change across reserve boundaries and 

potentially underestimate the rate and extent of change occurring across reserve boundaries. 

Although movement of mobile harvested species across reserve boundaries is expected to drive 

gradual changes towards and away from the boundary, the transition across the boundary is 

more likely “stepped” (Fig. 1B) reflecting large differences in fishing effort and population 

density between reserve and fished areas (for example see Alqawasmeh and Lutscher, 2019, 

Jiao et al., 2018). Using continuous modelling approaches may therefore result in 

overestimation of the extent of edge effects within reserves and spill-over outside of reserves 

(Fig. 1 A versus B). Given the magnitude of change in fishing effort across reserve boundaries 

and the vastly different states of fishing vulnerability operating within reserve areas and 

adjacent fished areas, this study proposes the transition across reserve boundaries would be 

better characterised using a discontinuous stepped or piece-wise modelling design (Müller and 

Stadtmüller, 1999).  

Discontinuous modelling strategies have been successfully employed in forest ecology when 

quantifying rapid transitions in tree and saplings abundances across anthropogenic forest edges 

(Toms and Lesperance, 2003) and across boundaries between unaffected forest to scorched 

earth post forest fires (Menezes et al., 2019). In a marine reserve context, discontinuity in 

densities across reserve boundaries has been proposed by modelling studies due to theorized 
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differential movements within reserve and fished populations (Langebrake et al., 2012, Jiao et 

al., 2018, Alqawasmeh and Lutscher, 2019). These studies propose lower movement rates 

within reserves compared to adjacent fished areas, driven by behavioural aversion to harvesting 

pressures in fished areas and increased preference for reserve areas over fished areas. This has 

subsequently been proposed to also lead to abrupt transitions in density at reserve boundaries. 

Although discontinuity of densities across reserve boundaries has been proposed in theoretical 

modelling studies due to differential movements between reserve and fished populations 

(Langebrake et al., 2012, Jiao et al., 2018, Alqawasmeh and Lutscher, 2019), discontinuous 

strategies have not been used to explore and describe gradients across marine reserve 

boundaries.  

Spatial gradients across marine reserve boundaries have frequently been used to assess edge 

effects and spill-over in high value mobile macro-invertebrate species such as lobster (Goñi et 

al., 2011). The use of stationary pots in lobster fisheries provides spatially explicit catch rate 

and density information that can be analysed in relation to distance from reserve boundaries 

(Lenihan et al., 2021, Goñi et al., 2011, Abesamis and Russ, 2005).  For example, Goñi et al. 

(2006) used a combination of commercial and survey catch rate data to show non-linear 

declines in catch of the Mediterranean lobster Palinurus elephas from the reserve centre 

towards reserve boundaries within reserves and away from reserve boundaries outside of 

reserves. These patterns were interpreted as evidence of spill-over, and it was concluded spill-

over out of the marine reserves was supplementing fished areas up to 1500 m from the reserves 

boundaries. Nillos Kleiven et al. (2019) show similar spatial patterns in experimental catches 

of the European lobster Homarus Gammarus from the centre towards boundaries of Norwegian 

marine reserves and stabilizing to base levels within the adjacent fished area. The authors 

suggest a strong correlation between boundary fishing effort and edge effects. In New Zealand, 

Freeman et al. (2009) found susceptibility to fishing pressure in populations of rock lobster, 

Jasus edwardsii, within a marine reserve increased when reserve boundaries intersected 

continuous reef habitat. Freeman et al. (2009) show spatial gradients in J. edwardsii with catch 

per unit effort (CPUE) and average tail widths decreasing from the reserve centre towards the 

reserve boundary.   

This study investigates edge effects and spill-over of Jasus edwardsii from two north eastern 

New Zealand marine reserves by measuring variation in catch rates across reserve boundaries. 

Several different modelling approaches are used and compared to evaluate the impact of 

modelling strategies on the interpretation of spatial gradients. Modelling approaches include 
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continuous generalised linear mixed models (GLMMs) and generalized additive mixed models 

(GAMMs) fitted across reserve boundaries and independently to reserve and fished data either 

side of reserve boundaries, and piece-wise modelling designs which incorporate a stepped 

change point at the reserve boundary. Apparent gradients in catch are expected to be vastly 

different between modelling approaches, which can ultimately lead to substantially different 

conclusions regarding the extent and magnitude of edge effects and spill-over (Müller and 

Stadtmüller, 1999).  

3.3 Methods 

 Study species and system 

The spiny lobster Jasus edwardsii supports a highly valued fishery (Booth, 2008) and has been 

shown to responded positively to marine reserve protection throughout New Zealand (Kelly, 

1999, Shears et al., 2006, Freeman, 2008, Jack and Wing, 2010). This study was carried out in 

two of New Zealand’s oldest no-take marine reserves, the Cape Rodney to Okakari Point 

Marine Reserve (CROP) which was opened in 1977, and the Tawharanui Marine Reserve 

(TAWH) which was initially implemented as a no-take Marine Park in 1981 and became a 

marine reserve in 2011 (Fig. 1). Both reserves are situated in the outer Hauraki Gulf, north-

eastern New Zealand. This area is characterised by a temperate rocky reef ecosystem 

dominated by a mix of kelp forest and urchin barrens, with kelp forest habitat more expansive 

within the boundaries of these marine reserves (Shears and Babcock, 2002, Shears and 

Babcock, 2004). CROP covers approximately 5.4 km of longshore rocky coastline and extends 

800 m offshore. The sub-tidal rocky reef extends mostly unbroken across the reserve’s 

longshore margins to 20-25 m depth. The TAWH marine reserve covers approximately 4.2 km 

of rocky and sandy beach coastline. Its offshore boundary sits between 430 m and 900 m 

offshore. The western half of TAWH is characterised by fine sandy beaches with patches of 

intertidal and subtidal rocky reef to depths of 10 m, whilst the eastern end is rocky coastline 

with subtidal rocky reef to 15 m. Commercial lobster potting is heavily concentrated near the 

boundaries of both reserves.  

Both CROP and TAWH are coastal marine reserves, those which protect a section of coastline 

(rather than surround an island or island group) and are geometrically characterized by 

longshore boundaries that determine the longshore extent and an offshore boundary that 

determines the offshore extent of protection. Both reserves have at least one longshore 

boundary intersecting continuous rocky reef habitat (Fig. 2). The offshore boundaries of both 
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reserves are set roughly parallel to the coastline along continuous deep sandy benthic habitat, 

thus containing the coastal rocky reef with an area of sandy habitat between the offshore 

boundary and the reef edge.  

 Potting survey 

Commercial potting methods were used to capture lobster, J. edwardsii, and provide spatially 

explicit catch data and population demographic information within both marine reserves and 

adjacent fished waters (see Chapter 2 for full potting survey methodology).  

 Geospatial data 

Distance from each potting station to the nearest reserve longshore boundary was calculated 

using the “distance to nearest hub” algorithm in QGIS (QGIS.org, 2020). This process required 

reserve boundary lines to be converted to points spaced 0.1 m apart.  

The seaward edge of rocky reef was mapped using satellite imagery and drop camera data (see 

methods section in supplementary material). For the coastal area from north of Okakari Point 

around Cape Rodney, including the entirety of the CROP reserve, multibeam depth data was 

also available. Multibeam depth data was collected by Discovery Marine Ltd. 

(www.dmlsurveys.co.nz) in May 2014 (for full methods see Kibele, 2016).  

 Data analysis 

All data analysis was carried out in R (v.4.0.3, R Core Team, 2020). Bayesian generalised 

linear mixed models (GLMM), generalised additive mixed models (GAMM) and two different 

piece-wise models were used to test spatial variation in lobster catch across reserve boundaries. 

These models were fit using the brms package (Bürkner, 2017), which can fit Bayesian mixed 

effect models using the Hamiltonian Monte Carlo algorithm implemented in the programming 

language Stan (Carpenter et al., 2017). Models were run with four MCMC chains of 6000 

iterations and a burn-in of 3000 iterations. All models were ran using weakly informative 

priors. Maximum tree depth set was set to 12 and delta was set at 0.99 to avoid divergent 

transitions. Chain convergences were assessed using the  statistic (Gelman and Rubin, 1992). 

Posterior predictive checks were visualized using the bayesplot package (Gabry and Mahr, 

2018).  

Data from the two marine reserves (CROP and TAWH) were analysed separately. All analyses 

were constrained to potting stations on and immediately adjacent to reef habitat (<100 m from 

reef edge) to reduce risks of confounding results with habitat driven co-variation. Prior analyses 
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in Chapter 1 revealed overall higher catches in Spring than in Autumn, reflecting seasonal 

variation in feeding activity. Data were consequently constrained to spring surveys as these 

data were expected to be more reflective of spatial variation in the population, with fewer empty 

pots lifts (0’s) in the data compared to Autumn surveys (see Chapter 2). Analyses were carried 

out on two catch data metrics obtained from potting surveys: 1) total weight of all lobster per 

pot (kg/pot), and 2) total count of lobster per pot (count/pot). As with most catch data types, 

the data were characterised by a high proportion of zeros (i.e., empty pot lifts). Consequently, 

a hurdle negative binomial distribution was used for weight data (continuous) and a zero-

inflated gamma distribution was used for count data (discrete) to account for the high frequency 

of zero valued observations. All models incorporated distance from the nearest longshore 

reserve boundary as a fixed effect and potting station ID as a random effect (see Table 1).  

Six different modelling approaches (shown in Table 1) were used to examine the extent of edge 

effects and spill-over inferred from spatial gradients in catch relative to reserve boundaries (see 

Fig. 1). Model designs were separated into continuous and discontinuous fits. Continuous 

designs assumed constant or gradual patterns of the catch response across the reserve boundary. 

Discontinuous designs assumed catch gradients within reserves and fished areas differ and a 

domain of discontinuity is present in the form of a “stepped” pattern across the reserve 

boundary.  

Continuous strategies were represented by GLMMs using logistic regression and GAMMs 

which incorporate a thin spline into the model design using the mgcv package (Wood, 2011) 

within brms. The continuous GLMM and GAMM model designs were also fitted separately to 

CPUE data within reserve and fished areas to explore the effect of the dissimilarities in 

abundances between these areas and the impact of this rapid change across boundaries on 

continuous predictions. Posterior gradients generated from these models fitted to the separate 

area data were compared against the same model designs fitted to the full data across reserve 

boundaries. Marginal and conditional R2 values of separate and full continuous models were 

generated using the r2_bayes function from the performance package (Lüdecke et al., 2020) 

and compared to assess the relative contribution of the ‘distance’ fixed effect to variation 

explained by the complete model (Gelman et al., 2019). Here, the marginal R2 consider only 

the variance of the distance fixed effect, while the conditional R2 takes both the fixed and 

random effects into account. In addition, the impact of spline dimensionality on patterns of 

posterior fits across reserve boundaries was also tested in the GAMMs by running the model 
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multiple times with increasing k values (k = 10, 15, 20 …. 40) (Wood, 2006). Here, the model 

with the optimal and most computationally efficient degree of smoothing was determined with 

leave-one-out cross validation (LOO-CV, see below) and comparing Bayesian R2 values.  

Discontinuous strategies were represented by two piece-wise modelling designs specifying a 

fixed change point at the distance corresponding with the reserve boundary (distance = 0 m). 

For the Piece-wise 1 model, a basic linear relationship of CPUE and distance is modelled within 

reserve and fished areas, with a fixed step at the reserve boundary. The “step” or change point 

locations effectively forms end-points and new start points allowing patterns either side of the 

change point to be represented independently from one another (see Müller and Stadtmüller, 

1999). The Piece-wise 2 design characterized non-linear patterns within the reserve and fished 

areas by applying a logistic sigmoid function to the distance effect.  

Predictive performances of the different model designs were tested using leave-one-out cross-

validation (LOO-CV) (Vehtari et al., 2017). The predictive accuracy of different models were 

compared using the LOO-CV generated expected log predictive densities (ELPD; measure of 

predictive accuracy). The most parsimonious model was selected on the basis of having a lower 

ELPD, with 2 standard errors difference considered the cut-off in discerning predictive 

accuracy between models. To ensure accuracy in evaluations of predictive performances 

between designs, model fits that produced observations with large Pareto k diagnostic values 

(> 0.7) had problematic observation corrected with moment matching (Vehtari et al., 2015, 

Paananen et al., 2019, Vehtari et al., 2018). If problematic observation were still evident after 

moment matching, reloo was implemented as recommended in Vehtari et al. (2017). Here, 

reloo refits the model leaving one problematic observation out, repeating this refitting for each 

problematic observation.  

Overall reserve effects were generated using the model specified below (Equation 1) fitted 

separately to CROP and TAWH. The extent to which estimated edge effects and spill over 

effects differed between the tested modelling approaches was evaluated by expressing catch 

estimates generated by each model as a percentage of the mean catch for each reserve (± 

credible intervals, CI) produced by Equation 1. Mean posterior predictions/fitted values of 

catch estimates were generated from all models at 250 m, 500 m, and 1000 m from the reserve 

boundary within both the reserve and fished areas.  This analysis aimed to estimate and 

compare the spatial extents of edge effects within reserves and the extent of spill-over outside 

reserves between the different modelling approaches.   



  Chapter 3 

56 
 

Equation 1: Catch ~ Status+(1|StationID) 

3.4 Results  

 Modelling catch across marine reserve boundaries 

Catches were consistently higher across the longshore extent of both reserves relative to that 

in fished areas for both catch metrics (Fig. 3, count / pot; weight / pot results in supplementary 

material). When catch was modelled across the full data set (i.e., across reserve boundaries 

incorporating both reserve and fished areas) the continuous GLMM (Fig. 3A) and GAMM (Fig. 

3B) exhibited declining catch towards the reserve boundary and across the boundary into the 

fished area, where catch appears to asymptote towards base levels ~1000 m away from the 

boundary. In contrast, there was no clear relationship with distance within reserve and fished 

areas when the GLMM and GAMM were fitted separately to reserve and fished data and when 

fitted as discontinuous piece-wise models (Fig. 3C and D). Both the separate approach and the 

piece-wise models suggest catch has a stepped relationship across reserve boundaries. 

Differences in patterns between GAMMs fitted to the full data and to the constrained data were 

also maintained when model dimensionality was increased (see Fig. 4 in supplementary 

material), suggesting the GAMM procedure cannot account for rapid changes in catch across 

the reserve boundary. Model comparisons with LOO-CV also found predictive accuracies 

increased with increasing k in CROP but suggest no relationship between predictive accuracy 

and k in the TAWH data (Table 1, supplementary material).   

Within the CROP reserve area Piece-wise 2 fits present catch patterns comparable to the full 

GAMM fit, but indicate a transition point closer to the reserve boundary (< 500 m) than seen 

in the GAMM (~1000 m), and a rapid or stepped decreases in catch at the reserve boundary 

change point (Fig. 3D). In CROP’s fished area the Piece-wise 2 fit indicates little change with 

distance, but suggest steep decreases in catch from the reserve boundary, quickly reaching 

asymptote base levels within 500 m from the boundary.  

Coefficients for the GLMM indicate a significant negative ‘distance’ effect when variation 

across the reserve boundary is modelled, but no ‘distance’ effect when variation within reserve 

and fished areas are modelled separately (Table 2). For all the GLMM and GAMM fitted to 

data across reserve boundaries (full data), marginal R2 values indicate a meaningful 

contribution (marginal R2 > 0.05) of the ‘distance’ fixed effect to the overall variation explained 

by the model (Table 3). In contrast, marginal R2 values for the same models fitted to reserve 

and fished area data separately indicate the ‘distance’ effect contributed insignificantly to total 
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variation explained by the model. High conditional R2 values determined for the continuous 

GLMMs and GAMMs fitted to the full data (“Full”, Table 2) reflected variation explained by 

the distance effect representing variation across the reserve boundary. Whilst the absence of 

significant marginal R2 values for the “separate” models suggest the high conditional R2 values 

reflect autocorrelation amongst the random ID (potting station ID) effect.  

Analysis of the predictive accuracies of models fitted to data across reserve boundaries using 

the LOO-CV criterium indicate difference between reserves. Here, comparisons of ELPD’s 

show higher predictive accuracies for the piece-wise designs when fitted to CROP CPUE data 

(Table 3). For TAWH data LOO-CV recommends the GAMM fit, although comparison 

ELPD’s found no discernible differences (i.e., 2 x ELPD > se) between the GLMM, GAMM, 

or Piece-wise 2 fits.  

 Estimating spill-over and edge effects 

The GLMM fitted to the full data set estimated the largest edge effects with catch rates at ~50-

60% of the overall mean at 1000m inside the reserves (Fig. 4A). In comparison, the separate 

and piece wise models indicated little evidence of an edge effect with ~100% of mean catch 

rates at CROP within 250 m of the boundary, but some evidence at TAWH with catch rates 

reduced to ~70% within 250 m of the boundary. Similarly, the GLMM and GAMM models 

estimated the largest spill-over with elevated catches up to 1000 m from the reserve. In contrast, 

the constrained and piece wise models indicated little evidence of elevated catch even at 250 

m from the reserve. 

