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ABSTRACT
No–take marine reserves have the potential to benefit fished species via the net export
of adult fish (spillover) and/or eggs and larvae (recruitment subsidy) of target species
from protected to fished areas. Recruitment subsidy from reserves is expected because
fisheries generally remove the Big Old Fat Fecund Females (BOFFFs) selectively from
a population. BOFFFs are expected to contribute disproportionately to reproductive
output of populations by producing relatively better quality eggs, in greater quantities,
compared with smaller and younger females. Quantifying the relative contribution of
reserves to egg production is a crucial step in evaluating the potential for recruitment
subsidy to occur.

It is important when assessing any effect of reserves that appropriate spatial scales are
used whereby, ideally, multiple reserves within the same ecosystem are assessed. This
is important in egg production per unit area (EPUA) calculations because the
reproductive dynamics of species that occur across broad spatial ranges often vary at a
regional scale due to variation in environmental conditions. Such variation may
complicate fisheries management if reserves created with the objective of enhancing
EPUA of the target species are placed in areas where reproductive output is naturally
limited, or where high adult fish densities represent larval sinks, not larval sources.
Furthermore, comparisons of EPUA between fished and reserve reefs may be
confounded where reproductive data are collected only from fished areas, thereby
ignoring potential fishing-related effects such as density-dependent reproduction, Alleetype depensation, altered spawning behaviour, and skewed sex ratios for hermaphroditic
species.
xi
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In this thesis, I present extensive information on the reproductive biology of the
common coral trout Plectropomus leopardus [Lacépède 1802], on Australia’s Great
Barrier Reef (GBR). P. leopardus is a valuable food fish in the tropics and the major
target species of both recreational and commercial line fisheries on the GBR. The
species occurs throughout the Great Barrier Reef Marine Park (GBRMP) across 14° of
latitude and is a protogynous hermaphrodite. The objectives of this thesis were to:
determine the relationships between maternal traits of P. leopardus and egg quantity
and quality; compare these relationships at an appropriate spatial scale; test for the
existence of BOFFFs; and estimate EPUA for P. leopardus along the GBR. The
GBRMP is an excellent study site as the extensive network of no-take reserves offers
access to comparable fished and reserve (protected) reefs. The vast area also allows
environmental and fishing pressure influences to be tested on a regional scale.

In Chapter 2, I quantify the effects of length and age on the sex ratio, proportion of
vitellogenic females, and spawning frequency of P. leopardus on fished and reserve reefs
in the northern, central and southern GBR. In Chapter 3, I outline a new method that uses
the ratio of the number of migratory nuclei to the number of hydrated oocytes to estimate
batch fecundity of P. leopardus. Previous estimates of batch fecundity were biased due to
a small sample size, reliant on sampling the few hours prior to dusk spawning when the
maximum number of hydrated oocytes is present in the ovary. My new method increases
the time during the day over which samples can be collected and, therefore, increases the
sample size available and reduces biases in batch fecundity estimates. This method was
used in Chapter 4 to quantify the relationships between length, weight and age with batch
fecundity of female P. leopardus on fished and reserve reefs in the northern, central and
southern GBR. Maternal effects also are widely known to influence egg quality, and
xii
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therefore the early life history traits of offspring. In Chapter 5, I examined the maternal
effects of length, weight, age, and hepatosomatic index with indicators of egg quality (egg
size, oil droplet size, total lipid content and lipid classes) for P. leopardus. Chapter 6
combined a 10-year length-density data set with reproductive data from Chapters 2 – 4 of
this thesis to quantify EPUA of P. leopardus in fished and reserve reefs in the northern,
central and southern GBR.

Despite the broad distribution of P. leopardus along the GBR, reproductive potential of
females was maximized in the central section, particularly in the absence of fishing.
Length, weight, and age had positive effects on batch fecundity of females from
northern and central reefs but negligible effects on spawners from southern reefs. The
proportion of vitellogenic females increased with length and age, as did the proportion
of males in the population (as expected for a protogyne). However, female-male sex
change occurred at smaller sizes and younger ages in the southern GBR, particularly on
fished reefs. P. leopardus spawned most frequently on central reserve reefs (every 2.3
days during the spawning season) and as infrequently as once every 2 – 3 months in the
southern GBR regardless of reserve status. No effect of length on spawning frequency
was detected. Maternal length and/or weight also had positive effects on indicators of
egg quality, including egg size, oil droplet size, and the proportion of long-term storage
lipid wax esters within the egg. Large female P. leopardus in the central GBR,
therefore, generally produce more eggs, and eggs with enhanced provisioning,
providing a potential advantage for larvae during the critical transition to successful
exogenous feeding.
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Male biased sex ratios and low individual female fecundity in the southern GBR limited
the reproductive benefits expected from higher population densities or larger fish in
reserves. Egg production per unit area was greatest on reserve reefs in the central GBR
where on average an estimated ~800 000 oocytes 250 m-2 year-1 were produced, and
lowest on southern GBR reefs where average EPUA was approximately ~30 000
oocytes 250 m-2 year-1. The effect of reef protection on EPUA was inconsistent among
regions: EPUA was 180% greater on reserve than fished reefs at Townsville and Cairns
in the central GBR and 16% greater on reserve than fished reefs in the southern GBR,
but 88% greater on fished reefs in the northern GBR. Individual fecundity had a
consistent, positive effect on reef EPUA and was greatest on reserve reefs in the central
GBR (>1.7 million oocytes female-1 year-1), and much reduced in the southern GBR (~9
000 oocytes female-1 year-1). I hypothesize that regional variation in reproduction is
most likely driven by water temperature. The presence of BOFFFs in the northern and
central GBR meant that EPUA increased with density at a much steeper rate than in the
southern GBR, despite greater densities of P. leopardus in the south. Fork length had a
positive effect on EPUA until fish reached ~400 mm FL, at which size EPUA became
asymptotic (northern and central GBR) or decreased slightly (southern GBR).

The spatial variation in reproductive biology of P. leopardus identified in this thesis
demonstrates the varied outcomes that reserve reefs can have on EPUA when the
distribution of a target species spans a broad geographic range. The presence of
BOFFFs on central GBR reserve reefs may have important implications for recruitment
subsidy at a regional scale (north-to-south recruitment subsidy) as well as the local
scale (reserve-to-fished reef recruitment subsidy). Male bias and lack of spawning
activity on southern GBR reefs, where densities of adult P. leopardus are highest,
xiv
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suggests recruits may be supplied from the central GBR. This thesis highlights the need
for further research on reproductive responses of target species to fishing at appropriate
spatial scales, particularly hermaphroditic species, and careful consideration of the
suitability of single conservation or fishery management strategies for species
distributed across large and diverse spatial scales.

xv

TABLE OF CONTENTS

TABLE OF CONTENTS
STATEMENT OF ACCESS ............................................................................................. i
STATEMENT OF SOURCES..........................................................................................ii
STATEMENT ON THE CONTRIBUTION OF OTHERS .............................................ii
PERMITS AND ETHICS ................................................................................................. v
PUBLICATIONS ARISING FROM THIS THESIS....................................................... vi
CONFERENCE AND WORKSHOP PRESENTATIONS ............................................vii
ACKNOWLEDGEMENTS .......................................................................................... viii
ABSTRACT .................................................................................................................. xi
TABLE OF CONTENTS............................................................................................... xvi
LIST OF TABLES ......................................................................................................... xix
LIST OF FIGURES ......................................................................................................xxii
CHAPTER 1 General Introduction ................................................................................. 1
Marine reserves and Big Old Fat Fecund Females ............................................ 2
The common coral trout, Plectropomus leopardus ............................................ 7
Thesis objectives .............................................................................................. 11
Thesis outline ................................................................................................... 12
CHAPTER 2 Spatial variation in the effects of size and age on reproductive dynamics .
................................................................................................................. 17
Introduction ...................................................................................................... 18
Methods ............................................................................................................ 20
Sample collection ...................................................................................... 21
Histological processing ............................................................................. 24
Spawning frequency ................................................................................. 25
Data analysis ............................................................................................. 29
Results .............................................................................................................. 29
Sex ratio .................................................................................................... 29
Proportion of vitellogenic females ............................................................ 34
Spawning frequency ................................................................................. 34
Discussion ........................................................................................................ 39
Effects of length and age on spawning frequency .................................... 39
Spatial variation in reproductive dynamics .............................................. 40
Effect of fishing on reproductive dynamics .............................................. 45
Management implications ......................................................................... 47
Conclusion ................................................................................................ 49
CHAPTER 3 Increased accuracy of batch fecundity estimates using oocyte stage ratios
................................................................................................................. 51
Introduction ...................................................................................................... 52
Methods ............................................................................................................ 53
xvi

TABLE OF CONTENTS

Sample collection and histological processing ......................................... 53
Reproductive staging ................................................................................ 53
Data analysis ............................................................................................. 54
Results .............................................................................................................. 55
Discussion ........................................................................................................ 57
The ratio method for batch fecundity estimates........................................ 59
Conclusion ................................................................................................ 60
CHAPTER 4 Effects of region, demography, and protection from fishing on batch
fecundity
................................................................................................................. 61
Introduction ...................................................................................................... 62
Methods ............................................................................................................ 64
Sample collection and processing ............................................................. 64
Batch fecundity estimates ......................................................................... 67
Data analysis ............................................................................................. 68
Results .............................................................................................................. 69
Discussion ........................................................................................................ 78
Regional variation in batch fecundity ....................................................... 79
Effect of reserves and fishing ................................................................... 82
Potential implications for recruitment subsidy ......................................... 84
Conclusion ................................................................................................ 87
CHAPTER 5 Maternal size, not age, influences egg quality ........................................ 89
Introduction ...................................................................................................... 90
Methods ............................................................................................................ 93
Sample collection ...................................................................................... 93
Egg morphometry and lipid composition ................................................. 95
Data analysis ............................................................................................. 99
Results ............................................................................................................ 100
Egg characteristics .................................................................................. 100
Maternal influences on egg quality......................................................... 104
Discussion ...................................................................................................... 113
Maternal influences on egg quality......................................................... 113
Potential implications for larval quality and recruitment ....................... 115
Conclusion .............................................................................................. 121
CHAPTER 6 Reproductive benefits of marine reserves vary with region.................. 122
Introduction .................................................................................................... 123
Methods .......................................................................................................... 125
Population structure ................................................................................ 125
Individual female fecundity .................................................................... 128
Egg production 250 m-2 .......................................................................... 132
Data analysis ........................................................................................... 132
Mapping .................................................................................................. 134
xvii

TABLE OF CONTENTS

Results ............................................................................................................ 135
Discussion ...................................................................................................... 145
Regional and cross-shelf variation in EPUA .......................................... 145
Reserves and EPUA ................................................................................ 146
Management and monitoring implications ............................................. 149
Conclusion .............................................................................................. 151
CHAPTER 7 General Discussion................................................................................ 152
General discussion ......................................................................................... 153
Thesis outcomes ............................................................................................. 154
Implications of main findings ........................................................................ 156
Evaluation of the ELF Experiment reproductive data and future research
directions ................................................................................................................... 160
Spawning season duration ...................................................................... 161
Lunar phase ............................................................................................. 162
Cross shelf variation ............................................................................... 162
Batch fecundity and time of day ............................................................. 163
Region-specific sampling bias ................................................................ 164
Environmental variation ......................................................................... 164
Larval quality and fertilization success .................................................. 165
Conclusion...................................................................................................... 167
REFERENCES ............................................................................................................. 169
APPENDICES .............................................................................................................. 190
Appendix A ............................................................................................................... 190
Appendix B ............................................................................................................... 194
Appendix C ............................................................................................................... 195

xviii

LIST OF TABLES

LIST OF TABLES
Table 2.1 Methods common to multiple chapters in this thesis. .................................... 21
Table 2.2 Numbers of Plectropomus leopardus sampled by region and management
zone (fished and reserve). Females collected from four regions comprising two
management zones. Spawners (1-Day postovulatory follicles, POF, present);
non-spawners (1-Day POFs absent), spawning frequency and number of batches
spawned per season assuming a 4 month spawning season are given. ............... 28
Table 2.3 Parameter estimates from generalized linear mixed effects models (GLMM)
examining the effects of fork length (LF), age (A), region (R) and zone (Z) on sex
ratio (PM, proportion male), proportion of vitellogenic females (PV) and
spawning fraction (PS, probability of spawning) of Plectropomus leopardus. The
four best-fitting models are shown, and the final model selected (in bold) was
considered to be the simplest model within two of the lowest AICc. Models with
interaction terms (*) also include main effects. Sex ratio, PV and PS were
modelled with a binomial distribution and logit link function. βreef is the random
effect of reef, and ε is the error term. AICc is the small-sample bias-corrected
form of Akaike’s information criterion, ∆ is the Akaike difference, and w is the
Akaike weight. .................................................................................................... 31
Table 2.4 Timing and duration of spawning season for Plectropomus leopardus. See
Figure 2.1 for each location. ............................................................................... 43
Table 4.1 Numbers of male and female Plectropomus leopardus sampled from three
Great Barrier Reef regions (northern, central, southern) and two management
zones (reserve and fished reefs), by month and lunar quarter. ........................... 66
Table 4.2 Form of generalized linear mixed effects models (GLMM) and their relative
explanatory power examining the effects of fork length (FL), age (A), weight
(W), region (R) and zone (Z) on Plectropomus leopardus batch fecundity (BF)
from fish collected in three Great Barrier Reef regions (northern, central,
southern) and two management zones (reserve and fished reefs) (see Figure 2.1).
............................................................................................................................ 70
Table 4.3 Batch fecundity (BF) estimates (+95% confidence intervals) for
Plectropomus leopardus from three GBR regions (northern, central, southern)
based on generalized linear mixed effects models (GLMM; see Table 4.2) for
length (FL; mm), age (A; years), and weight (W; kg; fished and reserve reefs),
and metrics of female spawners. n is sample size............................................... 74
Table 4.4 Change (%) in batch fecundity (BF) with length (FL350 - FL500), age (A3 - A5),
and weight (W0.5 - W2.0, fished and reserve reefs) for Plectropomus leopardus
spawners in the northern, central and southern GBR. ........................................ 75
Table 4.5 Increase (%) in length-, age-, and weight-specific (fished and reserve reefs)
batch fecundity for Plectropomus leopardus spawners in the central and
northern GBR relative to the southern GBR. ...................................................... 76
xix

LIST OF TABLES

Table 5.1 Minimum and maximum (all sampling periods combined), and mean +
standard error (SE) with sample size (n; for each sampling period and for all
sampling periods combined) of mature females, and egg characteristics for
Plectropomus leopardus collected from the central Great Barrier Reef,
Australia. Percentage values refer to percent of total lipid within the egg unless
otherwise stated................................................................................................. 102
Table 5.2 Correlations for egg quality indicators total lipid (TL, proportion of egg wet
weight), wax esters (WE, proportion of total lipid content [TL]), triacylglycerol
(TAG, proportion of TL), free fatty acid (FFA, proportion of TL), sterols (ST,
proportion of TL), polar lipids (PL, proportion of TL), egg diameter (ED, mm),
and oil droplet diameter (ODD, mm). Pearson’s product–moment correlation
coefficients (r) are presented in the upper triangle and the 95% confidence
intervals are presented in the lower triangle. Statistically significant correlations
(* p < 0.05; ** p < 0.01; *** p < 0.001) and corresponding confidence intervals
are in bold. Egg diameter and ODD were log-transformed prior to analysis. .. 103
Table 5.3 Summary of generalized linear models (GLM) showing the set of top models
(AICc < 2) predicting the relationship between maternal traits and egg quality
indicators for Plectropomus leopardus. Two sets of global models were run to
avoid collinearity between predictors: (a) weight (W), age (A), and
hepatosomatic index (HSI), and (b) fork length (FL), A, and HSI. The best
model selected for each egg quality indicator is in bold................................... 106
Table 5.4 Parameter estimates and overall model fit of selected best model of maternal
predictors for each measure of egg quality, including regression coefficient (b)
and 95% confidence interval (CI) for b. The global model predicting each
measure of egg quality was (a) weight (W)*age (A)*hepatosomatic index (HSI),
and (b) fork length (FL)*A*HSI. Statistically significant parameter estimates: *
p < 0.05; ** p < 0.01; *** p < 0.001. ............................................................... 108
Table 5.5 Change (%) in Plectropomus leopardus egg quality indicators with body
weight (grams; W500 – W2000) and fork length (mm; FL350 – FL500). Values are
only included where the best model was a significantly better predictor than the
null model for each egg quality indicator. ........................................................ 110
Table 6.1 Number of reefs sampled using underwater visual survey within each sector,
2004 – 2013. Regional distribution of sectors also is shown............................ 126
Table 6.2 Spawning frequency (days) and number of batches spawned per four month
spawning season for P. leopardus from fished and reserve reefs at Lizard Island
(northern GBR), Townsville (central GBR), and Mackay and Storm Cay
(southern GBR) (see Chapter 2.3 for more details). ......................................... 131
Table 6.3 Summary of final generalized additive mixed models (GAMMs) examining
the categorical covariates management zone (Z), sector (S) and shelf position (P)
and the continuous covariates density (D; individuals 250 m-2), individual
fecundity (I; oocytes female-1 year-1), fork length (FL, mm), and year (Y) on reef
means of Plectropomus leopardus egg production 250 m-2 (EPUA). GAMMs
were fitted separately to data from the north-central and southern regions...... 138

xx

LIST OF TABLES

Table 6.4 Overall fit of selected best models of Plectropomus leopardus egg production
per unit area (250 m-2) from the north-central and southern GBR, including
degrees of freedom (df), F-statistic and p-values. Categorical covariates are
management zone (Z), sector (S) and shelf position (P). Smooth terms are fork
length (FL, mm), density (D; individuals 250 m-2), and individual female
fecundity (I; oocytes female-1 year-1). ............................................................... 139

xxi

LIST OF FIGURES

LIST OF FIGURES
Figure 1.1 No-take marine reserves as a fisheries management tool where reserves act
as net exporters of adult fishes via the spillover effect, and eggs and larvae via
recruitment subsidy. Recruitment subsidy due to greater densities of Big Old Fat
Fecund Females (BOFFFs) leads to greater egg production per unit area of
target species in reserves relative to fished areas (figure adapted from Russ
2002). .................................................................................................................... 4
Figure 1.2 The Great Barrier Reef Marine Park (GBRMP) Zoning Plan and activities
guide. Black line: GBRMP Management Area. Zoning and reef spatial layers
courtesy of Great Barrier Reef Marine Park Authority © Commonwealth of
Australia 2009. Green zones are the major no-take reserves. ............................... 9
Figure 1.3 Diagram of the thesis structure. This diagram will be repeated at the
beginning of each chapter to indicate to the reader where in the thesis they are
located. The position of the chapter within the thesis is indicated by a red
outline. ................................................................................................................ 14
Figure 2.1 Plectropomus leopardus were sampled from four reef clusters on the Great
Barrier Reef. Inset maps: reserve reefs sampled ( ) and reefs historically open
to fishing sampled ( ). Reef spatial layer courtesy of Great Barrier Reef
Marine Park Authority © Commonwealth of Australia 2009. ........................... 23
Figure 2.2 Plectropomus leopardus postovulatory follicle (POF) stages used to identify
recent spawners. (a) 0-Day POF is large with no signs of degeneration. Follicle
cell layers are cord-like and convoluted and form tight folds; (b) 1-Day POF.
Photographs: A. Carter. ...................................................................................... 27
Figure 2.3 Observed and predicted trends in Plectropomus leopardus sex ratio
(proportion male) (+95% confidence intervals) with fork length (mm) at Lizard
Island, Townsville, Mackay and Storm Cay from (a) reserve reefs and (b) fished
reefs. Predictions derived from best fit model described in Table 2.3. .............. 32
Figure 2.4 Observed and predicted trends in Plectropomus leopardus sex ratio
(proportion male) (+95% confidence intervals) with age at Lizard Island,
Townsville, Mackay and Storm Cay from (a) reserve reefs and (b) fished reefs.
Predictions derived from best fit model described in Table 2.3. ........................ 33
Figure 2.5 Predicted trends in the proportion of vitellogenic Plectropomus leopardus
females (+ 95% confidence intervals) with (a) fork length (mm) and (b) age.
Predictions derived from best fit model described in Table 2.3. ........................ 36
Figure 2.6 Predicted spawning fraction of female Plectropomus leopardus (proportion
females with POFs) (+ 95% confidence intervals) with region from fished reefs
(white) and reserve reefs (grey). Predictions derived from best fit model
described in Table 2.3. ........................................................................................ 37
Figure 2.7 Observed and predicted trends in spawning fraction (proportion female
Plectropomus leopardus with POFs) (+95% confidence intervals) with age at
xxii

