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ABSTRACT
This thesis investigated the demography and life history of the leatherjacket Meuschenia scaber
(F. Monacanthidae) in New Zealand waters. A total of 2112 individuals were collected at three
locations, Hauraki Gulf, Tasman Bay and Pegasus Bay, from July 2014 to March 2016. First,
the reproductive biology of M. scaber was investigated in the Hauraki Gulf to identify
macroscopic stages of gonad development (histology) and to establish sexual ontogeny, sexual
maturation and spawning seasonality. Second, an otolith-based approach was tested to evaluate
the suitability of M. scaber sagittal otoliths for the Hauraki Gulf age-based study, and
consequently to assess life history parameter estimates (maximum age, age-at-maturity, growth
rate, life span). Both preliminary studies generated protocols that facilitated an exploration of
life history pattern variation over a wider geographical scale. Monthly analysis of gonad
condition revealed a clear spawning season from late austral winter to early summer (August–
December) in the Hauraki Gulf, and histological analysis of the ovaries showed that M. scaber
is an indeterminate serial spawning gonochorist. The estimated size at sexual maturity (L50) for
both sexes was around 190 mm TL (this did not differ between sexes). The relatively small
testes, sexual dimorphism and underwater observation of nesting suggest that M. scaber is a
paired spawner. Otolith edge-type analysis demonstrated that increments are deposited
annually, and confirmed the suitability of sagittae for ageing the study species. Meuschenia
scaber displayed rapid initial growth, with 50% of both sexes maturing at 1.5 years old.
Maximum age differed substantially between the sexes, at 9.8 years for males and 17.1 years
for females in the Hauraki Gulf but did not differ in the other two locations. Overall, the
maximum age recorded for the study was 19 years in Tasman Bay. The von Bertalanffy growth
function fitted for M. scaber revealed statistically significant differences between growth
curves among sexes and across locations. Generally, the length-weight relationship differed
significantly between the sexes, with males displaying negative allometric growth and females
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isometric growth. Tasman Bay displayed the highest rates of mortality recorded for this study.
This study shows that Meuschenia scaber is gonochoristic and the longest-lived monacanthid
documented to date, and that variation between study locations in life history traits is most
likely caused by a combination of temperature and nutritional effects.
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Titiro ki te moana he ngohi e ranga ana
Titiro ki te whenua he tira tangata e hāereere ana
Mā wai e raranga kia kitahi ai?

Look to the sea where the fish are swimming as a shoal
Look to the land where there is a group of people who are wandering around
Who will bind them and keep them together?

To my wife Graziana

v

ACKNOWLEDGEMENTS
First, I would like to acknowledge my main supervisor Prof. Kendall Clements.
Kendall’s passion, vision and encouragement greatly contributed to the successful of this
project. I am very grateful to my co-supervisor Dr. Elizabeth Trip for being a key support for
the data interpretation and for the statistical and model advice. I would particularly like to thank
Dr. Marc Griffiths for his dedication and contribution that enhanced my understanding of
particular fish dynamics. I am thankful to the Ministry for Primary Industry and School of
Biological Sciences for the financial support of this project and scholarship funds. I am
honoured and glad to thank my scientific advisor Prof. Emr. Howard J. Choat for his punctual
and invaluable conceptual advice.
This study could not have been possible without the support and enthusiasm of few
essential field figures. First and foremost, I would like to thank Dr. Paul Caiger for his extensive
support during the collection of Hauraki Gulf samples (spearfishing, boating and more), for
providing all the study species pictures and also for giving me an insight into the Leigh marine
waters. In the same way, I am grateful to Peter Browne and Brady Doak for their support out
in the field during both rainy and sunny days and for sharing their extensive marine knowledge.
I would also like to thank Lucy Van Oosterom and Jack Hamilton for helping with the juvenile
collection. Working in the field with all of you has been a pleasure! Many people have also
contributed in various fields through all these years of my research. Special thanks go to my
friend and colleague Diana Montenegro for helping with the gonad staging; to Dr. Armagan
Sabetian (Auckland University of Technology) for inducting me into the otolith world; Prof.
Mary Sewell and Associated Prof. Rochelle Constantine (University of Auckland) for
discussions along the way and encouragement; Jennifer Chen (University of Auckland) for the
advice on staining protocols; Adrian Turner (University of Auckland) for his dedication and
help with light microscopy; Bhakti Patel and Igor Ruza (University of Auckland) for the
vi

logistical support in the Marine lab; Vivian Ward (University of Auckland) for the maps and
pictures; Dan MacGibbon (NIWA) for providing the samples from the South Island; Peter Horn
(NIWA) for his advice on the ageing protocols; Mindy Bradly (Talley’s - Motueka) for
providing commercial samples; Arthur Cozens (Leigh lab) for his assistance during my stay in
Leigh.
A very important thanks go to all those people that have contributed to my settling not
only in the Marine lab and SBS, but also in New Zealand: Francesca, Sabrina, Davide, Natali,
Leonardo, Erica, Kate, Paulina, Rebecca, Vanessa, Quentin, Gonzalo, Cota, Jorge, Emily,
Selena, Lilly, Josefina, Alex, Peter, Valentina, Gloriana, Gustavo, Giacomo, Francesca, Jason,
Davide C., Dave and Jay. My life in New Zealand would have not been such an amazing dream
without you!
“Last but not least”, I would like to thank all my family and friends: to my wife
Graziana for her love, dedication and unconditional support over the past three and a half years;
to my parents Guido and Miranda who supported and believed in me during all my studies; my
sisters Giulia and Marta, and brother-in-law Robbert for encouraging me all the time; to my
grand-mothers Vivi and Clotilde and to my family-in-law Nerino, Pina, Rosi, Massimo and
Marco who also supported me. Finally, thanks to my dearest friends Salvo, Marco, Valerio,
Emanuela, Serena and Claudia who have always been present with their help and support.

vii

TABLE OF CONTENTS

Abstract…………………………………………………………………….…..................... iii
Dedication………………………………………….……………………………….…..….... v
Acknowledgements………..…………………………….……………..……….…..……...…... vi
Table of contents………………………………………………………………..…….…….… viii
List of figures..………….………………………………………………………….……..….… xi
List of tables….………………………………………………………………………………... xiii

1 Chapter 1. General introduction ........................................................................................ 1
1.1

INTRODUCTION ..................................................................................................... 1
1.1.1 Demography and life history in reef fishes ...................................................... 1
1.1.2 The study of age and growth in fishes .............................................................. 5
1.1.3 Reproductive biology of reef fishes .................................................................. 8
1.1.4 Study species .................................................................................................. 10
1.1.5 Aims and thesis structure ............................................................................... 15

2 Chapter 2. Reproductive biology of the leatherjacket, Meuschenia scaber
(Monacanthidae) (Forster 1801) in the Hauraki Gulf, New Zealand. .......................... 17
2.1

INTRODUCTION ................................................................................................... 17

2.2

MATERIAL AND METHODS .............................................................................. 19
2.2.1 Sample collection ........................................................................................... 19
2.2.2 Gonad histology ............................................................................................. 20
2.2.3 Size at sexual maturity.................................................................................... 21
2.2.4 Reproductive seasonality................................................................................ 23

2.3

RESULTS................................................................................................................ 23
2.3.1 Sex-specific size distribution .......................................................................... 23
2.3.2 Gonad histology ............................................................................................. 25
2.3.3 Size at sexual maturity.................................................................................... 30
2.3.4 Reproductive seasonality................................................................................ 30

2.4

DISCUSSION ......................................................................................................... 36
viii

3 Chapter 3. Life history traits of the leatherjacket, Meuschenia scaber, a long-lived
monacanthid. ...................................................................................................................... 41
3.1

INTRODUCTION ................................................................................................... 41

3.2

MATERIAL AND METHODS .............................................................................. 44
3.2.1 Sample collection ........................................................................................... 44
3.2.2 Otolith preparation and age determination ................................................... 44
3.2.3 Growth parameters ........................................................................................ 50
3.2.4 Length-weight relationship and condition ..................................................... 51
3.2.5 Age-at-maturity .............................................................................................. 52
3.2.6 Mortality ......................................................................................................... 53

3.3

RESULTS................................................................................................................ 53
3.3.1 Periodicity and timing of opaque-zone formation: validation of annual
increments ...................................................................................................... 53
3.3.2 Age estimation and precision of reading........................................................ 53
3.3.3 Growth parameters ........................................................................................ 54
3.3.4 Length-weight relationship and condition ..................................................... 58
3.3.5 Age-at-maturity .............................................................................................. 58
3.3.6 Mortality ......................................................................................................... 59

3.4

DISCUSSION ......................................................................................................... 62

4 Chapter 4. Geographic variation in life history traits of the long-lived monacanthid
Meuschenia scaber (Monacanthidae). .............................................................................. 67
4.1

INTRODUCTION ................................................................................................... 67

4.2

MATERIAL AND METHODS .............................................................................. 70
4.2.1 Study areas and sampling procedures ........................................................... 70
4.2.2 Age, body size, and growth............................................................................. 71
4.2.3 Mortality estimates ......................................................................................... 74
4.2.4 Condition, gonado-somatic indices and sex ratio .......................................... 75

4.3

RESULTS................................................................................................................ 75
4.3.1 Age, body size, and growth............................................................................. 75
4.3.2 Mortality estimates ......................................................................................... 81
4.3.3 Condition, gonado-somatic indices and sex ratio .......................................... 84

4.4

DISCUSSION ......................................................................................................... 88

ix

5 Chapter 5. General discussion .......................................................................................... 94
5.1.1 Reproductive biology...................................................................................... 95
5.1.2 Age and growth .............................................................................................. 97
5.1.3 Demography ................................................................................................... 99
5.2

CONCLUSIONS AND FUTURE DIRECTIONS ................................................ 100

x

LIST OF FIGURES
Figure 1.1 Otolith-based von Bertalanffy growth function fitted for ocean leatherjacket
Nelusetta ayraudi, southern leatherjacket Meuschenia australis and toothbrush
leatherjacket Penicipelta vittiger. ............................................................................ 8
Figure 1.2 Image of Meuschenia scaber female hiding in Ecklonia kelp in the Hauraki Gulf..
............................................................................................................................... 13
Figure 1.3 Leatherjacket QMAs map showing the three main statistical areas where the M.
scaber are landed.. ................................................................................................. 14
Figure 2.1 Study sampling locations of Meuschenia scaber in the Hauraki Gulf, New Zealand..
............................................................................................................................... 20
Figure 2.2 A visual comparison of female and male of Meuschenia scaber. ....................... 21
Figure 2.3 Macroscopic gonad stages of female and male Meuschenia scaber.. ................. 22
Figure 2.4 Total length (LT) distribution of mature female and mature male Meuschenia scaber
in the Hauraki Gulf.. .............................................................................................. 24
Figure 2.5 Relationship between body depth and total length of females of Meuschenia scaber
in the Hauraki Gulf ................................................................................................ 27
Figure 2.6 Histological transverse sections of gonad and testis of Meuschenia scaber from the
Hauraki Gulf at different stages of development. ................................................. 28
Figure 2.7 Length at maturity (L50) of female and male Meuschenia scaber in the Hauraki Gulf
collected during the spawning season. .................................................................. 32
Figure 2.8 Monthly progression of relative gonad weight of sexually mature female and male
of Meuschenia scaber in the Hauraki Gulf.. ......................................................... 33
Figure 2.9 Monthly proportions of sexual maturity stages (SMS) of females and males of
Meuschenia scaber in the Hauraki Gulf based on microscopic stages. ................ 34
Figure 2.10 Monthly average temperature, monthly photoperiod and females RGW in the
Hauraki Gulf. ......................................................................................................... 35
Figure 2.11 Prespawning and spawning behaviour of Meuschenia scaber, photographed at
Waterfall Reef, Near Leigh in December 1981 (KDC photos).. ........................... 37

xi

Figure 3.1 Meuschenia scaber whole otolith, a 153 days old otolith overlaying a 9 years old
otolith showing the position of the first annual check, thin transverse section of an
adult otolith showing age counts with opaque zone and translucent zone , and a
comparative image of an opaque edge vs a translucent edge. ............................. 488
Figure 3.2 Periodicity of opaque-zone formation in sagittal otoliths of Meuschenia scaber..49
Figure 3.3 Reparameterised von Bertalanffy growth curve showing length- and weight-at-age
fitting for Meuschenia scaber in the Hauraki Gulf. .............................................. 56
Figure 3.4 Length-weight relationship for Meuschenia scaber females and males in the
Hauraki Gulf. ......................................................................................................... 59
Figure 3.5 Relative condition factor (Kn) of female and male Meuschenia scaber from July
2014 to July 2015. ................................................................................................. 60
Figure 3.6 Age at maturity for female and male Meuschenia scaber in the Hauraki Gulf
collected during spawning season. ........................................................................ 61
Figure 4.1 Map of sampling locations of Meuschenia scaber across New Zealand. .......... 722
Figure 4.2 Length and sex-specific age distributions recorded for Hauraki Gulf, Tasman Bay
and Pegasus Bay. ................................................................................................. 777
Figure 4.3 Growth (VBGF) of Meuschenia scaber across New Zealand: Hauraki Gulf, Tasman
Bay and Pegasus Bay and 95% confidence ellipses surrounduning L∞ and K..
..............................................................................Error! Bookmark not defined.0
Figure 4.4 Length-weight relationship for Meuschenia scaber females and males for Hauraki
Gulf, Tasman Bay and Pegasus Bay. .................................................................. 822
Figure 4.5 Age frequency distributions and total mortality (Z) for Meuschenia scaber from
Hauraki Gulf, Tasman Bay and Pegasus Bay..................................................... 833
Figure 4.6 Relative condition factor (Kn) of females and male Meuschenia scaber from the
Hauraki Gulf and Tasman Bay recorded from July 2014 to July 2015. .............. 844
Figure 4.7 . Monthly progression of relative gonad weight of sexually mature female and male
of Meuschenia scaber in the Hauraki Gulf and Tasman Bay.. ............................ 866

xii

LIST OF TABLES
Table 1 The macroscopic and microscopic description of each stage in the development of M.
scaber ovaries and testes. ........................................................................................ 29
Table 2 Date of birth estimation (back-calculation) based on juvenile otoliths of Meuschenia
scaber collected in March 2015 and February 2016 in the Hauraki Gulf.. ........... 477
Table 3 Sex-specific growth of Meuschenia scaber from the Hauraki Gulf, showing best-fit
reparameterised (rVBGF) and standard von Bertalanffy (VBGF) growth-function
parameters.. ............................................................................................................ 577
Table 4 Sex-specific growth of Meuschenia scaber from the Hauraki Gulf showing results of
likelihood ratio test (LRT) comparing growth between males and females.. ........ 577
Table 5 Summary of growth coefficient for Meuschenia scaber across New Zealand. ....... 79
Table 6 Summary of sex-ratio recorded for Meuschenia scaber across New Zealand. ...... 877
Table 7 Summary of the sex-ratio variation recorded for Meuschenia scaber across depth
ranges in three locations of New Zealand.............................................................. 877