3.5 Discussion  

Within marine reserves the abundance of exploited species is expected to decline towards 

reserve boundaries (i.e., edge effects) whilst in fished areas abundances are expected to decline 

away from reserve boundaries (i.e., spill-over). This study highlights the difficulty in modelling 

spatial gradients and the potential for spatial gradients across reserve boundaries to be 

misrepresented by simple and commonly used modelling approaches. As expected, lobster 

catch was considerably higher in reserve areas than in adjacent fished areas, reflecting the 

impact of fishing on lobster populations. The relationship between catch and distance from 

reserve boundaries, and therefore estimates of potential edge effects and spill-over, varied 

drastically depending on the modelling approaches used. The contrasting relationships between 

continuous model designs fitted across reserve boundaries and the same models fitted 

separately to reserve and fished area data show how conclusions regarding the extents of edge-
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effect and spill-over can be influenced by rapid changes across reserve boundaries. This result 

suggests continuous models fitted to data across reserve boundaries overestimate the extents of 

edge-effect and spill-over due to “underfitting” between the highly divergent reserve and fished 

areas. This conclusion is supported by comparatively high predictive accuracies afforded to the 

discontinuous piece-wise modelling designs which better characterise the stepped transition 

from high catch in reserve areas to low catch in fished areas. Overall, continuous models fitted 

separately to reserve and fished data, and piece-wise models fitted to both reserve and fished 

data, suggest edge-effects and potential spill-over within and adjacent to the CROP and TAWH 

marine reserves are extremely small or not evident at all.  

These results suggest distance towards or away from the boundaries of the surveyed marine 

reserves has no predictable effect on catch of J. edwardsii. Model coefficients and marginal R2 

values for continuous models fitted separately to reserve and fished areas provide no evidence 

of significant distance effects. Although marginal R2 values for continuous models fitted across 

reserve boundaries suggests a high contribution of the “distance” effect, this result reflects the 

broader “reserve effect” (i.e., differences between reserve and fished areas) across the distance 

gradient. In other-words, the high marginal R2 value reflects the fitting of a function between a 

binary response variable and a continuous predictor, where the high R2 does not necessarily 

indicate the appropriateness of the fit. 

Differences between continuous models fitted across reserve boundaries and analogous models 

fitted separately to reserve and fished area data highlight the inability of the continuous 

functions to model highly different reserve and fished areas without introducing bias (see 

Müller and Stadtmüller, 1999). These conclusions are strengthened by the results of LOO-CV 

model testing criteria which show either better predictive accuracies for the piece-wise models 

compared to the continuous models fitted across reserve boundaries (i.e., CROP), or no 

discernible differences between continuous models and the Piece-wise 2 model (i.e., for 

TAWH). Ultimately, these results highlight the potential of erroneous conclusions being drawn 

from modelled fits across reserve boundaries when biases associated with underfitting are not 

addressed.  

A stepped gradient across reserve boundaries reflects the rapid transition from high abundances 

in reserve areas to low abundances in fished areas. Gradient’s characteristic of edge effects or 

spill-over may still form either side of the boundary but are unlikely to be represented by a 

smooth or gradual decline across boundaries (for example Fig. 1B). Past studies widely cite 
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spill-over as driven by density mediated displacement (Abesamis and Russ, 2005, Di Lorenzo 

et al., 2016) and to a lesser extent random movements that take individuals beyond reserve 

boundaries (Follesa et al., 2009). Here, rates of diffusion across boundaries are related to 

population densities within the reserve and the population specific densities at which 

competitive displacement occurs (Claudet et al., 2010). Discontinuity between gradients within 

and outside of reserves may be further exaggerated by fishers disproportionally focusing effort 

on reserve boundaries (Murawski et al., 2005). Kellner et al. (2007) predict “fishing the line” 

behaviours will actively “absorb” much of the biomass diffusing out of marine reserves, as 

individuals crossing reserve boundaries will be rapidly caught (also Kellner et al., 2008). Such 

behaviour can mask evidence of spill-over in survey data and drive discontinuity between 

gradients within and outside of reserve boundaries. Kay et al. (2012) subsequently suggest 

gradients inside reserve, such as edge effects, maybe a more sensitive measure of spill-over.  

Differential movement rates between reserve and fished areas, and preference for habitats 

promoted under reserve conditions over habitats impacted by fishing (for example Babcock et 

al., 1999) may also contribute to discontinuous abundance gradients across reserve boundaries 

(Langebrake et al., 2012, Claudet et al., 2010). It is speculated fish may actively “prefer” 

reserve areas over fished areas, with modelling by Langebrake et al. (2012) showing increased 

preference for reserve areas decreasing instances of cross boundary diffusion. More recently 

Jiao et al. (2018) and Alqawasmeh and Lutscher (2019) suggest preference for reserve areas is 

driven by behavioural aversion to fishing driven habitat degradation in adjacent fished areas 

(for example Olsgard et al., 2008, Hiddink et al., 2007, Coleman and Williams, 2002). These 

theoretical modelling studies predict harvested mobile species will move more in nonpreferred 

habitat (i.e., fished areas) than in preferred habitat (i.e., reserve areas).  

Through modelling spatial patterns which arise under different levels of preference for 

reserves, these studies show abundance gradients across reserve boundaries can shift from 

continuous when preference is homogenous across reserve and fished areas to stepped when 

preference for reserves areas is high. In the surveyed reserves, recovery of predators such as 

lobster is attributed to the re-emergence of kelp forests (Ecklonia radiata) on previously barren 

reef due to top down control of sea urchin (Evechinus chloroticus) grazing by predators (i.e. 

trophic cascades, see Shears and Babcock (2002)). It is possible that in the reserves examined 

in this study lobster prefer reserve reefs and over fished areas where urchin barrens are more 

prevalent. However, it is likely that overall differences in fishing pressure is the primary driver 

of the contrasting abundances and catch rates between reserve and fished sites.  
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The CROP and TAWH marine reserves have facilitated considerable recovery of J. edwardsii 

within their boundaries (MacDiarmid and Breen, 1993, Shears et al., 2006, Kelly, 1999). 

Although this study’s data shows clear differences in catch between reserve and fished areas, 

there was a general absence of gradients in catch across the reserve boundaries that would be 

indicative of edge effects and spill-over. Given that spill-over is expected to increase as reserve 

effects increase (see Russ et al., 2004, Russ and Alcala, 1996, Russ et al., 2003, Kerwath et al., 

2013), depressed abundances within reserves will also limit the extent of spill-over effects as 

fewer lobster will be moving across boundaries. Recent analysis of long-term lobster 

monitoring data show substantial declines in both protected and non-protected populations 

within and surrounding the reserves surveyed in this study (LaScala-Gruenewald et al., 2021). 

These declines in protected populations may help explain the absence of edge effect and spill-

over gradients in these reserves.  

Sampling of commercial catch between 1995 and 1997 on CROPs offshore boundaries found 

commercial fishers were on average obtaining catches of equal size and value from the 

reserve’s offshore boundary compared to other coastal areas (Kelly et al., 2002). Kelly and 

MacDiarmid (2003) inevitably warned that sustained capture of lobsters undertaking seasonal 

offshore movements would reduce protected population size and growth. It is plausible that the 

reported declines in lobster abundances and the absence of spatial gradients reflect the limited 

ability of these reserves to provide complete protection from fishing at any point across their 

longshore extents (see Fig. 5A). When the offshore boundary is within the offshore limits of a 

species movement range, exposure to fishing will remain constant across the reserve’s 

longshore extent. The efficacy of these reserves at protecting J. edwardsii may therefore be 

improved by extending the offshore boundaries beyond the known offshore limits of lobster 

movements (Fig. 5B). By doing so, probability of capture or individuals interacting with 

reserve boundaries is expected to decrease towards the reserve centre. In response, lobster 

abundances are expected to increase and plateau towards the reserves longshore centre, which 

in turn will increase density dependent spill-over across longshore boundaries into low density 

fished areas. Such patterns are evident in other NZ reserves that extend further offshore and 

subsequently support higher catch rates, for example Freeman et al. (2009). Although this paper 

also shows habitat can contribute to the discontinuity in catch rates.  

In summary, this study demonstrates how estimates of the extent of edge effects and spill-over, 

based on analysis of spatial gradients in exploited species across reserve boundaries, can vary 

considerably between different modelling strategies. This can lead to vastly different 
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conclusions regarding edge effects and spill-over from marine reserves depending on which 

model is used. It is likely that the extent of edge effects and spill-over from prior studies 

utilising continuous fits across reserve boundaries have been greatly overestimated. From the 

comparison of the different modelling approaches tested here, it is apparent that continuous 

modelling strategies are unable to reliably model the rapid transition from high to low 

abundances across reserve boundaries without introducing bias either side of the curve’s 

inflection point. It is therefore recommended that gradients within reserve and fished areas be 

characterized separately. These results highlight the importance of using appropriate modelling 

approaches that accommodate the large and often discontinuous change in abundance across 

marine reserve boundaries when evaluating marine reserve effects beyond the reserve 

boundaries.  
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Figure 1: Approaches for estimating edge-effects and spill-over within and out of marine 

reserves. A) Standard continuous approach assumes a gradual decline in abundance across 

reserve boundaries (dashed line). B) A discontinuous or stepped approach allows for a more 

abrupt transition across reserve boundaries from high abundance reserve areas to low 

abundance fished areas. Schematic shows how estimating the extent of edge effects (i) and 

spill-over (ii) differs between appoaches due to different representation of spatial gradients 

(represented by red colour gradient) across marine reserve boundaries. 
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Figure 2: Potting positions within and adjacent to the Cape Rodney to Okakari Point (CROP) 

and Tawharanui (TAWH) marine reserves, northeastern New Zealand.  Reef edge shown 

within these areas (orange line).  
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Figure 3: Different approaches to modelling spatial gradients in lobster catch (count/pot) in 

relation to distance from marine reserve boundary (vertical grey line, -ve values are inside 

reserves).  Figures A) and B) show the continuous GLMM and GAMM fits, respectively. 

Figures C) and D) show the discontinuous models piece-wise 1 and piece-wise 2. In A) and B) 

models are fitted to the full data across reserve boundaries (blue) and separately for reserve and 

fished areas (red).  
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Figure 4: Estimated catch (count / pot) generated from the posterior fits of all modelling 

approaches at 1000 m, 500 m, and 250 m away from the nearest longshore reserve boundary 

in reserve and fished areas. Edge effects and spill-over values expressed as a percentage of the 

mean catch for TAWH and CROP reserve and fished areas (± credible intervals, CI). A) shows 

the extent models indicate edges effects within reserve areas. Low y values indicate greater 

edge effects. B) shows the extent models indicate spill-over. High y indicates greater spill-over.  
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Figure 5: Schematic showing the expected effect on spatial abundance gradients across a 

reserves longshore extent when the reserve offshore boundary (dotted black line) intersects, 

A), and encompasses, B), a harvested species offshore movement range (depicted by red). 

Fishing effort (shown by boats) surrounds the reserves boundaries in scenario A), but is limited 

to the longshore boundaries in scenario B). In scenario B) abundances increase towards the 

reserve longshore centre (red arrow), increasing density diplacement towards fished area (blue 

arrows) and increasing spill-over gradients (red arrows).   
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Table 1: Modelling designs fitted to catch data across marine reserve boundaries. Model were fitted to both CPUE metrics (count /pot and weight 

/ pot). In all models is the distance (m) to the nearest longshore boundary, distance, was included as a fixed effect and potting station ID, ID, was 

included as a random effect 

Model Type Model in brms syntax Data fitted 

GLMM 

(Logistic) 

Continuous CPUE ~ distance+(1|ID) Across reserve boundaries   

GAMM 

(Spline) 

Continuous CPUE ~ s(distance)+(1|ID) Across reserve boundaries   

GLMM 

(Logistic) 

Continuous CPUE ~ distance+(1|ID) Reserve and fished areas separately 

GAMM 

(Spline) 

Continuous CPUE ~ s(distance)+(1|ID) Reserve and fished areas separately 

Piece-wise 1 Discontinuous CPUE ~ b0r*step(-distance) + 

       br*distance*step(distance)+ 

       b0f*step(distance) + 

       bf*distance*step(distance), 

       b0r + b0f + br + bf ~1 + (1|ID) 

Across reserve boundaries   

Piece-wise 2 Discontinuous CPUE ~ b0r*inv_logit((-distance)*10) + 

       br* distance *inv_logit((-distance) * 10) + 

       b0f*step(distance) + 

       bf* distance *inv_logit((distance)*10), 

       b0r + b0f + br + bf ~1 + (1|ID) 

Across reserve boundaries   
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Table 2: Model coefficients for the distance fixed and marginal and conditional R2 values for 

the GLMM fitted to data across reserve boundaries (Full) and data constrained to within reserve 

Seperately areas (Reserve only) and within fished areas (Fished only). Significant values 

shaded (grey).  

CPUE Location Area Estimate l-95% u-95% Marginal 

R2 

Conditional 

R2 

Weight / pot CROP Full -0.69 -0.91 -0.45 0.118 0.29 
  

Reserve 0.22 -0.1 0.55 0.019 0.075 
  

Fished -0.42 -0.82 -0.01 0.013 0.05 
        

 TAWH Full -0.46 -0.76 -0.16 0.055 0.211 
  

Reserve -0.33 -0.84 0.16 0.024 0.279 
  

Fished 0.47 -0.36 1.26 0.024 0.043 
        

Count / pot CROP Full -1.01 -1.31 -0.72 0.208 0.55 
  

Reserve 0.18 -0.21 0.57 0.012 0.194 
  

Fished -0.39 -1.13 0.38 0.012 0.095 
        
 

TAWH Full -1.32 -1.75 -0.92 0.279 0.565 
  

Reserve -0.44 -1.04 0.12 0.036 0.318 
  

Fished 0.18 -1.04 1.41 0.009 0.071 
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Table 3: Marginal and conditional R2 values for GAMM’s fitted to data across reserve 

boundaries (Full) and data constrained to within reserve areas (Reserve only) and within fished 

areas (Fished only). Significant R2 values shaded (grey).  

CPUE Location Area Marginal 

R2 

Conditional R2 

Count/pot CROP Full 0.25 0.488 

  Reserve only 0.026 0.211 

  Fished only  0.009 0.087 

  
   

 TAWH Full 0.251 0.551 

  Reserve only 0.035 0.313 

  Fished only  0.005 0.053 

  
   

Weight/pot CROP Full 0.147 0.208 

  Reserve only 0.03 0.087 

  Fished only  0.01 0.05 

  
   

 TAWH Full 0.045 0.204 

  Reserve only 0.031 0.28 

  Fished only  0.013 0.043 
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Table 4: LOO-CV model testing criterion output. Model with best predictive accuracy show as 

the model with the lowest expected log pointwise density difference (ELPD diff). 

CPUE Location Model ELPD 

diff 

SE diff 

Count/pot CROP Piece-wise 2 0 0 
  

GAMM -4.4 4.2 
  

Piece-wise 1 -4.4 1.7 
  

GLMM -10.7 6.8 

     
 

TAWH GAMM 0 0 
  

GLMM -0.1 1.6 
  

Piece-wise 2 -1.1 2.6 
  

Piece-wise 1 -3.4 6.4 

     

Weight/pot CROP Piece-wise 1 0 0 
  

Piece-wise 2 -1.9 2.2 
  

GAMM -7.9 4.5 
  

GLMM -18.2 6 

     
 

TAWH GAMM 0 0 
  

GLMM -0.3 0.6 
  

Piece-wise 2 -0.7 2 
  

Piece-wise 1 -3.2 4.6 
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3.6 Supplementary material  

 Results 

Figure 1: Mean catch, count / pot and weight (kg) /pot ± CI, for CROP and TAWH reserve and 

fished areas. Value generated from equation 1 model coefficients.  
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Figure 2: Figure 3: Different approaches to modelling spatial gradients in lobster catch 

(weight/pot) in relation to distance from marine reserve boundary (vertical grey line, -ve values 

are inside reserves).  Figures A) and B) show the continuous GLMM and GAMM fits, 

respectively. Figures C) and D) show the discontinuous models piece-wise 1 and piece-wise 2. 

In A) and B) models are fitted to the full data across reserve boundaries (blue) and separately 

for reserve and fished areas (red).  
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Figure 3: Estimated catch (count / pot) generated from the posterior fits of all modelling 

approaches at 1000 m, 500 m, and 250 m away from the nearest longshore reserve boundary 

in reserve and fished areas. Edge effects and spill-over values expressed as a percentage of the 

mean catch for TAWH and CROP reserve and fished areas (± credible intervals, CI). A) shows 

the extent models indicate edges effects within reserve areas. Low y values indicate greater 

edge effects. B) shows the extent models indicate spill-over. High y indicates greater spill-over. 
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Figure 4: Generalized additive mixed model (GAMM) dimensionality testing for CROP count 

/ pot, A, and weight / pot CPUE data. Model dimensionality increased by increasing the k value.  
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Figure 5: Generalized additive model (GAM) dimensionality testing for TAWH count / pot, A, 

and weight / pot CPUE data. Model dimensionality increased by increasing the k value.  
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 SMALL MARINE RESERVES CANNOT 
SUSTAIN SPILL-OVER FISHERIES 

4.2 Introduction  

Heavily fished species generally respond positively to fully protected marine reserves with 

increases in population biomass, densities, and body sizes (Halpern and Warner, 2002, 

Hastings and Botsford, 1999, Roberts et al., 2001, Pauly et al., 2002, Schrope, 2001, Rodrigues 

et al., 2004). In some mobile species, positive effects are thought to extend beyond reserve 

boundaries through the movement or spill-over of adult biomass into adjacent fished areas 

(Nillos Kleiven et al., 2019, Kelly et al., 2002, Hilborn et al., 2004). Spill-over is generally 

attributed to density driven displacement of competitively subordinate individuals from high 

density marine reserve areas to low density fished areas, as well as seasonal and home range 

movements. The perception that spill-over will increase catch success leads to high levels of 

fishing effort focused on or near reserve boundaries or “fishing the line” (Kellner et al., 2007). 