LIST OF FIGURES

Lizard Island, Townsville, Mackay and Storm Cay from (a) reserve reefs and (b)
fished reefs. Predictions derived from best fit model described in Table 2.3..... 38
Figure 3.1 Percentage of vitellogenic oocytes at time of capture for individual female
Plectropomus leopardus at three stages of ovarian maturity: (a) late yolk globule
stage, (b) migratory nucleus stage, and (c) hydrated stage. Oocyte stages
counted include yolk vesicle (
), early yolk globule (
), late yolk globule (
), migratory nucleus (
) and hydrated (
). ........................................... 56
Figure 4.1 Batch fecundity (BF) of Plectropomus leopardus versus fork length (FL; +
95% CIs) from the northern, central, and southern GBR. Predictions of BF from
FL derived from best fit model described in Table 4.2. ..................................... 73
Figure 4.2 Batch fecundity (BF) of Plectropomus leopardus versus age (A; + 95% CIs)
from the northern, central, and southern GBR. Predictions of BF from A derived
from best fit model described in Table 4.2. ........................................................ 73
Figure 4.3 Batch fecundity (BF) of Plectropomus leopardus versus weight (W; + 95%
CIs) from the northern, central, and southern GBR on (a) reserve and (b) fished
reefs. Predictions of BF from W derived from best fit model described in Table
4.2. ...................................................................................................................... 77
Figure 5.1. Egg quality estimates were obtained from Plectropomus leopardus sampled
on reefs in the central Great Barrier Reef. Reef spatial layers courtesy of Great
Barrier Reef Marine Park Authority © Commonwealth of Australia 2009........ 94
Figure 5.2 Plectropomus leopardus eggs with oil droplet at varying stages of
development: (a) unfertilized eggs; (b) developing embryo, 3 hours post
fertilization; (c) newly hatched larva still dependent on endogenous reserves, 3
hours post hatching; (d) larva at approximate onset of exogenous feeding with
greatly depleted yolk sac, 43 hours post hatching. Photographs: A. Carter. ...... 96
Figure 5.3 Relationship (+ 95% CIs) between (a) fork length (FL) and wax esters as a
proportion of total lipid (TL) content, (b) FL and polar lipid as a proportion of
TL, (c) FL and sterols as a proportion of TL, and (d) FL and egg diameter (mm)
in Plectropomus leopardus eggs. Predictions derived from best fit models
described in Table 5.3. ...................................................................................... 111
Figure 5.4 Relationships (+ 95% CIs) between (a) body weight (W) and wax esters as a
proportion of total lipid content (TL), (b) W and oil droplet diameter, (c) W and
egg diameter, (d) W and sterols as a proportion of TL, and (e) hepatosomatic
index and sterols as a proportion of TL in Plectropomus leopardus eggs.
Predictions derived from best fit models described in Table 5.3...................... 112
Figure 6.1 (a) Plectropomus leopardus densities and lengths were estimated using
underwater visual survey (UVS) of 93 reefs (circles) in seven sectors along the
Great Barrier Reef, while reproductive parameters were estimated from P.
leopardus collected at four reef clusters (triangles; Lizard Island, Townsville,
Mackay, Storm Cay). (b) UVS were conducted across three continental shelf
positions (inner, mid, outer). Straight lines show boundaries of the Great Barrier
Reef Marine Park and three Management Areas within the park. .................... 127
xxiii

LIST OF FIGURES

Figure 6.2 Relationships (+95% confidence intervals) between Plectropomus leopardus
fork length (mm) and sex ratio (proportion male) on (a) reserve reefs and (b)
fished reefs; (c) proportion of sexually mature females (vitellogenic ovaries);
and (d) batch fecundity in the northern, central and southern (Mackay and Storm
Cay) Great Barrier Reef. Source: Figure 2.3, Figure 2.5 and Figure 4.2. ......... 130
Figure 6.3 Mean + standard error (SE) of Plectropomus leopardus (a) estimated egg
production 250 m-2; (b) individual fecundity (oocytes female-1 year-1); (c)
density (individuals 250 m-2); (d) proportion female and (e) fork length (mm) on
fished and reserve reefs in the northern, central and southern Great Barrier Reef.
.......................................................................................................................... 136
Figure 6.4 Mean + standard error (SE) of Plectropomus leopardus estimated egg
production 250 m-2; (b) individual fecundity (oocytes female-1 year-1); (c)
density (individuals 250 m-2); (d) proportion female and (e) fork length (mm) on
reefs from the Whitsunday, Pompey, Swain and Capricorn-Bunker sectors (first
column) and inner, mid and outer shelf reefs (second column) in the southern
Great Barrier Reef. ............................................................................................ 137
Figure 6.5 Predicted egg production 250 m-2 (EPUA) with changes in density
(individuals 250 m-2), fork length (mm), and individual fecundity (oocytes
female-1 year-1) of Plectropomus leopardus from (a-c) north-central and (d-f)
southern Great Barrier Reef (GBR) regions. Non-linear trends are the fit of a
Gaussian generalized additive mixed model (GAMM) with EPUA as response.
Grey areas are 95% confidence intervals and black dots are residuals. x-axis and
y-axis scales vary between GBR regions. ......................................................... 143
Figure 6.6 Estimated mean egg production 250 m-2 (EPUA), density (individuals 250m2
), individual fecundity (oocytes female-1 year-1), proportion female, and fork
length (mm) of Plectropomus leopardus on fished and reserve reefs within the
Great Barrier Reef Marine Park (GBRMP). Estimated EPUA values are based
on the fit of two Gaussian generalized additive mixed models (north-central and
southern GBR), with EPUA as response. Black lines show boundaries of three
Management Areas within the GBRMP. .......................................................... 144

xxiv

General Introduction

CHAPTER 1 General Introduction

1

General Introduction

Marine reserves and Big Old Fat Fecund Females
Marine fisheries are under pressure from over-harvest by an increasing human population
and improved fishing technology, which has seen the scale and intensity of fishing grow
exponentially in the last century (Jackson et al. 2001, Pauly et al. 2002, Pauly 2009,
Froese et al. 2012, Watson et al. 2013). Overfishing has led to a number of fisheries
collapses worldwide, particularly where large, long-lived, predatory fishes have been
targeted (Hughes 1994, Jackson et al. 2001, Pauly et al. 2002). Fishery collapses have
mainly been attributed to recruitment overfishing, where fishing reduces the spawning
stock biomass to the extent that recruitment to the stock also is significantly reduced
(Beverton 1983, Myers et al. 1994). Not surprisingly, a major objective of fisheries
management is the prevention of recruitment overfishing by maintaining the size of the
spawning stock to ensure replacement occurs (Myers and Mertz 1998). This is mostly
done through establishment of minimum legal sizes, corresponding to size of maturation
or above.

No-take marine reserves, referred to simply as reserves throughout this thesis, have
become a popular tool worldwide for the conservation of biodiversity and, potentially,
fisheries management (Russ 2002, Edgar et al. 2014). Reserves theoretically could benefit
fished species via net export of adult fish (spillover) or eggs and larvae (recruitment
subsidy), provided reserves result in significantly higher biomass of target species in
reserves than fished areas (Russ 2002, Sale et al. 2005) (Figure 1.1). Debate continues
about the extent and circumstances under which such export may compensate for fish
catch lost due to reduction of available fishing area (Hilborn et al. 2004, Buxton et al.
2014, Fletcher et al. 2015). Spillover has been demonstrated where reserves contain
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higher densities of target species than adjacent fished areas (Abesamis and Russ 2005,
Stobart et al. 2009, Halpern et al. 2010). This causes density-dependent (from space
limitation or territorial interactions) and/or density-independent (diffusion from high to
low density areas, or random/seasonal/daily/ontogenetic movements) export of fish from
within to outside the reserve (Russ 2002, Abesamis and Russ 2005). Spillover benefits
tend to be localized and detectable only on scales of tens of metres to a few kilometres
beyond reserve boundaries (Halpern et al. 2010). Fisheries-related benefits from spillover
also are particularly limited for species that are either sedentary (Little et al. 2009) or
highly mobile post-settlement (Le Quesne and Codling 2009).

Recruitment subsidy has a greater potential effect on fish catch well beyond reserve
boundaries because pelagic eggs and larvae can disperse tens to hundreds of kilometres
(Cudney-Bueno et al. 2009, Jones et al. 2009, Harrison et al. 2012). Contemporary
research has demonstrated that reserves can contribute recruits to fished areas (Harrison et
al. 2012, Almany et al. 2013), filling a critical knowledge gap in the science of reserves
(Sale et al. 2005, Graham et al. 2011). Reserves contribute more recruits per unit area to
the fishery than fished areas because egg production per unit area (EPUA) is generally
greater inside reserves, often by one or two orders of magnitude (Branch and Odendaal
2003, Willis et al. 2003, Babcock et al. 2007, Evans et al. 2008).This is driven by higher
densities of target species and the preservation of Big Old Fat Fecund Females (BOFFFs)
(Hixon et al. 2014).
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Figure 1.1 No-take marine reserves as a fisheries management tool where reserves act
as net exporters of adult fishes via the spillover effect, and eggs and larvae via
recruitment subsidy. Recruitment subsidy due to greater densities of Big Old Fat Fecund
Females (BOFFFs) leads to greater egg production per unit area of target species in
reserves relative to fished areas (figure adapted from Russ 2002).
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Central to the BOFFF hypothesis is the assumption that the largest and oldest females
produce more eggs and better quality eggs compared with smaller and younger
conspecifics (Berkeley et al. 2004a, Green 2008, Hixon et al. 2014). There are a number
of pathways for BOFFFs to achieve this, including spawning larger batches (Sadovy
1996, Lambert 2008), spawning more frequently (Lowerre-Barbieri et al. 2009, Farley et
al. 2013), spawning over a longer time period (Claramunt et al. 2007), or spawning high
quality eggs with a greater chance of larval survival (Berkeley et al. 2004a, Green 2008).
BOFFFs generally don’t occur, or occur in lower proportions, in fished areas because
fishing frequently causes reductions in the mean size of individuals (Hawkins and Roberts
2004). Fishing may also reduce size at sex change (Hamilton et al. 2007), and lead to
dramatically skewed sex ratios of hermaphroditic species (Heppell et al. 2006). Fishinginduced age or size truncation of a population can therefore result in a far greater
reduction in that population’s reproductive potential than just a reduction in mature
female biomass (Berkeley et al. 2004b, Venturelli et al. 2009, Hixon et al. 2014). The
majority of studies on maternal effects on egg quantity and quality focus on temperate
fishes, many of which are gonochores (see reviews by Wiegand 1996, Green 2008,
Venturelli et al. 2009). Where protogyny (female-male transition) is common in tropical
fisheries (Jennings and Kaiser 1998) the applicability of BOFFF theory to such fisheries
is uncertain. In these fisheries, older, larger and potentially more fecund females are
“removed” by fishing, and by fishing-induced female-male sex change at younger sizes
and ages as a compensatory response following the loss of large males (Hawkins and
Roberts 2004, Hamilton et al. 2007, Götz et al. 2008, Chan et al. 2012). These changes
ensure that females in targeted protogynous populations remain at the lowest levels of
fecundity (Sadovy 1996, Jennings and Kaiser 1998).
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Empirical studies comparing EPUA between reserves and fished areas are rare for
tropical fishes (although see Sluka et al., Evans et al. 2008). The majority of EPUA
studies have focused on invertebrates (Babcock et al. 2007, Díaz et al. 2011) or
temperate fishes (Paddack and Estes 2000, Willis et al. 2003). Calculations of EPUA
often combine density data (commonly size frequency distributions of target species
collected within and outside of a reserve) with a size-fecundity relationship. However, a
limiting concern is that the size-fecundity relationship often is developed from
individuals collected only in fished areas (Willis et al. 2003, Denny et al. 2004, Evans
et al. 2008). This methodology is often necessary because of the difficulty in obtaining
permits for destructive sampling within reserves. Inaccurate estimates of EPUA are
likely if fishing-induced changes in reproductive traits occur. These changes potentially
include skewed sex ratios for protogynous populations (Hawkins and Roberts 2004),
reproductive compensation (Koslow et al. 1995), Allee-type depensation (Sadovy
2001), and altered spawning behaviour (Muñoz et al. 2010).

Assessing the effects of reserves at appropriate spatial scales often requires evaluating
multiple reserves within the same ecosystem (Graham et al. 2011, Smith et al. 2014).
Regional variation in reproductive dynamics of fishes that have a broad geographic
range are rarely considered in EPUA calculations, despite correlations among
reproductive dynamics and environmental conditions or fishing pressure (McIntyre and
Hutchings 2003, Kokita 2004, Wakefield et al. 2013). Spatial variation in reproductive
dynamics could potentially confound fisheries management if reserves created to
enhance target species EPUA are in areas where reproductive output is naturally
limited, or where high adult fish densities represent larval sinks and not larval sources.
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Accurate comparisons of EPUA between fished and reserve areas require reproductive
data collected within and outside of reserve areas, and at an appropriate spatial scale to
encompass potential regional variation.

The common coral trout, Plectropomus leopardus
Plectropomus leopardus [Lacépède 1802] are distributed throughout Indo-Pacific coral
reefs and are a valuable food fish in the tropics (Heemstra and Randall 1993). P.
leopardus also hold a significant trophic role as a major predator of reef fish (Goeden
1978, Graham et al. 2003). P. leopardus are found along Australia’s Great Barrier Reef
(GBR) and are the major species targeted by recreational, charter, and commercial line
fishers in the State of Queensland’s Coral Reef Finfish Fishery (CRFF) (Mapstone et al.
2008). Commercial fishers in the GBR and in Southeast Asia, particularly the
Philippines, target P. leopardus for the lucrative live fish export market, with live fish
sent predominantly to Hong Kong and mainland China (Sadovy de Mitcheson et al.
2013). The IUCN listed P. leopardus as “near threatened” in 2004 due to population
declines in various countries, primarily from overfishing (Cornish and Kiwi 2004).

The Queensland P. leopardus fishery is subjected to two regimes of management. The
fishery is indirectly managed at a federal level because it occurs within the Great
Barrier Reef Marine Park (GBRMP, proclaimed under the Great Barrier Reef Marine
Park Act 1975) and the Great Barrier Reef World Heritage Area (GBRWHA,
established in 1981). The GBRMP is managed for conservation of biological diversity
under a multiple use zoning plan most recently amended in 2004 when no-take marine
reserves were increased from ~5% to ~33% of the GBRMP (Fernandes et al. 2005)
(Figure 1.2). Within areas of the GBRMP zoned open to fishing, the fishery is managed
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at a state level by Queensland’s Department of Agriculture and Fisheries by a number
of mechanisms including bag limits for recreational and charter fishers, a minimum
retention size limit of 380 mm (total length), limited commercial entry to the fishery,
and Individual Transferrable Quotas (ITQs) operating under a Total Allowable
Commercial Catch (TACC). Two 5-day closures to all fishing during peak P. leopardus
spawning times around new moons in the Austral spring are also implemented.

The stock status of coral trout on the GBR was downgraded in 2012 from “sustainably
fished” to “uncertain” following several consecutive years of declines in catch, with
catch in 2011 – 12 the lowest level since 1988 – 89 (State of Queensland 2013). A
recent stock assessment found that there was a poor correlation between catch rates and
population size (as determined by underwater visual surveys). It concluded recent catch
declines were due to a significant effect of tropical cyclones resulting in depressed P.
leopardus catch rates, and not from overfishing (Leigh et al. 2014). Fishing pressure for
P. leopardus varies regionally on the GBR, with the bulk of commercial effort
occurring south of approximately 18º S where densities of P. leopardus are greatest
(Mapstone et al. 2004, Miller et al. 2012, Tobin et al. 2013). Recreational fishing
concentrates in the central GBR (~16 – 20º S) where reefs are most accessible and
closer to major population centres. Little commercial or recreational fishing pressure
occurs north of approximately 16º S due to the northern region’s isolation from major
population centres and relative inaccessibility (Mapstone et al. 2004), although there is
a dedicated commercial fishery further north in Torres Strait (Williams et al. 2008).
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Figure 1.2 The Great Barrier Reef Marine Park (GBRMP) Zoning Plan and
activities guide. Black line: GBRMP Management Area. Zoning and reef spatial
layers courtesy of Great Barrier Reef Marine Park Authority © Commonwealth of
Australia 2009. Green zones are the major no-take reserves.

9

General Introduction

Like most Epinepheline serranids, P. leopardus have several characteristics which make
them vulnerable to overfishing, including protogynous hermaphroditism (Heemstra and
Randall 1993) and the propensity to aggregate for spawning (Samoilys and Squire 1994,
Zeller 1998, Cornish and Kiwi 2004). Underwater visual survey data from inshore and
offshore reefs along a 1000 km north-south gradient covering the central and southern
GBR regions demonstrated that density of coral trout (Plectropomus spp.) is greater on
reserve reefs than on fished reefs (Miller et al. 2012, Emslie et al. 2015) though other data
indicate that population densities were similar on reserve and fished reefs in the northern
GBR (Mapstone et al. 2004). Fishing pressure is greatest in the central and southern GBR,
corresponding to the areas where reserve-fished reef differences are most evident, where
reserves also are characterized by larger adults (Mapstone et al. 2004). Like many
serranids, P. leopardus rarely move between reefs post-settlement (Davies 1995, Zeller et
al. 2003, Matley et al. 2015). Any potential reproductive benefit provided by reserves into
fished areas is, therefore, more likely to result from recruitment subsidy than spillover of
adults.

Since Goeden’s seminal A Monograph of the Coral Trout (Goeden 1978), much research
has been conducted on P. leopardus, a testament to the species’ importance and iconic
status on the GBR. This was particularly so from 1995 to 2004 when the Effects of Line
Fishing (ELF) Experiment was conducted on the GBR. The ELF Experiment was a broadscale, manipulative experiment which assessed the distribution and intensity of fishing
catch and effort, patterns in relative abundance of fish, responses of target species to
fishing, and evaluated the efficacy of reserves for several important target species
including P. leopardus (Mapstone et al. 2004). A recurring theme that emerges from P.
leopardus research is significant regional variation in the biology of the species
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irrespective of reserve status. For example, southern reefs have higher densities of underand legal-sized P. leopardus (Mapstone et al. 2004), smaller average size (Mapstone et al.
2004), male-biased sex ratios (Adams et al. 2000, Davies et al. 2006), and significantly
different otolith chemistry (Bergenius et al. 2005) compared with P. leopardus from reefs
in the central and northern GBR. Despite this, P. leopardus currently is managed as a
single biological stock on the GBR (Leigh et al. 2014). As recently as 2014 when the first
stock assessment of P. leopardus was undertaken, no region-specific biological
information was incorporated into the assessment despite the recognition by the authors
that regional variation in life history traits for this species occurs (Leigh et al. 2014).
Spatial variation in reproductive dynamics among regions and between fished and reserve
reefs, particularly dynamics that influence the quantity and quality of eggs produced, have
not been evaluated for P. leopardus. This information will be highly relevant to future
stock assessments, including the appropriateness of managing P. leopardus as a single
stock on the GBR, and the role reserves may play in recruitment subsidy for this species.

Thesis objectives
The goal of this thesis is to contribute the critical information on the reproductive biology
of P. leopardus required to effectively manage the fishery at the GBRMP scale. This goal
includes determining the relationships between maternal traits and egg quantity and
quality, comparing these relationships at an appropriate spatial scale (incorporating fished
and reserve reefs among the northern, central and southern GBR), testing for the existence
of P. leopardus BOFFFs, and estimating the EPUA for P. leopardus along the GBR. To
achieve this, my specific objectives were to:
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1. Quantify the effects of size and age on sex ratios and female sexual maturity of
P. leopardus among regions (northern, central and southern GBR), and between
management zones (reefs open to fishing and reserves) on the GBR (Chapter 2);
2. Quantify the maternal effects of size and age on the quantity of eggs produced
by P. leopardus (spawning frequency, batch fecundity) among regions and
between management zones on the GBR (Chapters 2, 3, 4);
3. Quantify the maternal effects of size, age and body condition on measures of P.
leopardus egg quality (Chapter 5);
4. Estimate and compare the EPUA for P. leopardus among regions and between
management zones on the GBR (Chapter 6).

Thesis outline
This thesis has been written in a format to enable publication of each data chapter
(Chapters 2 – 6) in a peer reviewed journal. Figure 1.3 outlines the structure of the thesis.
This diagram will be repeated at the start of each chapter to orientate the reader to where
in the framework of the thesis they are located. I was lead author on all publications
arising from this thesis. Varying members of my thesis committee (Andrew J Tobin,
Ashley J Williams, Garry R Russ, Mark I McCormick and A Guy Carton) were coauthors on Chapters 2 – 6. Co-authorship of Chapters 2, 4 and 6 included two researchers
instrumental in the development and success of the Effects of Line Fishing Experiment
and custodians of the P. leopardus samples used in these chapters (Bruce D Mapstone and
Campbell R Davies). Co-authorship of Chapter 6 also included Mike J Emslie from the
Australian Institute of Marine Science (AIMS) who provided the P. leopardus density and
size data collected as part of the AIMS long term monitoring project. I created all of the
figures and tables included in this thesis. The Great Barrier Reef Marine Park Authority
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(GBRMPA) provided spatial information as GIS layers that are included in several maps
and that were used in the analysis in Chapter 6. GBRMPA have been acknowledged in the
figure captions of the relevant maps.

In CHAPTER 1, I provide a general introduction to the concept of managing fisheries for
reproductive output, the expected benefits of reserves including recruitment subsidy, the
role of BOFFFs, the study species and study region. I also present the key research
objectives and thesis outline. I wrote the chapter and AJT, AJW and GRR assisted with
editing.

In CHAPTER 2, I quantify the effects of size and age on the sex ratio, proportion of
mature females, and spawning frequency of populations of P. leopardus on reserve and
fished reefs in the northern, central, and southern GBR. Achieving this required a large
number of fish. These were collected as part of the much larger and broader Effects of
Line Fishing (ELF) Experiment. The methods section in Chapter 2 outlines the
sampling design and techniques used during the ELF Experiment which also apply to
Chapters 3, 4 and 6. Chapter 2 also outlines general laboratory methods used
throughout this thesis including histological processing, reproductive staging, and
otolith processing and age determination. This chapter was published in Journal of Fish
Biology in 2014 with Andrew J Tobin, Ashley J Williams, Garry R Russ, Bruce D
Mapstone and Campbell R Davies as co-authors. BDM and CRD conceived and
designed the ELF Experiment from which samples were sourced. I analyzed the
histological sections and collated the data. I analyzed the data and interpreted the
models with assistance from AJW. I wrote the chapter. AJT, AJW, GRR, BDM and
CRD assisted with editing.
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Figure 1.3 Diagram of the thesis structure. This diagram will be repeated at the
beginning of each chapter to indicate to the reader where in the thesis they are located.
The position of the chapter within the thesis is indicated by a red outline.
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In CHAPTER 3, I outline a method that I developed to more accurately estimate batch
fecundity of P. leopardus. This method uses the ratio of migratory nucleus: hydrated
stage oocytes and was applied to batch fecundity estimates that form the basis of the
analysis in Chapter 4. This chapter was published in Journal of Fish Biology in 2009 with
Ashley J Williams and Garry R Russ as co-authors. I conceived and designed the
experiment, analyzed the data and wrote the chapter. AJW and GRR assisted with editing.