xiii

Chapter 1. General introduction

1 Chapter 1. General introduction
1.1

INTRODUCTION

1.1.1 Demography and life history in reef fishes
The term demography, whose ancient Greek meaning is literally dēmos = people, and
graphō = writing, refers to the science of investigating the vital statistics of human populations.
However, its concept has been widely accepted in the ecology literature and effectively
extended to animals and plants (Harper & White 1974). Consequently, there has been an
increasing interest in examining those demographic features that determine or influence the
population growth of species (Skalski et al. 2010). To understand the mechanism that drives
such processes, it is necessary to consider life history traits. In fishes, demographic parameters
such as population density and structure are determined by a number of processes (e.g. larval
settlement, post-settlement growth, mortality and longevity) (Forrester & Strong 1995, Schmitt
& Holbrook 1999), and, at the same time, a suite of life history characteristics can help predict
the extent to which the population is vulnerable to exploitation (Jennings et al. 1998). In
particular, critical life history traits include age and size structure, life span, growth rates, sizeand age-at-maturity, and sexual ontogeny, among others (Stearns 1992), and also reflect how
species responds to environmental, ecological and genetic changes (Roff 1992, Helfman et al.
2009). Several traits are linked to each other by a number of trade-offs, including those between
size and age-at-maturity and adult mortality (life span), between somatic growth and
reproduction, and between reproductive effort and survival (Roff 1984, Stearns 1989,
Kozlowski 1992, Stearns 1992, Roff 2000, Roff & Fairbairn 2007) making the study of life
history challenging.
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The study of reef fish demography has made a substantial contribution to the understanding
of life-history theory, and how life-history characters vary in different environments. Fishes
associated with rocky and coral reefs are widely distributed around the globe, inhabiting a
variety of reef habitats along latitudinal gradients. This environmental variation is likely to
significantly affect life-history traits (Gust et al. 2002, Goldstein et al. 2016). For example, the
temperature-size rule predicts that reef fish from high latitudes should display larger body size
but smaller size-at-age (slow growth) than their low latitudes counterparts (Atkinson 1994,
Arendt 2011), a pattern that at the same time might imply a later maturation and a greater
longevity (Stearns & Koella 1986). As a consequence of this process, a delayed or decreased
reproductive effort is to be expected, although conversely, a greater body size would increase
fecundity rates (i.e. larger bodies allow for larger gonads). Despite the complexity of the
processes involved, and although the temperature-size rule appears to explain patterns in a
number of reef taxa, recent evidence suggests that not every species that shares similar traits or
lives in the same environment fits the predictive model. In addition, many reef species display
unusual reproductive characteristics and flexibility in their mode of sexual development
(Kazancıoğlu & Alonzo 2010, Taylor et al. 2017) (e.g. sequential hermaphroditism), and this
introduces further complexity which must be considered during the examination of a particular
life history model (Chanrnov 1993, Rogers & Sargent 2001). While fundamental life history
theories have been validated for a range of fish taxa, many temperate reef species remain to be
tested.
Intrinsic (i.e. genetic) and extrinsic (e.g. predation, temperature, food quality) factors can
affect the demographic characteristics and life history traits of fishes. On a biotic level,
mechanisms such as competition (Jones 1986, Steeleand & Forrester 2002), food quality and
availability (Forrester 1991, Jones & McCormick 2002), habitat (Munday 2001), predation
(Werner et al. 1983, Holbrook & Schmitt 1988, Hixon & Webster 2002), and fishing pressure
2
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(Rijnsdorp & van Leeuwen 1992, Helpern et al. 2004) have been shown to alter demographic
parameters. Several studies have also recently documented how the ecological features and
variations along geographic range and environmental conditions can affect life history traits
and thus demography of reef fish populations (Choat & Robertson 2002, Williams et al. 2003,
Ruttenberg et al. 2005, Trip et al. 2014). For example, tropical reef species (e.g. parrotfishes)
have varied age and size structures along latitudinal gradients (Choat et al. 2003, Taylor &
Choat 2014, Taylor et al. 2015) or, in the case of some damselfish species, variation in adult
size is due to different predation exposure (Meekan et al. 2001). Furthermore, a direct
temperature effect on the phenotypic response of life history traits (i.e. growth, sex change,
body size) has been documented in the temperate herbivorous species Odax pullus
(Perciformes, Labridae) and carnivorous species Notolabrus fucicola along a latitudinal
gradient in New Zealand waters (Trip et al. 2014). Lastly, interspecific changes in body
condition and size-at-age of some endemic Hawaiian species of the family Acanthuridae and
Pomacentridae varied not only across latitudinal gradients but also between shallow reefs and
mesophotic depths (Winston et al. 2017).
Age-based demography approaches have enabled the estimation of other vital rates such as
longevity and mortality, providing a significant insight into the importance and magnitude of
variations even over small spatial scales (Paddack et al. 2009). In some cases, otolith-based
studies on reef species previously believed to be short-lived and fast growing (i.e.
pomacentrids, acanthurids and lutijanids) revealed higher average life spans of over 20 to 40
years, highlighting the importance of age-based evaluation in demographic studies (Meekan et
al. 2001, Ruttenberg et al. 2005, Buston & Garcia 2007, Vitale et al. 2016, DeMartini et al.
2017). If the understanding of reef fish life history traits and demography is essential for the
ecology and conservation of species, it is likewise fundamental in the management of reef
fishes (Choat & Robertson 2002, Grandcourt 2002, Heupel et al. 2010, Currey et al. 2013).
3
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Therefore, the knowledge of age structure and mean and maximum age (life span) represent an
important element of fisheries sciences (Beverton & Holt 1957, Roff 1984, Beverton 1992), as
species with an extended life span and dominated by older individuals might be particularly
prone to exploitation (Musick 1999, Newman et al. 2016).
A more powerful source of variation in life history traits may be linked to latitudinal
variation in reproductive outputs and timing. A general model depicts reef fish inhabiting
warmer regions capable of allocating a greater proportion of available energy to reproduction;
this strategy may reflect high mortality rates and a short life span, and is the apparent result of
regional life history trade-offs (Ruttenberg et al. 2005, Taylor et al. 2014). For example, reef
fish species such as Pomacentrus coelestis (Pomacentridae) from higher latitudes can produce
larger egg sizes and have generally greater reproductive output (e.g. number of eggs,
reproductive rates) than their low latitudes counterparts (Kokita 2003, 2004). Moreover, few
studies have highlighted how changes in reproductive patterns along thermal gradients can
drive selection for different life spans (Choat & Robertson 2002, Ruttenberg et al. 2005) and
body size at sexual maturity (DeMartini et al. 2016), and this is particularly relevant for the
management of long-lived species (Pears et al. 2006). Furthermore, predicted increases in
ocean temperature and acidification have been proposed as major causes of changes in marine
fish reproduction, affecting directly characteristics such as condition, egg size and quality,
spawning phenology, reproductive hormones and indirectly body growth and size-at-maturity
(Miller & Stewart 2013, Villegas-Hernandez et al. 2015, Welch & Munday 2016). The study
of fish reproductive biology in species that are distributed over broad latitudinal and
temperature ranges is therefore important, because it can provide relevant clues about their
potential responses to climate change (Sunday et al. 2011, McLeod et al. 2015).
This thesis uses an age-based approach to describe the demography and the variation of life
history traits of a widely-distributed temperate monacanthid, the leatherjacket Meuschenia
4

Chapter 1. General introduction
scaber (Tetraodontiformes, Monacanthidae). There are four main reasons that make the study
of M. scaber demography interesting. Firstly, from an evolutionary perspective, monacanthids
represent a major geographically constrained diversification in southern Australasian waters,
with over 20 species occurring in temperate reef habitats in southern Australia and over 32
genera in Australian waters as a whole (Gomon et al. 2008). Secondly, their feeding ecology
is selectively oriented toward benthic reef biota, and some species have substantial effects on
this assemblage by removing significant biomass of sponges, ascidians and bryozoans from
reef surfaces at intermediate depths (Russ 1980, Ayling 1981, Mancera-Rodriguez & CastroHernández 2015). Thirdly, there is a consistent lack of basic life history information of
monacanthids (i.e. age and growth) that tends to depict them as a family of short-living fishes
(Hutchins 1999, Shepherd & Edgar 2013). Lastly, the mode of sexuality seems controversial
in Tetraodontiformes; monacanthids are evolutionarily related to balistids and, despite the fact
that monacanthids are believed to be gonochoristic (Hutchins 1999), Takamoto et al. (2003)
suggested the re-examination of the mode of sexuality among the order. Thus, the study of
reproductive biology in M. scaber is particularly relevant to assess reproductive modality
across this order of fishes.

1.1.2 The study of age and growth in fishes

As said above, age estimation is essential for the assessment of growth rate, life span
and mortality, which are critical for stock assessment and fisheries management (Campana
2001). Different biological structures have been used to estimate the age of marine animals,
and most techniques rely on calcified structures such as the statoliths of cuttlefish and squids
(Hendrickson 2004, Markaida et al. 2004), shells (Gluyas-Millan & Talavera-Maya 2003,
Black 2009), and mammalian teeth (Pinedo & Hohn 2000, Rosas et al. 2003). In addition, fish
biologists have been successful in using a number of structures to age fishes: vertebrae (Officer
5
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et al. 1996, Ribot-Carballal et al. 2005), pectoral bones (Garcia-Rodriguez et al. 2005, Nanami
& Takegaki 2005), spines (Mancera-Rodriguez & Castro-Hernández 2004), scales (Vidalis &
Tsimenidis 1996, Mahe 2016) and opercular bones (Baker & Timmons 1991). However,
sagittal otoliths represent the most reliable structure for ageing both marine and freshwater
fishes (Secor 1995, Campana 2001). Despite the important functionality of these structures (i.e.
orientation, sound detection), otolith growth is continuous throughout the life span thanks to
the alternate deposition of protein-rich and protein-poor layers of calcium carbonate on the
otoliths surface (Degens et al. 1969). This process generates different growth zones (i.e.
increments) that are retained within the otolith and can reveal daily, seasonal and annual
patterns that are used as estimates for age calculation (Campana 2001).
Otolith-based ageing studies are subject, as with other hard structures, to errors due to
the interpretation and examination of the structure that might result in under- or over-estimation
of age (Campana 2001). This is particularly true in fish species characterised by otoliths with
an unusual shape and complex morphologies (see Furlani & Pemberton 2007). While the
morphology of the otolith can introduce some bias, other errors can be associated with the
technique or laboratory equipment used for otolith preparation (e.g. transverse sections)
generating variation among studies. To determine or overcome some of these errors, various
validation methods have been suggested (Stevenson & Campana 1992, Campana 2001). Most
of the time, validation of age estimates (including daily, seasonal and annual increments)
requires not only modern laboratory infrastructure (which may not be always accessible), but
also the availability of funds that can support the associated laboratory expenses (e.g. bomb
radio-carbon analyses). Moreover, Choat et al. (2009) argued that “…it is unrealistic to attempt
validation of every species for which demographic information is sought, given the logistic
difficulties associated with age validation in reef fishes, their biological characteristics, and
the record of validation studies to date”. However, modern equipment (i.e. microscopes and
6
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software) can help facilitate relatively low-cost validation routines such as marginal increment
analyses (MIA). MIA utilises the apparent temporal trends in the formation of increments on
the growing edge of the otolith (Campana 2001). This technique was firstly developed by
Bullock et al. (1992), who successfully validated annual increments in the jewfish Epinephelus
itajara, and afterward extensively adopted for other reef fish families (i.e. Lutjanidae,
Labridae) (Hood & Johnson 2000, Trip et al. 2011a).
Despite the advanced techniques used for ageing reef fishes, few studies have
documented otolith-based age and growth estimates for the diverse family Monacanthidae.
Reasons for this include the fact that most monacanthid species, regardless of their exploitation
history, represent a low research priority. Additionally, fisheries scientists typically portray
monacanthid otoliths as small and fragile, and consequently difficult to handle and process
(Grove-Jones & Burnell 1991, Mancera-Rodriguez & Castro-Hernandez 2004, Miller &
Stewart 2010, Kim et al. 2016). While attempts to age monacanthids using other body
structures (i.e. vertebrae, dorsal spine) have produced some results, sagittal otoliths from the
toothbrush leatherjacket Penicipelta vittiger, southern leatherjacket Meuschenia australis and
the ocean leatherjacket Nelusetta ayraudi from Australasian waters have clearly demonstrated
the suitability of monacanthid otoliths for ageing studies (Barrett 1995a, Miller & Stewart
2013) (Figure 1).
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Figure 1.1 Otolith-based von Bertalanffy growth function fitted for ocean leatherjacket Nelusetta
ayraudi (black line - after Miller & Stewart 2010), southern leatherjacket Meuschenia australis
(green line) and toothbrush leatherjacket Penicipelta vittiger (blue line) (after Barrett 1995a).

1.1.3 Reproductive biology of reef fishes

In many reef fishes, life history traits such as longevity or growth vary between the sexes
(Wootton 1990). Accordingly, the study of growth trajectories should have as a prerequisite
the knowledge of reproductive biology of the species, allowing the researcher to determine sex
on the basis of both the external (e.g. dichromatism, body depth) and internal features (e.g.
gonad dimension and colouration), and evaluate differences in sex-specific growth curves.
Furthermore, considering the paucity of reproductive biology studies of non-target species
coupled with the system complexity of particular families (e.g. Labridae, Pomacentridae,
Serranidae and Sparidae), a deep analysis of the reproductive system in the species under
investigation is essential (Sadovy 1996). Information about sexual ontogeny, reproductive
outputs, size- and age-at-maturity and spawning seasonality provides not only an important
clue on the ecology and evolution of a natural fish population but also offers essential estimates
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for the management of harvested species (Langangen et al. 2016, Fogarty 2016, LowerreBarbieri et al. 2017).
As with demographic parameters, the reproductive biology of monacanthids has been little
studied, including that of closely related balistids. Much research in the past years has been
focused on describing spawning behaviour and the mating systems of several monacanthid
species without assessing their basic biological and demographic characteristics (e.g. gonad
development stages, size- and age-at-maturity). A number of studies have described sexual
dimorphism and dichromatism that are used in both monacanthid and balistid males to attract
a mate before spawning (Barlow 1987, Hutchins 1992, Nakazono & Kawase 1993, Akagawa
et al. 1995, Kawase & Nakazono 1995), a common pattern in teleosts (Parker 1992, Beeching
et al. 1998). Mating systems and courtship behaviour vary amongst monacanthids. For
example, the yellow-striped leatherjacket (Meuschenia flavolineata) is a monogamous species
(i.e. only one mate at a time) whereas the ocean leatherjacket (N. ayraudi), of temperate
Australian waters, is polygynous (Miller & Stewart 2013). Additionally, while harem
behaviours have been witnessed during spawning season for the genus Acanthaluteres and
Stephanolepis (Kawase & Nakazono, 1996, Hutchins 1999), members of the genus Meuschenia
(e.g. Meuschenia freycineti) have been documented as largely schooling during the spawning
season and forming prolonged aggregations afterwards (Hutchins 1999). Despite the lack of
studies on reproductive ontogeny (e.g. histology) and the presence of hermaphroditic species
in the related balistids, most monacanthids are believed to be gonochoristic (Chiba et al. 1976,
Barrett 1995a, Miller & Stewart 2013). Few monacanthids are recognized as benthic spawners
with some species providing parental care (Clark 1950, Fricke 1980, Barlow 1987, Nakazono
& Kawase 1993), whereas other members of the family undergo broadcast spawning (Park
1985, Hobson & Chess 1996, Stimson 2005, Ben-David & Kritzer 2005, Miller & Stewart
2013). During the spawning season, monacanthids release a large quantity of small eggs that
9
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are fertilised externally by the male. An exception is the Pygmy leatherjacket Brachaluteres
jacksonianus that produce only between 50 and 191 eggs, organised by clutches, with a size of
0.74 mm diameter (Kawase 2005). Spawned eggs are generally adhesive and are found attached
to a variety of substrata such as algae, seagrasses, rocks and sponges (Akagawa et al. 1995,
Kawase 2005, 2008). In contrast, some species like the mosaic leatherjacket Eubalichthys
mosaicus produce eggs that float in the plankton until hatching (Hutchins 1999). Despite the
great variability in the reproductive ecology of monacanthids, there is a poor understanding of
the reproductive biology on which to base proper and effective management, and the species
used in this study is an example.

1.1.4 Study species

The leatherjacket Meuschenia scaber (Forster, 1801) (Figure 2), previously known as
Parika scaber (Maori name Hiriri or Kōkiri), occurs off the southern half of Australia from
Sydney to Cape Naturaliste (Hutchins & Swainston 1986) and throughout New Zealand waters
including the Kermadec Islands (Francis 1996). Leatherjackets inhabit mainly rocky reefs and
sand or mud bottoms occurring at depths from a few metres to over 100 m (Ayling & Cox
1982), but trawl surveys conducted in the South Island waters found them mainly at depths of
10–40 m (Ministry for Primary Industries, Unpublished data). Like other monacanthids, M.
scaber is considered an omnivorous species that feeds on a range of benthic organisms,
primarily on sponges and ascidians (Hutchins 1999). In particular, juveniles have been
described feeding around the kelp Ecklonia radiata and on benthic biota and salps (Ackley
1988, Kingsford & Milicich 1987). Ayling (1981) described the grazing communities in the
temperate region of north-eastern New Zealand, and found two different levels of M. scaber
control on the encrusting communities. When in large schools, M. scaber heavily feed on
Cnemidocarpa nisiotis, Ecionemia alata (previously known as Ancorina alata), and
10

Chapter 1. General introduction
Polymastia fusca clearing large patches. In addition, leatherjackets have also been seen to graze
selectively on a large variety of tiny encrusting organisms (i.e. barnacles). Nevertheless, the
experimental elimination of M. scaber for a period of 2 years resulted in a substantial
community shift (i.e. from sponge/coralline regime to ascidian/sponge domination), thus
highlighting the important ecological role of this species in shallow rocky reef habitats.
Furthermore, Russell (1971, 1983) analysed the gut contents of M. scaber from the rocky reef
of north-eastern New Zealand, and confirmed that in 87.5 % of the cases leatherjackets were
found with a consistent quantity of sponges in their gut.
A few studies have documented the early life history aspects of M. scaber, including
adult distribution, abundance, recruitment, and the ecology in New Zealand marine reserves.
For example, Poynter (1980) monitored 480 tagged leatherjackets in the Goat Island Marine
Reserve with the aim of observing the length increments and growth. Tag/recapture data from
this study revealed that M. scaber attain about 103 mm SL in their first year, 180 mm SL in the
second year, and males grow older than females. These data suggest that leatherjackets reach
sexual maturity at lengths of 190-220 mm SL (ca. 2 years old), and have a life span of 7 years.
Moreover, Kingsford & Milicich (1987) studied the pre- and post-settlement phases of
leatherjacket around the Leigh coast. They validated daily rings using whole sagittal otoliths
(after-hatching) treated with tetracycline and described a growth curve for leatherjacket up to
66 days old (35mm SL). However, despite the above studies there is a consistent lack in the
age-based life history trait knowledge and in particular concerning that of adult stages.
Underwater observations on courting and spawning suggest that the reproductive
season of M. scaber takes place from June to November, when females have been documented
to have swollen body (Poynter 1980). Few courting strategies have been hypothesised for males
to attract females; the predominant scheme is represented by a single male establishing a
breeding territory with a single female. During this time the male shows the typical
11
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leatherjacket behaviour of raising the first dorsal spine up and down to either court the partner
or chase conspecific males. On the other hand and in the presence of schools, males that could
not find space and partners to mate, move away from the schools with a free female (Thompson
1981). Despite these observations, actual spawning events have been rarely observed for M.
scaber (Ayling & Cox 1981, KDC personal observations). Eggs are fertilised externally and
laid into an oval depression in turfing algae previously created by females (Milicich 1986).
Meuschenia scaber seems able to produce up to 700 eggs although no parental care has been
described. Larvae are planktonic, and small juveniles (less than 100 mm SL) settle to the
bottom and hide in kelps at the beginning of summer (Francis 2012).
Meuschenia scaber represents the main monacanthid species for the Australian
southeast trawl fisheries (FAO 2006). In New Zealand, M. scaber is the subject of a significant
coastal bycatch fishery and were introduced into the Quota Management System in 2003 with
a Total Allowable Commercial Catch (TACC) of 1431 tonnes per year (Ministry for Primary
Industries 2013). Meuschenia scaber is caught mainly in depths of 10-30 m by the inshore
bottom trawl fisheries (on sand and muddy bottoms), and there are three main statistical areas
where the leatherjackets are landed: LEA 1, LEA 2 and LEA 3 (Figure 3). However, almost
80% of the TACC is assigned to the mid-range area 2 (i.e. LEA 2). Trawl survey records
showed substantial leatherjacket catches over the inner shelf north of East Cape and Cape
Egmont, in the South Taranaki Bight, in Tasman and Golden Bays, Pegasus Bay and the South
Canterbury Bight. Smaller catches have been recorded along the east coast of the North Island
south of East Cape, off the northeast South Island (Cook Strait to Pegasus Bay), northwest
South Island (Cape Farewell to Cape Foulwind), and around the South Otago and Southland
coast. No information has been recorded on the west coast south of Cape Foulwind (Ministry
for Primary Industries 2013). According to paleontological studies, leatherjackets were
harvested by Māori fisheries since their arrival, and represent the most common taxon in
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catches along with mackerel (Trachurus sp.) and snapper (Chrysophrys auratus) in northern
New Zealand (Anderson 1997, Allen 2014). Meuschenia scaber landings have been recorded
since the early 1950s as a bycatch component of inshore bottom trawls targeting major species
such as flatfishes, gurnard, elephantfish and snapper. However, there is a lack of biological,
ecological and demographic information that has limited the evaluation of the characteristics
of the various New Zealand stocks.