The harvesting of spill-over is expected to impact a protected population differently depending 

on the process driving the spill-over movement and ultimately reflects differently on the 

reserve’s efficacy. As a result, marine reserves need to be large enough such that intense fishing 

on the boundary does not negatively impact the entire reserve population (Kellner et al., 2007, 

Botsford et al., 2003, Grüss et al., 2011, Edgar et al., 2014).  

Spill-over of harvestable biomass has been documented across a range of mobile taxa including 

large mobile invertebrates such as lobster. Lobster fisheries primarily fish using static pots that 

can be set extremely close to reserve boundaries, providing spatially explicit catch rate and 

density information (Lenihan et al., 2021, Goñi et al., 2011, Abesamis and Russ, 2005). Using 

these data, evidence of spill-over has been determined from spatial variation in catch towards 

and away from marine reserve boundaries. For example, Goñi et al. (2006) used a combination 

of commercial and survey catch rate data to show non-linear declines in catch of the 

Mediterranean spiny lobster Palinurus elephas from the reserve’s centre towards the reserve’s 

boundaries within the reserve and away from the boundaries in the adjacent fished area. These 

patterns were interpreted as evidence that movement from high density marine reserve areas 

was augmenting catch rates in adjacent low density fished areas. In the same fishery Goñi et 

al. (2010) estimated spill-over to have facilitated a 10% net increase in catch weight following 

8 to 17 years of marine reserve implementation. Similar results from before and after marine 

reserve implementations have been documented in California, where total catch of the spiny 
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lobster Panulirus interruptus increased by 225% following 6 years marine reserve protection 

(Lenihan et al., 2021), and in Norway where Moland et al. (2013) reported a 87% increase in 

European lobster Homarus gammarus in adjacent control areas four years after marine reserve 

establishment.  

Studies describing spill-over have primarily focused on the ability of marine reserves to 

supplement fisheries. The impact of targeted fishing of spill-over biomass on the size and 

structure of protected populations has received comparatively little attention Edge effects, the 

reduction in abundances towards reserve boundaries from a reserves centre, illustrated by 

spatial abundance gradients, show the general impacts of boundary fishing behaviours (see 

Chapter 2). However, detailed examination of the broader effects of targeting spill-over on 

marine reserve efficacy and the ecology of protected populations is lacking. Goñi et al. (2010) 

attributed spill-over of spiny lobster to a range of different processes including density 

independent movements such as nomadic and home range movements of individuals near 

reserve boundaries, seasonal migrations and migration forced by extraordinary [environmental] 

events, and density dependent movements such as competitive displacements towards low 

density areas (i.e. adjacent fished areas) (also see Grüss et al., 2011).  

In north-eastern New Zealand the Cape Rodney to Okakari Point Marine Reserve (CROP) has 

been shown to support a fishery through seasonal movements and spill-over beyond its offshore 

boundary. The value of this spill-over was empirically tested through sampling of commercial 

catches in areas surrounding the Cape Rodney to Okakari Point (CROP) marine reserve 

between 1995 and 1997 (Kelly et al., 2002). Local fishers were found to be targeting spill-over 

across the reserve’s offshore boundary, a benthic area characterized by featureless soft 

sediment habitat, despite J. edwardsii typically being associated with complex reef habitat. 

From this area, fishers were obtaining catches on average comparable in size and value but 

more variable than coastal areas sampled. Catches comprised of male and female lobster and 

variability in catch success coincided with seasonal movements offshore following ecdysis and 

mating (Kelly and MacDiarmid, 2003). During these movements lobster have been observed 

on sand habitat several hundred meters from the nearest reef structure in large aggregations of 

up to 200 lobster (Kelly, 2001, Kelly et al., 1999). It is believed such movements are facilitated 

by foraging for infaunal prey species such as the bivalves Dosinia spp. and Tawera spissa 

(Kelly et al., 1999). Despite its value to local fishers, Kelly and MacDiarmid (2003) warned 

sustained and targeted harvest of lobster seasonally moving offshore could alter population 

structure through reductions in protected population size and rates of growth. More recently, 
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these populations have undergone large declines and it is unknown the extent to which these 

offshore movements still occur. In recent years lobster fishing on the offshore boundary 

appears less common (Pers. Obvs.) suggesting offshore movements may no longer be 

supporting a spill-over fishery.  

This study investigated the extent to which lobster populations within two north-eastern New 

Zealand marine reserves still undertake seasonal offshore migrations and support a spill-over 

fishery. Seasonal variation in catch rates of lobster on reef and offshore sand habitats are 

investigated to determine whether seasonal offshore movements still occur, how they differ 

with sex and size, and how catch varies with distance from reef and across broad habitat types 

within each reserve. To determine how these seasonal offshore movements as well as catch 

rates and catch composition may have changed following large-scale declines, these data were 

also compared with historic catch data from the offshore boundary.    

4.3 Methods  

4.2.1 Study sites  

This study was carried out in two of New Zealand’s oldest fully protected marine reserves, the 

Cape Rodney to Okakari Point Marine Reserve (CROP) which was opened in 1977, and the 

Tawharanui Marine Reserve (TAWH) which was initially implemented as a no-take Marine 

Park in 1981 and became a marine reserve in 2011. Both reserves are situated on coastal 

mainland areas of the outer Hauraki Gulf, north-eastern New Zealand. This area is 

characterised by warm-temperate waters and a temperate rocky reef ecosystem dominated by 

a mix of kelp forest and urchin barrens. Kelp forest (Ecklonia radiata) habitat is more 

expansive within the boundaries of these marine reserves, with reef shallower than 10 m in 

adjacent fished areas dominated by urchin barrens (Shears and Babcock, 2002). Both reserves 

encompass the offshore margins of subtidal rocky reef which in some areas extends over 200 

m offshore from the intertidal. Beyond the reef margins towards the reserve’s offshore 

boundaries the habitat in both reserves is predominantly a deep sandy benthos.  

The CROP reserve covers approximately 5 km of longshore rocky coastline extending roughly 

800 m offshore, covering an area of 5.2 km2. The sub-tidal rocky reef extends mostly unbroken 

across the reserve’s longshore margins, extending to depths of 12-25 m. The TAWH marine 

reserve covers approximately 3.9 km of rocky and sandy beach coastline. Its offshore boundary 

sits between 400 m and 1200 m offshore and covers an area of 3.9 km2. The western half of 
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TAWH is characterised by sandy beaches with patches of intertidal and subtidal rocky reef to 

depths of 10 m, whilst the eastern end is rocky coastline with subtidal rocky reef to 15 m.  

Commercial lobster potting is heavily concentrated near the boundaries of both reserves and 

has historically occurred on the offshore boundaries (Kelly et al., 2002). However, catch on the 

offshore boundaries was reported as highly variable (see Kelly et al., 2002) and more recently 

local lobster fishers have reduced effort or stopped fishing on the offshore boundary (Pers. 

obs.). 

4.2.2 Potting survey 

Commercial potting methods were used to capture lobster, Jasus edwardsii, and provide 

spatially explicit catch per unit effort (CPUE) data and population demographic information 

within both marine reserves and adjacent fished waters. As reported in Chapter 2, lobster catch 

rates in fished areas were very low.  

Potting surveys were carried out in 2018 and 2019 during Autumn (March-April) and Spring 

(November-December) as both male and female lobster are found on shallow reefs during these 

periods (see Kelly and MacDiarmid, 2003, Kelly, 2001). March-April (Autumn) surveys aimed 

to target individuals on the reef prior to female ecdysis and mating, whilst November-

December (Spring) surveys targeted individuals post male ecdysis and female egg release. An 

additional Winter (August) survey was conducted in CROP in 2019 to target expected offshore 

movements made by lobster after mating. .   

Pots were deployed overnight with soak times no longer than 24 hours. Potting station 

positioning in reserve and fished areas was stratified by depth, with equal representation of pot 

dropped on shallow (<10 m) and deep (>15 m in CROP, >10 m in TAWH) reef habitat, as well 

as on offshore sand habitats where lobster were expected to forage and aggregate (Kelly et al., 

1999). Within each reserve, potting stations were positioned to be representative of the reserve's 

total longshore extent within each depth strata and broad scale habitat types (i.e., shallow and 

deep reef, and soft-sediment benthic habitats). For each day of sampling 20 – 25 pots were 

dropped/lifted with pots positions randomly selected from a prior established list of potting 

stations. All lobster caught were measured and weighed (as described in Chapter 2).  

All surveys were carried out using the same commercial fishing vessel, fisher, and potting 

equipment. Pots used were the standard reinforced steel pot used within the local (CRA2) 

fishery. Bait varied with seasonal availability and consisted of snapper (Chrysophrys auratus), 
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gurnard (Chelidonichthys kumu) and Tarakihi (Nemadactylus macropterus) frames and was 

temporally consistent with that used by the fishery. 

4.2.3 Habitat Classification  

Habitat type at each potting station was classified using a drop camera and the benthic photo 

survey (BPS) method (Kibele, 2016). Using these data potting stations were classified into the 

following broad habitat categories: shallow reef, deep reef, shallow sand, deep sand. The drop 

camera system comprised of a GOPRO HERO 5 camera and waterproof housing, tablet, hand-

held GPS, nylon retrieval line and a corresponding length of coaxial cable, SENSUS ULTRA 

depth logger, and stainless-steel stand fitted with small float and mounted to a weight at its 

base. The camera was connected at the top of stand aiming downwards (towards the weight) 

and angled slightly away from the stand. The camera relayed live footage to the tablet using 

WIFI; this connection was extended via the coaxial cable permitting a live feed from the camera 

on the see floor to the tablet on the surface. Prior to every drop camera surveying session, the 

time settings on the camera, GPS and depth logger were synchronised. Time synchronisation 

permitted matching of time stamped images with GPS and depth logger data using the BPS 

software (Kibele, 2016). Using each potting station as centroid reference points, multiple 

benthic images were captured haphazardly up to 50 m from the potting station. This survey 

methodology aimed to generate a representative collection of survey points from which 

dominant habitat type could be deciphered. Relevant drop camera imagery and associated 

spatial data collected as part of past studies at the Leigh Marine Laboratory (i.e. Brown, 2015) 

were also compiled and images reclassified based on the broad habitat classification criterium: 

shallow reef, deep reef, shallow sand, deep sand. Overall potting station physical habitat type 

was represented as the dominant habitat type from the associated collection of survey points.  

4.2.4 Geospatial data 

The seaward edge of rocky reef was mapped using satellite imagery and drop camera data. For 

the coastal area from north of Okakari Point around Cape Rodney, including the entirety of the 

CROP reserve, multibeam depth data was also available. Multibeam depth data was collected 

by Discovery Marine Ltd. (www.dmlsurveys.co.nz) in May 2014 (for full methods of data 

collection and data configuration see Kibele, 2015). In QGIS (QGIS.org, 2020) the reef edge 

line was converted to points and distance from each potting station was calculated using 

"distance to nearest hub". To investigate how lobster catch relative to distance from the reef 
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edge varied seasonally, distance to reef edge for potting stations positioned on reef were 

expressed as +ve and -ve for those positioned on sand habitat.   

 Data analysis 

All data analysis was undertaken in R (v4.0.3, R Core Team, 2020). The brms package 

(Bürkner, 2017) were used to fit Bayesian models fitted using the Hamiltonian Monte Carlo 

algorithm implemented in the programming language Stan (Carpenter et al., 2017). Models 

were run with four MCMC chains of 4000 iterations and a burn-in of 2000 iterations. All 

models were ran using weakly informative priors. Maximum tree depth set was set to 12 and 

delta was set at 0.99 to avoid divergent transitions. If divergent transitions still occurred, 

iterations were increased at 500 increments to a limit of 6000 and an adapt delta increased to 

0.999. Chain convergences were assessed using the  statistic (Gelman and Rubin, 1992). 

Posterior predictive checks were visualised using the bayesplot package (Gabry and Mahr, 

2018).  

1. Seasonal Catch per unit effort (CPUE) 

To determine how catch (number of lobster per pot lift) differed between areas (CROP, 

TAWH), status (reserve, fished), season (autumn, spring), year (2018, 2019) and sex, catch 

data were modelled using a zero-inflated model design with a negative binomial distribution. 

This design and distribution were chosen due to excess zeros characteristic of this type of data 

(i.e., empty pot lifts). Data were tested using two model designs. Model 1 tested the generality 

of the reserve effects (difference between reserve and fished areas) between reserves and across 

all surveys. Conditional mean CPUE estimates generated by model one across all season – year 

– location – status combinations were plotted to provide an overall indication of catch variation 

and seasonal patterns across all surveys. Posterior pairwise differences between interaction 

combinations were assessed by testing the 95% highest density intervals (HDI) of group means. 

Differences were considered significant if the 95% CI of group differences did not cross zero. 

Model 2 tested if CPUE differed depending on location, status and season, interactions between 

any combination of two variables or interactions between all three variables. To accommodate 

for differences in the likelihood of empty pots between locations and status, the zero-inflation 

probability (zi) (likelihood of a pot being empty) was predicted by location in Model 1 and 

status in Model 2. In both models, potting station ID was included as a random factor. Both 

models were fitted separately to male and female catch data. Justification for the Model 1 

design over Model 2 is in supplementary material (section 1). There, predictive performances 
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of the different variation of Model 1 were compared using leave-one-out cross-validation 

(LOO-CV) (Vehtari et al., 2017). 

Model 1: CPUE ~ Season_Year_Status*Location + (1|Station), 

               zi~Location+ (1|Station)  

Model 2: CPUE ~ Location*Status*Season + (1|Station), 

                 zi~Status + (1|Station) 

2. Population distribution with habitat and season:  

Seasonal changes in the spatial distribution of CPUE relative to distance from distance from 

reef edge were modelled using a general additive mixed model (GAMM) fitted with a thin plate 

spline on the continuous distance from reef variable. The objective of fitting this model was to 

describe lobster catch relative to the distance to reef edge and illustrate changes in spatial 

distribution across seasons. Models were fitted using a zero-inflated negative binomial design 

and potting station ID included as a random effect (Model 3). This analysis was constrained to 

potting data from within the CROP reserve as numbers outside reserve boundaries were too 

low for effective modelling. Data from TAWH reserve were not included in this analysis due 

to a lack of constant potting station representation from the reef edge to the offshore boundary.  

Model 3: CPUE ~ s(Distance to reef edge, by = Season) + (1|Station) 

3. Comparison of contemporary survey data with 1990’s commercial catch  

Potting survey data from 2018-19 was compared against historic data collected from 

commercial lobster catches between 1994 and 1997. These historic data are discussed and 

presented in Kelly et al. (2002) but also include data not presented in this publication, collected 

by S. Kelly using the same methods around the same period. As these data were obtained from 

commercial catches these catch data are confined to fished areas immediately outside the 

reserve’s offshore boundary. Within the fished area, two distinct regions were specified: the 

offshore boundary of the CROP reserve and the Leigh coastal area 0.3 to 2 km south of the 

CROP reserve. The authors state “traps around the reserve …. tended to be set in offshore areas 

of sandflat and remote patch reef in about 25–35 m water depth, in contrast around …. Coastal 

Leigh, traps were predominantly set on coastal fringing reef at depths between 5 and 30 m”. 

These data were collected from May to October from 1994 to 1997, however not all months 

were sampled during all years. For consistency with the contemporary potting survey data, 
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historic data were grouped by season: autumn (May-June), Winter (July-August), Spring 

(September-October). Individual weights of caught lobster were estimated using the carapace 

length (CL) to weight relationship described in Chapter 1.    

Analysis aimed to determine how seasonal CPUE (kg per pot) from the offshore boundary of 

the CROP marine reserve in 1994, 95, 96 and 97 compared to the 2018 and 2019 CPUE from 

reef habitat within reserve (CROP) boundaries, from sand habitat within reserve boundaries, 

and within 100 m from the offshore boundary (within and outside of the reserve). The latter 

spatial class aimed to maximise offshore sampling effort to be comparable with fishing efforts 

in the historic data. Seasonal (autumn, winter, spring), historic and contemporary CPUE data 

were modelled using a hurdle model design with a gamma distribution. For this analysis, 2018 

and 2019 data were pooled due to comparatively low numbers of lobster caught on sand habitat 

and within 100 m of the offshore boundary. Each spatial class was then grouped by year 

forming the area_year categorical groupings (all historic data from offshore boundary, 

contemporary data separated into reef, sand, and offshore boundary areas, see Table 2 in 

supplementary material) and modelled in interaction with sex. Potting station ID was included 

as a random factor (Model 4). This model was run with weakly informative priors, however to 

accommodate for known differences in the likelihood of empty pots across area_year groups 

by sex, the hurdle probability of an empty pot (hu) was predicted with the area_year group by 

sex interaction. This analysis was performed on data constrained to each season (autumn, 

winter, spring) to reduce complexity and computational loads required when including a season 

effect.  

Model 4: CPUE ~ Area_year *Sex + (1|Station), 

                        hu~ Area_year *Sex 

Differences in male size distribution between the 1990’s data (beyond the offshore boundary) 

and contemporary survey data separated by habitat type (reserve reef habitat, reserve sand 

habitat, and within 100 m of the offshore boundary) were tested using the unequal variance 

model recommended in Kruschke (2013) using a gaussian distribution in brms (Model 5). 

Model 5: CL ~ Group, 

                 sigma~ Group 

Here “Group” is the historic and contemporary survey data groups, and “sigma~ Group” 

indicated sigma was allowed to vary between groups.  
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4.4 Results 

4.2.5 Seasonal catch per unit effort 

Across all surveys CPUE (lobster per pot) was considerably higher within reserve areas 

compared to adjacent fished areas (Fig. 1). CPUE for both male and female lobster was low in 

Autumn and higher in Spring in both reserves. Variation in CPUE with sex across seasonal 

surveys differs between reserves. Across all surveys, male catch was higher in CROP than 

TAWH, with fluctuations between seasons (increases in Spring) more pronounced in CROP. 