In CHAPTER 4, I quantify the effects of P. leopardus size and age on batch fecundity of
populations on reserve and fished reefs in the northern, central and southern GBR. This
chapter was published in Coral Reefs in 2014 with Andrew J Tobin, Ashley J Williams,
Garry R Russ, Bruce D Mapstone and Campbell R Davies as co-authors. BDM and CRD
conceived and designed the ELF Experiment from which samples were sourced. I
analyzed the samples and collated the data. I analyzed the data and interpreted the models
with assistance from AJW. I wrote the chapter. AJT, AJW, GRR, BDM and CRD assisted
with editing.

In CHAPTER 5, I quantify the effects of P. leopardus size, age and hepatosomatic index
on indicators of egg quality (egg size, oil droplet size, total lipid content and lipid classes)
of populations on reefs in the central GBR. This chapter was published in Marine Ecology
Progress Series with Andrew J Tobin, Ashley J Williams, Mark I McCormick and A Guy
Carton as co-authors. I conceived and designed the experiment with assistance from
AGC. I collected the P. leopardus and egg samples with assistance from AGC and AJT. I
collected the egg size and oil droplet size data and CSIRO (Hobart, Tasmania) conducted
the lipid analysis. I collated and analyzed the data. AJW assisted with model
interpretation. I wrote the chapter. AJT, AJW, MIM and AGC assisted with editing.
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In CHAPTER 6, I quantify the EPUA for P. leopardus on reserve and fished reefs in the
northern, central and southern GBR. I used data detailed in Chapters 2 and 4 and P.
leopardus density and size data collected during the AIMS long term monitoring
program. This chapter will be submitted for publication in a peer reviewed journal with
Andrew J Tobin, Ashley J Williams, Garry R Russ, Bruce D Mapstone, Campbell R
Davies and Mike J Emslie as co-authors. BDM and CRD conceived and designed the ELF
Experiment from which reproductive samples were sourced. MJE provided the P.
leopardus density and size data used in the analysis. I collated and analyzed the data.
BDM, MJE and AJW assisted with interpretation of the models. I wrote the chapter. AJT,
AJW, GRR, BDM, CRD and MJE assisted with editing.

In CHAPTER 7, I summarize Chapters 1 – 6 and discuss the implications of my findings
on BOFFF theory, reproductive benefits of reserves, potential recruitment subsidy, and
management of the P. leopardus fishery. I also evaluate the approach taken in my thesis
and outline future research directions. I wrote the chapter and AJW, GRR and AJT
assisted with editing.
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CHAPTER 2 Spatial variation in the effects of size and age on
reproductive dynamics

Chapter 2 has been published as: Carter AB, Russ GR, Tobin AJ, Williams AJ,
Davies CR and Mapstone BD (2014) Spatial variation in the effects of size and age on
reproductive dynamics of common coral trout Plectropomus leopardus. Journal of Fish
Biology 84:1074 – 1098. doi: 10.1111/jfb.12346
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Introduction
Sustainably managed fisheries require the maintenance of sufficient reproductive adults
and egg production (Sadovy 1996). The importance of incorporating assessment of
reproductive biology into the management of fish stocks is now recognized widely
(Jakobsen et al. 2009, Murua et al. 2010, Bernal et al. 2012), requiring increased study
of the reproductive biology of fish (Lowerre-Barbieri et al. 2011). A proliferation of
studies has emerged in the past decade focused on reproductive biology topics such as
maturity schedules, sex ratios, fecundity, and spawning frequency to reveal speciesspecific variation driven, for example, by female size and age, variation in climate and
region (Adams et al. 2000, Portner et al. 2001, Fennessy and Sadovy 2002, Williams et
al. 2006), disturbance from fishing (Muñoz et al. 2010), and food availability and body
condition (Ganias 2009, Somarakis et al. 2012). Understanding the factors that
influence the reproductive output of a population and their interaction with fishing and
management measures is important for the design of fisheries management tools, such
as seasonal fishing closures, reserves and minimum sizes of retention.

Size and age influence reproductive traits of fishes in a fairly predictable way. Sex
ratios of hermaphroditic fishes vary predictably with size and age as individuals change
from one sex to the other (Williams et al. 2006). Maturity schedules also vary with size
and age, with the proportion of females that are reproductively active often increasing
with female size and age as energy balances shift from somatic growth to reproduction
(Fennessy and Sadovy 2002, Shuter et al. 2005). Larger and older females also
generally spawn more frequently than smaller, younger females (Claramunt et al. 2007,
Lowerre-Barbieri et al. 2009). Less predictable is the way reproductive traits of
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individual species vary across geographic scales and respond to fishing pressure. Sex
ratios and maturity schedules have been demonstrated to vary spatially (Adams et al.
2000, Williams et al. 2006) and will determine the number of mature females and
spawning frequency at the local or regional scale. Spawning frequency of tropical fishes
has become increasingly well quantified (Dadzie and Abou-Seedo 2008, Maki Jenkins
and McBride 2009, van der Velde et al. 2010, Ganias 2012) but documented cases of
spatial variation in spawning frequency for tropical species remains limited (although
see Brown-Peterson et al.). Spatial variation in spawning frequency of temperate marine
fishes has received particular attention and has been attributed to variations in water
temperature and fish health (Korta et al. 2010, Somarakis et al. 2012).

As discussed in Chapter 1, regional variation in several life history and population traits
have been documented for Plectropomus leopardus, with the southern GBR
characterised by male-biased sex ratios (Adams et al. 2000), smaller mean length and
age at sex change (Davies et al. 2006), smaller mean size (Mapstone et al. 2004), and
higher densities (Mapstone et al. 2004) than in the northern GBR. As protogynous
hermaphrodites, P. leopardus can exhibit diandric male development (Adams 2002),
which is particularly prevalent in the southern GBR where the largest proportions of
primary males are found (Adams et al. 2000). As also discussed in Chapter 1, P.
leopardus on reserve reefs generally are older and larger, change sex when older and
larger, and have higher densities than on reefs open to fishing (Ferreira and Russ 1995,
Adams et al. 2000, Adams 2002, Mapstone et al. 2004, Begg et al. 2005). The
maintenance of larger and older female P. leopardus within reserves may result in
enhanced reproductive output, assuming there is a positive effect of female size and age
on spawning frequency. Two previous studies estimated that P. leopardus spawn every
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2 – 3 days during the Austral spring spawning season (Brown et al. 1994, Samoilys
2000) and determined that there was no relationship between maternal size and
spawning frequency (Brown et al. 1994). These estimates were based on fish collected
from one small area (two adjacent reefs near Cairns, ~17° S), however, and did not
examine the relationship between age and spawning frequency, nor whether reserves
affect spawning frequency. Evaluation of the effects of regional variation and reserves
on the reproductive dynamics of P. leopardus is particularly important considering P.
leopardus is currently managed as a single stock on the GBR, with the implicit
assumption that reproductive productivity does not vary spatially throughout the GBR
or that the stock is well-mixed during reproduction and does not result in regional
variation in productivity.

The objective of this chapter was to examine the reproductive dynamics of P. leopardus
to determine whether sex ratio, female maturity, and spawning frequency varied by
female size and age, region, and between reserve reefs and fished reefs on the GBR.

Methods
Several of the methods described in this section are common to many of the data
chapters within this thesis (Table 2.1). Common methods are therefore described in
detail in this section, while the methods sections of Chapters 3 – 6 refer back to this
section.
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Table 2.1 Methods common to multiple chapters in this thesis.
Chapter

Method

2, 3, 4, 6

Sample collection (ELF Experiment samples only)

2, 4, 5, 6

Otolith extraction and age estimation

2, 3, 4, 5, 6

Histology and reproductive staging

2, 6

Spawning frequency

3, 4, 6

Batch fecundity*

*Described in detail in Chapters 3 and 4.

Sample collection
P. leopardus were collected over a four year period during structured commercial line
fishing surveys from 1998 to 2001 as part of the Effects of Line Fishing (ELF)
Experiment (see Mapstone et al. 2004). As outlined in Chapter 1, the ELF Experiment
was a large adaptive management program that quantified the effects of fishing on reef
fish populations, including P. leopardus (Punt et al., Mapstone et al. 2004). Four
regions were sampled along a latitudinal gradient during the ELF Experiment: Lizard
Island (~14.5º S) in the northern GBR; Townsville (~18.5º S) in the central GBR; and
Mackay (~20.5º S) and Storm Cay (~21.5º S) in the southern GBR (Figure 2.1). Four
reefs were sampled within each region: Two reefs that were zoned Marine National
Park (no-take reserve reefs) and protected from fishing for 12 – 15 years prior to
sampling and remained closed to fishing for the duration of the years sampled; and two
reefs that were zoned General Use (fished reefs) and historically open to commercial
and recreational fishing, although one of these reefs was closed to fishing for the four
years of sampling and the other was closed to fishing from March 2000 onwards
(Figure 2.1). These historically fished reefs were considered to be fished reefs for the
purposes of the analyses because the period of closure to fishing was very short (< 2 – 4
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years) relative to the longevity of P. leopardus (up to 16 years) and it was assumed that
any response of spawning frequency to changes in fishing intensity or population
density would be relatively slow. The same effort, gear, and sampling design were used
on each reef in each year (Mapstone et al. 2004).

Fish were caught during the first quarter – full moon or full moon – third quarter moon
phases (Geoscience Australia 2011) of the Austral spring spawning season (September
– December) in each of the four years. P. leopardus spawn throughout the complete
lunar cycle, although spawning activity peaks during new moon periods when spawning
aggregations averaging 44 individuals 1000 m-2 form at the reef edge (Samoilys and
Squire 1994, Samoilys 1997, Samoilys 2000). Sampling during the new moon was
avoided in the ELF Experiment to reduce potential bias in abundance indices if large
spawning aggregations were encountered. The presumption was made that the effects
on reproductive metrics examined were not influenced significantly by lunar phase,
within the spawning season, and that any relative differences among regions or zones
were consistent regardless of whether sampling occurred during or outside new moon
periods.

For each fish caught, fork length (LF) was measured (to nearest mm), time of capture
was recorded, and whole gonads and otoliths were removed. Gonads were preserved in
10% phosphate buffered formalin until histological sections were made. Otoliths were
used to estimate fish age by counting annuli in sectioned otoliths using the method
described by Ferreira and Russ (1994).
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Figure 2.1 Plectropomus leopardus were sampled from four reef clusters on the Great
Barrier Reef. Inset maps: reserve reefs sampled (
fishing sampled (

) and reefs historically open to

). Reef spatial layer courtesy of Great Barrier Reef Marine Park

Authority © Commonwealth of Australia 2009.
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Histological processing
Sex was determined histologically from the preserved gonads of 5901 P. leopardus.
Gonad sections were embedded in paraffin wax and sectioned at 5 μm then stained
using Myer’s haematoxylin and Young’s eosin-erythrosin (Bean et al. 2003).
Histological assessment was conducted on the medial section of one gonad lobe
because in P. leopardus oocyte development does not differ between right and left lobes
(Samoilys and Roelofs, 2000) and is uniform along the length of the lobe (Adams et al.
2000).

Females, males, transitionals (dorsal sperm sinus not fully formed, spermatic tissue
present in a gonad that consists largely of pre-vitellogenic ovarian tissue, ovarian tissue
sometimes degenerating) and bisexuals (male and female germinal tissue present with
no evidence of either tissue degenerating - dorsal sperm sinus fully developed and
filled with spermatozoa while gonad also resembles a running ripe female with
vitellogenic and hydrated oocytes, indicates female and male cells are capable of
spawning at the same time) were categorised according to the criteria in Samoilys and
Roelofs (2000), Adams (2002) and Brown-Peterson et al. (2011). Transitionals made up
a very small portion of the catch (< 0.5%), probably because sex change commonly
occurs after the spring spawning season. Transitionals ranged from 1 – 7 years old, with
the largest proportion of transitionals aged 3 – 4. This was consistent among all regions.
Sex ratios (PM, proportion male) were calculated from the number of mature males
divided by the sum of females and males (n = 5288). Females were further classified
histologically into reproductive phases (immature, developing, spawning capable,
regressing, regenerating) according to Brown-Peterson et al. (2011). The proportion of
vitellogenic, reproductively active females (developing + spawning capable +
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regressing) (PV) relative to the total mature female population (developing + spawning
capable + regressing + regenerating) (n = 2162) was then calculated in each region and
management zone (fished or reserve) combination.
Spawning frequency
Spawning frequency was determined histologically using the postovulatory follicle
(POF) method (Hunter and Goldberg 1980, Hunter and Macewicz 1985). Postovulatory
follicles encase developing eggs and remain in the ovary as ruptured follicles after
hydrated eggs are ovulated (Figure 2.2). Postovulatory follicles degenerate quickly,
lasting 24 hours in P. leopardus (Samoilys 2000), a common timeframe for POFs in the
tropics (West 1990). The predictability of POF absorption means that they can be used
reliably to back-calculate time of spawning (Ganias 2012).

Postovulatory follicles were classified following the descriptions of Samoilys and
Roelofs (2000). Presence or absence of POFs, and the stage of POF (early “0-Day”, or
late “1-Day”), was determined from 1676 randomly subsampled mature (vitellogenic)
ovaries (Table 2.2). The spawning fraction (PS, proportion of mature females that were
spawning per day, hereafter proportion of spawners) was calculated as the total number
of mature females with 1-Day POFs present divided by the total number of mature
females (Picquelle and Stauffer 1985). These calculations only use the incidence of
females with 1-Day POFs. Using the incidence of females with hydrated oocytes or 0Day POFs is inappropriate because the presence of these structures within the ovary is
dependent on time of sampling (Hunter and Macewicz 1980) and because females who
are actively spawning may be more susceptible to fishing (Picquelle and Stauffer 1985).
In this study, 1-Day POFs were found throughout the day (0730 – 1800). P. leopardus
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spawn at dusk (Samoilys 2000) and sampling occurred during daylight hours, so the
presence of 1-Day POFs in the ovary indicated spawning occurred approximately 12 to
24 hours prior to sampling. Spawning frequency for the season was calculated as the
days elapsed between spawns, or 1/ PS (Claramunt et al. 2007). The number of batches
spawned per season by each mature female was calculated by dividing the length of the
Austral spring spawning season for P. leopardus, commonly reported as lasting four
months (122 days) on the GBR (Goeden 1978, Brown et al. 1994, Ferreira 1995,
Samoilys 2000, Davies et al. 2006) by spawning frequency (days).
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Figure 2.2 Plectropomus leopardus postovulatory follicle (POF) stages used to identify
recent spawners. (a) 0-Day POF is large with no signs of degeneration. Follicle cell
layers are cord-like and convoluted and form tight folds; (b) 1-Day POF. Photographs:
A. Carter.
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from four regions comprising two management zones. Spawners (1-Day postovulatory follicles, POF, present); non-spawners (1-Day
POFs absent), spawning frequency and number of batches spawned per season assuming a 4 month spawning season are given.
Mature females
Region

Total mature

Spawning frequency

Batches spawned per

females

(days)

season

263

397

3.2

38.4

22

209

231

12.0

10.1

Full moon - last quarter

32

138

170

5.3

22.9

Reserve October – November

Full moon - last quarter

200

278

478

2.3

52.0

Fished

First quarter - last quarter

0

72

72

na.

na.

First quarter

2

160

162

83.2

1.5

November – December Full moon - last quarter

6

88

94

17.2

7.1

Reserve November – December Full moon - last quarter

3

92

95

28.8

4.2

399

1300

1699

4.3

23.0

Zone

Month

Lunar quarter sampled

October

First quarter - full moon

134

Reserve October

First quarter - full moon

Fished

October – November

Lizard Island Fished

28

Townsville

Mackay

November

Reserve October – November
Storm Cay

Total

Fished

N

na., not applicable due to absence of spawners in fished reefs.

Spawners

Non-spawners
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Table 2.2 Numbers of Plectropomus leopardus sampled by region and management zone (fished and reserve). Females collected
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Data analysis
Generalized linear mixed-effects models (GLMM) were used to examine the fixed
effects of fork length (LF), age (A), region (R) and management zone (Z), and the
random effect of reef, on sex ratio (PM), proportion of vitellogenic females (PV), and
spawning fraction (PS). Each factor was modelled as an additive term and as an
interaction with other factors. Three-way interactions between R, Z, and LF or A were
considered in the analyses. The factor reef was modelled as a random effect term in all
models to eliminate potential bias or psuedoreplication resulting from the nonindependence of samples collected at the same time from a single location. The
response variables PM, PV and PS were all modelled with a binomial error distribution
and logit link function. Akaike’s Information Criterion (AICc) for small sample sizes
(Burnham and Anderson 2002) was used to determine the best set of explanatory
factors for adequately predicting each response variable, and to compare functional
forms for the relationship between factors and response variables. The best-fit model
was considered to be the simplest model within two of the lowest AICc (Burnham and
Anderson 2002). The best-fit model was used as a basis to predict the expected values
of response variables across the observed ranges in LF and A. All GLMMs were done in
R using the lme4 package (Bates et al. 2012).

Results
Sex ratio
Sex ratios became increasingly male-biased with length and age, as expected for a
protogynous hermaphrodite. Variation in sex ratio of P. leopardus was best described
by a model that included an interaction between region, zone and LF, and a model that
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included an interaction between region, zone and age (Table 2.3). Populations at
Mackay and Storm Cay had higher proportions of males across all lengths and ages
compared with Townsville and Lizard Island in fished and reserve reefs (Figure 2.3).
Fifty percent of fish were male by the time fish reached 455 mm LF and 464 mm LF at
Townsville and Lizard Island reserve reefs, respectively, while over 80% of 453 mm LF
and 394 mm LF fish were male at Mackay and Storm Cay reserve reefs. The size at
which 50% of fish were male was much smaller at Mackay (359 mm LF) and Storm Cay
(303 mm LF) reserve reefs than in other regions (Figure 2.3). The size at which 50% of
fish were male was consistently smaller on fished reefs than reserve reefs, but the
difference varied among regions. Fifty percent of the population were male at 455 mm
LF on Townsville reserve reefs and 406 mm LF on Townsville fished reefs whilst 50%
of the population at Storm Cay were male at 303 mm LF on reserve reefs and 300 mm
LF on fished reefs (Figure 2.3).

Male bias was evident in the youngest of age classes (1 and 2 years) on Mackay and
Storm Cay fished and reserve reefs compared with Lizard Island and Townsville. Fifty
per cent of the population was male at age 6 on Lizard Island and Townsville reserve
reefs, and age 1 on Mackay and Storm Cay reserve reefs (Figure 2.4). P. leopardus
populations did not reach 80% male until 10 and 12 years on Townsville and Lizard
Island reserve reefs respectively, while 80% of fish were male by age 7 and 4 years on
Mackay and Storm Cay reefs respectively. Sex change occurred approximately 3 years
younger on Townsville fished reefs compared with reserves, while 50% sex change did
not differ between management zones at Lizard Island (6 years, reserve and fished
reefs) or Mackay and Storm Cay (1 year, reserve and fished reefs) (Figure 2.4).
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Table 2.3 Parameter estimates from generalized linear mixed effects models (GLMM)
examining the effects of fork length (LF), age (A), region (R) and zone (Z) on sex ratio
(PM, proportion male), proportion of vitellogenic females (PV) and spawning fraction
(PS, probability of spawning) of Plectropomus leopardus. The four best-fitting models
are shown, and the final model selected (in bold) was considered to be the simplest
model within two of the lowest AICc. Models with interaction terms (*) also include
main effects. Sex ratio, PV and PS were modelled with a binomial distribution and logit
link function. βreef is the random effect of reef, and ε is the error term. AICc is the smallsample bias-corrected form of Akaike’s information criterion, ∆ is the Akaike
difference, and w is the Akaike weight.
Model

AICc

∆AICc

w

Sex ratio (LF)
PM = LF * R * Z + βreef + ε

5788.37

0

0.99

PM = LF * R + βreef + ε

5800.06

11.7

<0.01

PM = LF + R + Z + βreef + ε

5806.07

17.7

<0.01

PM = LF * R + Z + βreef + ε

5810.00

21.6

<0.01

PM = A * R * Z + βreef + ε

5912.72

0

0.82

PM = A + R + βreef + ε

5917.36

4.59

0.08

PM = A + R + Z + βreef + ε

5921.23

4.64

0.08

PM = A * R + βreef + ε

5921.52

8.51

0.01

PV = LF + βreef + ε

1569.04

0

0.36

PV = LF + Z + βreef + ε

1569.13

0.09

0.34

PV = LF * Z + βreef + ε

1571.11

2.08

0.13

PV = LF + R + Z + βreef + ε

1572.99

3.96

0.05

PV = A + Z + βreef + ε

1426.71

0

0.26

PV = A + βreef + ε

1426.82

0.11

0.24

PV = A * Z + βreef + ε

1427.25

0.55

0.19

PV = A * R * Z + βreef + ε

1429.70

0.77

0.18

PS = R * Z + βreef + ε

1547.55

0

0.90

PS = R + βreef + ε

1553.46

5.91

0.05

PS = R + Z + βreef + ε

1555.38

7.83

0.02

PS = LF + R + βreef + ε

1555.42

7.87

0.02

Sex ratio (A)

Vitellogenic females (LF)

Vitellogenic females (A)

Spawning fraction (LF)

Spawning fraction (A)
PS = A * R * Z + βreef + ε

1477.75

0

0.70

PS = A * R + βreef + ε

1480.24

2.49

0.20

PS = A * R + Z + βreef + ε

1482.23

4.48

0.08

PS = A + R + βreef + ε

1485.78

8.02

0.01
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Figure 2.3 Observed and predicted trends in Plectropomus leopardus sex ratio
(proportion male) (+95% confidence intervals) with fork length (mm) at Lizard Island,
Townsville, Mackay and Storm Cay from (a) reserve reefs and (b) fished reefs.
Predictions derived from best fit model described in Table 2.3.
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Figure 2.4 Observed and predicted trends in Plectropomus leopardus sex ratio
(proportion male) (+95% confidence intervals) with age at Lizard Island, Townsville,
Mackay and Storm Cay from (a) reserve reefs and (b) fished reefs. Predictions derived
from best fit model described in Table 2.3.
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Proportion of vitellogenic females
There was an expected increase in the proportion of vitellogenic females with length
and age (Figure 2.5, Table 2.3). Fifty percent of females were vitellogenic at 263 mm
LF, and 80% of females were vitellogenic by 333 mm LF (Figure 2.5). Fifty per cent of 1
year old females were vitellogenic, and 80% of females were vitellogenic by age 3
(Figure 2.5).
Spawning frequency
Ovaries from 23.5% of mature female P. leopardus contained 1-Day POFs, indicating
spawning on the GBR occurred approximately every 4.3 days during the Austral spring
spawning season (Table 2.2). Sixty five per cent of mature females with hydrated
ovaries contained histological evidence of two potential spawning events. That is, the
ovary contained both hydrated oocytes and 1-Day POFs, indicating that 18% of mature
female spawners spawned on consecutive days. Only three ovaries contained “0-Day”
POFs. These females were caught in the late afternoon (1530 – 1630), indicative of the
narrow time period between ovulation and dusk spawning reported for P. leopardus.
Ovaries with POFs were present during all lunar periods surveyed during the Austral
spring spawning season (first quarter, full moon, and last quarter (Table 2.2).