Figure 1.2 Image of Meuschenia scaber female hiding in Ecklonia kelp in the Hauraki Gulf.
Individual showing a brown mottled livery. (Photography by P. Caiger).
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Figure 1.3 Leatherjacket QMAs map showing the three main statistical areas where the M. scaber are
landed (i.e. LEA 1, LEA 2 and LEA 3). NABIS – Crown Copyright.
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1.1.5 Aims and thesis structure

The overall aim of this thesis is to investigate the demography of the leatherjacket
Meuschenia scaber (Forster, 1801) in New Zealand. In doing this, I firstly examine the
reproductive biology of the study species in the Hauraki Gulf (Chapter 2); the specific aims of
this chapter are to fill the gap in the knowledge on the reproductive characteristics of M. scaber
including the description of dimorphic and dichromatic features of sexually mature fish, sexual
ontogeny, size at sexual maturation, reproductive seasonality and the histological study of
gonad stage development. In investigating these reproductive aspects, I will test the hypotheses
of gonochorism and a pair-spawning mating system in M. scaber.
In Chapter 3, I develop and establish a robust ageing method for the study of otolithbased life history traits of the study species for both juvenile and adult individuals. This chapter
is based on fish collected on a monthly basis in the Hauraki Gulf with the specific aim of
validating the monthly proportion of otoliths with opaque margins (ETA). Subsequently, I
estimate the age-based parameters necessary to determine maximum age, growth (i.e. von
Bertalanffy growth curves), age-at-maturity, and include natural mortality and condition. These
parameters will help to test the hypothesis that M. scaber lives longer than related Australian
species (e.g. M. australis and N. ayraudi).
Accordingly, Chapters 2 and 3 establish the fundamental demographic metrics of M.
scaber in the Hauraki Gulf, thus providing essential information and protocols for the
comparative analysis of life history traits across the locations sampled (Chapter 4). Chapter 4
examines the geographic variation in life history traits of M. scaber based on 2112 individuals
collected from three separate populations, the Hauraki Gulf, Tasman Bay and Pegasus Bay.
This chapter specifically examines size and age composition, longevity, growth, length-weight
relationship, condition, reproductive seasonality, sex ratio and mortality across the three
15

Chapter 1. General introduction
locations. These parameters will be used to test the following hypotheses: (1) does the northsouth temperature gradient over which M. scaber were sampled influence growth pattern, sizeat-age and reproductive characteristics?; (2) does the differences in habitats across locations
and depths influence life history traits; (3) is the reproductive ecology of M. scaber (i.e. pair
spawning) associated with particular demographic patterns?
Lastly, in Chapter 5 (General discussion) I summarise the key findings of this research
and analyse the significance of each chapter’s outcomes. Finally, I identify gaps and future
research directions useful not only for M. scaber but for all monacanthids.
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2 Chapter 2. Reproductive biology of the leatherjacket,
Meuschenia scaber (Monacanthidae) (Forster 1801) in the
Hauraki Gulf, New Zealand.
Chapter published in New Zealand Journal of Marine and Freshwater Research,
(2018) 53(1), 82-89 doi: 10.1080/00288330.2017.1331919

2.1 INTRODUCTION

The Monacanthidae (order Tetraodontiformes) is represented by 28 genera and 107 species
worldwide, both in tropical and temperate seas (Nelson et al. 2016). Most monacanthid species
inhabit the southern hemisphere, with 60 species found in Australian waters, including 22
species endemic to the southern half of the continent (Hutchins 1999). The family
Monacanthidae is represented by six species in New Zealand waters. Two occur in deep
oceanic waters and three are tropical stragglers to New Zealand, while the leatherjacket
Meuschenia scaber found coastally from North Cape to Stewart Island and offshore at the
Chatham Islands, on Wanganella Bank and the Kermadec Ridge seamounts (Stewart & Roberts
2015).

The reproductive biology of monacanthids has been little studied, despite a long history of
exploitation and increased fisheries attention in various parts of the world in the last two
decades (FAO 2006). The information currently available is limited to a few species, including
the toothbrush leatherjacket Penicipelta vittiger (Castelnau, 1873) and the southern
leatherjacket Meuschenia australis (Donovan, 1824) from Tasmanian waters (Barrett 1995a),
the lessepsian reticulated leatherjacket Stephanolepis diaspros (Fraser-Brunner, 1940) of the
Gulf of Gabes (Rim & Mohamed-Nejmeddine 2011), the ocean leatherjacket Nelusetta ayraudi
(Quoy & Gaimard, 1824) in south-eastern Australia (Miller & Stewart 2013), and the planehead
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filefish Stephanolepis hispidus (L. 1766) of the Canary Islands (Mancera-Rodríguez & CastroHernández 2015). Australasian monacanthid species seem to share the following reproductive
characteristics: spawning in the late austral winter and spring, an even sex ratio, demersal eggs
and some level of sexual dimorphism (Hutchins 1992, 1999). However, more studies on the
sexual ontogeny, spawning behaviour and size or age at maturity are required to determine the
generality of these findings within the family.

Leatherjacket, Meuschenia scaber (Forster, 1801) (also known as Parika scaber) occur off
the southern half of Australia from Sydney to Cape Naturaliste (Hutchins & Swainston 1986)
and throughout New Zealand waters including the Kermadec Islands (Francis 1993; 1996).
Meuschenia scaber (also known locally as “creamfish”, Hiriri or Kōkiri) inhabit mainly rocky
reefs and sand or mud, bottoms occurring at depths from a few metres to over 100 m (Ayling
& Cox 1982). Biennial fishery independent trawl surveys conducted off the east coast of the
South Island of New Zealand in depths of 10-400 m record M. scaber mainly in depths of 1040 m (Ministry for Primary Industries, Unpublished data). Juveniles are largely found amidst
the kelp Ecklonia radiata (December to February), whereas adults forage on a variety of
substrates including sponge, ascidians and polyzoans (Thompson 1981).

Meuschenia scaber is a valued bycatch of inshore bottom trawl fisheries in New Zealand,
and was introduced into the quota management system in 2003 with a current total allowable
commercial catch of 1461 tonnes per year (Ministry for Primary Industries 2013). Historical
landings of M. scaber in New Zealand gradually increased between the 1960s and the 1990s
(from a few to 1300 tonnes) and are likely to have been influenced by several factors, including
changes in market demand and rates of discarding. Despite the exploitation history, little is
known of the reproductive biology of this species. Underwater observations and a tag/recapture
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programme on shallow reefs in north-eastern New Zealand suggested that M. scaber attain a
maximum length of 400 mm and have relatively short life span of 4-5 years (Poynter 1980).

The present study examines the reproductive biology of the leatherjacket M. scaber with
the following specific objectives: (1) describe the sexual ontogeny of M. scaber (i.e. protogyny
vs. gonochorism), (2) estimate the size at sexual maturation, (3) determine reproductive
seasonality, and (4) develop a scale to identify macroscopic stages of gonad development.

2.2

MATERIAL AND METHODS

2.2.1 Sample collection

Meuschenia scaber were collected in the Hauraki Gulf (35.9–36.6°S, 174.7–175.9°E)
on the north-eastern coast of the North Island of New Zealand (Figure 2.1). A total of 499
leatherjackets were collected on a monthly basis from July 2014 to March 2016 by spearfishing,
covering two spawning seasons (20 months). All fish samples were collected in accordance
with the University of Auckland Animal Ethics Committee approvals 001047 and 001676. The
sex of each fish was determined underwater based on the main distinctive external sexually
dimorphic features of females (deeper body, strongly brown mottled livery) (Figure 2.2a) and
males (uniform colour, black vertical stripe in the caudal fin) (Figure 2.2 b). After capture each
fish was measured to the nearest mm (total length LT; standard length LS and body depth BD),
and total weight (WT) and gutted weight (WG) were recorded to the nearest 10 g. Sex was
confirmed upon dissection, and each gonad assigned a macroscopic stage of reproductive
development following the scheme of Miller and Stewart (2013) for the monacanthid N.
ayraudi. Each gonad was then photographed (Figure 2.3), weighed to the nearest 0.01 g, and
stored in FAAC, a formalin-based fixative (Pears et al. 2006), for a period no longer than six
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months before histological processing. Monthly samples of speared specimens were
supplement with 152 leatherjackets taken by commercial trawlers in the Hauraki Gulf during
the same two-year period. These specimens were shipped to the laboratory on ice directly
following capture and processed as above; with the exception that only 10 gonads from
commercial samples were used for histological analysis.

Figure 2.1 Study sampling locations of Meuschenia scaber in the Hauraki Gulf, New Zealand with
focus on the four main areas of Leigh (1-5), Great Barrier Island (6-16), Little Barrier Island (17-18)
and Mokohinau Islands (19-21). Legend: 1: Okakari Point; 2: Cape Rodney; 3: Maori Island; 4:
Omaha Cove; 5: Mathesons Bay; 6: Aiguilles Island; 7: Miners Head; 8: Katherine Bay; 9:
Wellington head; 10: Motuhaku Island; 11: Grey Group Island; 12: Red Cliff Cove (Man ‘O War
passage); 13: Broken Island; 14: Anvil Island; 15: Junction Island; 16: Whangara Island; 17: Lion
Rock; 18: Ngatamahine Point; 19: Lighthouse Cove; 20: Tieke Rocks; 21: Fanal Island.

2.2.2 Gonad histology

Five hundred and nine gonads (213 females and 296 males) were examined by
histological analysis. All gonads were embedded in paraffin wax, sectioned at 7 µm, and
stained using a combination of Ehrlich’s and Gill’s haematoxylin and eosin (H&E) stain
protocol (Trip et al. 2011b). Ten gonads were selected randomly to test for variation in oocyte
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or spermatocyte development along the length of the gonad lobe. These gonads were sectioned
in three regions across the gonad (anterior, medial and posterior). Analyses conducted on the
sub-samples showed no variation in sexual identity or stage of gonad development amongst
these regions, thus only the medial section was used to diagnose the developmental stage each
individual gonad. All gonad sections were observed using a Leica DMRE upright microscope
equipped with a colour camera (Leica DC500), and digital images were captured using
AnalySIS LifeScience software. Microscopic developmental stages were assigned following
Miller & Stewart (2013) and Lowerre-Barbieri et al. (2011), with minor adjustment to fit M.
scaber gonad characteristics.

Figure 2.2 A visual comparison of female (a) and male (b) of Meuschenia scaber highlighting main
distinctive external features of males (uniform colour, black vertical stripe in the caudal fin) and
females (deeper body, strongly brown mottled livery).

2.2.3 Size at sexual maturity

The size at sexual maturity (L50) was assessed using females and males collected during
the spawning season. Size at maturity was estimated from the size (LT) at which 50% of females
or males were sexually mature (L50) following Williams et al. (2008) and Trip et al. (2011b).
The logistic function (the maturity ogive) was fitted to the proportions of mature fish in each
50 mm LT size class, sampled during the spawning season, and the ogive was fitted to the mid21

Chapter 2. Reproductive biology of the leatherjacket, Meuschenia scaber
point of each size class. The best-fit logistic function was estimated by minimising the negative
log10 of the likelihood based on a probability density function with a binomial distribution
(Haddon 2001). A bootstrapping procedure was run in Excel to estimate 95% CI (Moore et al.
2007) from the 2.5 and 97.5 percentiles of the bootstrap estimates (Haddon 2001). A likelihood
ratio test was used to test for differences between males and females.

Figure 2.3 Macroscopic gonad stages of female and male Meuschenia scaber. (a) Immature female;
(b) Developing female; (c) Spawning capable female; (d) Regenerating/resting female; (e) Immature
male; (f) Developing male; (g) Spawning capable male; (h) Regressing male.
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2.2.4 Reproductive seasonality

Reproductive seasonality was estimated from the proportion of gonad weight relative
to bodyweight using a gonado-somatic index sensu Trip et al. (2011a). Relative gonad weight
(RGW) was used to represent the proportional investment in reproductive against somatic tissue,
and was calculated as 𝑅Gw (%) =

𝑊GO
𝑊G

X 100 where WGO is the gonad weight and WG is gutted

weight (body weight with all of the viscera removed). Mean monthly RGW of mature females
and males was used to identify the timing and the duration of the spawning season over the
two-year cycle of monthly sampling (July 2014 to March 2016). Monthly proportions of the
sexual maturity stages (SMS) of females and males was plotted to show the progression of
gonad stage development over the year, including the spawning season. In order to examine
the relationship between spawning and both temperature and photoperiod, mean monthly sea
surface temperature recorded at Leigh Laboratory and mean monthly photoperiod were
obtained from CliFlo (NIWA) for the period of study.

2.3

RESULTS

2.3.1 Sex-specific size distribution

A total of 288 female and 363 male M. scaber were collected from the Hauraki Gulf
(New Zealand). The maximum size recorded for females was 320mm LT with a minimum size
of 62 mm LT, while the largest male was 315mm LT and the smallest 74 mm LT. The size
distribution (Figure 2.4) of mature females and mature males was significantly different
(χ2=20.3, d.f.=8, P=.009). ANOVA revealed that the mean size of mature males (276.5 mm ±
13.6 SEM, LT) was slightly greater than that of females (271.9 mm ± 16.3 SEM, LT) (F=12.99,
d.f.=1, P<.001). The maximum body depth recorded for females was 145 mm and 125 mm for
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males (Figure 2.5). Body depth was significantly greater in females (106.9 mm ± 18.91 SEM)
than males (103.46 ± 13.34 SEM) (ANOVA, F=4.31, d.f.=1, P=.038), although this difference
may be biologically insignificant.

Figure 2.4 Total length (LT) (n=651) distribution of mature female (grey bars) and mature male (black
bars) Meuschenia scaber in the Hauraki Gulf. Frequency (%) is relative to total number of individuals
sampled.
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2.3.2 Gonad histology

A total of 509 gonads were analysed histologically, and females and males were
assigned to one of four developmental stages (Figure 2.6, Table 1). In females, stage 1
(immature) ovaries of M. scaber showed immature characteristics with chromatin nucleolar
stage of primary growth cells (pre-vitellogenic oocytes) organised in a compact grid of
ovigerous lamellae surrounded by a thin ovarian wall (Figure 2.6a). Stage 2 (developing)
ovaries exhibited the developing features during the secondary growth and were divided into
two sub-stages, developing 1 (stage 2a) and developing 2 (stage 2b), respectively. Stage 2 was
characterised by early stage cortical alveolar and primary vitellogenic oocytes (Vtg1), whereas
stage 2b differed in the presence of secondary (Vtg2) and tertiary (Vtg3) vitellogenic oocytes
(Figure 2.6b). A thinning ovarian wall was observed in both sub-stages. Stage 3 (spawning
capable) ovaries contained several full yolk granule oocytes, with most undergoing germinal
vesicle migration and breakdown. Fully hydrated oocytes were abundant in the central lumen,
whereas the postovulatory follicles (POFs) and atretic oocytes were observed in the ovarian
tissue (Figure 2.6c). Primary growth oocytes and both secondary and tertiary yolked oocytes
were also present in the ovarian tissue of stage 3 ovaries. The “spawning capable” stage
includes both spawning and recently spawned individuals. Stage 4 (regenerating) ovaries had
numerous primary growth cells kept together in the lamellae by thick intralamellar muscle
bundles (Figure 2.6d). A thick ovary wall and distinct blood vessels marked the difference
between stages 4 and 1 ovaries.
Stage 1 (immature) testes of M. scaber had early staged spermatogonia in the germinal
epithelium and spermatocytes were scarce. No lumen or remnants of an ovarian lumen were
present in any testes analysed (Figure 2.6e). Stage 2 (developing) testes were characterised by
the presence of spermatogonia in the lobules and sign of spermatocytes in the inner part of the
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tissue. There was no sign of spermatozoa in the seminiferous tubules (Figure 2.6f). Stage 3
(spawning capable) testes exhibited all the stages of spermatogenesis (including spermatocytes,
spermatogonia and spermatozoa). Spermatozoa were consistently present within the tubules
and in the sperm ducts; this was accompanied by an increasing occurrence of seminiferous
tubules (Figure 2.6g). Stage 4 (regressing) testes appeared scarce in spermatozoa (residual)
along the marked presence of wide seminiferous tubules. Early stage spermatocytes were
dispersed in the near periphery of tissue (Figure 2.6h). Microscopic histological examination
validated the four stages assigned following macroscopic examination (see Figure 2.3 and
Table I). During the spawning season ovaries appeared very large and swollen. They were
bright orange with a granular appearance due to the presence of hydrated oocytes that were
clear to the naked eye, and had a prominent network of external blood vessels and a thin clear
epithelium wall. Testes, although relatively small, were largest during the spawning season,
with two ivory-coloured, kidney-shaped lobes.
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Figure 2.5 Relationship between body depth and total length of females (○) (--) and males
(▲) (__) (n=651) of Meuschenia scaber in the Hauraki Gulf
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Figure 2.6 Histological transverse sections of gonad (left column) and testis (right column) of
Meuschenia scaber from the Hauraki Gulf (New Zealand) at different stages of development: (a)
immature female showing pre-vitellogenic primary growth (PG), (b) developing female showing early
stage of cortical alveolar and secondary (Vtg2) and tertiary (Vtg3) vitellogenic oocytes and, (c)
spawning capable female showing full yolk granule oocytes with fully hydrated cells (H) in the lumen
and postovulatory follicles (POFs) and atresia cells (A) in the ovarian tissue, (d) regenerating female
showing primary growth cells and intralamellar muscle bundles (ILMB), (e) immature male showing
early staged spermatogonia (SG) in the germinal epithelium and rare spermatocytes (SC), (f) developing
male showing spermatogonia (SG) in the lobules and sign of spermatocytes (SC) in the inner part of
the tissue, (g) spawning capable male all the stages of spermatogenesis including SG, SC and
spermatozoa (SZ), and (h) regressing male showing residual spermatozoa (SZ) inside wide seminiferous
tubules (T) and early stage of spermatocytes (SC). OW ovarian wall, GVM germinal vesicle migration,
GVBD germinal vesicle breakdown, BV blood vessels.
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Table 1 - The macroscopic and microscopic description of each stage in the development of M. scaber
ovaries and testes.