Conversely, female catch was higher in TAWH than CROP, with fluctuations between seasons 

more pronounced in TAWH. For male data, pairwise comparisons of posterior means indicate 

significantly higher catch in reserves than adjacent fished areas across all surveys. For females, 

pairwise comparison could not determine a difference between reserve data from autumn 2018 

in CROP and the fished area data from Spring 2019 adjacent to CROP. Regardless, modelling 

of male and female catch data indicated strong status (reserve versus fished areas) and season 

effects, and insignificant location-status and location-season interactions (Table 1). The status-

season interaction was significant for male data but insignificant for female data. No significant 

three-way interactions were found between location-status-season, indicating generality of 

effects across the two surveyed reserves.  

4.2.6 Spatial distribution in catch  

Male and female catch in both reserves was consistently higher on reef than on sand habitat or 

on offshore patch reef across years and seasons (Figs. 3 and 4). Catch offshore of the reef edge 

on sand habitat was low and highly seasonal. Only 6% of all male lobster caught and 1% of all 

female caught were from potting stations on offshore sand habitat. All female lobster caught 

on the sand were caught during Spring within the TAWH reserve and were within 150 m of 

the reef edge. An additional four female lobster were caught on deep (16.5 m depth) offshore 

patch reef within CROP. Of these, two were caught during Spring surveys and two, both with 

eggs (i.e., in berry), were caught during the Winter survey.  

Male lobster caught on offshore sand habitat were predominately caught during Spring surveys 

(9.4% of total Spring catch). Fewer were caught during the Winter survey (3.6% of total Winter 

catch) and only a single male was caught on offshore sand habitat (55 m from reef edge) during 

all Autumn surveys (0.4 % of total Autumn catch). Across two years of surveying only 10 male 

lobster were caught less than 100 m from the offshore boundary, all during Spring surveys. 

However, 3 of these were caught on a shallow patch reef (5.5 m depth) at the western end of 
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the TAWH reserve where the offshore boundary is within 350 m of the low tide margin. Of the 

remaining 7 male lobster (3 from CROP, 3 from TAWH), all were large (carapace lengths >140 

mm) and all were caught on deep sandy benthos between 21 m and 32 m depth and 472 m to 

800 m away from the reef edge (one beyond the offshore boundary outside of the reserve). In 

general, most of the lobster caught on deep reef or sand habitat were male with carapace lengths 

≥140 mm (Fig. 5).    

The proportion of catch per survey across four broad habitat types (shallow reef, deep reef, 

shallow sand, deep sand) suggests over 75% of female lobster and over 50% of male lobster 

remained on shallow reef habitat across the seasonal sampling periods (Fig. 6). Despite this, 

seasonal patterns between broad habitat types were evident across the two-year sampling 

period. These patterns were comparable between the two different reserves, with seasonal 

variation between habitat types more pronounced in male than female lobster. Between both 

reserves the proportion of male lobster on deep reef and sand habitat were low during Autumn 

and higher in Spring. In CROP, Winter survey proportions for male lobster appear at 

intermediate levels between Autumn and Spring levels. Seasonal variation between broad 

habitat types in female lobster was low. Within TAWH there are marginal increases on deep 

sand habitat during the Spring surveys, however within CROP no female lobster were caught 

on sand habitat. Female catch in CROP however did show a marked increase on deep reef 

habitat during the 2019 Winter survey, when most of the female lobster caught were in berry 

(supplementary material, Fig. 1).  

The relationship between catch and distance from the reef edge (m) differed between male and 

female lobster and between Autumn, Winter, and Spring surveys (Fig. 8). Catch of male lobster 

was highest near the reef edge and up to 200 m from the reef in Spring, whereas catch was 

highest on the reef (shallower) in Autumn and Winter. In contrast, the seasonal differences 

shown in female catch are on the reef, with patterns mainly reflecting greater catch in Spring 

rather than shifts towards or away from the reef edge.   

4.2.7 Comparison of contemporary and historic catch 

Seasonality in catch was evident in the historical data with catch increasing from Autumn 

through Winter into Spring (Fig. 9). Both female and male lobster are represented in the historic 

data taken from the offshore boundary of the CROP reserve across Autumn, Winter, and 

Spring. In the 2018-19 surveys, lobster were only caught near the offshore boundary in Spring 

and these were all males. As previously shown, no female lobster were caught on sand or 
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offshore of reef habitat during the 2018-19 surveys. Historic female catch from the CROP’s 

offshore boundary is comparable to that caught on reef habitat within reserve boundaries during 

the 2018-19 surveys. In some instances (i.e., Spring 1996-97) historic female CPUE is higher 

than contemporary CPUE from protected reef habitat. Contemporary male CPUE’s from reef 

habitat are generally higher than the historic estimates, however the extent of difference 

between historic CPUE’s and 2018-19 reef CPUE’s is less than that between 2018-19 reef 

CPUE’s and 2018-19 sand CPUE’s. Comparison of size (carapace lengths) distribution further 

indicate differences between lobster caught during the 1990’s sampling of commercial catch 

and the 2018-19 potting surveys (Fig. 10). In general, carapace lengths of lobster caught 

offshore of reef habitat during the 2018-19 surveys are larger than those sampled on the 

offshore boundary in the 1990’s. Mean historic female carapaces lengths are comparable to 

contemporary female lobster caught on reef habitat. However, historic mean male carapace 

lengths are generally smaller than lobster caught during 2018-19 surveys.    

4.5 Discussion  

The 2018-19 catch within the reserve areas was consistently much higher than adjacent fished 

areas. The survey data showed expected seasonal and spatial patterns in catch, but overall catch 

from offshore habitats was low compared to catches on reef, and substantially lower than catch 

on the offshore boundary in the 1990’s. These results indicate broad changes in Jasus edwardsii 

seasonal on and offshore movements within the two marine reserves surveyed. Following 

large-scale population declines (LaScala‐Gruenewald et al., 2021) these results suggest the 

demographic composition of lobster moving offshore of reef habitat has changed, the frequency 

and abundance of lobster moving offshore has reduced and distances travelled from the reef 

edge have declined. These findings ultimately indicate seasonal offshore movements no longer 

support the spill-over fishery previously reported from these two north-eastern New Zealand 

marine reserves (Kelly et al., 2002).   

Kelly and MacDiarmid (2003) stated “sustained capture of lobsters moving offshore and caught 

on the offshore boundary would reduce protected population size and growth”. This comment 

was made referencing data collected between 1994-97 when CPUE of the regional lobster 

fishery (CRA2) was approaching the highest catch on record (1.16 kg/potlift) (New Zealand 

Fisheries, 2019). As of 2019, CRA2 CPUE is at 0.38 kg/pot-lift (New Zealand Fisheries, 2019), 

a 62% reduction in 23 years. The results of this study highlight the pertinence of Kelly and 

MacDiarmid's warning. Reductions in the frequency and distances as well as changes in the 
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demography of lobster moving offshore are likely the result of prolonged fishing on the 

offshore boundary combined with a reduction in recruitment (see Fig. 16 in Webber et al., 

2018) diminishing replenishment of reserve populations.  

Seasonal offshore/onshore movements in north-eastern New Zealand J. edwardsii are thought 

to be driven by density independent mechanisms due to the energetic demands of ecdysis and 

mating (Kelly et al., 1999) (see Kelly, 2001). These movements have been shown to follow 

similar trajectories in feeding activity in captive lobster, coinciding with peaks following 

ecdysis and mating (Kelly et al., 1999). Low catch rates during the Autumn surveys parallel 

low consumption rates recorded in captive lobster from March to mid-June for both male and 

females (see Kelly et al., 1999). Higher catch rates in Winter and Spring coincide with peaks 

in feeding for male lobster between November and January. Likewise, higher catch rates on 

deep reef and sand habitat during Spring surveys coincided with expected peaks in feeding 

activity following ecdysis and mating. The declines in catch on offshore habitats are  expected 

to have largely scaled with population size in reserves, which have declined to 20.1% in CROP 

and 40.8% in TAWH of peak abundances (LaScala‐Gruenewald et al., 2021). However, the 

very low catches on offshore habitats recorded in 2018-2019 suggest density-dependent 

mechanisms may also limit offshore movements.  

Density-dependent mechanisms are hypothesized to impact aspects of density-independent 

movements through changes to competitive interactions and mutually beneficial social 

interactions. Foraging by lobster on sand habitat adjacent to the reef has been shown to alter 

densities of bivalve prey species (Langlois et al., 2005). Following periods of sub-satiation, 

when energetic demands are high, lobster are believed to move from reef onto sand habitat to 

access these prey (Langlois et al., 2005, Kelly, 2001). Limited availability of prey immediately 

adjacent to reef habitat due to regular foraging may necessitate movements further offshore 

due increased competition for limited resources. Langlois et al. (2005) show a direct negative 

correlation between lobster densities on reef and prey densities on adjacent sand habitat. 

Overall reductions in lobster densities are predicted to ease the top-down impact of lobster 

predation on prey populations on and around reef habitat. Lower levels of competition during 

periods of high energetic demand are expected to reduce the need to access offshore habitat 

and may explain why few lobster were caught beyond 200 m from the reef edge. Recent 

sampling of the soft sediment habitats within and adjacent to the CROP marine reserve 

indicates high bivalve abundances and species richness (Schoensee, 2020). Abundances of 
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known prey items such as Dosinia spp. and Tawera spissa are shown to increase further 

offshore. These results indicate high availabilities of prey in offshore habitats, ruling out 

resource limitations driving low offshore catch rates.  

Observations of large aggregations of lobster on offshore soft sediment habitats by Kelly et al. 

(1999) suggest movement offshore may be aided by mutually beneficial social interactions. 

Gregariousness is a common behavioural feature among spiny lobsters (Zimmer-Faust and 

Spanier, 1987, MacDiarmid, 1994), playing an important anti-predator defensive role (McKoy 

and Leachman, 1982). When disturbed, Kelly et al. (1999) described aggregating lobster in 

both the CROP and TAWH reserves displaying defensive behaviour. In Caribbean spiny 

lobster, Panulirus argus, Herrnkind et al. (2001) suggest “lobsters in the open [offshore sand 

habitat] benefit from increasing their number by joining together to make even larger groups” 

and noted group sizes increased when predators were present. If too few lobster are present the 

defensive benefits of aggregating, such as  clustering appendages (i.e., antennae) or “selfish 

herd” mechanisms (Hamilton, 1971) may be ineffective. Additionally, formation of 

aggregations may be hindered by Allee effects (i.e. Gascoigne and Lipcius, 2004), as lower 

densities could restrict lobster finding one another or detecting chemical cues emitted by con-

specifics (see Butler IV et al., 1999). Under current low population levels offshore movements 

also appeared mostly confined to large solitary male lobster. Male lobster caught during 2018-

19 surveys on sand habitat and within 100 m of the offshore boundary were significantly larger 

than male lobster caught beyond the offshore boundary in the 1990’s. Large males are maybe 

more resilient to predation and therefore more likely to risk traveling alone to access high 

energetic prey rewards in the absence of effective aggregations.  

The absence of female lobster near offshore boundaries and low female catches on sand habitat 

in the 2018-19 survey data are in stark contrast to the historic data where female lobster 

contributed approximately 56.5% of total catch weight. Kelly et al. (1999) reported female 

lobster were a constant feature of offshore aggregations, but relative proportions of males and 

females varied seasonally in connection with periods of ecdysis, mating and egg release. They 

noted peak consumptive rates in captive female followed ecdysis and egg extrusion, from late 

April to early July in north-eastern New Zealand J. edwardsii (MacDiarmid, 1989a). However, 

unlike male conspecifics, peak feeding in female lobster did not coincide with greater numbers 

in offshore aggregations. Rather, female lobster appeared to forfeit elevated foraging after 

ecdysis to protect recently extruded eggs. Female abundances subsequently increased over the 
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following 3 - 4 month egg bearing period, peaking when larvae are expected to hatch, around 

September. Kelly et al. (1999) proposed this behaviour was consistent with the hypothesis that 

females aggregate offshore to permit rapid larval dispersal away from reef-dwelling 

planktivores (see McKoy and Leachman, 1982).  

Contemporary survey data indicates proportionally more female lobster caught on deep reef 

habitat during Winter surveys than other seasons, with all caught on deep reef during Winter 

in berry. As the Winter survey (August 2019) coincided with periods of egg maturation and 

larval release, these lobster were likely caught while undertaking movements to deep reefs for 

egg release. The general absence of female lobster from offshore habitat could reflect reduced 

defensive efficacies or the failure to form aggregations. As with smaller male lobster, rewards 

associated with travelling further offshore are likely not equitable to greater risks of predation 

without the protective benefits of defensive aggregations. It is difficult to predict how larval 

dispersal is impacted by release closer to the reef-edge. In species such as J. edwardsii with 

long and complicated planktonic larval durations, initial dispersal is only a single component 

of many (Chiswell and Booth, 2017). However, if offshore movements in female lobster were 

also driven by feeding requirements, as suggested by Kelly et al. (1999), it would be concerning 

for the preservation of protected populations if under low density conditions maintenance of 

nutritional conditions were impacted (for example Oliver and MacDiarmid, 2001). The 

coinciding of egg extrusion and peaks in feeding activity (Kelly et al., 1999) suggests metabolic 

recovery following ecdysis and egg extrusion/larval release could benefit from access to 

energetically rich bivalve prey. Alternatively, greater availability of soft-sediment prey 

adjacent to reef habitat due to less frequent foraging throughout the year under low density 

conditions may ease energetic needs of venturing offshore. 

The results from this study clearly demonstrate that declines in lobster populations in the 

marine reserves examined have led to a substantial decrease in offshore movements and 

aggregations. If lobster densities were to recover, the frequency and abundance of lobster 

moving offshore, and overall distances travelled offshore, would be expected to increase. 

Assuming efficacy and/or formation of defensive aggregations is density mediated, higher 

densities should permit greater exploration of offshore habitats. It would therefore be prudent 

to extend the offshore boundary of both reserves to encompass offshore movements and 

provide more effective and longer-term protection of lobster. Without this, the re-emergence 

of fishing activity on offshore boundaries will continue to prevent long-term recoveries within 
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these reserves. Future research should aim to improve understanding of reported distribution 

changes by making a concerted effort to monitor offshore movements and aggregations. 

Furthermore, trophic connections between lobster and soft-sediment communities requires 

greater focus, as does the impact of changes in lobster foraging activity on individual condition.  
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Figure 1: Seasonal variation in catch rates of female and male lobster in reserve and fished 

areas at CROP and TAWH from 2018-2019. Pairwise differences calculated from posteriors 

produced by Model 1 (fitted to female and male data independently) indicated by letters (black 

correspond to respond to reserve group, grey with fished group).  
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Figure 3: Spatial distribution of female lobster catch in the CROP and TAWH marine reserves 

and adjacent fished areas. Size of bubble indicates number of females caught in each pot for 

each season, over 2018 and 2019 surveys. 
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Figure 4: Spatial distribution of male lobster catch in the CROP and TAWH marine reserves 

and adjacent fished areas. Size of bubble indicates number of females caught in each pot for 

each season, over 2018 and 2019 surveys. 
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Figure 5: Size distribution (carapace length mm) of female and male lobster caught across 

broad habitat types (deep and shallow sand pooled) and season. Frequencies scaled by 

percentage of total catch per season across the three habitat types and reserve (CROP and 

TAWH) pooled. Catch data from fished areas excluded.  
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Figure 6: Seasonal variation in the percentage of lobster caught in each habitat type.  
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Figure 7: Relationship between catch (lobster per pot) and distance from reef edge within the 

CROP reserve for male and female lobster over Autumn, Winter, and Spring (-ve off reef, +ve 

on reef). Vertical dashed greyline line indicates the reef edge, vertical purple lines indicate 

mean (± se) distance from reef edge to offshore boundary.  
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Figure 8: Comparison between current and historic catch rates of lobster on the CROP marine 

reserve boundary. CPUE (kg/pot) from August 1995, 96, 97, and 2019. CPUE estimates from 

1990's refers to potting data focused on the offshore boundary of the CROP marine reserve 

outside of marine reserve boundaries. For the 2018-19 data, lobster caught on the shore 

boundary on the sand included lobster caught within 100 m of the offshore both inside and 

outside the reserve. This ensured effort was comparable to that in historical data. CPUE 

estimates for 2018-19 in the reserve represent are for data constrained to sand and reef habitat. 
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Figure 9: Size (carapace length, mm) distribution of lobster sampled from commercial catch 

on CROPs offshore boundary from 1994-97 and lobster caught during 2018-19 potting surveys 

from potting stations within the CROP reserve on reef and sand habitat, and potting station 

within 100 m of the offshore boundary (both within and outside of reserve boundaries). Red 

dot shows mean male and female carapace length at each time-area combination. Total number 

lobster caught per sex (n) and piecewise differences for male catch data (PW) presented to the 

right. * refers to zero female lobster caught on sand habitat or within 100 m of the offshore 

boundary during the 2018-19 surveys.  
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Table 1: Model coefficients for Model 2 fitted independently to male and female catch (count 

per pot) data. Significant effects and interactions indicated by lower and upper 95% CI’s not 

enveloping zero marked grey. 