A broad length range of mature P. leopardus was sampled (263 – 585 mm LF) but there
was little support for any of the spawning fraction models that included LF. Variation in
P. leopardus spawning fraction was best described by a model that included an
interaction between the terms region and zone (Table 2.3). Townsville’s reserve reefs
had the highest spawning fraction of any reefs at 0.43, equivalent to a spawning
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frequency of 2.3 days, and greater than that for fished reefs in the same region of 0.19,
reflecting a spawning frequency of 5.3 days. The pattern was opposite in the Lizard
Island region, where 31% of mature females on Lizard Island fished reefs contained 1Day POFs, indicating spawning occurred on average every 3.2 days, compared with 8%
on neighbouring reserve reefs, indicating spawning every 12.0 days (Figure 2.6; Table
2.2). Spawning was less frequent at Mackay and Storm Cay reefs. Storm Cay’s mature
females spawned every 17.2 days on fished reefs and 28.8 days on reserve reefs (Table
2.2). There was no evidence of recent spawning on Mackay’s fished reefs and on
reserve reefs spawning occurred once every 83.2 days. The number of batches per
season ranged from approximately 52 spawned by Townsville’s females on reserve
reefs, to no batches spawned on Mackay fished reefs.

The best model explaining spawning fraction involving age was an interaction between
region, zone, and age (Table 2.3). One and 2 year old P. leopardus spawned most
frequently on reserve reefs, after which spawning fraction on reserve reefs decreased
with age in all regions (Figure 2.7). Spawning fraction decreased approximately linearly
on Townsville and Lizard reserve reefs from 50% and 11% at age 1 respectively to 30%
and 3% at age 10 respectively. Spawning fraction on Mackay and Storm Cay reserve
reefs, however, declined sharply from 10 – 20% age 1 to zero at age 4 and did not
change thereafter (Figure 2.7). Spawning fraction on fished reefs increased with age at
Lizard Island from approximately 20% at age 1 to 60% at age 10 years (Figure 2.7) but
spawning fraction at Townsville fished reefs remained approximately 20% irrespective
of age. Females with POFs were recorded only in individuals aged 3 and 4 on Storm
Cay fished reefs and no females with POFs were recorded on Mackay fished reefs
(Figure 2.7).
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Figure 2.5 Predicted trends in the proportion of vitellogenic Plectropomus leopardus
females (+ 95% confidence intervals) with (a) fork length (mm) and (b) age. Predictions
derived from best fit model described in Table 2.3.
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Figure 2.6 Predicted spawning fraction of female Plectropomus leopardus (proportion
females with POFs) (+ 95% confidence intervals) with region from fished reefs (white)
and reserve reefs (grey). Predictions derived from best fit model described in Table 2.3.
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Figure 2.7 Observed and predicted trends in spawning fraction (proportion female
Plectropomus leopardus with POFs) (+95% confidence intervals) with age at Lizard
Island, Townsville, Mackay and Storm Cay from (a) reserve reefs and (b) fished reefs.
Predictions derived from best fit model described in Table 2.3.
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Discussion
This study of P. leopardus’ reproductive dynamics provides one of the few
comparisons of sex ratios, the proportion of vitellogenic females, and spawning
frequency of fish collected within and outside of reserves across a broad geographic
range. Spatial variation in reproductive dynamics of P. leopardus between reserves and
fished reefs and among regions of the GBR was striking. Populations of P. leopardus at
Mackay and Storm Cay in the southern GBR were characterised by male-bias and very
infrequent spawning for a given size and age, relative to P. leopardus from Townsville
and Lizard Island in the central and northern GBR. Spawning frequency was greater on
reserves than on fished reefs off Townsville but the reverse in the Lizard Island region
and effectively the same on both zones in Mackay and Storm Cay. There was no
significant relationship between length and spawning frequency and the effect of age
varied with GBR region. These results add to the knowledge of P. leopardus’
reproduction required for management of this commercially important species, raise
some striking questions, and highlight the need for understanding spatial variation in
reproduction where spawning closures and reserves are used as fisheries or
conservation management tools.
Effects of length and age on spawning frequency
The absence of a positive relationship between maternal length and spawning frequency
for P. leopardus and the inconsistent relationship between maternal age and spawning
frequency both are unusual. Larger and older females generally spawn more frequently
than their smaller and younger counterparts (Claramunt et al. 2007, Lowerre-Barbieri et
al. 2009). Assessments of the relationship between maternal length or age with
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spawning frequency for commercially important tropical reef fish is lacking, although a
positive relationship between maternal length or age, or both, with spawning frequency
has been confirmed in a number of temperate (Bani et al. 2009, Ganias 2009, Mehault
et al. 2010), tropical pelagic (Farley et al. 2013) and tropical estuarine (LowerreBarbieri et al. 2009) species. The lack of influence that female length has on spawning
frequency is not unprecedented, however, and has been documented for northern
anchovy Engraulis mordax (Hunter and Macewicz 1980). A previous assessment of P.
leopardus from reefs adjacent to Cairns (central GBR) also reported no effect of female
length on spawning frequency (Brown et al. 1994). Larger and older females commonly
spawn more batches, however, if there is a positive relationship between female size
and age with spawning season duration (Claramunt et al. 2007). For example, E.
mordax displays no relationship between spawning frequency and female size (Hunter
and Macewicz 1980), but older females spawn more batches annually compared with
young females because spawning season duration increases with age (Parrish et al.
1986). Maternal effects on spawning season duration could not be determined for P.
leopardus from this study due to the limited sampling intervals (one lunar period) in
each year but warrant further research.
Spatial variation in reproductive dynamics
Significant spatial variation in P. leopardus’ reproductive traits is not surprising given
the large geographic scale of this study and the variation in oceanographic influences
(Wolanski 1994, Hopley et al. 2007), population density of P. leopardus, fishing effort,
and other species, including prey species of P. leopardus (Mapstone et al. 2004), along
the GBR. Variation in reef fish population biology often occurs at much finer spatial
scales, such as within individual reefs or among reefs within a single region (Gust
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2004). Spatial variation in reproductive traits is influenced by genetics, the
environment, or both (Wakefield et al. 2013). No significant genetic variation in P.
leopardus exists along the GBR (van Herwerden et al. 2009), so spatial variation in P.
leopardus’ reproduction is more likely driven by environmental factors, which in turn
affects demography and social dynamics.

Variation in water temperature is a common driver of spatial variation in fish
reproduction (Danilowicz 1995, Pörtner et al. 2001), with reproductive activity
commonly reduced at higher latitudes for marine fishes with broad geographic
distributions (Chauvet 1991, Fennessy and Sadovy 2002, Williams et al. 2006,
Wakefield et al. 2013). Relatively low water temperatures in the southern half of P.
leopardus’ range may cause reduced spawning frequency and influence sex ratios.
Mean sea surface temperature (SST) in the Mackay and Storm Cay region of the GBR
is generally 1 to 2° C below mean SST in the central and northern GBR (Lough 1999).
Spawning omission at high latitudes, with reduced water temperature hypothesized to
be the most likely cause, has been documented in fishes where a large proportion of
female ovaries remain “resting” in a pre-vitellogenic stage during the spawning season
(Fennessy and Sadovy 2002, Williams et al. 2006), the entire female population fails to
mature (Wakefield et al. 2013), or females mature but fail to spawn (Chauvet 1991).
Temperature can influence sex differentiation in hermaphrodite fishes. For example,
eggs of the simultaneous hermaphrodite mangrove rivulus Rivulus marmoratus
incubated at low temperatures resulted in the proportion of primary males increasing
from 4% to 75% (Harrington Jr 1975). Male-bias was evident on fished and reserve
reefs in the southern GBR, consistent with the hypothesis that male-bias is a natural
phenomenon on the GBR rather than an effect of fishing (Adams et al. 2000).
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Water temperature frequently operates as a “physiological switch” for the beginning
and end of the spawning season (Conover 1992, Ganias 2009) and it may be argued that
sampling was confounded by spatial variation in spawning season along the GBR.
Delayed spawning has been correlated with low water temperatures in the temperate
species G. morhua (Hutchings and Myers 1994, Kjesbu 1994), and capelin Mallotus
villosus (Carscadden et al. 1997) and may confound spawning frequency estimates
depending on when fish are sampled. P. leopardus also experience a delayed spawning
season with increasing latitude (Table 2.4) but spawning frequency estimates in this
study are unlikely to be confounded by latitudinal variation in the onset of spawning as
spawning peaks in October – November regardless of latitude (Table 2.4). Mackay and
Storm Cay reefs were sampled late October – early December, and therefore were
sampled during the spawning peak for P. leopardus on the southern GBR (Table 2.4).

Social dynamics are known to play an important role in sex change and spawning
behaviour of fishes (Munday et al. 2006, Godwin 2009), including P. leopardus
(Goeden 1978, Samoilys and Squire 1994, Samoilys 2000). Environmental conditions
and social dynamics may interact to affect sex ratios, the prevalence of diandry, and
spawning frequency for P. leopardus. The relatively low water temperature in the
southern GBR may inhibit spawning and therefore diminish the reproductive benefits of
maintaining a female-biased sex ratio. Perhaps the male-biased sex ratio results because
females that do not successfully spawn are genetically predisposed to change sex?
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GBR Region

Location

Spawning peak

Spawning range (inclusive)

Vitellogenesis range (inclusive) Indicator

Study duration Author

North of GBR

Torres Strait

October-November

July –

May - November

2004-2005

November
Northern

Lizard Island

October

September – December*

GSI, % frequency of gonadal
stages

August – December

GSI, % frequency of gonadal

2008)
1990 - 1992

stages
Central

Cairns

September-October

September – November/ December August –
December/ January

GSI, % mature females in

(Williams et al.,

(Brown et al., 1994;
Ferreira, 1995)

1992 –1994

(Samoilys, 2000)

vitellogenic state of
development
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Central

Cairns

October

September -December

August - December

GSI, % mature

1989 - 1992

(Brown et al., 1994)

Central

Townsville

October-November

September – December

July – January

GSI, % mature

1998-2000

(Davies et al., 2006)

Central

Townsville

October

September – November*

July – November

GSI, % frequency of gonadal

1990 – 1992

(Brown et al., 1994;

stages
Central

Townsville

October

October –

August – December

December

GSI, maximum oocyte

Ferreira, 1995)
2004 – 2005

(Frisch et al., 2007)

diameter, % frequency of
gonadal stages

Central

Townsville

ns.

September – November

March – November

Presence of ripe females

1990-1994

(Russ et al., 1995)

Southern

Swains and Capricorn-

October-November

October –

ns.

GSI

ns.

(Brown et al., 1994)

Ovaries inactive by February

GSI

1971-1972

(Goeden, 1978)

Bunker Group
Southern

Heron Island

February
November-December

October –
January

* Defines “ripe” as female with oocytes ranging from tertiary yolk globule to hydrated; GSI, gonadosomatic index; ns., not specified.
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Table 2.4 Timing and duration of spawning season for Plectropomus leopardus. See Figure 2.1 for each location.
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The estimates of spawning frequency reported here are less than Samoilys’ (2000) and
Brown’s (1994) estimates of P. leopardus spawning every 2 to 3 days during the
spawning season on reefs off Cairns (Figure 2.1). My estimate of spawning frequency
may be conservative because samples were not collected during the new moon period
when P. leopardus’ spawn most frequently (every 1.6 days) (Samoilys 2000). Lunar
phase also may have a stronger influence on spawning frequency for P. leopardus at
higher latitudes, but no sampling occurred during the new moon period, precluding
further examination of lunar effects. Lunar periodicity in batch spawning is common for
tropical marine fishes, with lunar phases often synchronizing reproduction (Taylor
1984, Takemura and Rahman 2004, Bushnell et al. 2010). P. leopardus on Cairns reefs
favour group spawning during the new moon and pair spawning during remaining lunar
phases (Samoilys 1997, Samoilys 2000). This study and previous work (Ferreira 1995,
Samoilys 2000) demonstrates that P. leopardus are capable of frequent spawning
outside of new moon periods (Table 2.2). Lizard Island and Mackay reefs were
surveyed from first quarter to full moon phase, and Townsville and Storm Cay reefs
were surveyed full moon to last quarter phase. New moon aggregations may play a
more significant role in gathering spawning females in the male-biased southern GBR
than in other regions.

It is unlikely that significant male bias and relatively infrequent spawning in the
southern GBR reported here was due to a region-specific sampling bias where large
females in spawning condition were unintentionally not accessed by the fishers. Postsettlement movement of P. leopardus is limited. Among-reef movement is rare (Davies
2000), and within-reef movement to and from aggregations typically ranges from
hundreds of metres to several kilometres (Zeller 1998, Zeller and Russ 1998, Davies
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2000). Sampling also avoided the new moon period when spawning aggregations were
most likely to bias the catch-rate sampling prioritized by Mapstone et al. (2004). Even
when new moon P. leopardus spawning aggregations do occur, they occur at multiple
sites on a reef, possibly with only one or two major aggregation sites (Samoilys and
Squire 1994). Sampling at each reef was highly structured around each reef and across
the range of depths at which P. leopardus habitat occurred, making it unlikely that sex
ratios and spawning frequency estimates were influenced by differences in reef-scale
movements between sexes.
Effect of fishing on reproductive dynamics
There is no indication reproductive compensation occurs for P. leopardus at an
individual level in the central and southern GBR where fishing pressure is greatest.
Fishing-induced reproductive compensation is common in temperate fishes (Koslow et
al. 1995), where per capita reproductive output of target species in fished areas
increases due to reduced competition for food and space (Rose et al. 2001). For
example, losses in total egg production due to increased exploitation were partially
compensated for by approximately 25% due to changes in growth, maturation, and
fecundity for North Sea plaice Pleuronectes platessa, sole Solea solea, and cod Gadus
morhua (Rijnsdorp et al. 1991). This pattern was only evident at Lizard Island where
females spawned three times more frequently on fished reefs than reserves. This region
of the GBR receives less fishing pressure than more southern regions (Mapstone et al.
2004, Tobin et al. 2013) and reserve zoning has no measurable effect on mean size, age,
and density of P. leopardus there (Mapstone et al. 2004). Reproductive compensation
due to fishing does not seem a plausible explanation for increased spawning frequency
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on fished reefs at Lizard Island, therefore, and it remains unclear why spawning
frequency differed between zones in that region.

Female to male sex change occurred at smaller sizes and younger ages on fished than
reserve reefs at Townsville, and on Townsville fished reefs spawning frequency was
also reduced. The effect of reduced size and age at sex change with fishing pressure is
well-documented for protogynous species (Hawkins and Roberts 2004, Hamilton et al.
2007, Götz et al. 2008). The effect on spawning frequency is consistent with the small
amount of published research on tropical species regarding the effects of fishing on
reproductive output. A complete lack of spawners of the protogynous hogfish
Lachnolaimus maximus in fished areas was attributed to a total breakdown of social
structure because of intense fishing pressure adjacent to the Florida Keys National
Marine Sanctuary (Muñoz et al. 2010). Reduced spawning frequency for P. leopardus
on Townsville fished reefs may indicate similar fishing-induced pressures on social
structure. The lack of a positive relationship between maternal length and age with
spawning frequency on Townsville, Mackay, and Storm Cay reefs indicates that the key
benefit of reserves for P. leopardus spawning frequency comes from maintaining
greater densities of P. leopardus inside reserves and perhaps reducing disturbance from
fishing, rather than from protecting larger and older individuals from harvest. Protection
also led to a stronger spawning response in Townsville’s females. These results indicate
that reserves are beneficial for maintaining “less disturbed” spawning populations of P.
leopardus on the GBR.

Reserve design theory suggests that in the absence of information on larval connectivity
and important larval sources reserves are best placed in areas considered pristine, or
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where there is an abundance of targeted species (Botsford et al. 2003, Bode et al. 2012).
Bode et al. (2012) recently modelled reserves using “connectivity surrogates” for P.
leopardus and concluded that using the existing biomass characteristics of the species
on a reef provided the best indication of transporting larvae in the GBR metapopulation.
This logic would suggest that reserves would be best placed in the southern GBR where
the P. leopardus fishery is concentrated, abundance is highest and, presumably, so too
is reproductive output. Male-biased sex ratios and the lack of spawning activity on
southern GBR fished and reserve reefs, however, indicates that applying biomass as a
connectivity surrogate to measure the benefits of reserves for P. leopardus may be
flawed. The importance of considering empirically measured larval dispersal and
connectivity in the design and function of reserves is recognised increasingly (Almany
et al. 2009, Jones et al. 2009, Gaines et al. 2010, Kininmonth et al. 2011, Bode et al.
2012, Harrison et al. 2012, Almany et al. 2013). This study highlights the importance of
understanding and incorporating spatial variation in reproductive characteristics that
affect the sources of larvae into the design of reserves, and when assessing any benefits
of reserves for target species.
Management implications
Male-bias and lack of spawning activity in the southern GBR is surprising given the
southern region supports the majority of commercial catch and effort for P. leopardus,
with catch and catch per unit effort up to four times higher than in the northern GBR
(Mapstone et al. 2004, Bergenius 2007, Tobin et al. 2013). Greater densities of P.
leopardus in the southern GBR possibly indicate that southern recruits originate from
more productive reefs in the central or northern GBR. The lack of genetic variation
among regions indicates larval dispersal occurs along the GBR (van Herwerden et al.
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2009). Pelagic larval duration for P. leopardus is approximately 25 days and
recruitment of juveniles at larger spatial scales largely appears to be driven by current
patterns and geomorphology (Doherty et al. 1994), with the predominant flow of water
along the GBR (south of 14° S) southward due to the East Australia Current (EAC)
(Wolanski and Pickard 1985). Larval dispersal modelling in the central GBR (Cairns
region) supports the theory that there is net export of larvae from northern source to
southern sink reefs, with self-recruitment accounting for less than 9% of the settling
cohort in 80% of reefs (James et al. 2002, Bode et al. 2006). The hypothesis of long
distance larval dispersal on a scale of hundreds of kilometres is contrary to recent
genetic parentage analysis, however, which indicates the majority of larvae for
congenerics P. areolatus (Almany et al. 2013) and P. maculatus (Harrison et al. 2012)
and other reef fish (Jones et al. 2005, Planes et al. 2009, Saenz-Agudelo et al. 2009,
Harrison et al. 2012) settle within tens of kilometres of their natal reef. These studies
were conducted in different environments, however, where along-shore transport, such
as the EAC, is not as influential and transport dynamics are presumably different to
those present on mid-shelf reefs of the GBR. Parentage analysis should also be applied
to determine the role that central GBR reefs play as a source of recruits for southern
reefs.