Sex
Female

Male

1

Stage
Immature

Macroscopic description
Gonad very small and flaccid,
tear drop shaped, translucent
pale orange/yellow. No
evidence of oocytes.

Microscopic description
Early stage of oogonia and
primary growth (PG). Thin
ovarian wall and stroma within
lamellae. Absence of atresia and
intra-lamellar muscle bundles.
No signs of vitellogenesis.

2a

Developing 1

2b

Developing 2

Gonad increasing in size with
blood vessels becoming
evident along the lateral
surface. Early stage of
oocytes maybe visible.

3

Spawning
capable

Presence of PG, abundant cortical
alveolar oocytes (CA) with
early evidence of oil droplets
(Vtg1). Thinning ovarian walls.
Evident increase of oocytes size
developing to Vtg2 and Vtg3.
Thinning ovarian wall.
Increase in oocyte size with most
of them undergoing germinal
vesicle migration (GVM),
germinal vesicle breakdown
(GVBD) and hydration (H).
Presence of POFs and Atresia
(A). Some CA and PG.

4

Regenerating
(resting)

1

Immature

Testes very small, round
shaped with a light brown
coloration.

2

Developing

Testes increasing in size and
kidney bean shaped. First
appearance of small blood
vessels.
Color
turning
yellow/brown.

3

Spawning
capable

4

Regressing

Testes very large with two
large-sized kidney shaped
lobes. Becoming ivory in
colour.
Occasionally
evidence of white milt
flowing from the central
sperm sinus.
Testes appearing flaccid, high
presence of dark red blood
vessels with colour turning
brown/red.

Gonad very large and
swollen, bright orange with
a prominent network of
external blood vessels. Clear
presence
of
hydrated
oocytes (visible) giving a
granular appearance through
thin clear epithelium wall.
Gonad appearing flaccid,
colour from pale yellow to
rose/pink. Residual presence
of oocytes. Distinct presence
of yellow-brown bodies and
dark red blood vessels.
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Presence of primary growth (PG).
Distinct blood vessels (BV).
Presence of intra-lamellar
muscle bundles (ILMBs), and
thick ovary wall (OW). No
presence of both Vtg3 oocytes
and post ovulatory follicle
complex (POFs).
Early staged Spermatogonia (SG)
in the germinal epithelium and
minor
presence
of
Spermatocytes (SC). Lumen not
present in lobules.
Presence of Spermatogonia (SG)
in the lobules and evidence of
Spermatocytes
(SC).
Spermatozoa (SZ) not present
in the lumen.
Evidence of all the stages of
Spermatogenesis (SC, SG, SZ).
Abundant
occurrence
of
Spermatozoa (SZ) within the
tubules and sperm duct. Early
appearance of seminiferous
tubule (T).
Low
quantity/residuals
of
Spermatozoa (SZ) and scattered
near periphery spermatocytes
(SG and SC). Seminiferous
tubules (T) widely present.
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2.3.3 Size at sexual maturity

The size at which 50% (L50) of females and males were sexually mature was estimated
at 189.9 (95% CI 180.0–200.6) mm LT (Figure 2.7a) and 188.4 mm LT (95% CI 178.8–198.0)
(Figure 2.7b), respectively. Ninety-five percent of males were sexually mature at 221.7 (95%
CI 205.1–232.8) mm LT, whereas 95% females were mature at 227.0 (95% CI 206.3–238.3).
A likelihood ratio test showed no significant difference between logistic maturity ogives for
each sex (P>.01).

2.3.4 Reproductive seasonality

Examination of relative gonad weight (RGW) in mature females and males revealed a
significant increase from August to December, showing a clear and prolonged spawning season
(c. 5 months) from the late austral winter to the beginning of the austral summer. Mean (±
SEM) RGW was highest in September 2014 at 10.2% (± 0.5%) and August 2015 12.2% (± 0.8%)
in females (Figure 2.8a), and in the month of August for both years sampled in males (0.4% ±
0.01 and 0.4% ± 0.02 in 2014 and 2015, respectively) (Figure 2.8b). During the resting period
(January-July), RGW in females decreased substantially to values ranging between 1.8% (±
0.1%) and 1.1% (± 0.1%) of female gutted body weight. Males showed comparatively lower
RGW values during the resting months, with testes weights ranging between 0.1% (± 0.01%)
and 0.2% (± 0.02%) of gutted body weight. Monthly proportions of SMS showed a clear
relationship with RGW (Figure 2.9); when females (Figure 2.9a) displayed ripe ovaries (stage 3)
the RGW was always higher than 8.8% (± 0.7%). During both 2014 and 2015 spawning season
peaks (September-November) all ovaries of mature fish contained both hydrated oocytes and
POFs. Females RGW was negatively correlated (r=-0.70, P> .050) with the temperature (Figure
2.10); with spawning starting once temperature had dropped to 14 degrees and RGW values
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remaining high until temperature increased to 16 degrees. There was no correlation between
spawning and photoperiod (r=-0.011, P> .050).
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Figure 2.7 Length at maturity (L50) of female (a) and male (b) Meuschenia scaber in
the Hauraki Gulf collected during the spawning season (July to December inclusive).
The logistic curves ( ) are shown with 95% CI (---) and observed frequency data (•).
The LT (L50, with 95% CI) at which 50% of males and females are sexually mature are
indicated (…).
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Figure 2.8 Monthly progression of relative gonad weight of sexually mature female (relative ovary
weight, ROW; a) and male (relative testis weight, RTW; b) of Meuschenia scaber in the Hauraki Gulf.
ROW and RTW were estimated as a proportion of gutted bodyweight (%) and the mean values of ROW
and RTW across individuals sampled each month are presented with standard error (SEM) bars. The
95% CI (…) is reported for ROW values.
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Figure 2.9 Monthly proportions of sexual maturity stages (SMS) of females (a) and males (b) of
Meuschenia scaber in the Hauraki Gulf based on microscopic stages (light grey, stage 1; dark grey,
stage 2; black, stage 3; white, stage 4). Note: no data were collected in October 2015.
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Figure 2.10 Monthly average temperature (°C) (---), monthly photoperiod (hours) (…) and females
RGW ( ) in the Hauraki Gulf.
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2.4

DISCUSSION

The present study represents the first description of sexual ontogeny, size at maturity
and spawning seasonality in M. scaber.
We identified clear sexual dimorphism. Female M. scaber had deeper bodies than
males, and were mottled with a grey-brown tail. Males were more uniform in colour, with a
black vertical stripe in the yellowish caudal fin. Sexual dimorphism coupled with mature testes
that are only one thirtieth of the relative weight of mature ovaries in M. scaber is consistent
with the pattern seen in other pair spawning monacanthid species (Hutchins 1992).

Spawning in M. scaber was observed and photographed by one of us (KDC) at
Waterfall Reef, Goat Island Bay, Leigh (-36°.26’ S, 174°.79’E) on 13 December 1981.
Spawning involved a period of courtship display by the male (Figure 2.11a), followed by the
female digging a nest in coralline turf on a rock within a territory established by the male
(Figure 2.11b). The male nudged the female while the nest was being dug, and eggs were laid
in the nest very rapidly (Figure 2.11c). Following completion of spawning the male remained
within the vicinity of the nest, while the female departed (Figure 2.11d). These observations of
spawning support two of the findings in this study. First, they corroborate the pair spawning
behaviour of this species. Second, this event was recorded during December, and thus coincides
with the periodicity of spawning described in our study based on seasonal changes in gonad
weight. Our observations are consistent with those described for the same species by Milicich
(1986), who also reported agonistic interactions between males before spawning take place,
the presence of demersal eggs, and the timing of hatching (4 days). Neither we nor Milicich
(1986) observed parental care of the nest by either sex following spawning.
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Figure 2.11 Prespawning and spawning
behaviour

of

Meuschenia

scaber,

photographed at Waterfall Reef, Near
Leigh in December 1981 (KDC photos).
(a) The male (upper fish) displaying to the
female with erect dorsal spine and spread
caudal fin. (b) The female digging the nest
while the male remains nearby. (c) The
male nudging the female's cheek just
before nest completion. (d) The nest hole
in coralline turf immediately to the left of
the dive knife.
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The simultaneous presence of primary growth oocytes, secondary yolked oocytes,
tertiary yolked oocytes, hydrated oocytes, and POFs in stage 3 (spawning capable) ovaries
observed in our study is a clear indication that M. scaber is an indeterminate serial spawner.
Hydrated oocytes and POFs were present in almost all ovaries sampled during the spawning
season; suggesting either female M. scaber spawn every day, or all sampling for histological
purposes (i.e. spearfishing in <10m depth) was undertaken on sites visited by females for
spawning. The presence of immature fish at these sampling sites during the spawning season,
and the occurrence of adult females outside of the spawning season, tends to favour the former
explanation. While daily spawning is unusual in female serial spawning teleosts with protracted
spawning seasons (Brouwer & Griffiths 2005), Barlow (1987) witnessed a female
Oxymonacanthus longirostris (Monacanthidae) pair spawning on three consecutive days. It is
therefore possible that in the case of paired spawners producing demersal eggs, releasing
smaller numbers of eggs more frequently, especially with different partners and at different
locations, results in higher survival rate of progeny than larger batches released every few days
(as in broadcast spawners with pelagic eggs); few eggs in more baskets presumably lowering
the overall rate of predation, and ensuring some eggs are deposited in conditions optimal for
survival.

We found that the sizes at sexual maturity (L50) estimated for female (189.9 mm LT)
and male (188.4 mm LT) M. scaber from the Hauraki Gulf were not significantly different.
Similar sizes at maturity (with no statistically significant difference) were also estimated for
female and male N. ayraudi (Miller & Stewart 2013) and S. hispidus (Mancera-Rodríguez and
Castro-Hernández 2015). In other monacanthids, e.g. S. diaspros, sexual maturity is reached at
a slightly larger size in males, due largely to faster growth (Rim & Mohamed-Nejmeddine
2011, El-Ganainy & Sabrah 2013, Mancera-Rodríguez & Castro-Hernández 2015).

38

Chapter 2. Reproductive biology of the leatherjacket, Meuschenia scaber

Hauraki Gulf M. scaber spawned over a protracted period from the end of the austral
winter to early summer. Analysis of the relative gonad weight (RGW) throughout the two-year
cycle sampled revealed peaks during August and September. Our findings also suggest that M.
scaber reproduction is triggered by the coldest water temperature of the austral winter in
northeast New Zealand. Although many monacanthid species such as Rudarius ercodes (Jordan
& Fowler, 1902), Brachaluteres ulvarum (Jordan & Fowler, 1902), and Thamnaconus
modestus (Günther, 1877) spawn during warmer months (Akagawa et al. 1995, Kawase &
Nakazono 1995, Akagawa & Okiyama 1997, Lee et al. 2000), a few species such as N. ayraudi,
M. australis and P. vittiger spawn during the austral winter (Barrett 1995a, Miller & Stewart
2013). This difference could be explained by the phylogenetic separation between the genera
Rudarius, Stephanolepis, Brachaluteres and Thamnaconus (summer spawners) compared to
the genera Nelusetta and Meuschenia (winter spawners) (Santini et al. 2013). In the case of M.
scaber, however, spawning occurs at the same time (i.e. spring) as most coastal temperate
teleost fishes off New Zealand (including wrasses, triplefins), a time when food for larvae and
juveniles is most abundant (Thompson 1981).
Our hypothesis of gonochorism in M. scaber was validated by three main findings.
First, the size distributions revealed females and males in all size classes. Second, histological
analysis revealed no signs of transitional gonads in either sex. Thirdly, male testes contained
no signs of prior female function, such as remnants of an ovarian lumen or atretic oocytes
within spermatogenic tissue. Thus, our findings clearly support the gonochoristic reproductive
ontogeny of this species, indicating a distinctive gonad morphology with no suggestion of
protogyny or protandry. Sexes of M. scaber also exhibited differences in gonad morphology in
early juvenile and immature stages, despite the fact that sexual dimorphism was not apparent
externally until maturity.
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Inshore bottom trawlers off the north-east of the North Island have a minimum legal
mesh size of 125 mm (cod end), designed to allow snapper <25 cm LF to pass through. Given
that snapper have deeper bodies for a given length than do leather jackets, these nets are
unlikely to capture juvenile M. scaber (i.e. <19 cm). Given the spawning strategy of M. scaber,
however, bottom trawling could potential disrupt territories and destroy both nests and the eggs
they contain. The overall impact on spawning success would, nevertheless, depend on the
proportion of the spawning area trawled; bearing in mind that commercial trawlers do not
operate over high profile reef (favoured habitat of M. scaber) or at depths <20 m. Better
information on the extent of M. scaber spawning grounds, including depth, substrate type and
latitudinal range, would therefore be useful for assessing the impact of trawling on this species,
and for developing effective strategies for its management.
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3 Chapter 3. Life history traits of the leatherjacket, Meuschenia
scaber, a long-lived monacanthid.
Chapter published in Journal of Fish Biology
(2018) 92, 470–486, doi:10.1111/jfb.13529

3.1 INTRODUCTION

Life-history characteristics have been described for many exploited reef-associated
fishes (e.g. parrotfish, groupers), providing estimates of growth, lifespan, reproduction and
mortality parameters (Choat & Robertson, 2002). An understanding of age-based life-history
traits is critical for the development of conservation and management strategies. For example,
knowledge of life-history traits allows fishery managers to model population dynamics of
stocks and to determine regulations (e.g. mesh size, size limit and total allowable catches)
(Adams 1980, King & McFarlane 2003). While such data are available for many valued
commercial species, understanding of demographic parameters remains limited for many nontarget fish taxa.
The Suborder Balistoidei comprises over 149 species and includes the triggerfishes
(Balistidae) and filefishes (Monacanthidae) which are found in tropical and subtropical regions
worldwide (Matsuura 2015, Nelson et al. 2016). Current knowledge of the life history of
Monacanthids is based on a few species of commercial value that have relatively short life
spans and indeterminate growth patterns (Hutchins 1999, Miller 2007, Shepherd & Edgar
2013). Ecological and evolutionary interest in studying monacanthid life history traits arises
from two aspects of their biology: (1) they represent a major geographically constrained
diversification in southern Australasian waters, with over 20 species occurring in temperate
reef habitats in southern Australia and over 32 genera in Australian waters as a whole (Gomon
et al. 2008) and (2) they appear to feed selectively on benthic reef biota, and some species have
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profound effects on this assemblage by removing significant biomass of sponges, ascidians and
bryozoans from reef surfaces at intermediate depths (Ayling 1981).

Age and growth estimation of monacanthids has mainly been based on counting growth
increments in the anterior dorsal spine or in the vertebrae. Ageing studies on the anterior dorsal
spine of Stephanolepis hispidus in the Canary Islands (Mancera-Rodrı́guez & CastroHernández 2004) and Stephanolepis diaspros (Fraser-Brunner, 1940) in the Gulf of Suez (ElGanainy et al. 2008) yielded maximum ages of three and four years, respectively. The use of
vertebrae for ageing monacanthids such as Thamnaconus modestus in Korean waters and off
the Jeju Island of Korea (Park 1985, Kim et al. 2016), and Nelusetta ayraudi in the eastern
waters of the Great Australian Bight (Grove-Jones & Burnell 1991), also yielded to short life
span estimates (<9 years). However, Miller et al. (2010) recently reviewed otolith-based age
estimation for N. ayraudi, and emphasised the limited precision and accuracy of previous
results based on age estimation using vertebrae. Otolith-based studies have also been
successfully conducted on early life stages and juveniles of Stephanolepis hispidus (Rogers et
al. 2001), Rudarius ercodes and Paramonacanthus japonicus (Kawase & Nakazono 1994), and
Monacanthus tuckeri (Ben-David & Kritzer 2005). Annual increment deposition has been
reported in sagittal otoliths of monacanthid species Meuschenia australis, Penicipelta vittiger
and N. ayraudi (Barrett 1995a, Miller et. al. 2010), suggesting that this pattern occurs generally
in the group.

The leatherjacket Meuschenia scaber (F. Monacanthidae) is commonly found in
temperate Australasian waters and is the most abundant member of the family in New Zealand
(Francis 1996). M. scaber inhabits a wide depth range from shallow waters down to 100 meters,
and is a valuable bycatch of inshore bottom trawl fisheries in New Zealand. Despite increases
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in demand and market value in the last few years (Raje 2016), little is known of the life history
or population dynamics of this species, and science-based management has therefore not been
possible. Kingsford & Milicich (1987) used otoliths to determine the growth of pre-settlement
phase M. scaber younger than 66 days, and Poynter (1980) studied growth in length, based on
a tag/recapture study on shallow reefs in north-eastern New Zealand, and conservatively
estimated maximum age to be 5 years. It is, however, not possible to accurately determine
maximum age of bony fish from mark-recapture, and underestimating age will result in an
overestimate of productivity and therefore poor management advice.

Meuschenia scaber is the only species in New Zealand waters documented to base its
diet on encrusting animals such us sponges, ascidians, echinoderms, polyzoans, hydroids and
barnacles (Russell 1971). In addition, the study species recruits preferentially into the canopy
and fronds of Ecklonia radiata, a laminarian alga that undergoes massive temperaturemediated die-offs over large areas of reef habitat (Choat & Ayling 1987). Given the ecology
and feeding biology of M. scaber, the nature of growth and mortality variables is of
considerable interest. Fisheries management is strongly influenced by mortality and age at
maturity of the target species. Long-lived species, especially those which show limited somatic
growth and reproductive outputs after achieving an asymptotic size, are generally prone to
overfishing (Choat & Robertson 2002). In addition, the nature of their impact on the benthic
biota makes the stability of adult populations a matter of considerable interest. Thus for this
group, which is increasingly targeted by fisheries (FAO 2006), estimates of growth profiles,
reproductive outputs and longevity are of interest in the context of both fisheries management
and ecological interactions.
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Accordingly, the focus of this study is the provision and analysis of age-based life
history data necessary to determine maximum age, growth, age-at-maturity, natural mortality
and condition of M. scaber in the Hauraki Gulf.