Male Estimate Est.Error Lower 95% Upper 95% Rhat 

Intercept -3.48 0.71 -5.04 -2.24 1 

zi_Intercept -4.15 3.38 -12.43 0.62 1 

LocationTAWH -2.11 1.48 -5.28 0.51 1 

Statusreserve 3.84 0.72 2.57 5.39 1 

SeasonSpring 2.44 0.71 1.18 3.95 1 

LocationTAWH:Statusreserve 1.32 1.49 -1.33 4.46 1 

LocationTAWH:SeasonSpring 0.97 1.52 -1.79 4.13 1 

Statusreserve:SeasonSpring -1.72 0.72 -3.26 -0.44 1 

LocationTAWH:Statusreserve:SeasonSpring -0.73 1.53 -3.92 2.04 1 

zi_Statusreserve 1.63 3.49 -3.78 9.92 1 
      

Female Estimate Est.Error Lower 95% Upper 95% Rhat 

Intercept 0.74 5.08 -9.27 11.21 1 

zi_Intercept -0.03 1.22 -2.48 2.27 1 

LocationTAWH 2.98 0.95 1.22 4.99 1 

Statusreserve 1.77 0.89 0.17 3.67 1 

SeasonSpring 0.82 1.24 -1.5 3.36 1 

LocationTAWH:Statusreserve -0.8 1.37 -3.46 1.92 1 

LocationTAWH:SeasonSpring -0.44 0.9 -2.4 1.21 1 

Statusreserve:SeasonSpring 0.52 1.38 -2.28 3.22 1 

LocationTAWH:Statusreserve:SeasonSpring -1.81 6.32 -16.43 9.28 1 

zi_Statusreserve 0.74 5.08 -9.27 11.21 1 
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4.6 Supplementary material  

Section 1: Model 1 design testing using LOO-CV. 

Design1: Count ~ Season_Year_Status*Location + (1|station), 

                zi~Location + (1|station) 

Design2: Count ~ Season_Year_Location*Status + (1|station), 

               zi~Status+ (1|station) 

Table 1: Comparisons of ELPD’s via the LOO-CV criterium show higher predictive accuracies 

for Design1 when fitted to male and female catch data: 

Male data elpd diff se diff 

Design1 0 0 

Design2 -0.4 0.9 

   

Female 

data 

elpd diff se diff 

Design1 0 0 

Design2 -6 2.1 
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Figure 1: Proportions of lobster sex and female reproduction status per habitat type and 

seasonal survey. Data pooled across reserves and sampling years. Female in berry refer egg 

carrying reproductive females.  
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 DEMOGRAPHIC VARIATION IN THE 
MOVEMENT OF SPINY LOBSTER IN MARINE 

RESERVES AND CAPTURE IN THE 
SURROUNDING FISHERY 

5.2 Introduction 

The movement of harvested species out of marine reserves is assumed to supplement 

populations in neighbouring fished areas. The perception of higher catch success near reserves 

results in high levels of fishing effort close to marine reserve boundaries (Kellner et al., 2007). 

As a consequence, most biomass moving out of marine reserves is harvested at close 

proximities to reserve boundaries, potentially leading to gradients in catch which decrease with 

distance from the reserve (Di Lorenzo et al., 2020). This fishing behaviour, known as fishing 

the line or boundary fishing, can also drive change within marine reserves, lowering 

abundances of harvest species near reserve edges compared to the reserve’s centre (Kellner et 

al., 2007). The mechanisms driving movement across reserve boundaries are related to a 

species biology, and therefore may vary in space and time between sexes and across ontogenies 

(Grüss et al., 2011, Goñi et al., 2010). If there are strong size and sex-dependent patterns to 

movement beyond reserves, this may alter the dynamics or structure of the protected population 

as the population components more likely to undertake movements will be more vulnerable to 

fishing (Kramer and Chapman, 1999, Gaines et al., 2010). Understanding the mechanisms 

driving movements and the extent capture on the boundary influences protected populations is 

fundamental to understanding the effectiveness of marine reserves (Grüss et al., 2011).  

Mechanisms driving animal movements across marine reserve boundaries can be density-

dependent or density-independent (Grüss et al., 2011). Density-dependent movements within 

marine reserves are initiated by high population densities increasing competitive interactions, 

driving displacement across reserve boundaries (i.e., spill-over) (Abesamis and Russ, 2005, Di 

Lorenzo et al., 2016, Grüss et al., 2011, Sale et al., 2005). Aggressive interactions are predicted 

to force subordinate individuals to relocate their home ranges outside the reserve (Kramer and 

Chapman, 1999). If interactions result from large individuals dominating smaller individuals, 

displaced smaller individuals will be more vulnerable to fishing on the boundary, and the 

reserve population will skew towards larger sizes. Density-independent movements are 

underpinned by more general biological mechanisms such as needs for food, shelter, or 

reproduction, which vary both spatially and temporally with sex or ontogenetically as an 
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animal’s needs change throughout its life. These movements can be further categorized as 

foraging (i.e. small movements within a home range), nomadism and migrations (Herrnkind, 

1980). The consequences of fisheries targeting biomass undergoing such movements may have 

destabilizing effects on protected population structure as fishing will disproportionately 

remove certain population demographics over others. The relative importance of density-

dependent and density-independent mechanisms may shift in space and time but will ultimately 

be dependent on protected population densities (Lizaso et al., 2000).  

Across the globe, many species of lobster have responded positively to no-take marine reserves  

(Edgar and Barrett, 1999, Nillos Kleiven et al., 2019, Moland et al., 2013). Moderate levels of 

movement in most lobster and large home ranges relative to protected areas have also 

facilitated high probabilities of catch success near reserve boundaries (Goñi et al., 2006). 

Consequently, fishing effort can be heavily and sometimes disproportionately focused on these 

areas (Goñi et al., 2011, Kelly et al., 2002). The impact of this fishing behaviour on protected 

populations is evident in the form of edge effects, depressed abundances within reserves 

immediately inside of boundaries. Such patterns are described in multiple lobster species, 

including Panulirus interruptus across California’s Channel Island marine reserves (Kay et al., 

2012), Homarus gammarus in Norway (Nillos Kleiven et al., 2019), Palinurus elephas in the 

Western Mediterranean (Goñi et al., 2006), and Jasus edwardsii in Australia (Edgar and 

Barrett, 1999) and New Zealand (Freeman et al., 2009). Although movements in lobster are 

described in increasing detail thanks to advancements in passive acoustic tracking (i.e. Wiig et 

al., 2013, MacArthur et al., 2008), connections between boundary fishing, movement 

behaviours and subsequent effects on protected population structure requires greater attention.  

In north-eastern New Zealand recovery of the spiny lobster Jasus edwardsii within marine 

reserves (see Shears et al., 2006, Kelly et al., 2000, MacDiarmid and Breen, 1993) has resulted 

in dispersion of biomass across marine reserve boundaries (Kelly and MacDiarmid, 2003, 

Kelly et al., 2002). Sampling of commercial catch between 1995 and 1997 near the Cape 

Rodney to Okakari Point marine reserve revealed commercial fishers were obtaining catches 

of comparable size and value on the reserve’s offshore boundary compared to other coastal 

areas (Kelly et al., 2002). Concomitant tag and recapture (Kelly and MacDiarmid, 2003) and 

tracking experiments (Kelly, 2001) suggest that seasonal inshore-offshore migratory 

movements facilitated this catch. All published research relating to north-eastern New Zealand 

J. edwarsii movement ecology and connectivity of protected populations with adjacent 

fisheries preceded widespread declines in biomass reported in LaScala‐Gruenewald et al. 
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(2021). Past research describes lobster maintaining long-term associations with particular reef 

sites, regularly undertaking small foraging movements (<150 m) (MacDiarmid et al., 1991) 

and seasonally moving offshore across habitat types (from reef on to soft-sediment habitat) and 

down depths gradients (Kelly and MacDiarmid, 2003) returning back to same patch of reef 

(Kelly, 2001). Following mating and ecdysis male lobster move from shallow reef to deep sand 

and deep patch reef habitat from October to November (MacDiarmid, 1989a, Kelly, 2001). 

Female movements coincide more with larval release during late September and October 

(MacDiarmid, 1989a) and reflect behaviours encouraging greater dispersal of propagules 

(McKoy and Leachman, 1982).  

This study aimed to improve understanding of connections between lobster populations within 

marine reserves and surrounding fisheries by using a tag-recapture program to examine 

movement of J. edwardsii within two marine reserves and into the surrounding fishery. 

Recapture data was collected from seasonal potting surveys and reported capture of tagged 

lobster in the surrounding fishery either by commercial or recreational fishers. This study 

investigates how movements inside and outside of marine reserve boundaries and capture in 

the surrounding fishery vary with size, sex and across seasons. A Bayesian modelling 

methodology is used to determine how the likelihood of recapture and movement in between 

seasonal potting surveys, and capture in the fishery, varies with size and sex, and examine how 

distances moved relates to size and sex.  

5.3 Methods 

 Study system and potting surveys 

This chapter uses data on lobster that were recaptured in all the seasonal potting surveys carried 

out inside and outside the Leigh and Tawharanui marine reserves in 2018 and 2019 (as 

described in Chapter 2 or 4).   

 Lobster tagging  

Across all potting surveys a total of 1386 lobster (862 male, 525 female) were tagged with 

coded yellow Hallprint T-bar anchor (TBA) tags. Each tag was individually numbered and 

labelled “Leigh Marine Lab 09 422 6111”. Tags were inserted dorsally between the carapace 

and the tail either side of the centre line to avoid the intestine (see supplementary material Fig. 

1). It was believed tags inserted in this region of muscle tissue would be retained during 

moulting. Tags were inserted using an Avery Dennison Tag Fast tagging gun. All tagging 

equipment was sterilised in ethanol between animals.  
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In addition to tagging, all lobster had the distal half of the most distal pleopod clipped using 

dissection scissors (see supplementary material Fig. 2 for example). Pleopod clipping ensured 

identification of a previously caught lobster if the T-bar tag had been dislodged. Upon recapture 

another pleopod was clipped. No pleopods were clipped from egg-bearing females and no more 

than two pleopod clippings were taking from reproductively mature female.  

5.2.1 Recaptures and movements  

Tagged lobster were either recaptured during following potting surveys or by commercial and 

recreational fishers operating in area. Local commercial fishers were notified of the tagging 

study and encouraged to report the location and timing of capture of any tagged lobster caught. 

No reward was offered for providing recapture reports, but legal-sized tagged lobster caught 

outside of the marine reserves could be kept. Distances moved were measured as the Euclidean 

distance (m) between point of initial capture and point of recapture. If paths between points 

intersected dry land, the path was adjusted in QGIS (QGIS.org, 2020) to provide a measure of 

the smallest distance around all dry land.  

5.2.2 Data analysis  

All data analysis was carried out in R (v.4.0.3, R Core Team, 2020). Models were fitted using 

the brms package (Bürkner, 2017), which can fit Bayesian mixed effect models using the 

Hamiltonian Monte Carlo algorithm implemented in the programming language Stan 

(Carpenter et al., 2017). Models were run with four MCMC chains of 20000 iterations and a 

burn-in of 10000 iterations. All models were ran using weakly informative priors. Maximum 

tree depth set was set to 12 and delta was set at 0.99 to avoid divergent transitions. Chain 

convergences were assessed using the  statistic (Gelman and Rubin, 1992). Posterior 

predictive checks were visualized using the bayesplot package (Gabry and Mahr, 2018).  

1. Sex and likelihood of recapture and movement 

The relationship between sex and likelihood of 1) recapture during seasonal potting surveys, 

2) capture within the fishery (either by recreational or commercial fisheries), and 3) movement 

between seasonal surveys were tested. Response variables: recapture status (“recaptured”, 

“not-recaptured”), capture status (“caught in fishery”, “not caught in fishery”), and movement 

status: “not moved” (re-caught at location of initial capture, movement = 0) and “moved” (not 

re-caught at location of initial capture, movement ≠ 0) were tested against sex (female, male) 

across all tagged lobster (Model 1). These models were performed using a zero-inflated models 
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design with a Poisson distribution, with zero-inflation factor (zi) also predicted by sex, and 

individual lobster specific tag ID codes (tag ID) incorporated as a random factor. 

Model 1: 

Response ~ Sex + (1|tag ID) 

zi ~ Sex 

2. Individual size and likelihood of recapture and movement  

Connections between individual size and likelihood of 1) recapture during seasonal potting 

surveys, 2) capture within the fishery, and 3) movement between seasonal surveys were tested. 

Response variables: recapture status, capture status, and movement status were modelled 

(separately) against carapace lengths across all tagged lobster data (Model 2). These models 

used a Bernoulli distribution and individual lobster specific tag ID codes (tag ID) were 

incorporated as a random factor. Models 2 and 3 were fitted to female and male data separately. 

Both models were fitted as a GLMM (generalized linear mixed model) and a GAMM 

(generalized additive mixed model) to identify the direction and significance of the carapace 

length effect and the overall shape of the response. 

Model 2: 

GLMM: Response ~ Carapace length + (1|tag ID) 

GAMM: Response ~ s(Carapace length) + (1|tag ID) 

3. Individual size and distance moved  

Distances (m) between location of original capture and location of recapture were modelled 

against carapace lengths to investigate connections between lobster size and distances moved 

(Model 3). Movement data generated from recaptures during seasonal surveys and data 

generated from lobster captured in the fishery were modelled separately. Due to high 

occurrences of zeros (i.e., lobster recaptured at location of original tagging) in the seasonal 

survey data, these data were modelled using a hurdle model design with a gamma distribution. 

Within the hurdle model, probability of no movement (hu) was also predicted by carapace 

length. In contrast, lobster captured in the fishery were modelled using just the gamma 

distribution as all lobster captured in the fishery had moved (i.e., no 0’s in data).  

  



  Chapter 5 

108 
 

Model 3:   

GLMM: distance or rate ~ Carapace length  

 hu ~ Carapace length * 

GAMM: distance or rate ~ s(Carapace length)  

hu ~ Carapace length * 

*hurdle model only 

Test specific suitability of either the linear versus the GAMM fit also was tested using leave-

one-out cross-validation (LOO-CV) using the loo package (Vehtari et al., 2018, Vehtari et al., 

2017) and comparing Bayesian R2 values (Gelman et al., 2019). Identification of significance 

of relationships was provided by credible intervals (CI), which do not overlap zero. The 

predictive accuracy of different models were compared using the LOO-CV generated expected 

log predictive densities (ELPD; measure of predictive accuracy). The most parsimonious 

model was selected on the basis of having a lower ELPD, with 2 standard errors difference 

considered the cut-off in discerning predictive accuracy between models. For model variations 

with observations with Pareto k estimates >0.7, reloo was implemented as recommended in 

Vehtari et al. 2017. Here, reloo refits the model leaving one problematic observation out, 

repeating refitting for each problematic observation. 

4. Recapture size comparisons  

Size distribution of tagged female and male lobster recaptured in the fishery were compared 

with size distribution of 1) all tagged female and male lobster recaptured during seasonal 

potting surveys, and 2) female and male lobster recaptured during seasonal surveys at a 

different location to original tagging. Lastly, sizes of tagged female and male lobster recaptured 

during seasonal surveys at the original location of tagging and female and male lobster 

recaptured during seasonal surveys at a different location to original tagging were compared. 

Analyses of differences (comparisons) were made using the unequal variance model 

recommended in (Kruschke, 2013) using a gaussian distribution in brms (Model 4). 
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 Model 4: CL ~ Recapture group, 

                 sigma~ Recapture group 

Here “sigma~ Recapture group” indicated sigma was allowed to vary between “Recapture 

groups” 

5.4  Results  

 Tag retention and recapture rate across seasonal potting surveys  

A total of 1383 lobster were caught and tagged during the seasonal potting surveys; 636 males 

and 250 females were tagged within the CROP reserve, and 176 males and 261 females were 

tagged within the TAWH reserve, and 37 males and 11 females were caught and tagged in 

fished areas adjacent to the CROP reserve and 10 male and 5 female lobster were caught and 

tagged in the fished areas adjacent to the TAWH reserve. Of these, 198 lobster were recaptured 

at least once during seasonal surveys. Most recaptures within the TAWH reserve were female 

(78.6%), whilst more males were recaptured within the CROP reserve (64.1% of recaptures).  

Across all recaptures, 60.6% retained tags, and the remaining 39.4% were identified by cut 

pleopods. Of the 126 recaptured lobster which retained tags, 18 were recaptured at least twice 

(caught a total of three times) and 2 at least three times (caught a total of four times). Of the 72 

lobster which lost tags 10 were caught at least twice, and 3 were caught at least three times 

based on the presence of multiple cut pleopods. Tag retention between reserves varies, with 

55.6% of recaptured lobster retaining tags in CROP compared to 74% in TAWH. This likely 

reflects a higher proportion of females caught at TAWH and better overall tag retention in 

females than males; 72.5% and 86% female tag retention in CROP and TAWH, respectively, 

compared to 46.2% and 25% male tag retention in CROP and TAWH, respectively.  

Mean recapture rates for all tagged female and male lobster across successive surveys were 

6.4% (standard error ± 0.9) and 3.9 (se ± 0.4), respectively (Fig. 1). There was a higher 

percentage of recaptures in spring than in autumn, and the higher recapture rate of females 

compared to males was generally evident across surveys. Recapture rates for female lobster in 

both reserves increased from spring 2018 to spring 2019 but remained relatively constant for 

male lobster. The recapture rate of females in CROP increased to above 10% in the spring 2019 

survey. However, an additional 163 lobster were tagged in winter 2019 in CROP (29 females, 

134 males). Two female lobster and five male lobster tagged in winter were recaptured in spring 

2019, contributing to 25% and 15% of female and male recaptures, respectively. Excluding 
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lobster tagged in winter 2019, the rate of recapture in spring 2019 increases from 10.5% to 

11.3% for females but reduces male measures from 4.9% to 4.1%.  