Alternatively, greater densities of adult P. leopardus may occur in the southern GBR
because the relatively small numbers of eggs and larvae produced on southern reefs
have a greater proportion survive to settlement compared with larvae produced at lower
latitudes. Temperature has a well-known effect on larval development in marine fishes.
As water temperature decreases larvae generally experience slower growth, longer
larval stage duration, smaller energy budgets, decreased larval mortality rates, and
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greater net survivorship (see review by Houde 1989). Higher survival rates for P.
leopardus larvae at high latitudes possibly could compensate for reduced spawning
frequency and male bias in the GBR region. Increased survival of larvae as they enter
cooler waters also might mean that larvae from central and northern reefs that reach the
southern GBR experience greater survival and so enhance recruitment to southern reef
populations compared with larvae that remain in warmer, more northern waters.
Conclusion
Understanding spatial variation in reproductive traits is essential when assessing
management policies (e.g. reserves, minimum sizes, and spawning closures) where the
management objective is maintaining sufficient reproductive adults and reproductive
output of exploited species. This study highlights the pitfalls of assuming reproductive
traits are homogenous when a stock is distributed over a broad geographic area, even
when the stock apparently is genetically homogeneous. The current management of P.
leopardus as a homogenous population is likely to be ineffective for maximising
reproductive output, given the striking regional differences demonstrated here. A
regional approach to management of the P. leopardus fishery may be required if a
specific and confined region is disproportionately responsible for maintaining
populations at a much broader geographic scale through larval source and sink
relationships. If this was the case, management of exploited species would benefit by
understanding where these key reproduction areas are so that management measures
can mitigate effects of fishing on key reproductive components of the population.
Perhaps more importantly, this study clearly demonstrates that P. leopardus
population(s) on the GBR do not fit the conventional model of reproductive biology and
sex structure following protection from fishing and highlights the need for more
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systematic long-term studies of the population biology of large protogynous
hermaphroditic tropical reef fish.
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CHAPTER 3 Increased accuracy of batch fecundity estimates
using oocyte stage ratios

Chapter 3 has been published as: Carter AB, Williams AJ and Russ GR (2009).
Increased accuracy of batch fecundity estimates using oocyte stage ratios in
Plectropomus leopardus. Journal of Fish Biology 75:716 – 722. doi:10.1111/j.10958649.2009.02313.x
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Introduction
Fecundity data are important in fisheries science as a predictor of reproductive potential
and vulnerability to recruitment overfishing (Plan Development Team 1990, Sadovy
1996). Fecundity data are also necessary when calculating egg production per unit area
and estimating spawning stock biomass (Lasker 1985, Paddack and Estes 2000). In
batch fecundity estimates for fish that spawn multiple batches, such as engraulids,
hemiramphids and serranids, conventionally only hydrated oocytes are counted (Hunter
et al. 1985, Samoilys 2000, McBride and Thurman 2003). Sampling time is therefore
critical, as females generally hydrate oocytes on the day the batch is spawned (Hunter et
al. 1986, Fitzhugh et al. 1993, Samoilys 2000).

Obtaining appropriate samples for batch fecundity estimates can be difficult, because
samples are often acquired opportunistically during commercial fishing surveys
operating at a sub-optimal time for collection of spawning fishes (Cooper et al. 2005).
Published fecundity estimates for exploited fishes are therefore often based on limited
sample sizes and restricted size and age ranges. The hydrated oocyte method also relies
on the major assumption that only the hydrated oocytes present in the ovary at the time
of capture will be spawned in the next batch (Hunter et al. 1985). Batch fecundity
estimates may include oocytes at stages prior to hydration if there is relative certainty
that these oocytes would have matured to be spawned in the next batch (Macewicz and
Hunter 1993, Yoneda et al. 1998, Thorsen and Kjesbu 2001).

The only previous estimate of batch fecundity for Plectropomus leopardus used the
hydrated oocyte method (Samoilys 2000). This method restricted the available samples
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to ovaries collected predominantly by spear fishing in the Austral spring, during the
new moon, after 1300 hours (Samoilys 2000). These criteria maximized the proportion
of hydrated females sampled, as the greatest proportion of females with hydrated
oocytes were collected between 1330 and 1545, just prior to dusk spawning (Samoilys
2000). The method, however, limited the sample size available to describe the sizefecundity relationship, and field sampling was often difficult, involving diver
collections of eggs from spawning females in the afternoon, often in deep water
(Samoilys 2000).

The objective of this chapter was to examine histologically the developmental stages of
P. leopardus oocytes to determine whether oocytes at other developmental stages (i.e.
non-hydrated) could be included in batch fecundity estimates.

Methods
Sample collection and histological processing
P. leopardus gonads were collected in 2001 on the Great Barrier Reef as part of the
Effects of Line Fishing (ELF) Experiment, which conducted surveys during the Austral
spring spawning season for this species (see Chapter 2.2 and Mapstone et al. 2004 for
details). Sample collection and histological processing were conducted as described in
Chapter 2.2.
Reproductive staging
Each gonad section was examined under a high-powered microscope to determine sex
and ovarian developmental stage according to the most advanced oocyte present
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(Samoilys 2000; Appendix A). Developmental stages were classified according to
Samoilys and Roelofs (2000), Adams (2002) and Arocha (2002). A sub-sample of 30
histological sections (10 yolk globule stage, 8 migratory nucleus stage and 12 hydrated
stage ovaries) were selected randomly for each developmental stage from 408 females
classed as containing either ripe or running ripe (n=337 yolk globule and n=30
migratory nucleus) or hydrated (n=41) ovaries. Ovaries with post-ovulatory follicles
were excluded as their presence indicates spawning has already commenced (Macewicz
and Hunter 1993).

Ten replicate photographs were taken randomly of each of the 30 sectioned ovaries
using a photomicroscope. The number of oocytes in each developmental stage (previtellogenic, yolk vesicle, early yolk globule, late yolk globule, migratory nucleus and
hydrated stages) were counted using ImageTool computer software (UTHSCSA
ImageTool 3.0®; http://ddsdx.uthscsa.edu/dig/itdesc.html). The percentage of each
oocyte stage relative to the total number of all oocytes present was then calculated.
Data analysis
The mean number of migratory nuclei and hydrated oocytes was calculated for each of
the 12 fish with hydrated ovaries, and an additional 10 hydrated ovaries randomly
selected to increase sample size. A Chi-square (χ 2) contingency test was used to
determine whether the proportion of migratory nucleus to hydrated oocytes differed
significantly according to the time of day the fish was caught: early morning (0800 –
1000), late morning (1000 – 1200) and late afternoon (1400 – 1700). The early
afternoon period (1200 – 1400) was not sampled during the ELF surveys. Statistical
analysis was conducted using SPSS.
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Results
The most common oocytes present in mature P. leopardus ovaries were previtellogenic, comprising 83.2, 82.1 and 79.1% of oocytes in yolk globule, migratory
nuclei and hydrated ovaries, respectively. Vitellogenic oocytes not in the final stages of
maturation (i.e. yolk vesicle and yolk globule) were observed with migratory nuclei and
hydrated oocytes. Nine percent of oocytes present in the ovary were late yolk globule
oocytes, a consistent percentage regardless of the maturity of the ovary. Oocytes in the
most advanced stages of development comprised a relatively small portion of total
oocytes present. In migratory nucleus and hydrated stage ovaries, 1.8 and 2.1%
respectively, were at the migratory nucleus stage, while hydrated ovaries contained an
average of only 4.6% hydrated oocytes. Spent ovaries were either pre-vitellogenic or at
the yolk vesicle or yolk globule stages.

When individual yolk globule, migratory nucleus and hydrated stage ovaries were
plotted against time of capture, a decrease in migratory nucleus oocytes over time was
observed in hydrated ovaries (Figure 3.1). The proportion of migratory nucleus to
hydrated oocytes was dependent on time of day (χ2 = 22.74, df =2, p < 0.001). Female
P. leopardus with the greatest proportion of migratory nucleus oocytes were caught in
the early morning (0800 – 1000; 34% of oocytes at migratory nucleus stage). The
percentage of migratory nucleus oocytes decreased to 26% in samples caught in the late
morning (1000 – 1200) and even further to 4% by the afternoon (1400 – 1700).
Migratory nucleus oocytes were absent in 50% of the ovaries sampled in the afternoon,
as these oocytes had progressed to the hydrated stage in these ovaries.
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Figure 3.1 Percentage of vitellogenic oocytes at time of capture for individual female
Plectropomus leopardus at three stages of ovarian maturity: (a) late yolk globule stage,
(b) migratory nucleus stage, and (c) hydrated stage. Oocyte stages counted include yolk
vesicle (

), early yolk globule (

) and hydrated (

), late yolk globule (

).
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Discussion
The examination of oocyte development in P. leopardus revealed that migratory
nucleus oocytes present in the morning on the day of spawning progressed to the
hydrated stage by late afternoon. Therefore, for P. leopardus samples with hydrated
oocytes present, batch fecundity should be estimated by counting migratory nuclei and
hydrated oocytes, rather than using the conventional method (Hunter et al. 1985) of
counting hydrated oocytes only. Counting hydrated oocytes only would have
underestimated batch fecundity by between 34% for samples caught in the early
morning, and 4% for samples caught in the afternoon. The absence of migratory
nucleus oocytes in spent ovaries further indicates these oocytes do hydrate on the day of
spawning.

The duration of the migratory nucleus stage is currently unknown for P. leopardus, but
hydration is known to begin 4 – 9 hours before spawning commences at dusk (Samoilys
2000). Individual P. leopardus with migratory nucleus oocytes but no hydrated oocytes
were caught as late as 1630 hours. It is unlikely that these individuals would have
spawned on the day of capture, and it is possible that an unknown portion of the yolk
globule oocytes present at the time of capture would have progressed to the migratory
nucleus stage by the day of hydration and spawning. A batch fecundity estimate based
on counts of migratory nucleus oocytes from an ovary collected prior to the day of
spawning would, therefore, be inappropriate and likely to underestimate batch
fecundity.
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Samoilys (2000) used the hydrated oocyte method in the only previous study of P.
leopardus batch fecundity. Samoilys (2000) utilized samples collected after 1300 hours,
so the effect of excluding migratory nucleus oocytes would have been minimal.
Because fecundity studies are often limited to ovaries acquired opportunistically during
commercial fishing surveys, rather than through structured sampling at the optimum
(spawning) time (Cooper et al. 2005), the ability to broaden criteria to include more
oocytes and thus more samples has important implications in a field that suffers from
small sample sizes. For example, c. 68% of P. leopardus caught with hydrated ovaries
in this study were caught before 1300 hours, suggesting that sample sizes could be
increased more than two-fold for this species by including samples collected throughout
the day of spawning.

Results from this study support more recent studies that use the more time-consuming
oocyte size-frequency or oocyte stage-frequency methods, which indicate the most
appropriate oocyte stage to include is species-specific (Macewicz and Hunter 1993,
Yoneda et al. 1998). The size-frequency method has led to the inclusion of migratory
nucleus oocytes in a growing number of fecundity studies (Macewicz and Hunter 1993,
Cuellar et al. 1996, Karlou-Riga and Economidis 1997). Differentiating early-stage
migratory nucleus from late-stage yolk globule oocytes, however, is difficult because
whole oocytes are visually similar. For P. leopardus oocytes, the transition from latestage yolk globule to early-stage migratory nucleus is characterised by an internal
change in appearance rather than an increase in oocyte size or colour change (personal
observation; Appendix A). This characteristic, also observed in yellowfin tuna Thunnus
albacares (Schaefer 1996), jack mackerel Trachurus symmetricus (Macewicz and
Hunter 1993) and vermilion snapper Rhomboplites aurorubens (Cuellar et al. 1996), has
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led to the exclusion of early-stage migratory nucleus oocytes from batch fecundity
estimates (Macewicz and Hunter 1993).
The ratio method for batch fecundity estimates
To avoid excluding early-stage migratory nucleus oocytes from batch fecundity
estimates, an alternative method may be used for estimating the number of migratory
nucleus and hydrated oocytes in a P. leopardus batch. First, the numbers of migratory
nucleus stage oocytes and hydrated oocytes are counted using a histological section of
the ovary of interest. Second, the ratio of migratory nucleus oocytes to hydrated oocytes
is calculated for each fish. Third, all hydrated oocytes in an ovarian subsample are
counted using the conventional hydrated oocyte method of Hunter et al. (1985). Finally,
the number of migratory nucleus oocytes (MS) in the ovarian sample is estimated using:

M
M S = H S  H
 HH





(1)

Where HS is the number of hydrated oocytes in a sample taken from the whole gonad,
and MH and HH are the number of migratory nucleus and hydrated oocytes in a
histological section of the gonad. The total number of oocytes in a sample to be
included in the batch fecundity estimate, OS, is then calculated as:
(2)

OS = M S + H S

Batch fecundity (F) is then calculated using the conventional formula (adapted from
Cooper et al. 2005)

W
F =  T
 WS


 × OS


(3)

Where WT is total ovary mass, and WS is subsample mass.
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The ratio method may be applied to future studies of any species where oocyte stages
other than the visually distinct hydrated stage are appropriate to include in batch
fecundity estimates. The method may be particularly useful when the oocyte sizefrequency method is not applicable because of overlap in oocyte size between
developmental stages. This is because the ratio method accounts for specific oocyte
developmental stages, thus potentially increasing the accuracy in batch fecundity
estimates that would have previously included or excluded inappropriate stage oocytes
because of their size.
Conclusion
Understanding the reproductive biology of exploited fishes is essential for effective
management, particularly when assessing replenishment of populations. Fecundity
studies of exploited fishes provide the basis for estimates of the reproductive capacity
of individual fishes (Murua et al. 2003). Accurate estimation of batch fecundity is
dependent on determining the appropriate oocyte stages to count. Given the
development of oocytes in P. leopardus, including counts of migratory nucleus oocytes
is suitable for this species. The ratio method could potentially be applied to other oocyte
stages suitable for inclusion in batch fecundity estimates for different species. The ratio
method can increase sample size available for batch fecundity estimates, reduce
potential biases in batch fecundity estimates, and avoid the potential danger to divers of
collecting samples during dusk spawning aggregations.
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CHAPTER 4 Effects of region, demography, and protection
from fishing on batch fecundity

Chapter 4 has been published as: Carter AB, Davies CR, Mapstone BD, Russ GR,
Tobin AJ and Williams AJ (2014) Effects of region, demography, and protection from
fishing on batch fecundity of common coral trout (Plectropomus leopardus). Coral
Reefs 33:751 – 763. doi: 10.1007/s00338-014-1164-z
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Introduction
Recruitment subsidy from reserves is expected because protection of an area from
fishing generally leads to higher densities of larger and older target species relative to
fished areas (Lester et al. 2009, Miller et al. 2012), and because fecundity often
increases with female size and age (Sadovy 1996, Lambert 2008). The benefits of
preserving the Big Old Fat Fecund Females (BOFFFs) for maximizing the reproductive
potential of a population is well established (Birkeland and Dayton 2005, Hixon et al.
2014). It remains unresolved, however, whether recruitment subsidies compensate
partially, fully, or more-than fully for the loss of fished area (and loss of catch) that
occurs when a reserve is established (Russ 2002, Halpern and Warner 2003). The
relative benefit of reserves for population conservation and yield are likely to be greater
when areas outside reserves are heavily fished (Beverton and Holt 1957, Gerber et al.
2003).

Despite the popularity of the BOFFF Hypothesis, there are a lack of studies that
quantify and compare fecundity for exploited fish populations using samples collected
inside and outside of reserves, or studies assessing regional variation in the effect of
reserves on individual fish fecundity. As discussed in Chapter 1, previous studies
quantifying the benefits of reserves on egg production of targeted species generally
combine density data from inside and outside a reserve with fecundity models based on
females collected only from fished areas (Willis et al. 2003, Denny et al. 2004, Evans et
al. 2008). This approach relies on the assumption that size-fecundity relationships from
fished populations are representative of size-fecundity relationships within reserves, and
that differences in egg production are driven by larger numbers of larger fish in reserves
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compared with fished areas. This approach is often the only option due to the difficulty
in obtaining permission for destructive sampling required for fecundity estimates within
reserves. Several confounding factors limit the appropriateness of this approach. For
example, decreased densities in fished areas may be reproductively compensated for by
increased individual fecundity due to reduced intra-specific competition for food, i.e.
“density dependent reproduction” (Rose et al. 2001). Conversely, reproductive output
may be repressed in fished areas due to Allee-type depensation or fishing-related
disruption of spawning behavior (Sadovy 2001).

The effect of female metrics (length, weight, and age) on fecundity also may vary
spatially for reasons unrelated to fishing pressure, such as variations in water
temperature and prey availability. Such variation in environmental factors that could
affect fecundity has received little attention for tropical fish but is well-documented for
temperate fishes such as Atlantic cod (Gadus morhua) (McIntyre and Hutchings 2003,
Yoneda and Wright 2004). The majority of published length-fecundity, weightfecundity and age-fecundity relationships also are biased towards temperate gonochores
(e.g. Blanchard et al. 2003, McIntyre and Hutchings 2003, Cooper et al. 2005) and, to a
lesser extent, tropical gonochores (Itano 2000, Kamukuru and Mgaya 2004, Evans et al.
2008). Predictors of fecundity, the extent of spatial variation in fecundity, and the effect
of fishing on fecundity have received scant attention for hermaphrodites (but see Chan
et al. 2012), despite the prevalence of protogynous hermaphroditism in tropical fish
families (Jennings and Kaiser 1998).

As discussed in Chapter 1, regional variation in Plectropomus leopardus density and
fishing pressure occurs where commercial effort is concentrated in the southern GBR
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where densities are greatest, recreational effort is concentrated in the central GBR
where reefs are most accessible, and relatively little fishing effort occurs in the isolated
northern GBR region (Mapstone et al. 2004, Miller et al. 2012, Tobin et al. 2013). The
combination of this variation in density and fishing pressure, plus regional variation in
reproductive dynamics outlined in Chapter 2, suggests that female fecundity for P.
leopardus is unlikely to be dependent on female length, weight, and age alone.

The objective of this chapter was to compare age-, length-, and weight-specific batch
fecundity of P. leopardus caught within or outside reserves from the northern, central,
or southern GBR. This is the first study to my knowledge to compare fecundity between
reserves and fished areas for a commercially important coral reef fish using samples
taken both within and outside reserves. This study also provides the first broad regional
comparison of fecundity relationships for a tropical protogynous reef fish.

Methods
Sample collection and processing
P. leopardus were collected from 1998 to 2001 as part of the Effects of Line Fishing
(ELF) Experiment on the GBR (see Chapter 2.2 and Mapstone et al. 2004). As in
Chapter 2.2, fish used in this chapter were caught from four reef clusters spanning three
regions of the GBR: Northern (Lizard Island reefs), central (Townsville reefs), and
southern (Mackay and Storm Cay reefs). Mackay and Storm Cay reefs were pooled into
one southern region for this analysis due to geographic proximity and the low number
of spawning females on southern reefs as described in Chapter 2.3 (n=5288; Table 4.1).
Within each cluster two reefs were zoned no-take marine reserve and the other two
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reefs were historically open to fishing, although one of these reefs was closed to fishing
for the four years of sampling and the other was closed to fishing from March 2000
onwards (Figure 2.1). As in Chapter 2.2, these historically fished reefs were considered
to be fished reefs for the purposes of the analyses because the period of closure to
fishing was short (< 2 – 4 years) relative to the longevity of P. leopardus (up to 16
years) and it was assumed that any fecundity responses to changes in the level of
fishing would be relatively slow.

As explained in Chapter 2.2, P. leopardus spawn throughout the lunar cycle during the
Austral spring but spawning activity peaks during new moon periods (Samoilys 1997,
Samoilys 2000), a period avoided during the ELF Experiment to reduce potential bias in
abundance estimates if spawning aggregations were encountered. The assumption was
made that batch fecundity was not influenced significantly by lunar phase and that the
relative differences in batch fecundity of P. leopardus among regions and zones would
be consistent regardless of whether sampling occurred during or outside new moon
periods.
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central, southern) and two management zones (reserve and fished reefs), by month and lunar quarter.
Region
North

Central

66
South (Mackay)

South (Storm Cay)

Zone

Month sampled

Lunar quarter

Male

Female

Proportion male

Proportion spawners

Fished

Oct

First quarter - full moon

287

452

0.39

0.33

Reserve

Oct

First quarter - full moon

172

323

0.35

0.08

Fished

Oct – Nov

Full moon - last quarter

283

236

0.55

0.24

Reserve

Oct– Nov

Full moon - last quarter

375

516

0.42

0.49

Fished

Nov

First quarter - last quarter

487

155

0.76

0.01

Reserve

Oct – Nov

First quarter

475

183

0.72

0.04

Fished

Nov – Dec

Full moon - last quarter

503

189

0.73

0.06

Reserve

Nov – Dec

Full moon - last quarter

550

113

0.83

0.12
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Table 4.1 Numbers of male and female Plectropomus leopardus sampled from three Great Barrier Reef regions (northern,
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Fork length (FL, nearest millimeter) and total weight (W, nearest gram) were measured
for all fish at the time of capture. As described in Chapter 2.2, otoliths were removed
and sectioned to determine age (A), and gonads were removed, preserved, and
histological sections made to determine sex and female maturity. Sex ratios (proportion
male) were calculated from the number of males divided by the sum of females and
males (Table 4.1). Female maturity was classified based on the most advanced oocyte
present (Appendix A). The proportion of spawners was calculated from the number of
females with hydrated oocytes present in the ovary divided by the total number of
females. Presence or absence of postovulatory follicles (POFs) in the ovary was
recorded and, where present, POFs were classified as “0-Day POFs” (~several hours
old) or “1-Day POFs” (~12 – 24 hours old) as described in Chapter 2.2.
Batch fecundity estimates
Batch fecundity (BF) was estimated for 329 spawners. Spawners were defined as
females with hydrated oocytes present in the ovary. Batch fecundity was not estimated
for females with evidence in histological sections of recent spawning, i.e. that afternoon
(0-Day POFs present in the ovary). Females with 1-Day POFs were retained in the
analysis for two reasons: (1) P. leopardus are capable of frequent, and in some cases
daily spawning (particularly in the central GBR), so to exclude these females would be
to exclude a potentially important group of females contributing to egg production; and
(2) preliminary data analysis indicated FL-BF, W-BF, and A-BF relationships did not
differ between females with and without 1-Day POFs (data not shown).