3.2

MATERIAL AND METHODS

3.2.1 Sample collection
A total of 651 leatherjacket specimens was collected in the Hauraki Gulf (35.9 – 36.6
°S, 174.7 – 175.9 °E) on the north-eastern coast of the North Island of New Zealand. Four
hundred ninety-nine specimens were sampled underwater by speargun on a monthly basis
between July 2014 and March 2016 on shallow reefs (0 - 12 meters). Samples were selected
randomly with regard to length within each sex. These samples were supplemented with 152
individuals taken by commercial trawlers in the Hauraki Gulf (40-53 meters depth) over the
same time period. In addition, 20 juveniles of M. scaber (<110 TL mm) were collected by hand
spear in February 2015 and January 2016.
Total length (TL) and standard length (SL) were recorded for each fish to the nearest
mm, and total body weight (TW) and gutted body weight (GW) recorded to the nearest mg.
Each fish was sexed, assigned a macroscopic maturity stage (see Visconti et al. 2017), and the
extracted pairs of sagittal otoliths were rinsed in 70% ethanol and stored dry in 96-well plates.

3.2.2 Otolith preparation and age determination

Age determination was based on thin transverse sections of sagittal otoliths (Secor et
al. 1995, Trip et al. 2011a). One of each pair of otoliths (Figure 3.1a) was randomly selected
and weighed to the nearest mg prior to mounting on a glass slide with thermoplastic cement
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(“CristalbondTM”) for grinding. Each otolith was ground from the posterior and anterior
margins to obtain a thin transverse section through the nucleus using a diamond polish wheel
with a P1200-grade wet and dry sandpaper. Otoliths from juveniles (82 - 108 TL mm) were
polished by hand using 3µm and 1µm aluminium oxide lapping film.

Otoliths from juvenile individuals (<1 year, sagittal otolith weight <300 mg) were aged
using daily increments (in days) with ImageJ and ObjectJ software and used to ensure that the
position of the first annual check was not hidden in the core area (Figure 3.1b). Juvenile otolith
sections were viewed under transmitted light with a compound microscope at 100x
magnification. One daily increment was defined as the combination of one opaque and one
translucent zone. The precision of readings was checked by examining the correlation between
otolith weight and the number of increments, on the assumption of a linear increase in otolith
weight with age (Boehlert 1985, Pawson 1990, Fletcher 1991, Francis et al. 2005).

Prepared adult otoliths were viewed with a Leica M80 stereomicroscope at 6.5x
magnification against a black background and under reflected light. Digital images were
captured for further analyses (Figure 3.1c). The otoliths sections showed a clear pattern of
alternating opaque and translucent zones (Figure 3.1c), and the periodicity and timing of
opaque-zone formation in M. scaber was investigated using edge-type analysis (ETA) (Figure
3.1d), whereby the monthly proportion of otoliths with opaque margins (pooled across like
months) were plotted (Figure 3.2) (Manickchand-Heileman & Phillip 2000, Ewing et al. 2004,
Pears et al. 2006).

Each otolith section was read three times by the first author (VV); counting the number
of opaque zones, without any reference to length. When all three counts were identical, the
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reading was taken as the final estimate of age; when two out of the three readings coincided,
the coinciding value was taken as the final age estimate. When readings deviated by more than
one year, a fourth reading was done. If the reading coincided with any of the previous readings
that value was taken as the final age estimate, otherwise the individual was not included in the
age-based analyses.

Decimal age was calculated for each fish based on the number of opaque zones and
timing of deposition, the sample date and a nominal birth of 1 October; which is the mid-point
of the spawning season in the Hauraki Gulf (Visconti et al. 2017).

In order to examine the precision of the reading, the coefficient of variation (CV) and
the average percentage error (APE) were calculated amongst readings. APE was calculated
following Beamish & Fournier (1981):
𝑅

|𝑋𝑖𝑗 − 𝑋𝑗 |
1
𝐴𝑃𝐸𝐽 (%) = 100 x ∑
𝑅
𝑋𝑗
𝑖=0

where R is the number of times each fish is aged, Xij is i (th) age determination of the j (th)
fish, and Xj is the mean age calculated for the j (th) fish.

The coefficient of variation was estimated from the average CV across all individuals
aged, and expressed as follows:
2
√∑𝑅 (𝑋𝑖𝑗 − 𝑋𝑗 )
𝑖=1
𝑅−1
𝐶𝑉𝑗 = 100 x
𝑋𝑗

where CVj is the coefficient of variation of age readings for fish j, Xij is the I (th) age reading
for fish j, Xj is the mean age estimate across all readings, and R is the number of readings
(Campana 2001).
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Table 2 Date of birth estimation (back-calculation) based on juvenile otoliths of Meuschenia scaber
collected in March 2015 and February 2016 in the Hauraki Gulf. Table shows fish number (n = 17),
date of catch, depth of capture, time, total length (TL), otolith weight (OW), sex, estimated age (days)
and the back-calculated date of birth (DOB).
Fish

Date of
catch

Depth
(m)

Time
(hours)

TL
(mm)

OW
(mg)

Sex

Age
(days)

DOB

1

2/03/2015

3-5

21:30

91

0.2622

F

143

10/10/2014

2

2/03/2015

3-5

21:30

105

0.2781

F

153

30/09/2014

3

2/03/2015

3-5

21:30

93

0.2473

F

132

21/10/2014

4

2/03/2015

3-5

21:30

105

0.2756

F

148

5/10/2014

5

2/03/2015

3-5

21:30

103

0.2683

M

137

16/10/2014

6

2/03/2015

3-5

21:30

104

0.2555

F

136

17/10/2014

7

2/03/2015

3-5

21:30

102

0.2706

M

136

17/10/2014

8

2/03/2015

3-5

21:30

90

0.2310

M

122

31/10/2014

9

2/03/2015

3-5

21:30

82

0.1933

F

91

1/12/2014

10

2/03/2015

3-5

21:30

101

0.2816

F

138

15/10/2014

11

2/03/2015

3-5

21:30

108

0.2918

M

150

3/10/2014

12

2/02/2016

3

11:30

62

0.1954

F

91

3/11/2015

13

2/02/2016

3

11:30

74

0.2127

M

105

20/10/2015

14

2/02/2016

3

11:30

75

0.1960

F

86

8/11/2015

15

11/02/2016

3

10:30

74

0.2165

F

104

30/10/2015

16

11/02/2016

3

10:30

77

0.2232

M

109

25/10/2015

17

11/02/2016

3

10:30

99

0.2533

F

128

6/10/2015
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Figure 3.1 Meuschenia scaber (a) whole otolith, (b) a 153 days old otolith overlaying a 9 years old
otolith showing the position of the first annual check, (c) thin transverse section of an adult otolith
showing age counts with opaque zone “O” and translucent zone “T”, (d) and a comparative image of
an opaque edge vs a translucent edge.
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Figure 3.2 Periodicity of opaque-zone formation in sagittal otoliths in Meuschenia scaber. A 1-year
cycle showing the monthly occurrence of an opaque growing edge in sagittal otoliths, from July 2014
to July 2015. Dashed lines show the position of 50% of otoliths with an opaque edge and the number
labels show the monthly sample size.
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3.2.3 Growth parameters

The reparameterised von Bertalanffy growth function (rVBGF; Francis 1988) was fitted
to the length-at-age data for M. scaber, for the sexes combined and for females and males,
separately. The rVBGF is based on three parameters, L(τ), L(ω) and L(µ), which express
expected average body length at three arbitrary ages τ, ω and µ. The rVBGF equation is as
follows:
(𝐿(µ) − 𝐿(𝜏) ) 1 − 𝑟(2
𝐿(𝑡) = 𝐿𝜏 +

𝑡−𝜏
)
µ−𝜏

1 − 𝑟2

where
𝑟=

𝐿(µ) − 𝐿(𝜔)
𝐿(𝜔) − 𝐿(𝜏)

and L(t) is the average size-at-age to be predicted by the model. Ages τ and µ were chosen as
the most representative ages in the dataset for M. scaber, and age ω was calculated as the
average of τ and µ. Age τ was chosen to reflect the ascending part of the growth trajectory (i.e.
the period of fast, early growth, τ=1), age µ to represent the asymptotic part of the curve (i.e.
when growth reach the plateau, µ=5), and age ω reflected the onset of a reduction in growth
rate (ω=3). The rVBGF was fitted by constraining the curve to a length-at-settlement of 10 mm
TL (Kingsford & Milicich 1987). The best-fit model parameters, L1, L3 and L5, were estimated
by minimising the negative natural log of the likelihood and assuming a normal probability
distribution of the residuals, with mean Lt and standard deviation σ (Haddon 2001). The
standard VBGF parameters L∞ (mean asymptotic size), K (curvature parameter) and t0 (age at
which the fish have a theoretical size of zero) were also derived following Francis (1988) for
both females and males of M. scaber.
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In addition, and because male and female M. scaber have different length-weight
relationships, the von Bertalanffy growth function was fitted to the weight-at-age data for each
sex following the formula:
𝑊(𝑡) = 𝑊∞ [1 − exp(−𝐾(𝑡 − 𝑡0 ))]3
where W(t) is the gutted weight (WG) at age t; W∞ is the mean asymptotic weight K the
curvature parameter and t0 is age at which the fish have a theoretical weight of zero.

Likelihood ratio tests (LRT) were used to statistically compare fitted growth curves
for males and females, as well as the following VBGF parameters: L∞, K, t0 L1, L3, L5 for growth
in length; and W∞, K and t0 for growth in weight (Kimura 1980, Cerrato 1990, Haddon 2001).

3.2.4 Length-weight relationship and condition

The relationship between length and weight of M. scaber females and males was
described with the following equation:
𝑇𝑊 = 𝑎𝑇𝐿𝑏
where TW is the total weight, a (y-intercept), TL is the total length and b (slope), is the growth
coefficient. The above formula was transformed into its linear form as:
log𝑇𝑊 = log𝑎 + 𝑏log𝑇𝐿.
The 95% C.I. was calculated for both a and b parameters, and an analysis of
covariance (ANCOVA) was used on the transformed (linear) data to test for differences in the
length-weight relationship between the sexes.
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The relative condition factor was calculated for M. scaber as a monthly mean based on
Le Cren’s (1951) equation and following Griffiths (2002):
∑𝑛𝑖
𝐾𝑛𝑗 =

𝑤𝑖
𝑎𝑇𝐿𝑏𝑖
𝑛𝑗

Where Knj is the monthly relative condition, WI is gutted weight (GW) of the ith individual in
the jth month; TLi is the total length (mm) of the ith individual; a and b are the constants from
the length-weight relationship based on gutted weight (present study); nj is the number of fish
sampled in the jth month.

3.2.5 Age-at-maturity

The age at sexual maturity (T50) of M. scaber was determined using females and males
collected during the spawning season based on reproductive categories in Visconti et al. (2017).
Age at maturity was estimated from the age at which 50% of females or males were sexually
mature (T50) following Williams et al. (2008) and Trip et al. (2011b). The logistic function (the
maturity ogive) was fitted to the proportions of mature fish in each year class that were sampled
during the spawning season, and the ogive was fitted to the mid-point of each age class. The
best-fit logistic function was estimated by minimising the negative log10 of the likelihood based
on a probability density function with a binomial distribution (Haddon 2001). A bootstrapping
procedure was used to estimate 95% C.I. (Moore et al. 2007) from the 2.5 and 97.5 percentiles
of the bootstrap estimates (Haddon 2001). A likelihood ratio test was used to test for differences
between males and females.
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3.2.6 Mortality

Rates of instantaneous mortality (Z) for female and male M. scaber were derived from
the age-based catch curves. The natural logarithm of the frequency of sampled individuals per
age class was plotted against corresponding ages (years). Z was calculated as the absolute value
of the slope of a line (y = mx + b) fitted to the descending limb of the curve (Beverton & Holt
1957). Rates of total mortality for males and females were also estimated using the ChapmanRobson method (1960) (CR) method.

3.3

RESULTS

3.3.1 Periodicity and timing of opaque-zone formation: validation of annual increments

The ETA performed on 651 M. scaber otoliths revealed a clear periodicity in alternating
opaque and translucent zones. From November 2014 to July 2015, and including July 2014,
the proportion of otoliths with an opaque zone was less than 50%. On the other hand, a peak
of opaque zone presence was recorded from late winter through the austral spring, between
August and October 2014, with more than 50% of individuals showing signs of slow growth
(60 - 93%) (Figure 3.2). These results indicate that one opaque and one translucent zone is
deposited each year. Because the opaque zone is deposited during the spawning season
(Visconti et al. 2017), it was chosen for annual age determination.

3.3.2 Age estimation and precision of reading

Juvenile M. scaber (62 mm to 108 mm TL) collected in February 2015 and January
2016 ranged from 86 to 153 days (Table 2), and displayed a strong linear relationship between
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otolith weight and age (r2 = 0.94). The position of the maximum count for each otolith showed
that the first annual growth check was unlikely to be hidden within the core (Figure 3.1b).
The decimal age was estimated from sagittal otoliths of 295 female and 356 male M.
scaber - 98.5% of these were <11 year old (0+ to 10). Maximum ages for females and males
were 17.1 and 9.8 years, respectively. The average percentage error (APE) between first and
second counts was 4.26 ± 0.38 SE, and the mean coefficient of variation (CV) was 5.7% ± 0.5
SE.

3.3.3 Growth parameters

The reparameterised von Bertalanffy growth function (rVBGF; Francis 1988) was used
to describe growth in length of female and male M. scaber, and the resulting parameters are
given in Table 3. Female and male growth trajectories overlapped, suggesting little difference
in growth between the sexes, although males grew slightly faster than females initially (Fig.
3a). Despite a lack of difference between the growth trajectories of the two sexes, likelihood
ratio tests (LRT) revealed significant differences between females and males in the fitted
rVBGF growth curves (p < 0.0001) (Table 4). As a result, growth in females and males was
best described by two different curves (null hypothesis on a coincident curve for males and
females was rejected) and suggested a significant difference between the sexes in mean sizeat-ages 1, 3 and 5 years. However, as female and male growth trajectories appeared similar
(with the exception of maximum age), a combined growth curve was also provided (Figure
3.3a).

Differences in growth between the sexes were comparatively more evident in terms of
weight. Growth in weight was initially faster in males but slowed more quickly in females on
attaining maturity, resulting in a lower asymptotic weight for males (Figure 3.3b). The
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difference between the fitted growth curves for the two sexes was significant (p < 0.0001), as
were differences between the parameters W∞ (p = 0.001) and K (p = 0.004).
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Figure 3.3 (a) Reparameterised von Bertalanffy growth curve showing length-at-age fitting for
Meuschenia scaber in the Hauraki Gulf, New Zealand. Continuous line shows best-fit function
(rVBGF) for combined sexes, dotted and dashed lines represent growth curves for females and males,
respectively. (b) von Bertalanffy growth curve showing weight-at-age best-fit for females (dotted
line) and males (dashed line).
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Table 3 Sex-specific growth of Meuschenia scaber from the Hauraki Gulf, showing best-fit
reparameterised (rVBGF) and standard von Bertalanffy (VBGF) growth-function parameters. rVBGF
parameters are mean size-at-ages one (L1, mm), three (L3, mm) and five years (L5, mm); VBGF
parameters are mean asymptotic size L∞, curvature parameter K (year-1), and theoretical age at size zero
t0 (years); N = the sample size; -λ = negative log-likelihood; σ = standard deviation (mm).
Sex

n

rVBGF

VBGF

σ

-λ

L1

L3

L5

L∞

K

t0

F

295

178.7

264.2

275.8

279.7

0.74

-0.24

1102.2

18.24

M

356

196.8

272.3

279.4

282.2

0.90

-0.10

1420.9

17.94

Combined

651

188.6

268.9

277.9

279.1

0.47

-0.03

2537.0

18.5

Table 4 Sex-specific growth of Meuschenia scaber from the Hauraki Gulf showing results of likelihood
ratio test (LRT) comparing growth between males and females. L1, L3 and L5 = mean size-at-ages one,
three and five years respectively (rVBGF parameters); -λ = negative log-likelihood; and LR= likelihood
ratio. Coincident curves represent the null hypothesis of no difference in growth between the sexes, and
base case the alternative hypothesis of sex-specific growth trajectories.
Hypothesis

n

-λ

LR

d.f.

P

Base

6

2530.83

-

-

-

Coincident curves

3

2544.69

79.66

3

<0.001

L1

5

2540.53

56.03

1

<0.001

L3

5

2545.69

86.98

1

<0.001

L5

5

2532.91

12.00

1

<0.001
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3.3.4 Length-weight relationship and condition

The relationship between total length (TL) and total body weight (TW) was TW =
0.000018*TL2.988456 (r2 = 0.99, n = 295) for females, TW = 0.000030*L2.988981 (r2 = 0.98, n=364)
for males, and TW = 0.000027*TL2.903492 (r2 = 0.97, n = 659) combined (Figure 3.4). The 95%
confidence interval (CI) of the parameter b (slope) ranged between 2.95 and 3.03 for females,
and 2.80 and 2.95 for males. The analysis of covariance (ANCOVA) revealed significant
difference in the slope (F = 9999.231 df = 1 p < 0.0001) and intercept (F = 6635.130 df = 1 p
< 0.0001) between sexes. The mean monthly relative condition (Kn) ranged from 1.09 (July
2014) to 0.97 (December 2014) in females, and 1.10 (November 2014) and 0.96 (July 2015) in
males (Figure 3.5). Female condition was highest in July, declining in August, when relative
ovary weight increased (Visconti et al. 2017), and showed a slight peak in January and
February, immediately following the spawning season. Male condition also declined with the
onset of spawning, but then increased again in the middle of the five-month spawning season,
to produce a peak that continued through to mid-summer, once spawning is over.

3.3.5 Age-at-maturity
The age at maturity (T50) of M. scaber was 1.53 (95% CI 1.09 – 1.69) and 1.52 (95%
CI 1.15 – 1.67) for females and males, respectively (Figure 3.6). The T95 was 1.69 (95% CI
1.42 – 2.11) and 1.63 (95% CI 1.43 – 2.12) for females and males, respectively. A likelihood
ratio test showed no significant difference between the logistic maturity ogives for each sex (p
> 0.01).

58

Chapter 3. Life history traits of the leatherjacket, Meuschenia scaber
3.3.6 Mortality
The instantaneous mortality (Z) estimates based on both the catch-curves regression
recorded for females and males were 0.37 (r2 = 0.85) and 0.75 (r2 = 0.87), respectively.
The mortality estimates based on the CR method were 0.51 for females and 0.63 for males.