Comparisons of overall likelihoods of recapture during seasonal surveys between female and 

male lobster indicate no significant differences based on sex, however posterior estimates 

suggest slightly higher likelihoods for female lobster at 16. 7% (CI 13% - 20.6%) then for male 

lobster, 11.6% (CI 12% - 14%) (Table 1, Fig. 3A supplementary material). Analysis of 

likelihood of recapture based on carapace length indicates a significant positive relationship in 

both male and female lobster (Fig. 2, Table 2). Both the Bayesian R2 and LOO-CV output 

suggest better predictive performances for the GLMM fit over the GAMM fit where the 

posterior suggests likelihoods of recapture plateaus around 2% at carapace lengths above 125 

mm for female and 155 mm for male lobster.   

 Movement based on potting surveys 

Of the 112 recaptures during potting surveys, 97 lobster (86.6%) were recaptured within 

reserves at the location of original tagging (Fig. 5, also see supplementary material Fig. 2 for 

locations of lobster recaptured at location original tagging). Only one male lobster tagged 

outside of reserves areas was recaptured (outside of reserve boundaries) one day after original 

tagging, 93 m from original tagging location. The overall proportion of non-moving recaptures 

was similar between the two reserves (CROP 88.9%, TAWH 82.5%).  Most of these recaptures 

were female (64.8%), but this differed between reserves with females making up 94% in 

TAWH and 51.6% in CROP matching the proportions of male and female lobster tagged in 

each reserve. All male recaptures during autumn surveys were at the same position as initial 

tagging (movement of 0 m) (Fig. 5 supplementary material). Of the 64 female lobster caught 

at the same position, 24 were recaptured 1 year or longer after initial tagging. Analysis of 

differences in size distribution between lobster recaptured during potting surveys and those 

captured in the fishery revealed the former were significantly larger than the latter (Table 3). 

This analysis also found no difference in the size distribution of male lobster that had moved 

and those that hadn’t in between tagging and recapture during potting surveys.  

Comparisons of overall likelihood of movement in lobster recaptured during seasonal surveys 

indicate no significant differences between male and female lobster (Table 1), with likelihood 

of movement estimated at 8% (CI 16.8% - 18.5%) for females and 10.5% (CI 2.5% - 26.7%) 

for males (supplementary material, Fig. 6). The relationship between likelihood of movement 

and carapace length in male lobster recaptured during potting surveys is likely explained better 
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by a non-parametric GAMM than a linear parametric effect (see Table 2, smooth term CI’s do 

not include 0). Greater predictive performances for the GAMM are also suggested by higher 

Bayesian R2 values and the LOO-CV output (Table 2). The posterior GAMM fit (Fig. 4) shows 

a high likelihood of movement in male lobster with carapace length below 120 mm, low 

likelihood of movement between 130 mm and 140 mm carapace length, a moderate likelihood 

of movement in male lobster with carapace lengths above 140 mm. No reasonable relationship 

between carapace length and likelihood of movement could be determined in female lobster.  

Movements among potting locations in between seasonal surveys ranged from 125 m to 1470 

m, differing in direction and seasonality and between male and female lobster. The largest 

movements were recorded within the TAWH reserve in female lobster. Here, two female 

lobster (tag numbers 123 and 127, Fig. 5) were recorded undertaking large longshore 

movements. Both lobster were originally tagged near the reserve’s centre in autumn 2018, then 

both were recaptured again near the reserve’s eastern boundary in spring 2018. Both lobster 

were recaptured a third time at position of initial tagging near the reserve’s centre, however 

123 was recaptured in autumn 2019, and 127 was recaptured in spring 2019. Another female 

lobster within TAWH (tag number 739) is recorded making a movement of similar direction 

and trajectory. However, lobster 739 was originally tagged in spring 2018 and recaptured in 

spring 2019. Within the CROP reserve a tagged female was also recorded making a large 

longshore movement form the back of Goat Island to coastal shallow reef towards the east of 

the reserve. The greatest distance moved by a male lobster between surveys was recorded in 

CROP, which was a relatively small adult (CL 112 mm, tag number 971) that moved across 

longshore reef. Three lobster appear to have moved in an offshore/onshore (or vice versa) 

direction and crossed the reef edge. Of these, two were large males (CL’s > 155 mm). Three 

lobster were captured more than once during the same survey, moving 125 m to 278 m, 

longshore, between 1 and 3 days. For female and male lobster recaptured during seasonal 

potting surveys, there was no relationship between carapace length and distance moved (Fig. 

6A, Table 3).   

 Recapture and movement in surrounding fishery  

Of the 1320 lobster tagged within reserve areas across all seasonal surveys, 14 (1.1%) were 

caught in the adjacent fishery between March 2018 and August 2020 (Fig. 5b). All were caught 

on reef outside the longshore boundaries of both reserves, and there were no captures reported 

on sandy habitats beyond the offshore boundaries. Of the 14 tagged lobster captured in the 

fishery, only two were female. For male lobster, 2 were caught adjacent to the TAWH reserve 
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and 10 were caught adjacent to the CROP reserve. The largest movements were all young adult 

males (CL’s between 105 – 120 mm), which had moved up to 3.5 km from the original tagging 

location. These young adult male lobster were recorded making large cross shore movements 

(>2 km) out of both reserves. Of the male lobster caught in the fishery, 72.7% had carapace 

lengths between 100 mm and 122 mm (mean CL 112 mm, std. dev. 6.3 mm), and all movements 

exceeding 1000 m were by individuals within this size range. The two largest lobster recaptured 

in the fishery (CL 149 mm and 152 mm) were both males originally tagged on coastal reef 

during spring surveys and captured on a patch of deep reef (depth >30 m) adjacent to the CROP 

reserves eastern longshore boundary. The next largest lobster (male; CL 148 mm) recaptured 

in the fishery and the only female captured in the fishery adjacent to the CROP reserve were 

both originally tagged immediately within the eastern longshore boundary (< 60 m from the 

boundary) and captured on deeper reef (~20 m depth) closure to the reef edge immediately 

outside of eastern longshore boundary. The only female lobster captured in the fishery adjacent 

to the TAWH reserve was initially caught on shallow reef (5 m depth) towards the centre of 

the reserve and captured outside the eastern boundary on deeper reef (~15 m depth) near the 

reef edge.  

Comparisons of the overall likelihood of capture in the fishery indicate no significant 

differences between male and female lobster (Table 3). However, this result is likely 

confounded by the low captures of female lobster. Regardless, the likelihoods of capture in the 

fishery are estimated at 0.2% (CI 0.03% - 1 %) for females and 1 % (CI 0.3% - 2%). Modelling 

indicates a significant negative relationship between male carapace lengths and the likelihood 

of capture in the fishery (Fig. 5B, Table 3B). The LOO-CV output recommends greater 

predictive performance for the GAMM fit over the GLMM. However, visually there appears 

to be little difference between either model. The relationship between carapace length and 

likelihood of capture in the fishery was not tested for female lobster due to too few female 

lobster captured in the fishery (n =2).  

5.5 Discussion 

These results are consistent with previous studies which have found prolonged site affiliations 

in north-eastern New Zealand Jasus edwardsii (Kelly and MacDiarmid, 2003, Barrett et al., 

2009), with most lobster maintaining connections with the same patch of reef for over a year. 

Site affiliation was greatest in female lobster (all sizes) and large male lobster (>~140 mm 

carapace length). Similar findings have been reported in J. edwardsii within marine reserves 
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elsewhere in New Zealand, such as Te Tapuwai o Rongakako marine reserve on the North 

Island’s East Cape (Freeman et al., 2009), and in Tasmanian marine reserves. Despite the high 

propensity for site fidelity, 13.4% lobster recaptured during seasonal potting surveys moved 

between initial tagging and recapture locations. Only 14 lobster (1.1% of all tagged lobster) 

that were originally caught and tagged in the reserves were reported as caught in the 

surrounding fishery.   

Male J. edwardsii are known to undertake offshore migratory movements following ecdysis 

from October to November and after mating between June and August, whereas female 

movements coincide with larval release from late September to October (MacDiarmid, 1989a, 

Kelly, 2001). During these periods, both Kelly (2001) and Kelly and MacDiarmid (2003) 

describe male and female lobster moving from shallow coastal reef, offshore on deep patch 

reef and offshore soft-sediment habitats. Across both the survey and fishery recapture data 

there was some evidence of offshore migratory movements. However, these movements were 

between shallow and deep reef and no lobster were recaptured out on sandy habitats. In general, 

the distance and frequency of offshore movements were not as extensive as those previously 

reported, with no tagged lobster recaptured beyond the offshore boundaries of either reserve. 

During the seasonal surveys, only one large male was recorded undertaking a movement 

consistent with previously detailed offshore migratory movements. This lobster was originally 

tagged on deep patch reef during the winter 2019 survey and was recaptured on shallow coastal 

reef during spring 2019 survey, presumably prior to ecdysis.  

Seasonal migrations are also evident in the female movements inferred from the survey and 

fishery recapture data. These movements are likely associated with reproduction, with timing, 

periodicity, and direction of movements towards or from deep reef edge habitat consistent with 

larval-release behaviour. J. edwardsii mate once a year, soon after female ecdysis between June 

and August in north-eastern New Zealand. Female lobster brood eggs until release in spring 

(September-November) when they move to deeper water near the reef edge (MacDiarmid, 

1991). Female lobster are described aggregating  in areas where current flows are strong during 

larval release (McKoy and Leachman, 1982). This behaviour is believed to encourage the rapid 

dispersal of propagules away from planktivorous reef-dwelling predators (McKoy and 

Leachman, 1982). From recapture data within and next to the TAWH reserve, reproductive 

movements are evident in females moving from shallow reef near the centre of the reserve, 

tagged during autumn surveys and recaptured in spring (during spring surveys and within the 

fishery) near the reserve’s eastern boundary. This area, the end of the Takatu Peninsula, is 
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characterized by higher current flows than elsewhere in the TAWH reserve (pers. obvs.). From 

the survey recapture data, three female lobster were recorded moving from the reserve centre 

to the eastern boundary and returning to the original location at the centre of the reserve. A 

movement of comparable timing and trajectory is shown in the fishery recapture data, where a 

female originally tagged at the reserve centre on shallow reef is captured within the fishery at 

the reef edge outside of the eastern boundary. These results indicate the potential importance 

of this deep reef high flow habitat to reproduction in these lobster. Fishing this habitat during 

periods of larval release risks disproportionately targeting reproductive female lobster over 

other population demographics. Excessive removal of these lobster may detrimentally alter the 

protected population’s demography, whilst capturing and releasing individuals carrying eggs 

risks negatively impacting reproductive success. Both conservation and fisheries are known to 

benefit when fishing is excluded from spawning and nursery grounds (Apostolaki et al., 2002, 

Game et al., 2009, Birkeland and Dayton, 2005). It may therefore be prudent to incorporate 

this larval release habitat within reserve boundaries.  

Analyses found no connection between female carapace lengths and the likelihood of 

movement or the distance moved. This result may reflect the reproductive drivers of female 

movements. Due to the relatively small size of female reproductive maturity in these lobster 

(~87.5 mm carapace length, see MacDiarmid (1989b)), ontogeny is not likely to drive 

variability in female movement data. In contrast, analyses of male lobster recapture data 

(survey and fishery) indicate connections between size and movement. These analyses show 

likelihoods of capture in the surrounding fishery decreasing with size in male lobster. As no 

lobster tagged in fished areas were recaptured within the fishery, this result is inferred as the 

likelihood of a protected lobster (within reserve boundaries) will move into and be caught in 

the adjacent fishery. Similarly, the fishery recapture data testing shows a negative relationship 

between distance moved and male lobster carapace lengths. Movements recorded in male 

lobster with carapace lengths below 120 mm indicate little temporal consistency or periodicity, 

with trajectories appearing confined to large, long-shore movements across reef habitat and 

provide no indication site association. These movements appear to align with the Herrnkind 

(1980) description of nomadism. That is: individuals wandering over a large area, independent 

of seasonal cues, with no apparent start or endpoint. Across all recaptures in the fishery, most 

(64 % of all tagged lobster caught in fishery) were young adult males (CL 105 -122 mm, mean 

112 mm). This result indicates that fishing effort focused on these reserves' boundaries is most 

likely to catch young nomadic male lobster over other population demographics. This result 
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contrasts commercial catches from CROP’s offshore boundaries from 1995 to 1997 (Kelly et 

al., 2002). Kelly et al. (2002) described this catch as lobster caught during seasonal 

onshore/offshore migrations. This result is expected to reflect lower densities within reserve 

areas, impacting the frequency, composition, and magnitude of offshore movements (see 

Chapter 4).   

Nomadism is described in many lobster species including Jasus landii (Atkinson et al., 2005), 

Panulirus argus (Bertelsen, 2013), Panulirus cygnus (Jernakoff et al., 1987), and Palinurus 

elephas (Giacalone et al., 2015). Linnane et al. (2005) proposed nomadism in south Australian 

J. edwardsii was a response to displacements by potting and presented no connection between 

nomadism and population demography. Nomadism is credited to the replenishment of 

surrounding fished areas via spill-over (see conclusions of Bertelsen, 2013, Giacalone et al., 

2015), but connections between nomadic movements in lobster with life histories has received 

little attention. The confinement of nomadic movements to young adult male lobster in this 

study is proposed to reflect natal dispersion type mechanisms (Greenwood, 1980, Penteriani 

and Delgado, 2009). These lobster are proposed to be undertaking nomadic movement to 

actively minimise likelihoods of reproductive competition with larger competitively dominant 

conspecifics (see Wey et al., 2015). Despite reaching maturity, small males may not get the 

opportunity to mate as aggression interactions will prevent small males mating within females 

(MacDiarmid, 1989a). The development of nomadism or natal dispersal in young adult male 

lobster may have evolved as a strategy to avoid aggressive interactions during mating with 

more dominant conspecifics (Penteriani and Delgado, 2009). Such dispersal strategies will be 

advantages at population levels through the facilitation of range expansion, greater gene flow, 

or even mitigating population responses to localised environmental disturbances. Future 

studies may consider whether such behaviour is now limited to marine reserves where large 

males are in relatively high abundances (i.e., density-dependent movement), or whether this 

behaviour is exogenous and occurring independent of conspecific densities (i.e., in non-reserve 

areas).   

These results indicated a low overall likelihood of J. edwardsii from within the two north-

eastern New Zealand reserves surveyed being caught in adjacent fisheries under current 

conditions. However, these results also demonstrate that movements within and beyond marine 

reserves boundaries will differ between sexes and across ontogenies. These tag-recapture data 

suggest that under current conditions, greater protection will be afforded to large males that 

maintain long-term site affiliations and undergo seasonal offshore-onshore migratory 
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movements within reserve boundaries. In contrast, young adult male lobster will be more likely 

to be caught in the fishery than other population demographics due to large, long-shore 

nomadic movements. In addition, the identification of female reproductive movements taking 

individuals towards and beyond the eastern edge of the TAWH reserve indicates limitations in 

this reserve’s ability to conserve brood stock. Ultimately, the identification of crucial 

reproductive habitats (i.e., deep reefs where egg release occurs) should be a priority for future 

marine reserve designs.  
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Figure 1: Recapture rates expressed as a cumulative percentage of lobster previously tagged 

(per area, CROP or TAWH) during seasonal potting surveys of the CROP and TAWH marine 

reserves.   
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Figure 2: Likelihood of recapture in seasonal potting surveys in relation to carapace length 

(mm) for tagged female (left) and male (right) lobster. Red indicates the relationship modelled 

using a GLMM fit, black indicates relationship modelled using GAMM fit.  
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Figure 3: Size distribution (carapace length mm) of male and female lobster recaptured during 

seasonal surveys, A., and captured in the fishery, B. Colour refers to lobster which were 

recaptured at original location of tagging (Moved: No, red), and those caught at a different 

location (Moved: Yes, blue).  
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Figure 4: Likelihood of movement modelled based on carapace length in female (left) and male 

(right) recaptured lobster. Red indicates the relationship modelled using a GLMM fit, black 

indicates relationship modelled using GAMM fit. 
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Figure 5. Movements of recaptured lobster that moved between seasonal potting surveys (A), and movements of tagged lobster caught by 

commercial or recreational fishers (B). Figure shows point of tagging and point of recapture, direction of movement specified by arrow, season of 

tagging and recapture specified by point shape, year of tagging and recapture specified by point stroke colour. Reef edge shown by orange lines, 

reserve longshore boundaries shown by red lines, and reserve offshore boundaries shown by purple lines. 
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Figure. 6: Distances (m) between location of original capture and location of recapture 

modelled against carapace lengths for female (left) and male (right) lobster recaptured during 

seasonal surveys, A., and lobster captured in the fishery, B. Red indicates the relationship 

modelled using a GLMM fit, black indicates relationship modelled using GAMM fit. 
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Figure 7: Likelihood of tagged male lobster captured in fishery based on carapace length (mm). 

Red indicates the relationship modelled using a GLMM fit, black indicates relationship 

modelled using GAMM fit. 
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Table 1: Summary results of zero-inflated (zi) models testing differences between female and 

male lobster in likelihood of recapture during potting surveys, A), recaptured at a different 

location to original recapture (i.e., movement), B), and recapture within the fishery, C).  