Batch fecundity was estimated using the gravimetric (Hunter et al. 1985) and ratio
methods detailed in Chapter 3.4.1. The gravimetric method involves counting the
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number of hydrated oocytes in a weighed ovarian sample and extrapolating this to
estimate the number of hydrated oocytes in the whole ovary (Hunter et al. 1985). The
ratio method was used in my calculations because the inclusion of only hydrated
oocytes in batch fecundity estimates is not appropriate for P. leopardus as migratory
nuclei oocytes progress to the hydrated stage by late afternoon on the day of spawning.
As described in Chapter 3.4.1, the ratio method requires a count of the number of
migratory nuclei and hydrated oocytes from histological sections to determine the ratio
of migratory nuclei to hydrated oocytes for each fish. Hydrated oocytes in an ovarian
subsample were then counted using the conventional hydrated oocyte method of Hunter
et al. (1985). Batch fecundity was subsequently estimated using a series of equations
outlined in Chapter 3.4.1. The ratio method allowed me to include a larger sample size
of P. leopardus samples collected throughout the day of spawning in the analysis.
Data analysis
Generalized linear mixed-effects models (GLMM) were used to examine the fixed
effects of FL, W, A, Region (R) and management Zone (Z; fished and reserve reefs) on
batch fecundity of P. leopardus. Each factor was modelled as an additive term and as an
interaction with other factors, and FL, W, and A were also modelled as cubic splines
with between two and six degrees of freedom to model suspected non-linearity in the
fecundity-somatic relationships (McKinley and Levine 1998). The factor reef was
modelled as a random effect term in all models to eliminate potential bias resulting
from the non-independence of samples collected at the same time within each reef. The
response variable batch fecundity (BF) was modelled using a Gaussian distribution.
Akaike’s Information Criterion for small sample sizes (AICc) (Burnham and Anderson
2002) was used to determine the best set of explanatory factors for adequately
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predicting BF, and to compare functional forms for the relationship between
explanatory factors and BF. The best-fit model was considered to be the model with the
lowest AICc (Burnham and Anderson 2002), with models with AIC values within 2 of
each other considered equally good models. The best model(s) were used as a basis to
predict the expected values of BF across a range of FL, W and A. Statistical analysis
was performed in R (R Core Team 2014) using the lme4 package (Bates et al. 2012).
Annual data were pooled for analyses because sample sizes of spawners were small in
many of the individual years surveyed for most regions and because preliminary
analyses where data were sufficient (Townsville region) indicated non-significant
effects of year on BF.

Results
None of the GLMM models was unambiguously the best model to describe the
variation in P. leopardus batch fecundity but the models describing most information
included terms for region and either FL, W, or A (Table 4.2). There also was strong
support for the inclusion of zone for the effects of W in interaction with region (Table
4.2). The most informative models included linear variation in FL and W, but non-linear
variation in A (Table 4.2).
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Table 4.2 Form of generalized linear mixed effects models (GLMM) and their relative
explanatory power examining the effects of fork length (FL), age (A), weight (W),
region (R) and zone (Z) on Plectropomus leopardus batch fecundity (BF) from fish
collected in three Great Barrier Reef regions (northern, central, southern) and two
management zones (reserve and fished reefs) (see Figure 2.1).
Analysis
Batch fecundity (FL)

Batch fecundity (A)

Batch fecundity (W)

Model

AICc

∆AICc

w

BF = FL*R + βreef + ε

8326.22

0

0.52

BF = FL*R + Z + βreef + ε

8327.96

1.75

0.22

BF = FL*R*Z + βreef + ε

8329.67

3.45

0.09

BF = FL+ R + βreef + ε

8331.51

5.29

0.04

BF = s(A, df = 2) + R + βreef + ε

8012.57

0

0.23

BF = s(A, df = 3) + R + βreef + ε

8013.60

1.03

0.14

BF = A + R + βreef + ε

8014.40

1.82

0.09

BF = s(A, df = 2) + R + Z + βreef + ε

8014.48

1.91

0.09

BF = W*R*Z + βreef + ε

8042.85

0

0.31

BF = W*R + βreef + ε

8043.56

0.71

0.22

BF = W*Z + βreef + ε

8044.38

1.53

0.15

BF = W*R + Z + βreef + ε

8045.09

2.24

0.10

Note: The four best-fitting models are shown, and the final model selected (in bold). The
effects of FL, W and A were modelled as cubic splines (s) with between two and six degrees of
freedom (df). Models with interaction terms (*) also include main effects. Batch fecundity was
modelled using a Gaussian distribution. βreef is the random effect of reef, and ε is the error term.
AICc is the small-sample bias-corrected form of Akaike’s information criterion, ∆ is the Akaike
difference, and w is the Akaike weight.
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Batch fecundity increased with length in the northern and, particularly, central regions
but did not vary systematically with length in the southern region (Figure 4.1; Table
4.3; Table 4.4). Batch fecundity increased with age between 1 and 6 years before
reaching an asymptote in northern and central regions although an asymptote was not
observed for the southern region where there were no spawners captured older than five
years (Figure 4.2). Females were most fecund for a given age on central GBR reefs,
followed by females on northern and then southern reefs (Figure 4.2; Table 4.5).

Batch fecundity increased strongly with weight on reserve reefs in the central region
and fished reefs in the northern region, increased moderately with weight on central
fished reefs, and varied little with weight on northern reserve reefs and on reserve and
fished reefs in the southern region (Figure 4.3; Table 4.3; Table 4.4).Small females at
0.5 kg were similarly fecund on reserve and fished reefs in the southern and northern
GBR but more fecund on fished reefs than on reserve reefs in the central GBR (Table
4.3). Females at 2.0 kg were less fecund on northern reserve reefs than on the respective
fished reefs, but batch fecundity per female on central reserve reefs was twice that on
central fished reefs (Table 4.3). Central reefs generally contained females that were
most fecund for a given length, weight, and age compared with northern and southern
reefs (Figure 4.1; Figure 4.2; Figure 4.3; Table 4.3). Spawners from southern reefs were
consistently least fecund for a given length, weight, and age, and mean batch fecundity
was lowest, compared with spawners from central and northern reefs (Table 4.3; Table
4.5).

Mean batch fecundity was two to three times greater on central reefs compared with
other regions, and spawners were on average several centimeters longer, several
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hundred grams heavier, and up to 0.5 year older than on northern and southern reefs
(Table 4.3). The proportion of spawners was also greatest on central reserve reefs where
49% of females sampled were hydrated compared with 8% on northern reefs, and 4%
and 12% on southern reserve reefs (Mackay and Storm Cay, respectively) (Table 4.1).
On fished reefs 33%, 24%, 1% and 6% of females sampled were hydrated from the
northern, central, and southern (Mackay and Storm Cay, respectively) regions (Table
4.1). The spawners from the central reserve reefs represented 49% of all spawners
sampled from all 16 reefs across all regions. Sex ratios became increasingly malebiased with latitude on the GBR, with the proportion male increasing from 35% – 39%
in the northern, 42% – 55% in the central, and 72% – 83% in the southern GBR (Table
4.1).
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Figure 4.1 Batch fecundity (BF) of Plectropomus leopardus versus fork length (FL; +
95% CIs) from the northern, central, and southern GBR. Predictions of BF from FL
derived from best fit model described in Table 4.2.

Figure 4.2 Batch fecundity (BF) of Plectropomus leopardus versus age (A; + 95% CIs)
from the northern, central, and southern GBR. Predictions of BF from A derived from
best fit model described in Table 4.2.
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regions (northern, central, southern) based on generalized linear mixed effects models (GLMM; see Table 4.2) for length
(FL; mm), age (A; years), and weight (W; kg; fished and reserve reefs), and metrics of female spawners. n is sample size.

Length-specific BF

Combined

Age-specific BF

Fished

Weight-specific BF

Reserve

Weight-specific BF

Fished
Reserve
Fished
Reserve
Fished
Reserve
Fished
Reserve

Mean BF
Mean BF
Mean FL
Mean FL
Mean A
Mean A
Mean W
Mean W

74

Zone
Combined

FL350
FL500
n
A3
A5
n
W0.5
W2.0
n
W0.5
W2.0
n

North
39 925 + 16 639
106 720 + 41 029
102
35 764 + 17 201
74 834 + 18 553
99
36 908 + 19 068
136 235 + 53 664
83
38 900 + 43 591
60 917 + 169 166
14
53 626 + 10 408
41 500 + 17 075
379 + 9
366 + 23
4.1 + 0.2
3.2 + 0.4
0.77 + 0.08
0.68 + 0.17

Region
Central
57 224 + 15 008
183 251 + 24 886
208
78 969 + 14 435
118 039 + 13 455
199
70 800 + 28 661
123 189 + 57 179
43
44 333 + 17 213
247 225 + 35 087
161
84 632 + 23 146
102 325 + 15 155
394 + 16
401 + 6
3.8 + 0.4
4.3 + 0.2
0.90 + 0.14
0.93 + 0.71

South
30 238 + 33 809
34 749 + 80 084
19
12 426 + 38 010
51 496 + 39 121
17
30 313 + 50 368
48 825 + 112 486
8
35 334 + 55 360
33 192 + 150 195
9
31 686 + 21 270
29 809 + 18 949
339 + 56
378 + 16
3.6 + 0.8
3.7 + 0.4
0.61 + 0.54
0.76 + 0.29
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Table 4.3 Batch fecundity (BF) estimates (+95% confidence intervals) for Plectropomus leopardus from three GBR

W2.0, fished and reserve reefs) for Plectropomus leopardus spawners in the northern, central and southern
GBR.

GBR Region
Zone

North

Central

South

75

Combined

Length-specific BF

FL350 - FL500

+167%

+220%

+15%

Combined

Age-specific BF

A3 - A5

+110%

+50%

+314%

Fished

Weight-specific BF

W0.5 - W2.0

+270%

+74%

+61%

Reserve

Weight-specific BF

W0.5 - W2.0

+57%

+458%

-6%
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Table 4.4 Change (%) in batch fecundity (BF) with length (FL350 - FL500), age (A3 - A5), and weight (W0.5 -
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Table 4.5 Increase (%) in length-, age-, and weight-specific (fished and reserve reefs)
batch fecundity for Plectropomus leopardus spawners in the central and northern GBR
relative to the southern GBR.
Region
Zone
Combined
Combined
Fished
Reserve

Length-specific BF
Age-specific BF
Weight-specific BF
Weight-specific BF
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Northern

Central

FL350

32%

89%

FL500

207%

427%

A3

188%

534%

A5

45%

129%

W0.5

22%

134%

W2.0

179%

152%

W0.5

10%

25%

W2.0

84%

645%
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Figure 4.3 Batch fecundity (BF) of Plectropomus leopardus versus weight (W; + 95%
CIs) from the northern, central, and southern GBR on (a) reserve and (b) fished reefs.
Predictions of BF from W derived from best fit model described in Table 4.2.
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Discussion
The comparisons of batch fecundity relationships for P. leopardus presented in this
study, using samples collected from fished and reserve reefs at a broad regional scale, to
my knowledge are the first for a commercially exploited fish. Such comparisons are an
important step in quantifying the effect that reserves may have on the reproductive
potential of target species and for identifying any material spatial variation in
reproductive potential of metapopulations that are managed and harvested as a single
stock.

Reserves had a material effect on weight-related fecundity of P. leopardus in the central
GBR, with heavier females (at 2.0 kg) more fecund and lighter females (0.5 kg) less
fecund on reserve reefs than on fished reefs. Heavier females in the northern GBR,
however, were more fecund on fished than on reserve reefs, whilst there was no
evidence of an effect on southern reefs. Lighter females in the northern and southern
GBR showed relatively little difference in batch fecundity between fished and reserve
reefs. The magnitudes of differences in batch fecundity were much greater among
regions, however, than between management zones. Females were least fecund on
southern reefs where adult densities were highest and most fecund in the central region,
at intermediate population densities (Mapstone et al. 2004). These results highlight the
need for understanding spatial variation in reproduction in order to evaluate the
potential effects of reserves beyond reserve boundaries, and to assess the
appropriateness of single conservation or fishery management strategies for populations
that span large, potentially diverse, spatial scales.
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Regional variation in batch fecundity
Spawning females in the central GBR were generally more fecund for a given length,
weight, and age, and had a greater mean batch size than spawners from northern and
southern regions. Batch fecundity on central reefs was 84 632 + 23 136 oocytes batch-1
(mean + 95% confidence intervals) and 102 325 + 15 155 oocytes batch-1 on fished and
reserve reefs respectively (Table 4.3), similar to a previous estimate of 87 244 + 49 898
oocytes batch-1 for P. leopardus spawners on fished reefs off Cairns in the central GBR
that also used the gravimetric method (Samoilys 2000). Spatial variation in fish
reproduction has been linked to genetic variation previously (McIntyre and Hutchings
2003). As discussed in Chapter 2, P. leopardus comprise a single genetic stock on the
GBR (van Herwerden et al. 2009), so genetic variation therefore is unlikely to explain
the regional variation in fecundity observed in this study. Variability in environmental
conditions such as water temperature and prey availability are more likely drivers of
regional differences in P. leopardus fecundity, perhaps along with regional variation in
fishing effects.

Decreases in fecundity often are attributed to environmental factors, particularly
decreases in water temperature (Kjesbu et al. 1998). Mean sea surface temperature
(SST) in the southern region of the GBR is generally 1 to 2° C below mean SST in the
central and northern GBR (Lough 1999). Average batch fecundity for spawners in the
southern region was just 29% – 37% of the average batch fecundity of spawners in the
central region. The proportion of females sampled from the southern region, and the
proportion of those females that were spawners, was much smaller than from northern
and central reefs. Reefs in the southern GBR, however, have two to four times greater
densities of adult P. leopardus than other regions (Mapstone et al. 2004). Small batch
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fecundity and low numbers of hydrated females on southern reefs may be indicative of
spawners nearing their thermal limit in the southern half of the species’ range. Similar
“spawning omission” has been reported for other epinephelids such as Epinephelus
andersoni on the east coast of South Africa (Fennessy and Sadovy 2002), E. marginatus
in the Mediterranean (Chauvet 1991), and Hyporthodus octofasciatus in Western
Australia (Wakefield et al. 2013) where an absence of spawning during the reproductive
season toward the latitudinal limits of these species’ range was attributed to decreased
water temperature.

Female P. leopardus from the northern GBR produced batches approximately half the
mean size of those produced by females in the central GBR. This difference was driven
by spawners in the central region producing larger batches for a given body length,
weight, and age, and having longer, heavier, and older spawners compared with the
northern region (Table 4.3). Thermally-induced reproductive inhibition is an unlikely
explanation for reduced fecundity on northern reefs as the distribution of P. leopardus
extends throughout equatorial waters, north to southern Japan (Heemstra and Randall
1993). Prey availability may explain partly why females in the northern region
produced smaller batches than those in the central region. Prey availability is often
correlated with reproductive characteristics and fecundity, most commonly as a positive
relationship between prey availability and batch fecundity (Lambert 2008). P.
leopardus are carnivores (Goeden 1978) and underwater visual surveys conducted from
1995 to 2000 on the same reefs used for this study reported P. leopardus’ prey densities
were generally lowest in the northern region (for some prey species up to five-fold
lower) compared with the southern region, and intermediate in the central region
(Mapstone et al. 2004). Interestingly, greater prey density in the southern GBR did not
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offset whatever other effects, perhaps such as water temperature, may have been driving
lowered reproductive output in the south.

As discussed in Chapter 2, it might be argued that the regional variation in P. leopardus
batch fecundity reported here is an artifact of sampling due to latitudinal variation in the
spawning season for P. leopardus along the GBR, with females from the southern
region sampled outside their peak spawning season. Water temperature is an important
trigger for the commencement of spawning for fishes, and spawning often occurs later
in the year at higher latitudes (Conover 1992). The spawning season for P. leopardus
varies regionally, from approximately September to December in the central and
northern GBR (Brown et al. 1994, Ferreira 1995, Russ et al. 1995, Samoilys 2000,
Frisch et al. 2007), and October to February in the south (Goeden 1978, Brown et al.
1994), yet spawning consistently peaks in October – November regardless of region
(Goeden 1978, Brown et al. 1994, Ferreira 1995, Samoilys 2000). Female P. leopardus
sampled in late October to early December on southern reefs were, therefore, sampled
during their peak spawning months.

The possibility needs to be considered that the regional patterns in fecundity of P.
leopardus may be confounded in part with cross-shelf variation in reef fish
communities that has been reported previously on the GBR (Williams 1982, Newman
and Williams 1996). Reefs sampled in this study were inshore – mid-shelf reefs in the
northern region, mid-shelf and outer-shelf reefs in the central region and all mid-shelf
reefs in the southern region (Figure 2.1). Cross-shelf variation in maturation and sex
change for two protogynous scarids was reported on a scale of tens of kilometres in the
northern GBR (Gust 2004). This variation in reproductive traits primarily was driven by
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different physical and biological environments that influenced local population density,
mortality rates, and social systems (Gust 2004). It is unclear, however, how this
variation may manifest in estimates of fecundity. The effect of reef shelf position on
batch fecundity of P. leopardus remains unclear, and future studies would benefit from
a sampling design that allowed the separation of shelf position and latitudinal effects.
Effect of reserves and fishing
A large component of reserve theory is based on the high predictability of fecundity
relationships and the expectation that females within reserves will reach larger sizes and
older ages, and therefore be more fecund, and occur in greater densities than in fished
areas (Russ 2002). Fecundity of P. leopardus increased with length, weight, and age in
the central and northern GBR, though at different rates and the relationships were not
exponential as is frequently reported for fish (Sadovy 1996), and showed little variation
with length or weight in the southern GBR. It is possible that if sampling were
conducted during the peak new moon spawning period clearer length-fecundity, weightfecundity and age-fecundity relationships may have been evident. However, the
similarities in mean batch fecundity between this study and a previous estimate of batch
fecundity for P. leopardus sampled during the new moon in the central GBR (Samoilys
2000) indicates batch fecundity does not change significantly between lunar phase.
Further, all regions were sampled over a wide and overlapping range of lunar phases
(Table 4.1), supporting my presumption that the relative differences in batch fecundity
of P. leopardus among regions and zones would be consistent regardless of whether
sampling occurred during or outside new moon periods. There was no general or
consistent effect of zoning (reserves vs fished reefs) on fecundity, with only one
instance of an expected benefit of reserves evident - fecundity increasing more steeply
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with weight on reserve reefs than on fished reefs in the central region. The reverse
effect was observed in the northern region, however, where there was a steeper rate of
increase in fecundity with weight on fished reefs than on reserve reefs. The variable
effect of reserves on batch fecundity presented here highlights potential shortcomings in
egg production calculations where fecundity of target species is either assumed to
always increase on reserve reefs or is assumed to be the same on reserve reefs as in
fished areas.

Only the results from central GBR reefs supported the expectations of greater mean
individual batch fecundity on reserve reefs relative to fished reefs (Russ 2002). This
was driven by spawners on central reserve reefs having strong positive length-, weightand age-fecundity relationships, and greater fecundity of larger (heavier) females on
reserve reefs than their counterparts on fished reefs. The lightest females were less
fecund on reserve than fished reefs in the central GBR, however, where greater
numbers of heavy, fecund females were present. Social dynamics are an important
influence on spawning behaviour of P. leopardus (Goeden 1978, Samoilys and Squire
1994, Samoilys 2000). Perhaps intraspecific social interactions between females also
influence batch fecundity. Spawners were comparatively shorter, lighter, and younger
on reserve reefs than on fished reefs in the northern GBR, contrary to reserve theory
predictions. Similarities in abundance, length, and age of P. leopardus, across all
sampled individuals not specifically for spawners, between fished and reserve reefs in
the northern region have been reported previously (Mapstone et al. 2004). The lack of a
positive zoning effect on mean fecundity in the northern region may be attributable to
relatively low recreational and commercial fishing pressure, and therefore fishing
impacts, in this isolated region of the GBR (Mapstone et al. 2004).
83

Effects of region, demography, and protection from fishing on batch fecundity

Mean batch fecundity of spawners from the southern GBR was similar on reserve and
fished reefs despite spawners being longer and heavier, though not older, on reserve
reefs. This similarity was likely due to very small increases in batch fecundity with
female length (and weight) and similarities in the mean age of spawners between fished
and reserve reefs (3.6 + 0.8 and 3.7 + 0.4 years, respectively). As described in Chapter
2.3, P. leopardus populations in the southern region are heavily male-biased (Table
4.1), meaning that increases in batch fecundity with length, weight, and age will be
realized only in a very small proportion of the population compared with populations on
central and northern reefs where sex ratios are more female biased and female-male sex
change occurs at larger sizes and older ages.
Potential implications for recruitment subsidy
The very low densities of hydrated females and small batch fecundity on southern reefs
were unexpected, especially given the relatively high population densities and
comparable commercial harvests of P. leopardus from this region compared with the
central region (Mapstone et al. 2004, Tobin et al. 2013). As discussed in Chapter 2, it is
possible that greater densities of adult P. leopardus occur in the southern GBR due to
higher survival rates for P. leopardus larvae at high latitudes. Larvae produced in colder
waters generally experience decreased larval mortality rates and greater net
survivorship, although this is often countered by slower growth and longer larval stage
duration (Houde 1989).