Figure 3.4 Length-weight relationship for Meuschenia scaber females (continuous line and dark
grey tringles) and males (dashed lines and light grey circles).
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Figure 3.5 Relative condition factor (Kn) of female (a) and male (b) Meuschenia
scaber from July 2014 to July 2015. Dashed line show 95% confidence interval (C.I.)
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Figure 3.6 Age at maturity for female (a) and male (b) Meuschenia scaber in the Hauraki
Gulf showing the frequency of mature active females and males collected during spawning
season (see Visconti et al. 2017). The logistic curves (continuous line) are shown with 95%
confidence intervals (dashed lines) and observed frequency data (dots).

61

Chapter 3. Life history traits of the leatherjacket, Meuschenia scaber
3.4

DISCUSSION

The present study validated the suitability of sagittal otoliths for ageing purposes in
monacanthids and revealed essential life-history traits of the leatherjacket M. scaber.
Leatherjacket appear to be a fast-growing species with a maximum age of at least 17 years and
most individuals reaching maturity at 1 or 2 years old.

The otolith-based ageing protocol for M. scaber juveniles proved suitable for this
species, and generated ages between 86 and 153 days. However, there was some limitation on
reading daily increments; it was increasingly difficult to distinguish daily rings due to
inconsistency in the alternation of opaque and translucent zones after 153 days. The alternation
of opaque and translucent zone appearance in early life stage fish has been documented to be
affected by behaviour (including vertical movements) and physiology of fish species (Panella
1971, Milicich & Choat 1992, Fowler 1995). Juveniles of M. scaber on reefs in the Hauraki
Gulf are known to rapidly change their time in the pelagic environment and growth rates before
settling between 22 and 66 days of life (Kingsford & Choat 1985, Kingsford & Milicich 1987),
and this could explain the irregularity of ring deposition at this stage. In addition, the limitation
could also be related to the method adopted in this study. Furthermore, our results could be
considered additional to those reported by Kingsford & Milicich (1987) where age estimation
was based on whole otoliths and individuals were aged to 66 days.

The edge-type analysis (ETA) revealed that opaque zone formation in M. scaber
otoliths had a clear annual cycle; suggesting one opaque and one translucent zone is deposited
each year. The opaque zone is laid down between August and October (austral spring), with
peak proportion of opaque otolith margins coinciding with the peak of gonad maturation
(spawning season) recorded for M. scaber by Visconti et al. (2017). On the other hand, the
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minimum seasonal temperature recorded for the Hauraki Gulf during the same period (Paul,
1986) may represent the trigger for the opaque zone deposition, as has been suggested for other
species (Loubens, 1978; Ralston & Williams, 1989; Newman et al. 1996). Overall, the timing
and periodicity of opaque zone deposition described here is also consistent with that displayed
in a number of temperate and southern hemisphere fish species (Beckman 1995, Trip et al.
2011a).

The analysis of annual increments in M. scaber otoliths revealed maximum ages of at
least 17.1 and 9.8 years for females and males, respectively. The APE and CV values between
readings were below those reported as cut off by Campana (2001) for other ageing studies
based on otoliths, and confirm appropriate reading precision for this study. Miller et al. (2010)
reviewed reported longevity for species of the family Monacanthidae, and found a maximum
recorded age of nine years, attained by both N. ayraudi and Thamnaconus septentrionalis.
Although the maximum age of M. scaber males recorded in this study is consistent with the
life span reported for other monacanthids, females are clearly longer lived. Such a difference
in longevity between sexes has been also described by Barrett (1995a) for P. vittiger in
temperate Tasmanian waters, where males reached 3.5 years and females 5+ years. In addition,
tropical fish species are known to have a shorter life span in comparison with temperate water
counterparts (Choat & Robertson 2002). This also appears to be the case in M. scaber, where,
at 17 years, females achieve the greatest longevity reported for monacanthids so far, with males
living up to 10 years. Tropical and subtropical monacanthid genera such as Stephanolepis and
Monacanthus only live up to three and five years, respectively, although this could reflect the
phylogenetic separation between the genera (Santini et al. 2013).
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Meuschenia scaber displayed very fast growth in the first two years of life in both sexes.
In general, a pattern of early fast growth in fishes could be associated with a reduced longevity
(Metcalfe & Monaghan 2003), and is thought to reflect predator response (i.e. larger body size
reduces the risk of predation), trade-offs between longevity and reproductive success, and
competition between males for access to females (Roff 1992). Meuschenia scaber juveniles
rely on the E. radiata kelp-forest habitat where food availability is high (i.e. supports a pattern
of fast growth), and some protection is offered against predators (Choat & Ayling 1987,
Anderson & Millar 2004). Leatherjacket display an early age-at-maturity (T50-95 = 1 - 2 years)
that may reflect trade-offs between longevity and reproductive success. Furthermore, there was
little difference in growth between the sexes, although males grew slightly faster than females
in weight. Despite there being a statistical difference between the female and male growth
curve trajectories in both length and weight, those differences were not clearly apparent on the
growth curves, suggesting these differences may not be biologically significant. Overall,
growth rate of both sexes declined immediately following attainment of reproductive maturity
(T95 = 2 years), and consequently females and males both achieved an early asymptotic length
(L∞). In addition, samples of M. scaber were selected randomly with regard to length, within
each sex, and the age structure presented herein is therefore likely to reflect the population in
the area sampled. The shallow reef habitat sampled in this study is not subject to trawling, and
consequently the age structure observed for males and females is unlikely to be a function of
fishery selectivity.

Males and females did not differ in either size-at-maturity (Visconti et al. 2017) or ageat-maturity (present study). In addition, the shorter longevity of males is reflected by higher
rates of natural mortality (0.75) in comparison with that of females (0.37). Higher natural
mortality in males is likely a consequence of them having to defend territories during the five-
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month spawning season, as has been previously documented in other fish species (Metcalfe &
Monaghan 2003) as a result of either high energy demands (Roff 1992) or increased
vulnerability to predation. Slower growth in weight after maturity (below) suggests that the
energy demands of spawning are greater for males.

The length-weight relationships in M. scaber showed different patterns between the
sexes, with females showing isometric growth (2.99 ± 0.02) and males negative allometric
growth (2.87 ± 0.015). Both the slope b and the intercept a values differed significantly between
sexes, supporting the hypothesis that females attain heavier weight at length, allowing them to
carry large ovaries, with higher batch fecundity. This result are also consistent with other two
findings: (1) the greater body depth of females recorded by Visconti et al. 2017 and (2) the
difference in the weight-at-age between sexes (present study). Thus, the weigh-at-age VBGF
model showed an initial fast growth for males that was maintained until the sexual maturity at
which females displayed a faster somatic growth. These trends indicate that males might invest
more available energy into reproduction (e.g. digging nests, defending territories and attracting
the partner) than females that might feed between spawning events.

Female condition was highest in July, declining in August, when relative ovary weight
increased (Visconti et al. 2017), and showed a slight peak in January and February,
immediately following the spawning season. Male condition also declined with the onset of
spawning, but then increased again in the middle of the five-month spawning season, to
produce a substantial peak that continued through to mid-summer, two months after spawning
ceased. The highest proportion of otoliths with opaque margins was recorded in AugustOctober, which coincides with the decline in condition associated with the onset of maturity;
suggesting the deposition of opaque material in sagittal otoliths in M. scaber, it might be the
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result of a trade-off between the nutritional resources required for reproduction (i.e. gonad
development, courting etc.) and growth (Rochet 2000).

In conclusion, this research describes the life-history traits of a common monacanthid
species in Australasian waters, M. scaber. The life-history parameter estimates presented here
indicate small differences in growth and substantial differences in life-span and mortality
between sexes, as seen in other species of the same family (Miller et al. 2010). More
importantly, M. scaber is the longest-living monachantid species described so far, and possibly
the oldest documented for the entire suborder. Although this represents the first comprehensive
age-based study for M. scaber, more work is needed to examine the magnitude of demographic
variability among populations in response to changes in the environment. Despite the
perception that ageing monacanthids is problematical due to difficulties in handling such
fragile, small and unusually shaped otoliths and detecting the periodicity of ring deposition,
this study provides a clear example of how otoliths of fishes from high-latitude reef systems
are suitable for age-based demography studies.
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Chapter 4. Geographic variation in life history traits of the longlived monacanthid Meuschenia scaber (Monacanthidae).

4.1

INTRODUCTION

Life-history traits, such as growth and mortality rates, can be influenced by many factors
including habitat, reproductive strategy, seasonal variation, and fishing activities. Many reef
fishes have also been shown to vary along geographic ranges at different spatial scales and
across environmental gradients (Conover 1992, Brown 1995, Choat & Robertson 2002). This
is thought to reflect the effects of environmental factors such as temperature, food availability
and quality, habitat and predation pressure (Jennings & Beverton 1991, DeMartini et al. 2005),
and such variation has been demonstrated in both tropical (Gust et al. 2002, Choat et al. 2003,
Pears 2005, Berumen et al. 2012) and temperate reef fish species (Caselle et al. 2011, Hamilton
et al. 2011, Trip et al. 2014). For instance, several studies have tested the temperature-size rule
which predicts that reef fish from high latitudes attain larger body size but smaller size at age
(slow growth) (Atkinson 1994, Arendt 2011), a pattern that at the same time might imply later
maturation and greater longevity (Stearns & Koella 1986).

Complex coastal rocky reef habitats can provide both protection from predators and
food resources for juvenile reef fishes and can also influence the development of specific traits
in adults, such as growth patterns and mortality rates (Connell & Jones 1991, Ross et al. 2008,
Kimirei et al. 2015). Furthermore, although many temperate reef species are gonochoristic, this
trait is not necessarily associated with an even sex as it depends on multiple spatial factors (e.g.
aggregations, movements), time scales (e.g. seasonality) and including their interactions
(Sadovy 1996). For example, several gonochoristic lutjanid species have been seen varying
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their sex ratio due to aggregations over the course of spawning season, and it was also
associated with the presence of larger females (Grimes 1987). Lastly, variation in life history
traits such as growth rate, size and age structure, longevity and reproductive characteristics
have been associated with selective fishing practices (Law 2000, Hawkins & Roberts 2004,
Hamilton et al. 2007).
Exploring the longevity variation in this highly targeted species is even more relevant
considering that studies of species believed to be short-lived (i.e. pomacentrids, acanthurids,
and lutjanids) revealed extended life spans (20 to 40 years) with population dominated by older
individuals (Choat & Robertson 2002), and underestimates can lead to problems with
sustainable exploitation (Musick 1999). Thus, understanding the processes that drive changes
in demography and life history of fish populations is not only relevant to the knowledge of the
species’ ecology, but also a central goal for managing exploitation.

The present study examines spatial variability in age-based demographic characteristics
in one of the most common monacanthid species of southern temperate waters, the
leatherjacket Meuschenia scaber. This reef-associated species is widely distributed in the
waters of both southern Australia (from Cape Naturaliste to Sydney, including Tasmania) and
New Zealand, where its geographical range covers 18° of latitude extending from the
Kermadec Island to Stewart Island. This makes the study species a good candidate to explore
variation in life-history traits along a latitudinal gradient, and to gain a better understanding on
the ecology and management of M. scaber.
Meuschenia scaber is exploited in both Australia and New Zealand, and is the main
monacanthid species caught in the Australian southeast trawl fishery (Yearsley et al. 1999).
According to paleontological studies, leatherjacket was harvested by Māori fisheries since their
arrival, and represented the most common taxon in catches along with mackerel (Trachurus
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sp.) and snapper Chrysophrys auratus in northern New Zealand (Anderson 1997, Allen 2014).
Meuschenia scaber has been a bycatch component of New Zealand inshore bottom trawl
landings since the early 1950s. The management of the species started in 2003 with its
introduction in the national quota management system, and its current total allowable
commercial catch (TACC) is set to 1461 tonnes per year (Ministry for Primary Industries
2013). However, due to the fact that ageing fish of the family Monacanthidae is challenging
due to the dimension, unusual shape and fragility of the sagittal otoliths (Grove-Jones &
Burnell 1991, Mancera-Rodríguez & Castro-Hernández 2004, Kim et al. 2016), there is a lack
of information on life history traits. This appears to have hampered the recognition and
understanding of separate stocks not only for M. scaber in New Zealand waters but also that of
other species of this group around the world (Ministry for Primary Industries 2017, Miller et
al. 2010)

The aim of this study was to assess the geographic variation in demography and lifehistory characteristics of M. scaber in New Zealand waters. The Hauraki Gulf (LEA 1), Tasman
Bay/Golden Bay (LEA 2) and Pegasus Bay/Canterbury Bight (LEA 3) represent the three main
statistical areas for leatherjacket landings in New Zealand, with almost 80% of the TACC
allocated to the central area (LEA 2). Our sampling was designed to reflect this, and M. scaber
was collected from these three locations, i.e. Hauraki Gulf, Tasman Bay and Pegasus Bay. The
reproductive biology and ageing protocol of the species were addressed in previous work
(Visconti et al. 2017, Chapter 3). Thus, this study examines geographic variation in (1) size
and age composition, (2) longevity, (3) growth, (4) length-weight relationship, (5) condition,
(6) reproductive seasonality, (7) sex ratio and (8) mortality of M. scaber across the three
locations. These parameters will be used to test the following hypotheses: (1) does the northsouth latitudinal gradient over which M. scaber were sampled influence growth pattern, size-
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at-age and reproductive characteristics? (2) do the differences in habitats across locations and
depths influence life history traits? and (3) is the reproductive ecology of M. scaber (i.e. pair
spawning) associated with particular demographic patterns?

4.2

MATERIAL AND METHODS

4.2.1 Study areas and sampling procedures

A total of 2112 M. scaber individuals were collected from three areas in New Zealand
waters (Figure 4.1) between July 2014 and March 2016: the Hauraki Gulf (35.9–36.6°S, 174.7–
175.9°E) (n=658), Tasman Bay (40.5–41.1°S, 173.0–173.4°E) (n=1003) and Pegasus Bay
(43.0–43.4°S, 172.4–173.1°E) (n=451). The sampling locations differ in mean annual sea
surface temperatures (SST), ranging from 17.6 °C for Hauraki Gulf, 14.7 °C for Tasman Bay
and 12.6 °C for Pegasus Bay. Sampling methods in the Hauraki Gulf are described in Visconti
et al. (2017). but only fish taken by commercial trawlers (n=152) were used in the present study
for the purposes of direct comparison to the other two locations below). Tasman Bay samples
were bought on a monthly basis from commercial fleets operating in the bay (trawlers), and
supplement with specimens from the West Coast South Island (WCSI 2015) inshore trawl
survey conducted between March and April 2015. Pegasus Bay samples were provided as
random sub-samples of retained catches by NIWA during the East Coast South Island inshore
trawl survey that took place between April and June 2014 (Beentjes et al. 2015). All samples
were shipped to the University of Auckland Marine Laboratory for processing – the
commercial specimens on ice and survey specimens frozen. The above locations were chosen
according to reflect the three main landing areas in New Zealand (LEA 1, LEA 2 and LEA 3).
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All fish were measured for standard (SL) and total length (TL) to the nearest mm, and
total weight (WT) and gutted weight (WG) were recorded to the nearest 10 g. Samples were
sexed considering both external features and macroscopic examination of gonad tissue
following Visconti et al. (2017) and each gonad was weighed to the nearest 0.01 g. Both sagittal
otoliths were extracted from each fish, cleaned in 70% ethanol and stored dry in 96-well plates.
All otoliths were weighed to the nearest mg and a thin transverse section prepared following
Visconti et al. (Chapter 3).

4.2.2 Age, body size, and growth

Mean maximum age Tmax (as a proxy for life span) and mean maximum body size Lmax
(as a proxy for mean adult body size) were calculated for each population as the average age
(in years) of the 15% oldest individuals, and as the average body size (total length, in mm) of
the 15% largest individuals found within each population of M. scaber. A bootstrapping
technique was used to estimate variance around parameters Tmax and Lmax at each location
(Götz et al. 2008, Trip et al. 2008). Age and size data for each population were randomly resampled with replication so as to obtain 1000 estimates of Tmax and Lmax. Bias-adjusted 95%
percentile confidence intervals (CIs) were calculated from the sorted bootstrap estimates
(Haddon 2001, Götz et al. 2008).
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Figure 4.1 Map of sampling locations of Meuschenia scaber across New Zealand.
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A reparameterised von Bertalanffy growth function (rVBGF; Francis 1988) was fitted
to the length-at-age data for M. scaber for all three locations sampled, both for the sexes
combined and for females and males, separately. The rVBGF is based on three parameters,
L(τ), L(ω) and L(µ), which express expected average body length at three arbitrary ages τ, ω
and µ. The rVBGF equation is as follows:

𝐿(𝑡) = 𝐿𝜏 +

𝑡−𝜏
(𝐿(µ) − 𝐿(𝜏) ) 1 − 𝑟(2 µ − 𝜏 )
1 − 𝑟2

where
𝑟=

𝐿(µ) − 𝐿(𝜔)
𝐿(𝜔) − 𝐿(𝜏)

and L(t) is the average size-at-age to be predicted by the model. Ages τ and µ were chosen as
the most representative ages in the data set for M. scaber, with age ω the average age of τ and
µ. Age τ was chosen to reflect the ascending part of the growth trajectory (i.e. the period of
fast, early growth, τ=1), and age µ was selected to represent the asymptotic part of the curve
(i.e. when growth reaches a plateau, µ=5). Age ω (ω=3) reflected the onset of the reduction in
growth rate (i.e. before the growth curve reaches a plateau). The resulting rVBGF parameters
were L1, L3, and L5. The rVBGF was fitted by constraining the curve to a length-at-settlement
of 10 mm TL (Kingsford & Milicich 1987). The best-fit model parameters L1, L3 and L5, were
estimated by minimising the negative natural log of the likelihood and assuming a normal
probability distribution of the residuals, with mean Lt and standard deviation σ (Haddon 2001).

The traditional VBGF was also fitted to males and females of M. scaber at each location
following the equation:
𝐿𝑡 = 𝐿∞ [1 − 𝑒 −𝐾(𝑡−𝑡0 ) ]
where Lt is estimated mean size-at-age t, L∞ is mean asymptotic size, K is a curvature
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parameter and t0 is the age at which the fish have a theoretical size of zero. Data were
fitted without constraining the curve to a length-at-settlement.