Likelihood 

of: 

A) Recapture during 

potting survey 

B) Movement between 

potting surveys 

C) Recapture in 

fishery 

Predictors Estimate CI (95%) Estimate CI (95%) 
 

Estimate CI (95%) 

Intercept -1.76 -2.02 – -1.51 
 

-2.32 -3.93 - -0.99 -4.1 -7.34 - -0.01 

zi_Intercept -5.08 -12.22 – -1.62 -2 -6.81 - 0.87 0.34 -9.76 - 5.85 

Sex -0.33 -0.66 – 0.04 
 

0.24 -1.34 - 1.94 0.09 -4.64 - 4.34 

zi_Sex 1.5 -4.54 - 9.29 -1.33 -10.63 - 5.62 -1.85 -12.01 - 

11.04 
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Table 2: Summary results for models assessing the relationships between carapace length and 

the likelihood of: recapture during seasonal surveys, A), movement between seasonal surveys, 

B), recapture in the fishery, C). Results shown for the smooth term when models were fitted 

using a GAMM and the carapace length (CL) effect when models were fitted using a GLMM. 

Significance indicated by 95% CI lower and upper values not including 0. Model predictive 

performances are indicated by Bayesian R2 values and performances comparisons between 

GAMM and GLMM fits indicated by LOO-CV output. Best predictive accuracy shown as the 

model with the lowest expected log pointwise density difference (ELPD diff). 
    

95 % CI 
 

LOO-CV 

Likelihood of: Sex Model Term/Effect lower upper Bayes 

R2 

ELPD 

diff 

SE diff 

A) Recapture during 

surveys based on CL 

Male GAMM Smooth 1.9 8.34 0.571 -0.5 2.2 

GLMM CL 0.02 0.12 0.593 0 0 

Female GAMM Smooth 0.14 12.62 0.697 -3.4 1.6 

GLMM CL 0.01 0.23 0.708 0 0 
 

B) Movement 

between surveys 

based on CL 

Male GAMM Smooth 0.09 7.48 0.442 0 0 

GLMM CL -0.14 0.12 0.414 -2.2 1.4 

Female GAMM Smooth 1.81 13.84 0.711 0 0 

GLMM CL -0.18 0.5 0.7 -0.4 0.4 
 

C) Recapture in 

fishery based on CL  

Male GAMM Smooth 0.11 11.78 0.075 0 0 

GLMM CL -0.07 -0.01 0.075 -0.6 0.4 
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Table 3: Summary results of analyses of differences in size distribution between tagged lobster 

recaptured in the fishery and all tagged lobster recaptured during seasonal surveys, A), tagged 

lobster recaptured in the fishery and tagged lobster recaptured during seasonal surveys at a 

different location to original tagging (moved), B), and tagged lobster recaptured during 

seasonal surveys at a different location to original tagging and tagged lobster recaptured during 

seasonal surveys at location to original tagging (not moved), C). Significant differences 

between recapture groups indicated by grey.  

Tested groups A) Fishery vs. 

Survey (all) 

B) Fishery vs. 

Survey 

(moved) 

C) Survey (moved) 

vs. Survey (not 

moved) 

Predictors Estimates CI (95%) Estimates CI (95%) Estimates CI (95%) 

Intercept 121.57 110.25 – 

132.76 

120.52 109.66 – 

131.08 

142.89 137.50 – 

148.26 

sigma_Intercept 2.9 2.53 – 

3.41 

2.9 2.53 – 

3.36 

2.74 2.52 – 3.01 

Recapture group 21.08 8.83 – 

33.68 

18.43 -11.52 – 

44.23 

-0.63 -27.59 – 

26.52 

sigma_ Recapture 

group 

-0.06 -0.62 – 

0.39 

0.41 -0.30 – 

1.25 

0.58 -0.05 – 1.45 

Observations 51 
 

18 
 

39 
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Table 4: Summary results for models assessing the relationship between carapace length (CL) 

and distance moved in lobster recaptured during seasonal potting surveys, A), and lobster 

recaptured in the fishery, B). Significance indicated by 95% CI lower and upper values not 

including 0. Model predictive performances are indicated by Bayesian R2 values and 

performances comparisons between GAMM and GLMM fits indicated by LOO-CV output. 

Best predictive accuracy shown as the model with the lowest expected log pointwise density 

difference (ELPD diff). 

 
   

95 % CI 
 

LOO-CV 

Data Sex Model Term/Effect lower upper Bayes 

R2 

ELPD 

diff 

SE diff 

A) Survey Male GAMM Smooth  0.03 3.81 0.062 -2.1 0.8 

 
 

GLMM CL -0.04 0.01 0.023 0 0 

 Female GAMM Smooth  0.03 1.98 0.019 0 0.6 

 
 

GLMM CL -0.11 0.09 0.054 0 0 

 
        

B) Fishery Male GAMM Smooth  0.01 0.85 0.207 0 0 

 
 

GLMM CL -0.06 0 0.218 -0.6 0.5 
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5.6 Supplementary material: 

Figure 1: Recaptured lobster with dorsally inserted coded T-bar tag.  
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Figure 2: Examples of recaptured male lobster with cut pleopods. A) indicates one recapture, 

B) indicates on recapture with evidence the individual has moulted in between tagging and 

recapture, C) indicates multiple recapture and evidence of moulting, plus epizoic growth.  
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Figure 3: Likelihood of recapture during seasonal surveys, A), and likelihood of recapture in 

the fishery, B), for female and male tagged lobster.  
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Figure 4: Tagged lobster re-caught at same position as initial capture. Colours represent4 individual lobster. Inset figure shows distribution of 

carapace lengths (mm) across recaptured lobster per location-sex combination.  
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Figure 5: All recaptured lobster re-caught at position of initial capture (movement = 0 m). at 

date of initial capture and date or dates of recapture. Grey filled areas, times of year when 

mating and ecdysis occur; male ecdysis in October-November, mating and female ecdysis 
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Figure 6: Likelihood of female or male lobster is recaptured at a different location to original 

tagging (i.e., movement) 
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CHAPTER 6: GENERAL DISCUSSION 

 

6.1 Study rationale  

Research in north-eastern New Zealand marine reserves has provided valuable insights into the 

complexities of lobster behaviour (MacDiarmid, 1994, Kelly et al., 1999), movement 

(MacDiarmid, 1991, MacDiarmid et al., 1991, Kelly, 2001, Kelly and MacDiarmid, 2003), and 

reproduction (MacDiarmid, 1989a, MacDiarmid, 1989b), and demonstrated how reserves can 

promote the recovery of lobster populations (Kelly et al., 2000) and contribute to a spill-over 

fishery (Kelly et al., 2002). However, over the last twenty years lobster populations in these 

reserves have undergone considerable declines (LaScala‐Gruenewald et al., 2021), raising 

questions around the effectiveness and value of reserves in protecting populations against the 

impacts of fishing. The aim of this thesis was to examine the effectiveness of two north-eastern 

New Zealand reserves in protecting lobster populations and investigate the drivers and 

implications of long-term changes in lobster populations within these reserves.  

Marine reserve effects have mostly been reported in a way that emphasises the effect of 

protection. Consequently, the value of marine reserves as a source of unfished baseline or 

reference information has been underappreciated and underexplored. In addition, perceptions 

of spill-over have largely focused on changes to fished areas rather than how the harvest of 

spill-over biomass is impacting protected populations. The research in this thesis shifts the 

focus from how marine reserve establishment has impacted J. edwardsii populations to how 

fishing is impacting protected populations and how adjacent fished areas compare to reserve 

areas. This study applied an analytical approach to extract meaningful seasonal, spatial, and 

demographic information from dive and potting survey data and tag-recapture data collected 

within and adjacent to two marine reserves in north-eastern New Zealand.  

Exploring interactions between reserve design, fishing pressure and individual movements 

provides valuable insight into the vulnerability and stability of protected populations. This 

holistic approach encourages a greater understanding of the emergent components of 

conservation ecology (Drake et al., 2007). This research suggests that fishing impacts on 

protected populations not only vary in space and time but will change as the protected 

population’s density changes. Although the “recovery” observed following marine reserve 

establishment creates large differences in populations from neighbouring fished areas, this 
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research highlights that populations within reserves may still not provide a true representation 

of what unfished populations look like. Ecological systems are spatially and temporally 

contingent, and are seldomly built upon fixed entities (Solé et al., 2002). By defining 

boundaries between the presence and the absence of extractive human pressures, marine 

reserves construct an environment where the distribution and abundance of exploited species 

is heavily influenced by reserve design, movements of mobile populations and fishing pressure 

on the boundary. However, when marine reserves are well designed and effectively contain a 

species’ normal movements, marine reserves will better represent true unfished conditions.  

6.2 Chapter summaries and discussion  

6.2.1 Chapter 2: Marine reserves provide unfished reference information to empirically assess 
fishery status 

Using J. edwardsii survey data from inside and outside marine reserves, this study used a 

fisheries-independent approach to assess the status of the surrounding fished population. 

Chapter 2 demonstrates the value of marine reserves as sources of fisheries independent 

reference information from which robust assessment of fished stocks can be made. Marine 

reserve reference information provides an empirical contemporary representation of 

populations in the absence of fishing pressure under current environmental, biological, and 

evolutionary conditions. Based on marine reserve populations, the spawning stock catch rate 

and biomass in adjacent fished areas were estimated to be 3% and 2% of unfished levels. This 

status prediction is considerably lower than the latest status estimates for the wider fishery, 

currently estimated at ~18% of unfished levels (CRA2, Webber et al., 2018) and likely 

conservative given that populations in the two reserves examined have been greatly impacted 

by the harvest of lobster seasonally moving beyond offshore boundaries (Chapters 3 and 4). 

Population recovery in marine reserves is unlikely to reach unfished levels if reserves are too 

small and ineffectively contain seasonal movements (see Chapters 3 and 4, also Allison et al., 

1998, Kellner et al., 2007). For the CROP and TAWH reserves these limitations have resulted 

in to substantial reductions in lobster populations over the last twenty years (LaScala‐

Gruenewald et al., 2021). Despite this, marine reserve information can still provide an 

empirical method to identify baseline shifting (Pauly, 1995) and the impact of technological 

creep (the impact of more efficient fishing equipment) in fisheries dependent data (Marchal et 

al., 2007). This chapter provides a direct empirical comparison between a fished and unfished 

population without the need for modelled estimates based on assumed environmental and 

biological parameters.  
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Although this study was limited to a small area of the outer Hauraki Gulf, I am confident these 

results are representative of the wider Hauraki Gulf region. Reserve effects of comparable 

magnitude are reported in the Te Whanganui-A-Hei Marine Reserve ~100 km to the south-east 

of the area surveyed (see survey data presented in LaScala‐Gruenewald et al., 2021). This 

marine reserve is commonly compared with the CROP and TAWH reserves due to its 

ecological similarity (e.g. Shears et al., 2008, Willis et al., 2003). It has demonstrated recent 

reductions in lobster abundances and maintains current densities and disparities between 

protected and fished populations equivalent to those reported within the CROP and TAWH 

marine reserves (LaScala‐Gruenewald et al., 2021). It is therefore probable this study’s 

estimate of the status of fished populations is representative of the wider Hauraki Gulf region 

and reflects the excessive harvest and poor recruitment that has been reported in recent years. 

6.2.2 Chapter 3: Modelling spatial variation in exploited species across marine reserve 
boundaries 

Chapter 3 investigated potential edge effects and spill-over of lobster by measuring variation 

in catch rates across the boundaries of two north-eastern New Zealand marine reserves. Several 

modelling approaches were compared to evaluate how interpretation of spatial gradients can 

differ between modelling strategies. This study shows how different modelling approaches can 

lead to vastly different conclusions regarding edge effects and spill-over. Overall, continuous 

models fitted separately to reserve and fished data, and stepped piece-wise models fitted across 

boundaries were best suited to modelling the highly discontinuous patterns in lobster catch 

across boundaries. These analyses indicate that edge effects and spill-over within and adjacent 

to the CROP and TAWH marine reserves were extremely small or not evident at all. Spill-over 

is expected to be driven by displacements under high density conditions within reserves and 

would therefore be expected to increase in both reserves examined if densities were to increase. 

Although this study shows a clear overall difference in density between reserve and fished 

areas (i.e., reserve effect), the current densities within the reserves are believed to be too low 

for density driven displacements to occur.  

6.2.3 Chapter 4: Small reserves cannot sustain spill-over fisheries 

The objective of Chapter 4 was to explore how declines in lobster abundance have impacted 

lobster moving offshore and whether spill-over across offshore boundaries was occurring, as 

reported in the 1990’s (Kelly et al., 2002). During two years of potting in this study, very few 

lobster were caught within 100 m of the offshore boundaries. Comparison of these data with 

catch data from the 1990's indicates large changes in the demographic compositions of lobster 
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moving offshore, reductions in the frequency and abundances of lobster moving offshore and 

an overall reduction in the distance travelled from the reef edge. Density reductions are 

suggested to have impacted offshore movements either through lowered competition or 

diminished efficacy of defensive aggregations. This result suggests a non-linear relationship 

between the occurrence of aggregations and the overall population size in the reserve, where 

once the population drops below a threshold density, offshore aggregations do not occur or at 

least are very rare.    

These results demonstrate the offshore spill-over reported in Kelly et al. (2002) is no longer 

occurring and suggest the historic harvest on the offshore boundary contributed to the large 

reductions in densities observed within these reserves (LaScala‐Gruenewald et al., 2021). It is 

also likely that the harvest on the offshore boundary contributed to the absence of spatial 

gradients in density across the reserves reported in Chapter 3 (see Fig. 3.5). In scenarios where 

movement across offshore boundaries occurs, an individual will be vulnerable to fishing 

regardless of its position within a reserve’s boundaries. It is therefore likely that this harvest 

has gradually reduced abundances across these reserves and limited the protected population’s 

resilience to an extended period of low recruitment.  

6.2.4 Chapter 5: Demographic variation in the movement of spiny lobster in marine reserves 
and capture in the surrounding fishery 

Chapter 5 aimed to quantify and classify demographic variation in lobster movements within 

and across the boundaries of the CROP and TAWH marine reserves to better understand 

connections between protected populations and the fishery. Data generated from a tag-

recapture program indicated that movement and subsequent capture in the surrounding fishery 

differs with sex and across ontogenies. These results suggest greater protection will be afforded 

to large males which maintain long-term site affiliations and undergo seasonal offshore-

onshore movements within the offshore limits of either reserve. In contrast, young adult male 

lobster were found to be more likely to be caught in the fishery due a higher likelihood of 

crossing reserve longshore boundaries. Finally, these results suggest female lobster within the 

TAWH reserve are seasonally vulnerable to fishing due to movements to habitat beyond the 

reserve’s boundaries where they go to release their eggs. Such vulnerability may be lethal, via 

direct fishing extraction, or non-lethal, via the capture and return female lobster carrying eggs, 

and negatively impact the protected populations reproductive potential (Lima, 1998).  
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The tag-recapture data presented in Chapter 5 show lobster moving out of reserves and captured 

in the fishery, with more lobster captured closer to reserve boundaries. Although this is 

evidence of spill-over on an individual level, these results also indicate movements are 

infrequent and with low likelihoods of occurring (as seen in Chapter). Under higher densities 

within the reserves, I would predict the probability of fishery captures to increase for smaller 

lobster due to increases density driven displacements and competitive exclusions.  

6.3 An update on the lobster marine reserve story 

Extensive research in northern New Zealand marine reserves in the 1990’s and early 2000’s 

provided valuable insights into the complexities of spiny lobster behaviour, movement, and 

reproduction, and demonstrated how reserves can allow the recovery of lobster populations and 

contribute to a spill-over fishery (see earlier references). However, over the last twenty years, 

lobster populations within the CROP and TAWH marine reserves have declined to 20.1% and 

40.8% of peak abundances respectively (LaScala‐Gruenewald et al., 2021). These large-scale 

reductions are likely the result of an extended period of low recruitment (Webber et al., 2018) 

and high fishing pressure on offshore boundaries (i.e., Kelly et al., 2002), and there is no 

evidence to suggest other factors are contributing to reductions. 

The results of this thesis suggest these declines have led to several changes in the ecology of 

lobster within these marine reserves. Under current low density conditions Chapters 4 and 5 

show few lobster moving beyond the reef edge, with seasonal offshore movements mostly 

between shallow and deep reef. Movements on to sandy offshore habitats are limited to solitary 

large male individuals and appear to rarely extend further than 200 m from the reef edge. In 

Chapter 4 density dependent changes to offshore movements are suggested to have manifested 

from lowered competition for prey adjacent to reef habitat or a diminished efficacy of defensive 

aggregations in low complexity habitat. As a result of these changes there is little evidence of 

spill-over across these reserve’s offshore boundaries. Instead, commercial fishing activity is 

now mostly focused on the coastal margins on the reserve offshore boundaries.  

The plight of lobster in CROP has been recognised in the recent Hauraki Gulf Marine Spatial 

Plan (Department of Conservation and Fisheries New Zealand, 2021), which proposes 

extending the offshore boundary to 3 km offshore in order to mitigate the effects of fishing on 

the offshore boundary.  As seen in Chapters 4 and 5, at current densities movement of lobster 

beyond the offshore boundary is infrequent and this area is rarely fished. While this extension 

will prevent further capture of current lobster populations on the offshore boundary, current 
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fishing effort is low on the offshore boundary likely because of the low population size and 

consequent low catch rates. However, assuming recruitment is a major factor limiting reserve 

population densities, extending the boundary is precautionary in the event of recruitment 

pulses. A high recruitment event would be expected to increase densities, increase competition 

amongst lobster and therefore increase likelihood of aggregations forming thus facilitating 

greater exploration of offshore habitats. Extending the boundary guarantees protection of 

lobster moving offshore and provides greater insurance that recovered populations will be 

resilient to subsequent fluctuations in recruitment. Without a reserve extension, the offshore 

boundary spill-over fishery will likely re-establishment and the protected population will 

ultimately return to the current pathway of declining population sizes. 