Alternatively, greater densities of adult P. leopardus on southern reefs may indicate that
recruits originate from reefs in the central GBR where females produce much larger egg
batches and there is a greater abundance of spawners. This hypothesis is also discussed
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in Chapter 2 and is consistent with the genetic similarity in P. leopardus along the GBR
that indicates extensive larval dispersal and substantial larval connectivity among
regions (van Herwerden et al. 2009). Pelagic larval duration of P. leopardus is almost
four weeks (Doherty et al. 1994), which would allow for extensive dispersal. The
predominant flow of water between the central and southern GBR is southward due to
the East Australia Current (Wolanski and Pickard 1985). Current patterns and
geomorphology appear to drive larval dispersal at large spatial scales for P. leopardus
on the GBR (Doherty et al. 1994), and larval dispersal modelling in the central GBR
(Cairns region) supports the theory that there is net export of larvae from northern
source to more southerly sink reefs, with self-recruitment accounting for less than 9%
of the settling cohort in 80% of reefs (James et al. 2002, Bode et al. 2006).

Recent genetic parentage analysis and estimation of larval dispersal of Plectropomus
areolatus (Almany et al. 2013) in Papua New Guinea and Plectropomus maculatus
(Harrison et al. 2012) on the southern-inshore GBR, however, is not completely
consistent with this hypothesis of long distance larval dispersal of Plectropomus on a
scale of hundreds of kilometres. Rather, these studies indicate that the majority of
Plectropomus larvae settle within tens of kilometres of their natal reef. These studies
were done in environments where strong long-shore currents, such as the East Australia
Current, are not as influential, however, and might not reflect ubiquitous larval
dispersal characteristics for P. leopardus. Parentage analysis should be applied to
estimate larval dispersal of P. leopardus to determine whether central GBR reefs are an
important source of recruits for southern reefs in the mid-shelf and off-shore areas
characterised by strong long-shore transport.
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A regional approach to management of the P. leopardus fishery may need to be
considered to ensure adequate biomass of spawners in the central GBR if biomass and
the sustainability of the southern GBR commercial fishery are reliant on replenishment
of recruits from reefs to the north. A shift in fishing pressure from the southern GBR to
the central and northern GBR could have cumulative detrimental consequences if the
central GBR is a major source of recruits to the southern sink region.

Recruitment subsidy is one of the major prospective benefits proffered in support of
declaring reserves (Russ 2002, Cudney-Bueno et al. 2009). Local reserves within each
region are potentially important larval sources for fished reefs if the scale of larval
dispersal is just tens of kilometres, as has been indicated for two Plectropomus spp. in
two areas. Two-fold greater adult biomass, larger adult size, and greater per capita and
per unit fecundity within reserves compared with fished reefs in the Keppel Island
region of the GBR was attributed to reserves supplying 50% of total P. maculatus
recruitment in that region despite covering just 28% of reef habitat (Harrison et al.
2012). Spawning females also were larger, older, more fecund, and more numerous in
central GBR reserves in this study, characteristics that presumably also could lead to
recruitment subsidy from reserves to fished reefs in that region, or potentially other
regions further south. A future increase in fishing pressure in the northern GBR would
potentially increase the importance of reserves for recruitment subsidy within this
lightly fished northern region, though the importance of such potential subsidy for other
regions is less clear as the direction and strength of long-shore transport in the northern
GBR varies considerably with latitude north of about 18° S (Church 1987).
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The potential for recruitment subsidy from reserves to fished reefs in the southern GBR
may be limited, despite greater densities of P. leopardus on reserves than fished reefs,
due to relatively smaller batch fecundity, limited positive effects of female length or
weight on batch fecundity, the relatively younger age and smaller size in which sex
change occurs, and strong male bias in southern reefs (Chapter 2.3). Recent modelling
of the reproductive benefits of reserves suggests the recruitment subsidy benefits of
reserves may be limited for P. leopardus, despite greater yields and population growth
within reserves, because large females are “lost” through sex change due to protogyny
(Chan et al. 2012). The results presented here support Chan et al.’s model and also
indicate that regional variation in the rate of sex change in P. leopardus might reduce
further the potential benefits of reserves for reproductive output and, potentially,
recruitment subsidy in the southern GBR.
Conclusion
This is the only study to my knowledge worldwide to compare batch fecundity using
fish collected within and outside of reserves across a broad geographic area. Spatial
variation in batch fecundity, proportion of males, proportion of spawners, and length,
weight, and age of P. leopardus demonstrates the varied outcomes that reserve reefs can
have on reproductive output when the distribution of a target species spans a broad
geographic range. In particular, this study demonstrates that the conditions that female
P. leopardus experience on central GBR reefs serve to maximize their reproductive
potential, particularly in the absence of fishing. Greater individual batch fecundity on
central GBR reserves may have important implications for recruitment subsidy at a
regional scale (north-to-south recruitment subsidy) as well as the local scale (reserve-tofished reef recruitment subsidy), but there was no similar evidence of potential
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subsidies from reserve reefs in other regions. This study highlights the need for further
research on reproductive responses of target species to fishing, at appropriate spatial
scales, and careful consideration of the suitability of single conservation or fishery
management strategies for species distributed across large and diverse spatial scales.
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Introduction
Maternal effects are an important source of non-genetic (phenotypic) variation within a
population and are widely known to influence the reproductive potential of a fished
stock (Green 2008). The quantity and quality of eggs is often strongly influenced by the
female size and age structure of a population; larger, older females often have greater
batch fecundity (Sadovy 1996), spawn more frequently (Lowerre-Barbieri et al. 2009),
have a longer spawning season (Claramunt et al. 2007), and produce better quality eggs
and larvae (Berkeley et al. 2004a) than smaller, younger conspecifics. Female body
condition may also influence egg quality, with the hepatosomatic index commonly used
as an indicator of body condition because of the liver’s ability to store high levels of
lipids used in egg production (Berkeley et al. 2004a, Macchi et al. 2013). Maternal
effects on egg quality can have important implications for the reproductive potential of
fished stocks because age or size truncation of a population through the removal of
larger and older females by fishing can cause a greater reduction in the reproductive
potential of that population than just a reduction in mature female biomass (Berkeley et
al. 2004b, Venturelli et al. 2009, Hixon et al. 2014).

The size and biochemical composition of the egg is an important maternal contribution
in fishes. Egg quality is commonly used to describe the condition of fish eggs, which
can have a profound effect on fertilisation success, hatching success, larval growth and
larval survival (Kjørsvik et al. 1990, Brooks et al. 1997). Fish eggs consist mostly of
lipoprotein yolk that contain primarily polar lipids mainly in the form of phospholipids,
which is a structural lipid used in catabolism for energy, and is rich in polyunsaturated
fatty acids (PUFA), and some neutral lipids (Wiegand 1996). Many marine pelagic fish
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eggs also contain an oil droplet that consists mostly of neutral lipids (mainly
triacylglycerol [TAG], wax ester [WE] and/or steryl ester) that provide the egg with
most of its energy (Wiegand 1996, Tocher 2003). These lipids provide an important
endogenous energy source for the developing embryos and larvae during the period
between fertilization and the onset of exogenous feeding (reviewed by Tocher 2003).
Egg quality is, therefore, most frequently estimated using measurements of egg size, oil
droplet size, and/or egg biochemical composition because larger eggs often indicate
greater maternal investment into yolk and neutral lipids (Green 2008). Egg and/or oil
droplet size has been positively correlated with fertilization rates, larval size at
hatching, larval growth rates, and larval resistance to starvation (McCormick and
Gagliano, Moodie et al. 1989, Hutchings 1991, Marteinsdottir and Begg 2002, Berkeley
et al. 2004a). Egg lipid composition indicates the relative types of energy available to
the developing embryo; eggs high in neutral lipids are often positively correlated with
larval growth and survival (Berkeley et al. 2004a, Hilton et al. 2008).

Maternal effects on egg quality have been researched extensively, but the majority of
studies have focused on temperate fishes, many of which are gonochores (see reviews
by Wiegand 1996, Kamler 2005, Green 2008). Research questions are frequently
framed in an aquaculture context where maximizing the number of viable larvae
produced by female broodstock is a priority (Migaud et al. 2013). Aquaculture-related
studies often use pooled egg samples rather than individual fish to examine the effects
of diet or environment on broodstock egg quality (Brooks et al. 1997) or to compare
egg quality between wild and captive spawners (Kjørsvik 1994). Less emphasis has
been placed on egg quality of individual wild females (Bachan et al. 2012), and even
fewer studies have investigated maternal effects on egg quality for tropical reef fishes
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(Donelson et al. 2008, Maddams and McCormick 2012). Those studies that have
examined maternal effects on egg quality for tropical reef fish have focused on
populations of small species that have limited commercial food fisheries value, and are
unlikely to be affected by fisheries or protection within reserves (McCormick and
Gagliano, Green and McCormick 2005, Maddams and McCormick 2012). Maternal
effects on egg quality for exploited protogynous fish are of particular interest for
fisheries management because the implications of the direct removal of large females
through fishing may be compounded because the loss of large males through fishing
can induce female-male sex change at younger sizes and ages (Hawkins and Roberts
2004).

This chapter provides the first description of relationships between maternal traits and
egg quality for Plectropomus leopardus. As discussed in Chapters 2 and 4, fishing for
P. leopardus on the GBR has been implicated in reducing the size at sex change,
reducing the mean size and age of spawning females, and reducing population density
relative to reserve reefs (Emslie et al. 2015). If larger and older female P. leopardus that
are in better condition can produce better quality eggs than smaller and younger
females, the removal of the former, either directly by fishing or indirectly by fishinginduced early sex change, may reduce the quality of reproductive output on fished reefs
relative to reserves.

The objective of this chapter was to examine the relationship between maternal traits
(length, weight, age, HSI), egg morphometrics (egg diameter, oil droplet diameter) and
egg biochemical composition (total lipid and lipid class composition) as indicators of
egg quality in P. leopardus.
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Methods
Sample collection
Gravid females in imminent spawning condition were collected from inner-shelf reefs
located in the central section of the GBR, Queensland, Australia. Bramble Reef was
sampled in 2008 (18.42° S, 146.72° E) and the neighbouring John Brewer Reef was
sampled in 2009 (18.63° S, 146.05° E) (Figure 5.1). Mean monthly water temperature
data for each sampling period was collected using the Australian Institute of Marine
Science historic data tool for Davies Reef (DAVAWSL2 at 8.4m reef slope site, Site 2;
http://data.aims.gov.au/aimsrtds/datatool.xhtml; Figure 5.1). Fishing surveys were
conducted late October 2008 (mean monthly water temperature (MMWT) 27.0° C),
mid-October 2009 (MMWT 26.7° C), and mid-November 2009 (MMWT 27.4° C) and
coincided with the new moon lunar phase when spawning activity peaks for P.
leopardus (Samoilys 2000). In 2008, live fish were transported to Orpheus Island
Research Station at the end of each fishing trip, and in 2009, live fish were transported
to Townsville prior to stripping for eggs in the lab.

Gravid females were identified by swollen abdomens and urogenital pores. In 2008,
nine gravid females were successfully stripped of hydrated eggs with a further 28
successfully stripped in 2009. To collect eggs, a firm anterior to posterior stripping
pressure was applied to the abdomen. Eggs released from the urogenital pore were
collected in a sterile 600 mL sample jar whilst ensuring faeces, urine, blood and/or
seawater did not contaminate egg samples, and that all eggs collected remained
unfertilized. Egg samples from each female were divided in half for analysis of egg size
characteristics (morphometry) and egg biochemistry.
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Figure 5.1. Egg quality estimates were obtained from Plectropomus leopardus sampled
on reefs in the central Great Barrier Reef. Reef spatial layers courtesy of Great Barrier
Reef Marine Park Authority © Commonwealth of Australia 2009.

94

Maternal size, not age, influences egg quality

Each stripped fish was anaesthetized, fork length (FL) measured to the nearest
millimetre and weighed (total weight, W) to the nearest gram. I was unable to weigh all
females due to a malfunction that developed with the scale during the November 2009
sampling period. The liver from each fish was also removed and weighed to determine
hepatosomatic index (HSI) as an indicator of body condition and energy reserves using
the formula:

HSI = (liver wet weight/total female wet weight)×100 (Wootton 1977).

Otoliths were removed, dried and stored in envelopes for later ageing as described in
Chapter 2.2.
Egg morphometry and lipid composition
P. leopardus eggs contain a single oil droplet (Figure 5.2). For egg morphological
measurements, fresh samples of whole, hydrated eggs were stored in a 1 mL cryovial
with a small amount of sea water and refrigerated for < 24 h prior to being
photographed using a high powered digital photo-microscope with 1 mm scale bar.
Photographs were loaded into ImageTool computer software (UTHSCSA ImageTool
3.0®; http://ddsdx.uthscsa.edu/dig/itdesc.html), calibrated and measurements of egg
diameter (ED) and oil droplet diameter (ODD) were taken to the nearest 0.01 mm of n =
30 randomly selected eggs per female.
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Figure 5.2 Plectropomus leopardus eggs with oil droplet at varying stages of
development: (a) unfertilized eggs; (b) developing embryo, 3 hours post fertilization; (c)
newly hatched larva still dependent on endogenous reserves, 3 hours post hatching; (d)
larva at approximate onset of exogenous feeding with greatly depleted yolk sac, 43 hours
post hatching. Photographs: A. Carter.
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For lipid composition analysis, remaining whole, hydrated eggs were distributed into
~10 × 1 mL cryovials immediately after stripping, frozen in liquid nitrogen, and stored
at -80° C for 14 – 15 months (2008 samples) and 2 – 3 months (2009 samples) prior to
analyses. Eggs were emptied into a 750 mL vacuum flask and rinsed with MQ water for
2 – 3 minutes whilst under vacuum. Egg samples were filtered on Whatman 25 μm
GF/F filters, removed from the filter paper using a clean stainless steel spatula, placed
into pre-weighed 2.5 cm diameter glass vials, and the wet weights (± 0.01 g) of the egg
samples were measured. Egg samples were homogenized for 5 – 10 minutes using a
CAT hand-held homogenizer (X120). Accurate quantities of methanol, chloroform and
MQ water (according to the Bligh and Dyer 1959 method) were used separately
throughout the homogenization of samples with the intention of cleaning the
homogenizer of any tissue residue. After each egg sample was processed, the
homogenizer was dissembled and cleaned with MQ water and chloroform.

Total lipid was extracted from each egg sample by the modified Bligh and Dyer (Bligh
and Dyer 1959) method using a one-phase methanol: chloroform: water solvent mixture
(2:1:0.8 v/v/v). Approximately 0.5 g of each egg sample was weighed to the nearest
0.01 g before each sample was extracted. Egg samples and solvents were placed into
250 mL separatory funnels and shaken to form a miscible solution. Each sample was
left overnight before breaking phase by the addition of chloroform and water so that the
final ratio of solvents was 1:1:0.9. Samples were then left for approximately 4 hours to
allow sufficient time for the separation of an upper aqueous phase and a lower
chloroform phase. Total lipids were recovered from the lower chloroform phase into
250 mL round bottom flasks followed by the removal of chloroform in vacuo using a
rotary evaporator at ~20 ºC. The total lipid extract (TLE) was transferred to chloroform
97

Maternal size, not age, influences egg quality

washed vials and concentrated by application of inert nitrogen gas, and diluted for
further analyses. One mL of chloroform was added to samples so that the final
concentration was ~10 mg of lipid in the vial. The TLE was weighed to determine total
lipid content (%) where 1% lipid content (wet weight) is 10 mg g-1 (wet mass).

Lipid class composition of egg samples was determined using an Iatroscan Mark V
TH10 thin layer chromatograph (TLC) coupled with a flame ionisation detector (FID)
(Nichols et al. 1994). For each sample, the TLE was spotted and developed in a polar
solvent system (60:17:0.1 v/v/v hexane: diethyl-ether: acetic acid); samples were also
run in a non-polar solvent system (96:4 v/v hexane: ether) to resolve hydrocarbon
(mainly Squalene, SQ) from wax esters (WE) and diacylglyceryl ethers (DAGE) from
triacylglycerols (TAG). All samples were run in duplicate along with standard solutions,
which contained known quantities of WE, DAGE, SQ, TAG, free fatty acids (FFA),
sterols (ST), and polar lipids (PL). Chromarods were oven dried for 10 min at 100º C
and analysed immediately. Peaks were quantified using DAPA Scientific Software
(Kalamunda, Western Australia). Total lipid class content was obtained by summing the
individual lipid classes determined using the Iatroscan TLC-FID. Total lipid content of
egg samples was also obtained gravimetrically by TLC-FID. Total lipid (TL) content
reported here was obtained by averaging total lipid content obtained gravimetrically and
independently for all individual samples. Total lipid and lipid class values represent the
average of two samples, except where one value was considered an outlier and removed
when percentage accuracy was < 80%.
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Data analysis
Egg samples from both years were pooled due to small sample size and Pearson’s
product-moment correlation coefficients were used to examine relationships between
egg quality indicators TL, WE, TAG, FFA, ST, PL, ED and ODD. Egg diameter and
ODD were log-transformed prior to correlation analysis but not for the generalized
linear models (GLM). All statistical analyses were conducted in the statistical software
environment R (v.3.0.2.) (R Core Team 2014).

The effects of maternal traits (factors: FL, W, A and HSI) on each indicator of egg
quality (response variables: TL, WE, TAG, FFA, ST, and PL) were modelled using
GLMs with a Gaussian distribution in the lme4 package (Bates et al. 2012).
Explanatory variables were tested for collinearity prior to fitting the models using
variance inflation factors (VIFs) (Zuur et al. 2009) in the car package (Fox and
Weisberg 2009). The VIFs of W and FL were > 9, indicating that these factors were
highly correlated. When either W or FL were removed and the VIFs recalculated, all
VIFs were < 3, indicating that the collinearity among variables was within reasonable
limits and would not substantially inflate the standard errors of each model’s parameter
estimates (Zuur et al. 2009). Separate W and FL models were then run that each
included a three-way interaction with A and HSI.

To determine the optimal model, a global model was created for each egg quality
indicator where all explanatory variables up to 3-way interactions were considered.
Sub-model sets of the global model were then generated using the dredge function in
the MuMIn package (Barton 2013). MuMIn requires no missing values in the dataset,
so prior to analysis the FL-W relationship for P. leopardus was estimated and used to
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generate missing W and HSI values. A second W model was also run without the 11
females for which W and HSI were estimated to assess the influence of using imputed
weight data. The top set of models were defined as those that fell within two Akaike’s
Information Criterion corrected for small sample sizes (AICc) (Burnham and Anderson
2002) of the top ranked model in the set. The best-fit model was considered to be the
simplest model with the lowest AICc (Burnham and Anderson 2002) and was used as a
basis to predict the expected values of response variables. An overall test of the best-fit
models were conducted by comparing that model to the intercept only (null) model with
a Chi-squared test to determine whether the model selected was significantly better at
predicting the measure of egg quality. A p-value of < 0.05 indicated there was a
relationship between one or more of the maternal predictors and the egg quality
indicator. Residual plots and q-q plots were examined for each best-fit model for
violations of the assumptions of homogeneity of variance and normality.

Results
Egg characteristics
Egg diameter for P. leopardus ranged from 0.80 to 0.92 mm, and ODD ranged from
0.18 to 0.20 mm (Figure 5.2a, Table 5.1). Eggs consisted of approximately 3% TL
content. The major portion of the egg lipid was composed of neutral lipids, with the
short-term storage lipid WE comprising the largest proportion of TL (~40%) followed
by the long-term storage lipid TAG (~34%). The next most dominant lipid class was PL
(~24%), while ST accounted for < 2% of TL. Low levels of FFA were present in all egg
samples (< 0.5%). No SQ or DAGE were detected in the eggs.
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There was a significant positive relationship between TL and TAG (r = 0.32), and PL
and FFA (r = 0.33) (Table 5.2). Sterols were significantly and negatively correlated
with TL and WE, and PL was significantly and negatively correlated with TL, WE and
TAG (Table 5.2). Sterols and PL were positively correlated (r = 0.76, p < 0.001) as were
measurements of ED and ODD (r = 0.42, p < 0.01; Table 5.2).
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each sampling period and for all sampling periods combined) of mature females, and egg characteristics for Plectropomus
leopardus collected from the central Great Barrier Reef, Australia. Percentage values refer to percent of total lipid within the egg
unless otherwise stated.