Differences in length-at-age among locations were presented using 95% confidence
ellipses surrounding the traditional VBGF estimates of parameters L∞ and K (Kimura 1980). In
this case, only fish taken by trawlers in the Hauraki Gulf (n=152) were used for consistency
with the other two locations.

The relationship between length and weight of M. scaber females and males was
described with the following equation:
𝑊𝑇 = 𝑎𝑇𝐿𝑏
where TW is the total weight, a (y-intercept) and b (slope) is the growth coefficient. The above
formula was transformed into its linear form as:
log𝑇𝑊 = log𝑎 + 𝑏log𝑇𝐿.
The 95% C.I. was calculated for both a and b parameters and an analysis of covariance
(ANCOVA) was used on the transformed (linear) data to test for differences in the lengthweight relationship between the sexes.

4.2.3 Mortality estimates

Total mortality was estimated for M. scaber in each of the three study regions using
different methods. For the Hauraki Gulf, the total instantaneous mortality estimate (Z) was
derived from the generated age distributions using the Chapman & Robson (1960) estimator
and the instantaneous natural mortality (M) from Hoeing (1983) (see Visconti et al. Chapter
3). The age structure of populations in Tasman Bay and Pegasus Bay, used to estimate
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mortality, were derived from age-length-keys and length frequencies scaled by biomass
estimates in spatial stratum from the WCSI 2015 and ECSI 2014 trawl surveys.

4.2.4 Condition, gonado-somatic indices and sex ratio

The relative condition factor was calculated for M. scaber as monthly mean based on
Le Cren’s index (1951) and following Griffiths (2002):
∑𝑛𝑖
𝐾𝑛𝑗 =

𝑤𝑖
𝑎𝑇𝐿𝑏𝑖
𝑛𝑗

where WI is gutted weight (GW) of the ith individual in the jth month; TLi is the total length
(mm) of the ith individual; a and b are the constants from the length-weight relationship based
on gutted weight (present study); nj is the number of fish sampled in the jth month.
A gonadsomatic index (RGW) was used to represent the proportional investment in
reproductive against somatic tissue, and was calculated as RGW (%) = (WGO/WG) × 100 where
WGO is the gonad weight and WG is gutted weight (body weight with all of the viscera
removed). Mean monthly RGW of mature females and males was used to compare the timing
and duration of the spawning season over the two-year period for the Hauraki Gulf and Tasman
Bay samples.
Sex ratios were tested for significant deviations from unity using a Chi-squared test
with Yates’ correction factor for all locations and depth variations.

4.3

RESULTS

4.3.1 Age, body size, and growth

The maximum size recorded for the Hauraki Gulf was 320 mm TL with a minimum
size of 62 mm TL (Figure 4.2a), while the largest fish recorded in Tasman Bay was 290 mm
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TL with a minimum size of 96 mm TL (Figure 4.2b). The maximum size recorded in Pegasus
Bay was 340 mm TL with a minimum size of 78 mm TL (Figure 4.2c).
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Figure 4.2 Length (left panel) and sex-specific age (right panel – grey bars for females; empty bars
for males) distributions recorded for (a, d) Hauraki Gulf, (b, e) Tasman Bay and (c, f) for Pegasus
Bay.
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From the fish examined, the oldest female and male were from Tasman Bay, even
though larger fish were recorded in Hauraki Gulf and Pegasus Bay (Figure 4.2). The difference
in maximum ages between the sexes therefore declined clinally from seven years in the Hauraki
Gulf, to three years in Tasman Bay and one year in Pegasus Bay.

Mean maximum age Tmax (life span) was highest in Tasman Bay, with Hauraki Gulf
the lowest. Conversely, mean maximum body size (Lmax) was highest in Hauraki Gulf and
lowest in both Tasman Bay and Pegasus Bay (Table 5).

The best-fit reparametrised and traditional von Bertalanffy growth parameters for the
three locations are presented in Table 5. Comparison of the 95% confidence ellipses revealed
significant differences across populations in VBGF parameters K and L∞. Pegasus Bay M.
scaber reached a significantly smaller asymptotic length than the Hauraki Gulf and Tasman
Bay populations, despite its higher growth rates (Figure 4.3, Table 5). Hauraki Gulf and
Tasman Bay fish showed no significant differences in the growth coefficient K, suggesting no
difference in growth rate over the initial part of the life span between fish living at these two
locations (Figure 4.3). Fish living in the Hauraki Gulf had significantly larger mean asymptotic
size L∞, than in Tasman Bay or Pegasus Bay, which showed similar values of mean adult body
sizes (Figure 4.3).
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Table 5 Summary of life-history key parameters for Meuschenia scaber across New Zealand.
TMax, mean maximum age; LMax, mean maximum body size; L∞, mean asymptotic (TL, mm);
K (year-1), is the coefficient of the curvature of fish towards L∞; t0 (years), hypothetical age at
which TL is equal to zero; L1 (mm), mean length at age 1 year; L3 (mm), mean length at age 3
years; L5 (mm), mean length at age 5 years; Z, mortality rate (year-1) .
Hauraki Gulf
(trawled)
290

Tasman Bay

Pegasus Bay

Max size (TL, mm)

Hauraki Gulf
(chapter 3)
320

290

340

Min size (TL, mm)

62

189

96

78

Max age females

17.1

12.8

19.0

14.6

Max age males

9.8

7.8

16.4

13.6

TMax (±se)

8.6 (±0.07)

-

11.29 (±0.07)

9.59 (±0.07)

LMax (±se)

295.54 (±0.32)

-

258.06 (±0.19)

265.89 (±0.47)

L∞

279.1

275.3

247.1

246.6

K

0.47

0.27

0.43

0.64

t0

-0.03

-6.5

-3.6

-0.26

L1

188.6

189.5

190.94

134.2

L3

268.9

258.1

238.4

220.2

L5

277.9

273.8

240.6

239.3

Z

-

0.42

0.34

0.62
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Figure 3 Growth of Meuschenia scaber across New Zealand: (a) Hauraki Gulf (speared samples –
chapter 3), (b) Hauraki Gulf (trawled samples), (c) Tasman Bay and (d) Pegasus Bay). Observed
individual size-at-age estimates (open circles) are fitted with the von Bertalanffy Growth Function (solid
line); (e) ellipses represent the 95% confidence intervals surrounding estimates of respectively L ∞ and
K for Hauraki Gulf (continuous line), Tasman Bay (dashed line) and Pegasus Bay (dotted line).
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The relationship between total length (TL) and total weight (WT) was
WT=0.000027*TL2.903492

(r2=.97,

n=659)

WT=0.000032*TL2.869788

(r2=.90,

n=1003)

for
for

the

Hauraki

Tasman

Bay

Gulf

(Figure

(Figure

4.4b)

4.4a),
and

WT=0.000008*TL3.117828 (r2=.98, n=451) for Pegasus Bay (Figure 4.4c). The 95% confidence
interval of b ranged between 2.92 and 2.89 for Hauraki Gulf, 2.87 and 2.86 for Tasman Bay,
and between 3.14 and 3.09 for Pegasus Bay. The analysis of covariance (ANCOVA) revealed
significant difference in the intercept and slope between sexes in all the location: Hauraki Gulf
(a: F = 6635.130 df = 1 p < 0.0001 - b: F = 9999.231 df = 1 p < 0.0001), Tasman Bay (a: F =
67.004 df = 1 p <0.0001 - b: F = 99.560 df = 1 p <0.0001) and Pegasus Bay (a: F = 3.794 df =
1 p < 0.05 - b: F = 8.526 df = 1 p < 0.001).

4.3.2 Mortality estimates
Total mortality rates (Z) were 0.42 year-1 (95% CL 0.39-0.45) for Hauraki Gulf, 0.34
year-1 (95% CL 0.31-0.36) for Tasman Bay, and 0.62 year-1 (95% CL 0.58-0.67) for Pegasus
Bay. Using the maximum age (tmax) estimate for each location, Hoenig’s (1983) mortality (M)
estimate was 0.24 year-1 for Hauraki Gulf, 0.22 year-1 for Tasman Bay and 0.30 year-1 for
Pegasus Bay (Figure 4.5).
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Figure 4.4 Length-weight relationship for Meuschenia scaber females
(dotted line and dark-grey tringles) and males (dashed lines and lightgrey circles) for (a) Hauraki Gulf, (b) Tasman Bay and (c) Pegasus
Bay.
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Figure 4.5 Age frequency distributions for Meuschenia scaber from (a)
Hauraki Gulf, (b) Tasman Bay and (c) Pegasus Bay. The slope of the
descending limb of the catch curve represent the estimate of total mortality
(Z).
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4.3.3 Condition, gonado-somatic indices and sex ratio

The mean monthly relative condition (Kn) calculated for Tasman Bay ranged from 1.04
(October 2014) to 0.99 (March 2015) in females, and 1.04 (October 2014) and 0.97 (March
2015) in males (Figure 4.6). Female condition was highest in October, declining until March,
and showed two peaks in April and May, immediately following the beginning of the spawning
season. The same pattern is observed in male condition for Tasman Bay.

Figure 4.6 Relative condition factor (Kn) of females (left panel) and male (right panel) Meuschenia
scaber from (a, c) the Hauraki Gulf and (b, d) Tasman Bay recorded from July 2014 to July 2015.
Dashed line show 95% confidence interval (C.I.)
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The analyses of gonadosomatic index (RGW) in mature females and males showed a
consistent trend in both Hauraki Gulf and Tasman Bay, with clear peaks between August and
December (spawning season) (Figure 4.7). Mean (± se) ROW and RTW values for Tasman Bay
were generally higher than those of Hauraki Gulf, with females reaching 15.6% (± 0.3) in
December 2014 and males achieving 0.5% (± 0.03) in October 2015. The RGW values obtained
for Pegasus Bay samples were in line with the other two locations in the same period of the
year (April-June 2014).

Sex ratio analyses revealed some significant differences across the three locations;
Hauraki Gulf and Pegasus Bay deviated significantly from the hypothetical distribution of 1:1
(see Table 6). However, Tasman Bay samples showed a clear even ratio of 1.09:1 between
females and males (χ2Yates’ = 1.780, df = 1, p < 0.05, n= 991). Sex ratio also varied with depth
in all the locations, with males generally showing higher abundances in 10-25 depth ranges
(Table 7). Females were significantly more abundant than males deeper than 40 m in the
Hauraki Gulf and Tasman Bay, but less abundant beyond this depth in Pegasus Bay.
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Figure 4.7 . Monthly progression of relative gonad weight of sexually mature female
(relative ovary weight, ROW; (a)) and male (relative testis weight, RTW; (b)) of Meuschenia
scaber in the Hauraki Gulf (solid line) and Tasman Bay (dashed line). ROW and RTW were
estimated as a proportion of gutted bodyweight (%) and the mean values of ROW and RTW
across individuals sampled each month are presented with standard error (SEM) bars.

86

Chapter 4. Demography of the leatherjacket Meuschenia scaber
Table 6 Summary of sex-ratio recorded for Meuschenia scaber across New Zealand.

Location

Females
(%)

Males
(%)

Sex ratio
(F:M)

χ2 Yates’

p

Hauraki Gulf

287 (44.1)

364 (55.9)

0.79:1

8.872

0.003

Tasman Bay

517 (52.2)

474 (47.8)

1.09:1

1.780

0.182

Pegasus Bay
(May-June 14)

158 (35.1)

293 (64.9)

0.54:1

39.814

0.000

All

962 (46)

1131 (54)

0.85:1

13.484

0.000

Table 7 Summary of the sex-ratio variation recorded by depth, sampling method and seafloor type for
Meuschenia scaber in three locations of New Zealand.

Location

Depth range
(m)

Sampling
method

Seafloor

n

Females:Males

Hauraki
Gulf

0-12

spearfishing

rocky reef

499

0.70:1

15-40

trawl

sand/mud

68

1.52:1

>40

trawl

sand/mud

30

2.33:1

10-25

trawl

sand/mud

62

0.94:1

40-49

trawl

sand/mud

848

1.06:1

>50

trawl

sand/mud

74

1.64:1

15-25

trawl

sand/mud

254

0.48:1

31-32

trawl

sand/mud

61

1.44:1

>50

trawl

sand/mud

131

0.41:1

Tasman
Bay

Pegasus
Bay
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4.4

DISCUSSION

This study examined the spatial variability in the life history of the leatherjacket M.
scaber at three different locations in New Zealand waters. Leatherjacket populations showed
several distinct trends in terms of age structure, growth patterns, maximum size and age, sex
ratio and mortality. Overall, fish from lower latitudes (Hauraki Gulf) attained a greater mean
maximum size in comparison with their counterparts from mid- and higher latitudes (Tasman
Bay and Pegasus Bay, respectively). Fish from Tasman Bay had the longest life spans with a
maximum age of 19 years. The difference in maximum ages between the sexes declined clinally
from 7 years in the Hauraki Gulf, to 3 years in Tasman Bay and one year in Pegasus Bay.
Growth trajectories varied substantially across locations over the latitudinal gradient, with fish
collected from Hauraki Gulf displaying the fastest growth. Meuschenia scaber reproductive
features also varied geographically suggesting few demographic patterns.

Length-based metrics (i.e. maximum length, mean adult body size) represent important
demographic characteristics that explain variation and consistency among populations (Calder
1984, LaBarbera 1989). Meuschenia scaber size distributions from the three locations revealed
the dominant size classes surveyed were between 200 and 280 mm TL (although the Hauraki
Gulf was slightly larger - ̴ 220 to 320 mm), despite the different selectivity of collection
methods used in this study. Although Francis (2012) reported that M. scaber can attain 430
mm TL in New Zealand waters, the maximum size recorded in the present study (n=2112) was
320 mm TL in the Hauraki Gulf and 340 mm TL in Pegasus Bay (ECSI-NIWA). However,
Lmax was higher in the Hauraki Gulf, possibly reflecting the lower fishing pressure over coastal
rocky reef habitat that is unsuitable for trawling.
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Meuschenia scaber females also attained greater weight at length compared to males at
all three locations investigated. Additionally, mean monthly female condition followed a
similar pattern in both the Hauraki Gulf and Tasman Bay, with the latter scoring the highest
mean monthly values. Both the length-weight relationship and condition results helped to test
the hypothesis raised in Visconti et al. (2017) that M. scaber females tend to invest more
towards a larger body enabling larger gonads and thus enhanced batch fecundity, in comparison
with males that might spend more energy to defending territories and in courting displays over
spawning season.

Although body size information can provide some valuable insights into the biology of
the species, the present study demonstrates that age-based analysis of M. scaber reveals specific
demographic characteristics and considerable life history variation among populations. The age
composition of M. scaber varied over the spatial scale of the study along with the mean
maximum age Tmax (life span) ranging between 8.60 ± 0.07 years (Hauraki Gulf) and 11.29 ±
0.07 (Tasman Bay), and substantial differences in the initial growth patterns were found.
Overall, these results indicate that M. scaber has a reduced mean maximum age at lower
latitudes (Hauraki Gulf ̴ 36°S), maximum age at Tasman Bay (̴ 41°S) and slower growth at
higher latitudes (Pegasus Bay ̴ 43°S). This is suggestive of some aspects of the temperaturesize rule (TSR) highlighted by Atkinson (1994) and Arendt (2011) which predicts that
ectotherms growing up in warmer environments (lower latitudes) have a shorter life span and
faster initial growth than individuals living in colder environments (higher latitudes). In line
with this theory, sea surface temperature (SST) records shows that yearly averaged
temperatures are 2.9 °C to 5.0 °C higher in the Hauraki Gulf than Tasman Bay and Pegasus
Bay, respectively. However, the two southern M. scaber populations (i.e. Tasman Bay and
Pegasus Bay) attained smaller size-at-age in all three adult size classes L3, L5 and L∞ (i.e.
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opposite to the predictions of the TSR model), indicating that in this case the TSR model could
be outweighed by variation associated with habitat and nutrition and not just temperature as
previously documented for many other species (Yamahira & Conover 2002, Floeter et al. 2005,
Robertson et al. 2005, Behrens & Lafferty 2007, 2012, Trip et al. 2014). More in general, our
findings on age composition are consistent with those reported for other monacanthids in Miller
and Stewart (2009) with the exception of the oldest fish recorded. The maximum age recorded
for M. scaber in this study was 19 years, which indeed represents the greatest age reported for
the family Monacanthidae to date.

Meuschenia scaber reproduction also seemed to be influenced by a north-south
temperature gradient. Spawning was recorded between August and December each year in both
Hauraki Gulf and Tasman Bay. However, maximum peak of relative ovaries weight (ROW) in
Tasman Bay was delayed by ca. 2 months compared to Hauraki Gulf females. The difference
in peak gonad weight between the two locations could be associated with differences in mean
sea surface temperature (Hauraki Gulf mean annual SST 17.6°C cf. Tasman Bay mean SST
14.7°C), as temperature has been shown to be the factor that triggers leatherjacket reproduction
(Visconti et al. 2017). RGW values obtained for Pegasus Bay between April and May were in
line with those found in the Hauraki Gulf and Tasman Bay during the same season, suggesting
that spawning happens in the same seasonal window.