As discussed in Chapter 3, higher density conditions within reserve boundaries will encourage 

greater density-driven spill-over across longshore boundaries, which may benefit the 

surrounding fisheries. Aside from direct spill-over benefits, improving marine reserve efficacy 

is fundamental for marine reserves to act as fisheries management tools. This includes the use 

of marine reserves as sources of unfished references information, and the ability of marine 

reserves to provide insurance against future extractive pressures and recruitment uncertainties. 

Greater protection of the existing brood stock population will also be fundamental for these 

insurance objectives.  

The Hauraki Gulf Marine Spatial Plan does not include a comparable extension to the TAWH 

marine reserve and therefore we would not expect to see long-term recovery under current 

conditions or in the event of a recruitment pulse. Furthermore, Chapter 5 demonstrates 

reproductive female lobster within TAWH are likely seasonally vulnerable to lethal and non-

lethal fishing effects during movements beyond reserve boundaries to larval release habitat. I 

propose incorporating this habitat by shifting the eastern longshore boundary around the Takatu 

Peninsula to beyond the point where the 20 m depth contour separates from the reef edge (Fig. 

2). In addition, I propose extending TAWH’s offshore boundary past the 30 m depth contour. 

Like CROP, these boundary modifications will improve conservation efficacy by ensuring 

protection during seasonal movements. These modifications should also improve the protected 

populations reproductive output. Although the importance of local recruitment to these areas 

is largely unknown, improving these reserves’ ability to conserve brood stock is assumed to 

improve the areas resilience to further recruitment uncertainties. However, due to this species 

extremely long planktonic larval duration (PLD), for this resilience to be meaningful, 
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improvements to the effectiveness of existing marine reserves need to also be coupled with 

extensive protection of brood stocks throughout the species’ range.   
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Figure 1: Map of the Cape Rodney to Okarari Point Marine Reserve showing the current 

marked and gazetted marines reserve boundaries and the boundaries of the proposed extension 

to 3 km offshore (Department of Conservation and Fisheries New Zealand, 2021).  

 

Figure 2: Map of the Tawharanui Marine Reserve showing the current reserve boundaries, the 

extension proposed based on this study, and the seafloor protection area proposed in the 

Hauraki Gulf Marine Spatial Plan. 
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6.4 Broader considerations  

Due to the long larval duration of J. edwardsii, high uncertainty exists regarding the drivers of 

recruitment and whether low recruitment is in part connected to reductions in brood stock 

biomass across large-spatial scales due to over-fishing. The 2017 stock assessment for the 

CRA2 management area indicated large reductions in spawning stock biomass and an extended 

period of low recruitment (Webber et al., 2018). Low recruitment is evidenced by low numbers 

of juveniles reported in both potting and dive surveys (Chapter 2). Long term lobster 

monitoring data also report severe declines of both spawning biomass and total abundance 

within north-eastern New Zealand marine reserves (LaScala‐Gruenewald et al., 2021), and 

Chapter 2 of this thesis estimates the spawning stock status of adjacent fished populations as 

3% of unfished levels. Although these patterns suggest reduced lobster populations across 

north-eastern New Zealand are the result of high fishing pressure and low recruitment, 

uncertainty surrounds the connection between the impacts of fishing and local recruitment.  

At present, much of what we know regarding J. edwardsii recruit sources and sinks is based 

on hydrodynamic models (Chiswell and Booth, 2008). However, due to the length and 

complexity of J. edwardsii larval periods, comparatively little is known about the physiology, 

ecology, and behaviours of these larvae (O’Rorke et al., 2014, Jeffs, 2007, Jeffs et al., 2005, 

Jeffs et al., 2004). Further uncertainties also surround spatial variation in egg-production and 

settlement rates (Chiswell and Booth, 2008). Consequently, models such as that presented in 

Chiswell and Booth (2008) rely on “passive” estimates based on oceanic processes, and 

incorporate few biological parameters (Cressie et al., 2009). In addition to limitations on 

biological relevance, these models may also be limited in their ability to report on local scales 

of recruitments as large uncertainties and errors exist around coastal regions where 

hydrodynamic models have poor coverage due to low spatial resolutions (Vasile, 2019).  

Recruits sourced from distant populations will be more susceptible to weather anomalies 

(Linnane et al., 2010), larger climatic events such El Nino (Pearce and Phillips, 1988), and 

more vulnerable to the impacts of climate change (Harley et al., 2006). Understanding of the 

processes involved in recruitment for J. edwardsii will be fundamental to predicting how the 

species will respond to the impacts of climate change or other environmental anomaly (Payne 

et al., 2016, Caputi et al., 2013). However, these uncertainties also highlight the need for 

precautionary measures to ensure the preservation of brood stock and seed populations. Greater 

expansion of marine reserve protection will provide a precautionary management strategy to 
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ensure the maintenance of large brood stock populations (Roberts et al., 2017, Sala and 

Giakoumi, 2018). Further establishments of effectively designed marine reserves across the 

species range, particularly in areas identified by hydrodynamic models as important source 

areas, will ensure larval pools and seed populations are maintained and reduce the likelihood 

of recruitment overfishing.  

In addition, protected populations within effectively design reserves may even 

disproportionately contribute to the larval pool. For example, in Fiordland, southern New 

Zealand, Jack and Wing (2010) describe greater reproductive contributions from lobster 

populations within older marine reserves compared to populations in younger reserves and 

commercial fishing exclusion zones. In addition, larval production will also benefit from the 

maintenance of natural den and mating dynamics, and preservation of larger individuals 

(MacDiarmid, 1994, MacDiarmid, 1989a). MacDiarmid and Butler (1999) demonstrate clutch 

weights in J. edwardsii will positively correlate with male size and female fecundities can be 

reduced by failure to fertilize eggs or mating with small males with limited sperm availability. 

MacDiarmid and Butler (1999) ultimately warn egg production will be limited in fished areas 

where large males are rare.  

It is possible that the observed reductions in Hauraki Gulf lobster are more closely connected 

to overfishing of the local population than to reduced recruitment from distant populations. The 

Hauraki Gulf Marine Spatial Plan proposes the establishment of 11 new High Protection Areas 

and 5 Seafloor Protection Areas where some benthic activities are prohibited. Overall, this plan 

proposes to extend protection in the Hauraki Gulf Marine Park from 6.6 % to 17.6%. Although 

this is short of the internationally recognized objective of 30% marine protection (Wood et al., 

2008), it is likely to improve the region’s resilience to the climate and recruitment uncertainties. 

Protection of areas with known lobster populations further offshore such as Hauturu-o-Toi 

(Little Barrier Island) and the Mokohinau Islands will also allow for greater generality to the 

stock assessment approach described in Chapter 2. At present, Hauraki Gulf marine reserves 

are located exclusively on coastal areas, but a large proportion of the regions fishing effort is 

focused around offshore island areas. If implemented effectively, protection of these areas will 

provide important unfished reference information to inform stock assessment and help assess 

and manage the impacts of fishing. 
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6.5 Study limitations 

6.5.1 Limitations to potting survey periodicity: 

The potting surveys undertaken in this thesis were largely limited to two seasons, due to 

available resources and the availability of the commercial fishing boat and fishing equipment 

used. Survey periodicity and timing of surveys were ultimately limited to periods not 

coinciding with peak commercial fishing activity (September – October) or periods when the 

vessel, equipment and fisher were operational (i.e., when equipment was being serviced). 

Although data collected from these surveys demonstrated seasonality in spatial distribution and 

catch rates, the overall robustness of conclusions drawn from these data would have improved 

if surveys could have been undertaken more frequently. This would have provided greater 

information and resolution on seasonal movements. In addition, the areas surveyed were 

constrained to areas adjacent to the CROP and TAWH marine reserves. Generality of the 

conclusions presented Chapter 2, on a larger spatial scale, would be improved by surveying 

areas such as Hauturu-o-Toi (Little Barrier Island) where a large proportion of fishing in this 

region is focused. Ultimately potting in the reserves, would use commercially comparable gear 

and methods, and be carried out at the same time as the main fishing, such that direct 

comparisons could be made to fisheries catch rates over a wider area. 

With regard to inferring lobster distribution from potting data, MacDiarmid et al. (2013) 

discuss their concerns with biases associated with trap entry due to an individual’s moult status, 

reproductive state, gender, or body size (Ziegler et al., 2002a, Ziegler et al., 2002b, Ihde et al., 

2006), with the magnitude of these effect changing further with different densities (Ziegler et 

al., 2003). They go on to also mention that the smallest scale of distribution possible to describe 

using baited traps is the distance over which a trap attracts lobster. Comparisons between dive 

survey and potting survey data indicated a general bias in the potting survey data characteristic 

of catchability dynamics.  

Chapter 2 demonstrated comparable reserve-fished area ratios of SSB between the potting and 

dive survey methodologies. These results show that while potting may not sample whole 

population, the data produced is valuable in assessing status of fishery and its comparability 

with the fishery assessments. However, such comparison between methodologies was limited 

to reef habitat. Due to the sparce distribution of lobster on offshore sandy habitat, and the depths 

of these habitats, it was not feasible to undertake dive surveys beyond the reef edge.  



  General Discussion 

146 
 

6.5.2 Tag – recapture data:  

Classification of movements, in particular nomadism, from tag-recapture data is inherently 

difficult due to characteristically low recapture rates. Furthermore, movements inferred from 

points of capture and recapture limited by the frequency of sampling post tagging. In studies 

conducted over short periods which fail to incorporate the full cycle of seasonal behaviours, 

distinctions between seasonal or migratory movements and nomadism are obscured (Giacalone 

et al., 2015). Although the current study was conducted over a two-year period allowing full 

expression of seasonal migratory movement in the data, we have indication on the direction 

and rate of movement in between these points. Consequently, prior knowledge of seasonality 

of lobster distribution was used to differentiate expected positions of recapture relative to 

position of capture (i.e., migratory, or reproductive movements) or from unexpected positions 

of recapture relative to position of capture (i.e., nomadism). As previously discussed, the 

periodicity surveys was limited by the availability of potting equipment. Ultimately, the quality 

of information generated from tag-rapture programs is limited by the frequency of recapture 

events.  

6.6 Directions for future research 

6.6.1 Application of methods developed in thesis to areas beyond the Hauraki Gulf 

Applying aspects of the research covered in this thesis to much larger and presumably more 

effective marine reserves such as the Te Tapuwae o Rongokako Marine Reserve north of 

Gisborne, will provide an empirical means to further test this studies overarching research aim 

regarding reserve effectiveness. In this reserve, Freeman et al. (2009) found lobster catches 

increase towards the reserve’s centre, reaching a catch exceeding 20 lobster per pot, at least 4 

times greater than catch rates shown in Chapter 2. Based on the expectations outlined in 

Chapter 3, this result would imply that this reserve is effectively conserving lobster. This 

reserve is considerably larger than the CROP and TAWH reserves, protecting an area of 24.5 

km2 and extending up to 5 km offshore. Tracking data reported in Freeman et al. (2009) show 

no movements across the offshore boundary and suggest lobster at the centre of the reserve are 

unlikely to be impacted by fishing. Applying the modelling approaches tested in Chapter 3 to 

analyse catch across this reserve’s boundary would provide a further test of the ubiquity of a 

stepped or discontinuous gradient and potentially determine density thresholds when spill-over 

and edge effects might be expected. Such analyses will be informative to the management of 

existing marine reserves and help inform future marine reserve designs.  
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The differences in estimated fished population status between the results presented in Chapter 

2 and the those reported in the last stock assessment for the regional lobster fishery (CRA2, 

Webber et al., 2018) highlight the potential for stock assessment analyses to miss-represent 

fished populations. Utilization of marine reserves as sources of unfished information over large 

geographic scales will encourage robust assessments of fisheries and provide locally specific 

indications of fished populations statuses that may otherwise be overlooked in assessment of 

fisheries dependent data.  

6.6.2 Indirect fishing effects and lobster nutritional condition 

In heavily fished species, fishing driven reductions may also coincide with sub-lethal fishing 

effects impacting the health of released animals (Farrell and Leonard, 2000, Harris and 

Andrews, 2005). In lobster fisheries escape gaps on fishing gear and minimum legal sizes mean 

lobster are often caught and released or escape multiple times before final capture (Harris and 

Andrews, 2005, Powrie and Tempero, 2009, Parsons and Eggleston, 2007, Leland et al., 2013, 

Emery et al., 2016). These indirect fishing effects can manifest as injury, physiological stress 

via handling or exposure to air, and infection, and may be precursors or coincide with the 

population level impacts on reserve effectiveness explored in this thesis (Farrell and Leonard, 

2000, Harris and Andrews, 2005, Freeman et al., 2012a, Parsons and Eggleston, 2005). For 

example, Freeman et al. (2012a) describe lower growth rates in lobster from fished areas 

compared to lobster within a marine reserve and attributed difference to adverse interactions 

with fishing. In the same population, Freeman and MacDiarmid (2009) found fewer lobster 

infected with the bacterial infection “tail fan necrosis” within the marine reserve, with rates of 

infection decreasing with distance from boundaries. To better understand the extent 

surrounding fishing can impact protected populations, the broader physiological impacts of 

non-lethal fishing interactions should also be investigated.  

Assessing health or nutritional condition in crustaceans is difficult as they exhibit few 

observable changes in external dimensions during periods of sub-satiation or starvation. 

Consequently,  indices carried in crustacean haemolymph have been widely used to provide 

measures of condition (Paterson and Spanoghe, 1997, Chandrapavan et al., 2011). By far the 

most common method is measuring the refractive proprieties of haemolymph (or blood 

refractive index, BRI) (Oliver and MacDiarmid, 2001, Chandrapavan et al., 2011, Moore et al., 

2000). BRI strongly correlates with haemolymph protein concentrations (Moore et al., 2000, 

Smith and Dall, 1982) which is a strong indicator of nutritional condition in crustaceans 
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(Stewart et al., 1967a, Stewart et al., 1967b, Stewart and Li, 1969, Smith and Dall, 1982, Moore 

et al., 2000, Wang and Mcgaw, 2014). However, few studies have successfully analysed the 

nutritional condition of lobster in natura (Freeman, 2008), or addressed how injury and disease 

associated with fishing or protection influences nutritional condition. BRI is an accurate 

measure protein concentrations with estimates comparable to spectrophotometer measurements 

and colorimetric methodologies (Bonvillain et al., 2013, Lorenzon et al., 2011).  However BRI 

may also confound variation at the compositional level as it is a total measure all haemolymph 

constituents (discussed in Mendo et al., 2016). Greater resolution will be provided by 

proteomic or metabolomic analyses. Although the application of these methodologies to assess 

condition in crustaceans largely remained unexplored.  

6.6.3 Greater empirical understanding of Māori methods for marine protection 

The establishment of marine reserves has resulted in unparalleled conservation benefits; 

however, the restriction of access can conflict with the interests of iwi or hapū (Gibson, 2006) 

reflecting both contemporary exclusions and the history of confiscation involved in their 

creation. Reid and Rout (2020) provide a detailed summary of the sophisticated and nuanced 

regime used by Maori pre-colonisation and suggest rāhui was the primary mechanism for 

avoiding overexploitation. Rāhui were enforced by hapū – providing a New Zealand example 

of the local control suggested by Ostrom (1990) as a key factor in the successful management 

of common resources. Currently, Iwi and hapū can establish exclusive rights to the marine 

estate through taiāpure and mātaitai claims, which permit tribal regulation of fishing practices 

or enforcement of rāhui within a certain jurisdiction (Reid and Rout, 2020). However, due to 

the expense, time, and expertise required to work through the political and bureaucratic hurdles 

to get them established, few taiāpure and mātaitai currently exist. Although the benefits of 

taiāpure and mātaitai as holistic ecosystem based management strategies have been discussed 

(for example Hepburn et al., 2019), empirical understanding of the impacts of these processes 

is generally lacking. Increased relationship building with local hapū will allow greater 

collaboration between marine science and mātauranga Māori, increasing the broader 

understanding of Māori methods for marine conservation and providing vital new tools in the 

efforts to sustain and enhance fisheries 

6.7 Concluding statement  

This thesis has advanced our understanding of the value of marine reserves and how the 

effectiveness of marine reserves is strongly related to marine reserve design. The study also 
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provides new approaches to analysing marine reserve data to evaluate the status of surrounding 

fisheries, the extent of edge effects and spill-over from marine reserves. This study highlights 

complexities associated with effective marine reserve protection and the non-linear responses 

of lobster populations to changes in densities. These findings have implications for the 

management of lobster fisheries, the continued management of current marine reserves and the 

establishment of new marine reserves. From this research it is clear the problems faced by the 

marine environment extend beyond the scope of marine reserves. By eliminating all extractive 

human activities, marine reserves encourage recovery towards pre-impacted conditions. 

However, recovery is ultimately limited by the reserve’s design and our continued impact on 

surrounding ecosystems. In the age of climate change it is naïve to believe spatial limits on 

some destructive activities will be enough to enact meaningful change on the global scale. I 

believe further establishments of marine reserves will increase the resilience of marine 

environments to destructive human activities. However, if the shifting baselines described in 

Pauly et al. (2005) are to be avoided, changes relative to marine reserve reference information 

need to be acted upon, or they too may shift. Although the chapters in this thesis paint a grim 

picture of north-eastern New Zealand lobster fishery and lobster populations within the Hauraki 

Gulf, I am hopeful this study will be a help guide for future conservation efforts, sustaining 

diverse ocean ecosystems for generations to come.  
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