More importantly, the von Bertalanffy growth function fitted for the three trawled
populations surveyed unequivocally confirmed the pattern of rapid initial growth for M. scaber
in New Zealand waters along with a significant difference in the growth trajectories across
locations. Hauraki Gulf fishes collected with both methods (i.e. spearing and trawling) attained
greater size-at-age than other southern populations and a faster early growth than the Pegasus
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Bay population. Although these findings might be influenced by the collection method used
for Hauraki Gulf samples, i.e. fish collected by spear on shallow rocky reef habitats, and thus
might not be directly comparable with the data from the other three populations taken by
trawling, they could also reflect ecological differences among the locations sampled. In
particular, there is some evidence that deeper continental shelf habitats (e.g. sand and mud
bottoms) such those associated with the bottom trawl fisheries of Pegasus Bay area do not
provide the same availability and quality of food resources as those on rocky reefs in the
Hauraki Gulf. Meuschenia scaber feeds selectively on various sponge species, mainly
Ecionemia alata and Polymastia fusca, and ascidians like Synoicum kuranui (Ayling 1981,
Russell 1983), a degree of feeding selectivity that is similar to that seen in other monacanthid
species (Randall & Hartman 1968, Wulff 1994). Neither of these two major dietary sponge
species as well as other major ascidians occur in Pegasus Bay (Kelly 2015, Page & Kelly 2016).
This may force M. scaber to target less suitable prey species, possibly resulting in reduced
growth and higher mortality rates in comparison with the Hauraki Gulf and Tasman Bay.
Meuschenia scaber from Tasman Bay may benefit from the presence of E. alata and other
ascidians (i.e. Clavelina sp.), and this may explain the similarity of growth trajectory with that
of Hauraki Gulf. In addition, M. scaber from Hauraki Gulf have been also documented to feed
on salps (Russell 1983, Kingsford & Milicich, 1987), which represent an important source of
protein for many reef fishes (Janssen & Harbison 1981, Arkhipkin & Laptikhovsky 2013) and
are particularly abundant in the Hauraki Gulf as a consequence of increasing sea water
temperature during early spring to early summer (Zeldis & Willis 2014). This further supports
our hypothesis that M. scaber growth patterns might be influenced by the presence or absence
of particular habitat features that not only provide protection but also food resources (i.e.
sponges). However, without a knowledge of the diet habits of Pegasus Bay population,
including the relative rates of energy consumption, we are unable to draw firm conclusions on
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the role that diet may play in the different growth trajectories observed. Future studies should
assess the diet of M. scaber at regional scales to better evaluate possible dietary constraints
with increasing latitude.

Meuschenia scaber is an indeterminate serial spawning gonochorist that appears to be
a paired spawner (Visconti et al. 2017), and as such an equal number of male and females
might be expected. However, sex ratio varied among both locations and depth; in two out of
three locations the sex ratio deviated significantly from the hypothetical distribution of 1:1 in
favour of the males, compromising the overall ratio. Nonetheless, the hypothesis of an even
ratio could be supported by two main findings of this study; first, the overall sex ratio recorded
for the Tasman Bay was significantly close to the unit (1.09:1). Second, the analysis of sex
ratio in relation to depth showed that in most cases the proportion of females was higher at
depths >25 meters. A possible advantage to the population with a skew towards more males
also represents a potential strategy allowing females to spawn more than once per day with
different male partners, consistent with the proposed strategy of many baskets with few eggs
(chapter 2). Although this finding highlights an important key demographic feature of this
species, our results partially also support the hypothesis that M. scaber might undergo short
vertical movements that could be associated with either spawning dynamics or feeding habits.
Similar trends have been observed in many gonochoristic lutjanids (Guerra Campos &
Bashirullah 1975, Reshetnikov & Claro 1976, Grimes & Huntsman 1980, Grimes 1987,
Everson et al. 1989) and in the ocean leatherjacket Nelusetta ayraudi (Lindholm 1984, Miller
& Stewart 2009), although actual movement patterns have not been observed. Further studies
are needed to determine specific movement patterns in M. scaber, and thus identify specific
spawning grounds and their associated substrate type across the latitudinal range of the species.
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In summary, the information presented herein revealed substantial variations in life
history traits across a latitudinal range of 8° latitude for one of the most common monacanthid
species in Australasian waters. The results from this study highlight the importance of agebased demographic studies in a species distributed along a temperature gradient as it provides
measures of the degree of plasticity in growth parameters, life span and reproductive
characteristics. However, such information is still scarce not only for many reef taxa but also
inadequate for the magnitude and diversity of the family Monacanthidae. While data on
movement patterns and site-specific diets are necessary to clarify the ecology of M. scaber, the
variation reported between populations in the present study indicates that region-specific
demographic data are required to manage the fishery.
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5 Chapter 5. General discussion
While the main objective of this thesis was to assess and describe the demography of
leatherjacket Meuschenia scaber in New Zealand, it was first essential to examine basic
biological features of the study species. Firstly, I investigated the reproductive biology in the
Hauraki Gulf (Chapter 2) with the aim of describing sexual ontogeny, size at sexual maturation,
reproductive seasonality and gonad stage development based on histological analyses. In doing
this, I validated our hypothesis of gonochorism in M. scaber, and corroborated the
indeterminate serial spawning nature of the species along with pair-spawning mating system.
Chapter 3 involved an otolith-based life history study of M. scaber in the Hauraki Gulf, with
the aim of assessing the suitability of sagittal otoliths for ageing the study species and to obtain
basic information on age and growth. In investigating the age-based life history parameter
estimates, I corroborated that M. scaber is the longest-living monacanthid species described to
date (living up to 19 years), and showed that the species displays distinctive growth patterns
compared to confamilial species. The understanding of life history characters and the ageing
protocol developed in chapters 2 and 3 enabled an examination of the comparative demography
of three M. scaber populations in New Zealand with the inclusion of life history data from
Tasman Bay and Pegasus Bay (Chapter 4). In comparing parameter estimates from different
populations along a latitudinal gradient, I have indicated potential factors influencing life
history traits and reproductive characteristics in this reef fish species. In the following I discuss
the major highlights and key findings of each chapter, and examine future directions for
research and management of the study species.
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5.1.1 Reproductive biology

Many reef fishes and in particular some coral reef fish species spawn year-round
(Ehrlich 1975, Sale 2013), whereas temperate species typically spawn during a restricted
seasonal window (i.e. spring to summer), possibly as a consequence of seasonal availability of
food for larvae (Jones 1988, Hixon 1991, Trip et al. 2011). Meuschenia scaber seems to follow
the same pattern as other temperate species, with a spawning season extending from the end of
the austral winter to summer. Despite the fact that the study species spawn during the same
seasonal period as other temperate Australasian monacanthid genera (i.e. Nelusetta and
Acanthaluteres), remarkably M. scaber were an indeterminate spawning species, which
represents an unusual pattern in teleost fishes.

Spawning frequency is a key component in the study of lifetime reproductive outputs
(Sadovy 1996), along with the timing of spawning and seasonality, and the characteristics
revealed in this study highlight the uniqueness of this species among members of the family
Monacanthidae studied to date. The protraction of spawning over a long season coupled with
a high event frequency may be a strategy to maximise the chance of offspring survival (e.g.
having juveniles in the water column during food peaks) and protecting them against seasonal
environmental changes (e.g. currents), as has been documented for other fish species by Choat
et al. (1988). While the study of the sexual ontogeny of reef fishes in recent decades has been
focused on assessing sex changes (e.g. hermaphroditism), there are still many species for which
sex determination has not yet been assessed. Although Takamoto et al. (2003) suggested a
review of modes of sexuality within the Tetraodontiformes after assessing the first case of
hermaphroditism in the haremic triggerfish Sufflamen crhysopterus (F: Balistidae), there is no
evidence of sex change in the family Monacanthidae (Thresher 1984, Barlow 1987, Akagawa
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et al. 1995, Barrett 1995a, Miller & Stewart 2013, Mancera-Rodríguez and Castro-Hernández,
2015).
Macro and micro analyses of ovaries and testis, and the presence of both females and
males in all size classes, clearly support the hypothesis that M. scaber is a gonochoristic
species. Furthermore, field observations (i.e. courting) coupled with sexual dimorphism and
proportions of male vs female relative gonad mass serve to underline the pair-spawning nature
of M. scaber, a key feature of most monacanthid species (Hutchins 1992). However, variation
in sex-ratio across locations and with depth in this species (Chapter 4) raise two potential
concerns: (1) M. scaber is likely to undertake vertical movements (e.g. spawning dynamics,
feeding habits) as has been suspected in other monacanthids (Lindholm 1984, Miller & Stewart
2009), and (2) this characteristic could be particularly relevant for species management.
Potential population-level responses to fisheries impacts are likely to be affected by sexual
pattern (Huntsman & Schaaf 1994, Vincent & Sadovy 1998). The description of reproductive
biology in M. scaber in this thesis are consistent with the general default managerial
assumption that reef fish species are gonochoristic (Sadovy 1996). In addition, although M.
scaber is a gonochoristic and pair-spawning species, which may imply greater resilience to
fishing than in non-gonochorists (Bannerot et al. 1987, Rhodes et al. 2011, DeMartini &
Howard 2016), feeding aggregations described elsewhere might nonetheless increase its
exposure to harvesting and influence demography and life history traits. Overall, the
reproductive characteristics described for M. scaber (i.e. age-at-maturity), coupled with its
longevity (19 years), reveal the capability of reef fish species to attain early maturity without
compromising life span. This is in contrast not only with most of the short-lived monacanthids
described to date, but also with many long-living reef species (e.g. groupers) (Harris & Collins
2000, Miller & Stewart 2013, Ohta et al. 2017).
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5.1.2 Age and growth

Age-based studies on monacanthid life history from both the northern and southern
hemisphere have been fairly slow to accumulate. With more than one hundred species
distributed worldwide, age-based data are available for only about ten monacanthid species
(including those under increasing fishing pressure). The lack of information on the life history
traits in this group is at least partly due to the perception that otoliths of monacanthids (and
those of balistids) are not suitable for the detection of annual ring deposition as a consequence
of their irregular shape and fragility of the calcareous structure. The present study represents
only the third successful attempt at ageing monacanthids based on the thin transverse section
of sagittal otoliths. A previous attempt to age M. scaber otoliths was carried out on daily rings
(whole otolith) by Kingsford and Milicich (1987) in early life history stages; however, Pointer
(1980) was unsuccessful detecting annual ring deposition in this species. Despite that, the edgetype analysis (ETA) carried out in this study demonstrated a clear alternation between opaque
and translucent zones in M. scaber sagittal otoliths, and clearly identified a reliable method for
age-based study. This enabled me to establish an ageing protocol and to fit a model of growth.
The ageing results from Chapters 3 and 4 revealed a maximum age of 19 years for this
species, representing a considerable extension of longevity for the family Monacanthidae.
Monacanthids were previously considered a short-lived group, attaining a maximum of nine
years of life (Figure 1.1, but see Miller et al. 2010). The results of this study suggest that a new
conception of the life history understanding of monacanthids is required, not only regarding
the simple management of a long-lived species, but more importantly, their ecological role and
interaction with benthic prey. The growth model fitted for M. scaber revealed fast-growth in
young fish, with almost no somatic growth after five years of life. Although the greater part of
somatic growth in M. scaber occurs in the first few years of life, as suggested for other
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monacanthids, the “square” type growth trajectory in this species is more characteristic of some
tropical lutjanids and acanthurids (Newman et al. 1996, Choat & Robertson 2002) and also
some temperate sciaenids (Jones & Wells 1998). Nonetheless, the growth model presented for
M. scaber in Chapter 3 is novel for the the family Monacanthidae.
From the ecological and evolutionary perspective of ectothermic animals, rapid growth
associated with larger male size has been shown to be associated with greater reproductive
success due to out-competing other males for access to females for reproduction. On the other
hand, larger body size in females suggests a greater investment towards reproductive outputs
(i.e. fecundity, large gonads) (Robertson 1991, Roff 1992, Metcalfe & Monaghan 2003, Choat
2012). While M. scaber exhibited statistically significant differences in both size and weightat-age between sexes with males generally growing faster than females (0-4 years), males and
females did not differ in either size and age-at-maturity. These findings might suggest that: (1)
M. scaber females may undertake periods of “catch up growth” in comparison with males and
are able, after reaching maturity, to achieve heavier bodies after four years of life; and (2)
shallow rocky reef habitats of the Hauraki Gulf offer a highly suitable environment for both
juveniles and adults, providing protection and great food availability consistent with the high
abundance of M. scaber previously documented in this location (Milicich 1986, Choat &
Ayling 1987). Interestingly, given the fact that most of our samples were collected from
shallow reefs of the Hauraki Gulf where there is low fishing pressure (i.e. these areas are not
suitable for trawlers), males suffered higher natural mortality rates and attained only up to ten
years of life. High adult male mortality rates might depend on multiple biological and
ecological factors that can be ascribed to both intrinsic mortality (e.g. senescence-related
processes, physiological conditions) and extrinsic mortality (e.g. predation, male outcompetition). Overall, the parameterization of the major age-based life history traits presented
here represent a first step in the investigation of variation over the geographical range of the
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species, and provides a practical tool kit for the management of the species. However, more
studies are needed in this field to ascertain specific ecological dynamics and biological
interaction affecting M. scaber.

5.1.3 Demography

Demographic information on reef fishes is critical for both the conservation and
management of an exploited species. However, the majority of information on age-based life
history traits are based on important stocks of temperate species such as clupeoids, gadids, and
pleuronectids (Beverton & Holt 1957, Choat & Robertson 2002). Despite the economic value
of a species, it is vital to assess its ecological role and life history traits, even more so if the
species has a key role and potential impact on the habitat structure (e.g. benthic feeders).
Meuschenia scaber is widely distributed in New Zealand waters (North to South) and its
feeding behaviour on benthic biota from reef surfaces (i.e. sponges, ascidians and bryozoans)
has been seen to drastically alter the composition of benthic biota.
Considering both the ecological and commercial value of M. scaber, it was important
to evaluate variation in life history traits between locations, and thus extend the research into
two southern locations, Tasman Bay and Pegasus Bay. In Chapter 4, I described variation in
the major demographic parameter estimates in the other two locations, with a particular
emphasis on growth, age, life span, reproductive seasonality and mortality. Meuschenia scaber
displayed some patterns consistent with the temperature-size rule (TSR) (Atkinson 1994,
Arendt 2011), i.e. maximum age and greatest life span (Tmax) were recorded at the
intermediate latitude Tasman Bay site, and the maximum length recorded in the entire study
was in Pegasus Bay. In contrast, other results were not consistent with TSR: M. scaber from
the warmer water Hauraki Gulf location reached a significantly greater adult size (Lmax) and
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asymptotic length (L∞), and both parameter estimates are discordant with proposed TSR model.
Overall, this indicates that temperature is not the only factor involved in growth and longevity
of the study species. Temperature might explain the slow growth rate in younger Pegasus Bay
individuals (high latitude) and the greater maximum age in Tasman Bay (mid latitude), but not
the difference in maximum size between populations. Demographic variation between the three
populations thus seems to involve a combination of temperature and nutritional effects. The
similarity between Hauraki Gulf and Tasman Bay in growth profile for the first 1-1.5 years of
life could be associated with the availability of nutritionally superior food resources that are
present in these locations but absent in Pegasus Bay. Likewise, this trend could be explained
by the similarity in the amplitude of mean monthly SST difference between the warmest and
coldest months (Ministry for Primary Industries 2016) as described by Trip et al. (2014) in
Hauraki Gulf and Tasman Bay for other species: this could facilitate the faster growth of
younger individuals in warmer shallow waters and explain the slower growth in the colder
waters of Pegasus Bay.

5.2

CONCLUSIONS AND FUTURE DIRECTIONS

The research presented in this thesis has made a significant contribution to the
knowledge of the life history traits and demography of the widely distributed Australasian
monacanthid, the leatherjacket Meuschenia scaber. A key message that emerges is that
latitudinal gradients (temperature) and environmental factors such as habitat structure can have
substantial effects on the demography of reef fish species, and M. scaber appeared to be a
suitable model for understanding these sources of variation across eight degrees of latitude.
The specific findings documented herein coupled with the protocols specifically developed in
the various chapters provide a better understanding of the biological and ecological features of
the species in the context of New Zealand waters. In particular, specific parameter estimates
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such as VBGF values, size and age-at-maturity, and mortality will benefit fishery managers
with a solid data set for future stock assessment programs and assist in the suitable management
of different stocks.
Future research examining undocumented spawning grounds, movement associated
with reproduction and possible spawning aggregation need to be assessed to gain a
comprehensive understanding of both the ecological requirements for reproduction and
behaviour characteristics of this species. Modern technology applications allow us to gather
movement and behaviour data of fish species in their natural habitats (i.e. VEMCO ultrasonic
telemetry systems), and this information could aid with the discovery of other reproductive
behaviours such as male vs male competition and parenting. Coupling the monitoring of
movement and activity of M. scaber in different habitats (e.g. below >50 m, different from the
rocky reef characteristic of the coastal Hauraki Gulf) with a study on site-specific diet would
also provide valuable information on diet preferences in different habitats (i.e. variation in
benthic prey).

Recent studies have highlighted that size and age in many reef fish taxa are likely to be
decoupled, and consequently large size might not necessarily reflect extended longevity (Hart
& Russ 1996, Newman et al. 1996, Choat & Robertson 2002). It is unclear however if M.
scaber is able to attain the 430 mm TL as reported by Francis (2012) or 400 mm TL as for Paul
(2000). If this was true, and considering the maximum size of 340 mm TL found in this study,
it would be extremely important to test the hypothesis that leatherjacket might live longer than
19 years. On the other hand, extending this study to northern and southern areas of New
Zealand such as Kermadec Islands and Stewart Island will not only help to investigate the
extent of ageing and longevity along with a wider latitudinal scale but also to better understand
its ecological plasticity. In addition, considering the geographically constrained diversification
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of the family Monacanthidae in the southern hemisphere, it would be interesting to test for
genetic differences among both the New Zealand and Australians populations and against sister
species (e.g. Meuschenia australis) to elucidate their evolutionary history.
New Zealand’s QMS represents the state of the art fishery management in the southern
hemisphere, and its system is currently facing new and evolutionary system upgrades to
enhance the onboard monitoring of bycatch species and discards. Meuschenia scaber has been
included in the QMS since 2003 as a valued bycatch species retained by the inshore trawl
fisheries, and its length frequencies are recorded by the inshore trawl survey campaign
conducted by NIWA in the South Island. In light of the results of mortality presented in this
thesis it is possible to argue that the current level of exploitation and assigned TAACs for
leatherjacket are sustainable. While the North Island inshore bottom trawlers have a minimum
mesh size of 125 mm (cod end) that might allow M. scaber around 200 mm TL to pass through,
flatfish fisheries have a minimum mesh size of 100 mm, and this might have some impact on
leatherjackets. A more relevant concern to which particular attention needs to be paid regards
the potential habitat loss caused by the action of bottom trawling fisheries on various substrates
related with M. scaber feeding and reproductive activity. On the other hand, some of the
biological features described in this study will also help trawl survey on-board operators to
better assess, for example, the sex and gonad stages (Chapter 2) of M. scaber individuals
retained during the campaign. Fishery managers and related stock assessment should also
consider the different values obtained for the growth model (VBGF) in the different locations
across New Zealand.
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