Mature females
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Eggs

Minimum

Maximum

Mean + SE (n)

All samples

All samples

Oct 2008

Oct 2009

Nov 2009

All samples

Fork length (mm)

315

525

458 + 12 (9)

409 + 12 (19)

430 + 12 (12)

426 + 8 (40)

Age (years)

3.0

9.0

4.4 + 0.4 (9)

4.4 + 0.4 (18)

4.1 + 0.3 (11)

4.3 + 0.2 (38)

Total weight (g)

200

2400

1570 + 133 (9)

862 + 101 (18)

850 + 50 (2)

1081 + 96 (29)

Hepatosomatic index

0.3

2.7

1.1 + 0.1 (9)

1.2 + 0.1 (18)

1.1 + 0.6 (2)

1.2 + 0.1 (29)

Total lipid (% egg wet weight)

1.5

7.0

3.0 + 0.6 (9)

3.2 + 0.3 (19)

3.2 + 0.4 (12)

3.1 + 0.2 (40)

Wax ester (%)

29.9

51.1

43.8 + 1.6 (9)

38.3 + 1.2 (19)

40.4 + 1.6 (12)

40.2 + 0.9 (40)

Triacylglycerol (%)

21.1

41.2

31.9 + 1.5 (9)

34.8 + 1.1 (19)

35.6 + 0.9 (12)

34.4 + 0.7 (40)

Free fatty acid (%)

0.00

0.51

0.06 + 0.06 (9)

0.05 + 0.03 (19)

0.06 + 0.02 (12)

0.06 + 0.02 (40)

Sterols (%)

0.79

2.60

1.5 + 0.1 (9)

1.8 + 0.1 (19)

1.5 + 0.1 (12)

1.6 + 0.1 (40)

Polar lipids (%)

10.6

34.6

22.7 + 1.6 (9)

25.0 + 1.6 (19)

22.4 + 1.4 (12)

23.7 + 0.9 (40)

Egg diameter (mm)

0.80

0.92

0.88 + 0.01 (9)

0.84 + 0.004 (19) 0.83 + 0.006 (12) 0.85 + 0.004 (40)

Oil droplet diameter (mm)

0.18

0.20

0.19 + 0.002 (9)

0.18 + 0.001 (19) 0.18 + 0.001 (12) 0.19 + 0.001 (40)
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Table 5.1 Minimum and maximum (all sampling periods combined), and mean + standard error (SE) with sample size (n; for

of total lipid content [TL]), triacylglycerol (TAG, proportion of TL), free fatty acid (FFA, proportion of TL), sterols (ST,
proportion of TL), polar lipids (PL, proportion of TL), egg diameter (ED, mm), and oil droplet diameter (ODD, mm).
Pearson’s product–moment correlation coefficients (r) are presented in the upper triangle and the 95% confidence intervals
are presented in the lower triangle. Statistically significant correlations (* p < 0.05; ** p < 0.01; *** p < 0.001) and
corresponding confidence intervals are in bold. Egg diameter and ODD were log-transformed prior to analysis.
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TL

WE

TAG

FFA

ST

PL

ED

ODD

TL

-

0.20

0.32*

-0.15

-0.36*

-0.40*

-0.10

-0.0003

WE

-0.12 to 0.48

-

-0.21

-0.17

-0.68***

-0.72***

0.12

0.04

TAG

0.01 to 0.57

-0.49 to 0.11

-

-0.28

-0.28

-0.52***

-0.17

0.05

FFA

-0.44 to 0.17

-0.46 to 0.15

-0.54 to 0.04

-

0.20

0.33*

0.21

-0.05

ST

-0.60 to -0.05

-0.82 to -0.47

-0.54 to 0.04

-0.12 to 0.48

-

0.76***

0.01

-0.13

PL

-0.63 to -0.10

-0.85 to -0.53

-0.72 to -0.25

0.02 to 0.58

0.59 to 0.87

-

0.01

-0.06

ED

-0.40 to 0.22

-0.20 to 0.41

-0.45 to 0.15

-0.11 to 0.49

-0.31 to 0.32

-0.30 to 0.32

-

0.42**

ODD

-0.31 to 0.31

-0.28 to 0.34

-0.26 to 0.36

-0.36 to 0.27

-0.43 to 0.19

-0.37 to 0.25

0.13 to 0.65

-
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Table 5.2 Correlations for egg quality indicators total lipid (TL, proportion of egg wet weight), wax esters (WE, proportion
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Maternal influences on egg quality
A broad size and age range of female P. leopardus were examined for egg quality.
These females ranged from 315 to 525 mm FL, 200 to 2400 g W, and 3 to 9 years A
(Table 5.1). The relationships between maternal traits and indicators of egg quality were
variable. The best-fit models that described most information on each indicator of egg
quality generally included terms for either FL or W (Table 5.3, Table 5.4). None of the
models selected included A, and HSI was a significant predictor of ST only in
interaction with W (Table 5.3, Table 5.4).

Total lipid content within the eggs of P. leopardus did not vary with any of the maternal
traits examined. The proportion of lipid classes within the TL of eggs, however, did
vary. Wax esters as a proportion of TL was best described by a model that included FL
or W (Table 5.3). Eggs spawned by large females (defined as 2000 g or 500 mm FL)
contained approximately 15% and 16% more WE, respectively, than eggs spawned by
small females (defined as 500 g or 350 mm FL) (Table 5.5). Sterols and PL as a
proportion of TL decreased with female FL (Figure 5.3; Table 5.3, Table 5.4, Table
5.5). Triacylglycerol and FFA as a proportion of TL were not influenced by any of the
maternal traits examined and remained constant despite variation in ED or ODD (Table
5.2, Table 5.3, Table 5.4).

Egg diameter increased with W and FL, and ODD also increased with W (Figure 5.3,
Figure 5.4). Eggs spawned by large females were approximately 4% larger than eggs
spawned by small females (Table 5.5). The models with W as a predictor of ODD, and
FL as a predictor of ED, were selected as the best models despite the null model’s
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inclusion in the top model set (Table 5.3) because these models were significantly better
predictors of ODD and ED than the respective null models (Chi-square tests, p < 0.05).

105

Maternal size, not age, influences egg quality

Table 5.3 Summary of generalized linear models (GLM) showing the set of top models
(AICc < 2) predicting the relationship between maternal traits and egg quality indicators
for Plectropomus leopardus. Two sets of global models were run to avoid collinearity
between predictors: (a) weight (W), age (A), and hepatosomatic index (HSI), and (b)
fork length (FL), A, and HSI. The best model selected for each egg quality indicator is
in bold.
Global
model
(a)

Egg quality indicator

Model

df

log Lik

AICc

∆AICc

w

Null

2

106.31

-208.3

0.00

0.39

HSI

3

106.61

-206.5

1.76

0.16

W

3

59.41

-112.1

0.00

0.29

W + HSI + W*HSI

5

61.31

-110.7

1.41

0.15

HSI

3

64.67

-122.6

0.00

0.27

Null

2

63.05

-121.7

0.88

0.17

W + HSI

4

65.22

-121.2

1.43

0.13

A + HSI

4

64.98

-120.7

1.91

0.10

Null

2

196.74

-389.1

0.00

0.32

A

3

197.22

-387.7

1.41

0.16

HSI

3

197.08

-387.4

1.69

0.14

Sterols

W + HSI + W*HSI

5

156.54

-301.1

0.00

0.53

Polar lipids

W

3

54.68

-102.6

0.00

0.18

W + HSI

4

55.71

-102.2

0.46

0.14

A

3

54.20

-101.7

0.97

0.11

Null

2

52.86

-101.4

1.26

0.10

A+W

4

55.17

-101.1

1.54

0.08

W + HSI + W*HSI

5

56.43

-100.9

1.71

0.08

W

3

83.58

-160.4

0.00

0.36

W + HSI

4

84.34

-159.4

1.00

0.22

W

3

139.40

-272.1

0.00

0.26

A + W + A*W

5

141.39

-270.8

1.23

0.14

W + HSI

4

139.87

-270.5

1.57

0.12

Null

2

137.36

-270.4

1.71

0.11

Total lipid
Wax esters
Triacylglycerol

Free fatty acids

Egg diameter
Oil droplet diameter

nb.
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Table 5.3 (Continued).
Global model

Egg quality indicator

(b)

Total lipid

Model

df

log Lik

AICc

∆AICc

w

Null

2

106.31

-208.3

0.00

0.37

HSI

3

106.61

-206.5

1.76

0.15

Wax esters

FL

3

59.32

-111.9

0.00

0.30

Triacylglycerol

HSI

3

64.67

-122.4

0.00

0.20

FL + HSI

4

65.87

-122.3

0.13

0.19

Null

2

63.05

-121.5

0.88

0.13

FL + HSI + FL*HSI

5

66.54

-121.9

1.48

0.10

A + HSI

4

64.98

-120.7

1.91

0.08

Null

2

196.74

-389.1

0.00

0.33

A

3

197.22

-387.7

1.41

0.16

HSI

3

197.08

-387.4

1.69

0.14

FL + HSI + FL*HSI

5

155.99

-300.0

0.00

0.37

FL

3

152.74

-298.7

1.31

0.19

FL

3

55.43

-104.1

0.00

0.19

FL + HSI

4

56.55

-103.9

0.28

0.17

FL + A + FL*A

5

57.47

-103.0

1.12

0.11

FL

3

82.52

-158.3

0.00

0.33

FL + HSI

4

82.91

-156.6

1.74

0.14

Null

2

80.39

-156.4

1.90

0.13

FL + A + FL*A

5

141.396

-270.9

0.00

0.23

Null

2

137.357

-270.4

0.50

0.18

FL

3

138.296

-269.9

0.99

0.14

A

3

138.224

-269.7

1.13

0.13

Free fatty acids

Sterols
Polar lipids

Egg diameternb.

Oil droplet diameter

Note: logLik: log likelihood; ∆AICc is the difference in AICc values between model i and the
top ranked model of those considered; w is the probability that a model is the best model of the
set. W was retained as a predictor in the ODD model, and FL was retained as a predictor in the
ED model, because these models were significantly better predictors of ODD and ED than their
respective null models (Chi-square test, p < 0.05).
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including regression coefficient (b) and 95% confidence interval (CI) for b. The global model predicting each measure of egg
quality was (a) weight (W)*age (A)*hepatosomatic index (HSI), and (b) fork length (FL)*A*HSI. Statistically significant
parameter estimates: * p < 0.05; ** p < 0.01; *** p < 0.001.
Global model
(a)

Egg quality indicator
Total lipid
Wax esters
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Triacylglycerol
Free fatty acids
Sterols

Polar lipids
Egg diameter
Oil droplet diameter

Predictor
(Intercept)
(Intercept)
W
(Intercept)
(Intercept)
(Intercept)
W
HSI
W*HSI
(Intercept)
(Intercept)
W
(Intercept)
W

b
3.07 x 10-2
3.59 x 10-1
3.73 x 10-5
3.43 x 10-1
6.11 x 10-4
7.22 x 10-3
1.04 x 10-5
8.38 x 10-3
-9.91 x 10-6
2.38 x 10-1
8.24 x 10-1
2.28 x 10-5
1.81 x 10-1
3.97 x 10-6

t-value

95% CI for b

13.47
16.86
2.19
46.70
3.09
1.36
2.29
2.54
-3.17
24.61
74.29
2.57
73.91
2.02

2.62 x 10-2 to 3.52 x 10-2
3.18 x 10-1 to 4.01 x 10-1
3.86 x 10-6 to 7.08 x 10-5
3.28 x 10-1 to 3.57 x 10-1
2.23 x 10-4 to 10.00 x 10-4
-3.19 x 10-3 to 1.76 x 10-2
1.50 x 10-6 to 1.93 x 10-5
1.91 x 10-3 to 1.49 x 10-2
-1.60 x 10-5 to -3.78 x 10-6
2.19 x 10-1 to 2.57 x 10-1
8.02 x 10-1 to 8.46 x 10-1
5.42 x 10-6 to 4.02 x 10-5
1.77 x 10-1 to 1.86 x 10-1
1.18 x 10-7 to 7.82 x 10-6

p
***
***
*
***
**
>0.05
*
*
**
***
***
*
***
0.05
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Table 5.4 Parameter estimates and overall model fit of selected best model of maternal predictors for each measure of egg quality,

Global model
(b)

Egg quality indicator
Total lipid
Wax esters
Triacylglycerol
Free fatty acids
Sterols
Polar lipids
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Egg diameter
Oil droplet diameter

Predictor
(Intercept)
(Intercept)
FL
(Intercept)
(Intercept)
(Intercept)
FL
(Intercept)
FL
(Intercept)
FL
(Intercept)

b
3.07 x 10-2
2.34 x 10-1
3.90 x 10-4
3.43 x 10-1
6.11 x 10-4
3.35 x 10-2
-3.94 x 10-5
4.37 x 10-1
-4.61 x 10-4
7.64 x 10-1
2.01 x 10-4
1.86 x 10-1

t-value
13.47
2.97
2.14
46.70
3.09
5.31
-2.70
4.99
-2.28
18.13
2.07
188.8

95% CI for b
2.62 x 10-2 to 3.52 x 10-2
7.98 x 10-2 to 3.89 x 10-1
3.33 x 10-5 to 7.46 x 10-3
3.28 x 10-1 to 3.57 x 10-1
2.23 x 10-4 to 10.00 x 10-4
2.11 x 10-2 to 4.59 x 10-2
-6.79 x 10-5 to -1.08 x 10-5
2.65 x 10-1 to 6.08 x 10-1
-8.57 x 10-4 to -6.51 x 10-5
6.81 x 10-1 to 8.46 x 10-1
1.06 x 10-5 to 3.91 x 10-4
1.80 x 10-1 to 1.90 x 10-1

p
***
**
*
***
**
***
*
***
*
***
*
***
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Table 5.4 (Continued).
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Table 5.5 Change (%) in Plectropomus leopardus egg quality indicators with body
weight (grams; W500 – W2000) and fork length (mm; FL350 – FL500). Values are only
included where the best model was a significantly better predictor than the null model
for each egg quality indicator.
Female metric
W500 – W2000

FL350 – FL500

Wax esters

+16%

+15%

Sterols

-25%

-30%

-

-25%

Egg diameter

+4%

+4%

Oil droplet diameter

+3%

-

Polar lipids
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Figure 5.3 Relationship (+ 95% CIs) between (a) fork length (FL) and wax esters as a
proportion of total lipid (TL) content, (b) FL and polar lipid as a proportion of TL, (c)
FL and sterols as a proportion of TL, and (d) FL and egg diameter (mm) in
Plectropomus leopardus eggs. Predictions derived from best fit models described in
Table 5.3.
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Figure 5.4 Relationships (+ 95% CIs) between (a) body weight (W) and wax esters as a
proportion of total lipid content (TL), (b) W and oil droplet diameter, (c) W and egg
diameter, (d) W and sterols as a proportion of TL, and (e) hepatosomatic index and
sterols as a proportion of TL in Plectropomus leopardus eggs. Predictions derived from
best fit models described in Table 5.3.
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Discussion
The relationships described here between maternal traits and egg quality for P.
leopardus from wild populations is the first for a commercially exploited tropical
protogynous reef fish. Longer and heavier females invested in larger eggs with greater
concentrations of the neutral lipid WE, while maintaining concentrations of the neutral
lipid TAG and TL content in the egg, relative to shorter and lighter females. Heavier
females also were capable of increasing WE while maintaining PL concentrations in
eggs that contained larger oil droplets, compared with eggs produced by lighter females.
The positive relationship between female weight and oil droplet diameter was
statistically weak, however, and future research would benefit from an increased sample
size to confirm the results presented here. Maternal age had no effect on any indicators
of egg quality. These results highlight the need for understanding maternal effects on
reproduction in order to evaluate the potential effects of variation in population sizestructure, and to assess the appropriateness of fishery management strategies for
populations that assume all females are reproductively equal.
Maternal influences on egg quality
Maternal length and weight were the main factors that influenced indicators of egg
quality for P. leopardus. The positive effect of female size on egg and/or oil droplet
size is well quantified in fishes, including hake Merluccius merluccius (Mehault et al.
2010) and M. hubbsi (Macchi et al. 2013), haddock Melanogrammus aeglefinnus
(Hislop 1988), Atlantic cod Gadus morhua (Marteinsdottir and Begg 2002), and stripey
sea perch Lutjanus carponotatus (Evans et al. 2008). This phenotypic effect reflects
differing investment in reproductive output by females (Bernardo 1996). The limited
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influence of body condition (hepatosomatic index) on indicators of egg quality was,
therefore, interesting because body condition is often used to indicate the energetic
resources available for reproduction. Female body condition or liver indices have been
positively correlated with egg and larval quality indicators, for example, such as egg
and oil droplet size, fertilization success, and larval condition including size at hatching
and survival (McCormick 2003, Berkeley et al. 2004a, Trippel and Neil 2004, Donelson
et al. 2008, Bachan et al. 2012). The limited effect of body condition on egg quality
observed may be due to co-variation with another factor not measured, such as
coelomic fat.

In batch spawning fishes, egg quality can vary significantly depending on when in the
season batches are spawned, with late season batches often displaying lower “quality”
as the energetic resources available for reproduction diminish (Bachan et al. 2012). An
examination of spawning season effects on egg quality indicators was beyond the scope
of this study, but a combination of maternal size-related variability, and the probable
changes in maternal condition during the spawning season for females of a given size,
may explain the lack of relationship between condition and egg quality indicators for P.
leopardus.

Maternal age was not included in any of the models that best described variation in egg
or oil droplet size, or egg lipid composition for P. leopardus. Maternal age has a
positive effect on egg and larval quality for many temperate fishes, including black
rockfish Sebastes melanops (Berkeley et al. 2004a), Atlantic cod G. morhua
(Marteinsdóttir and Steinarsson 1998), and haddock M. aeglefinus (Hislop 1988, Wright
and Gibb 2005). Larval S. melanops produced by the oldest females, for example, grew
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three times as fast (weight and length) when food was available, and survived twice as
long when food was unavailable, compared to larvae from the youngest females
(Berkeley et al. 2004a). Age is rarely the main determinant of egg or larval quality
(although see Berkeley et al. 2004a), and usually covaries with maternal size which is
often the better predictor of egg and larval condition (reviewed by Green 2008). The
lack of an age effect on egg quality indicators may be indicative of the large amount of
variation in female P. leopardus age-weight and age-length relationships (Williams et
al. 2008), with female size a better indicator of reproductive investment potential than
age for this species. As discussed in Chapter 4, batch fecundity increases with female
age for P. leopardus indicating that older females invest energy into producing more
eggs rather than better quality eggs. However, the positive relationship between age and
batch fecundity asymptotes when females are approximately 5 years old and female
length and weight remain better indicators of batch fecundity and egg quality indicators
than age.
Potential implications for larval quality and recruitment
Polar lipids are the main component of lipoprotein yolk, with some neutral lipids
present, while the oil droplet is comprised primarily of neutral lipids (Wiegand 1996).
The yolk sac in P. leopardus is utilized during embryogenesis and the first 2 days post
hatching. A large portion of the oil droplet remains at 2 days post-hatch when
exogenous feeding commences (A. B. Carter, personal observation; Figure 5.2c,d), but
the oil droplet is not present at 5 days post-hatching (Masuma et al. 1993). This pattern
is consistent with many marine larvae where the lipoprotein yolk provides the principal
source of energy during embryogenesis, and the oil droplet is consumed post-hatching
(Anderson et al. 1990, Rønnestad et al. 1998). The compartmentalization of neutral
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lipids between lipoprotein yolk and oil is most likely for nutritional reasons where the
oil droplet is retained as an energy reserve in the event that food is limited in the early
stages of exogenous feeding, and the oil is consumed to enhance growth when adequate
food is available (Wiegand 1996). These endogenous energy reserves are important for
larval survival because larval mortality during the transition from endogenous to
exogenous feeding is frequently high (Moodie et al. 1989), and thought to be a
significant source of recruitment fluctuations (Lasker 1981).

Egg and oil droplet size, and the polar and neutral lipid classes I measured, theoretically
are good predictors of embryonic development and larval growth and survival. For
many fishes, the oil droplet contains the majority of egg energy content, in particular
the energy required to sustain larvae during development and the transition to
exogenous feeding (Wiegand 1996, Rønnestad et al. 1998). Neutral lipids within the oil
droplet provide endogenous energy for metabolism and growth, with WE and TAG the
dominant neutral lipids in fish eggs with an oil droplet (Wiegand 1996). In P. leopardus
eggs, WE and TAG accounted for approximately 74% of TL. The dominance of neutral
lipids relative to polar lipids is typical of warmer water species (Mourente and
Odriozola 1990, Navas et al. 1997), while polar lipids are generally the dominant lipid
class in cold water fish eggs (Tocher and Sargent 1984). TAG lipids are a short-term
energy storage lipid and constitute the major resource available to developing embryos
(Hilton et al. 2008). TAG lipids are also the primary reserve lipid mobilized by larvae
during starvation (Rainuzzo et al. 1997). The lack of maternal effects on TAG
composition in P. leopardus eggs indicates that the provisioning of TAG is tightly
regulated in this species irrespective of female size, age or condition. Maternal size did,
however, have a positive effect on the provision of the long-term energy storage lipid
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WE in P. leopardus eggs. The benefits of greater WE content in P. leopardus eggs
produced by larger females is unclear, but higher WE levels are likely to be
advantageous for larvae due to the potential role of WE in energy reserves and
buoyancy. Previous studies on plankton have demonstrated that TAG lipids are the
primary initial energy for larvae, but once these are depleted the starvation-related
stress activates the wax-lipase and WE are consumed (Lee et al. 1974). An increased
portion of WE in the egg may, therefore, provide larvae that are spawned from larger
females with a potential survival advantage during the transition to exogenous feeding.

Polar lipids are important during embryogenesis as they provide energy reserves and are
an important structural element in biomembrane formation (Wiegand 1996). For fishes
that produce eggs with an oil droplet, the proportion of PL can range widely, e.g. 6% of
TL in golden perch eggs Macquaria ambigua (Anderson et al. 1990) and 72% of TL in
striped trumpeter eggs Latris lineata (Bransden et al. 2007). In P. leopardus eggs,
approximately 24% of TL content was PL. The decrease in PL with female length does
not necessarily indicate that larger P. leopardus produce eggs with lower quality yolk
than eggs produced by smaller females. Decreasing PL concentrations in eggs spawned
by larger females would be compensated to some extent by the increase in egg size and,
therefore, an increase in the amount of total PL available for embryogenesis.
Furthermore, the higher PL concentrations in eggs spawned by the smallest P.
leopardus also generally had reduced WE and TAG concentrations and low TL content
(Table 5.2), with potentially negative consequences for larval survival. For example,
increases in PL and decreases in TAG have been reported over the spawning season in
the striped trumpeter (Bransden et al. 2007), where the shift in lipid composition was
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indicative of the typical decrease in egg quality experienced by batch spawning fishes
as maternal resources diminish over time (Bachan et al. 2012).

Maternal reproductive success is a product of reproductive potential and offspring
survival (Lambert 2008). The ability of large P. leopardus to produce relatively large
eggs with a large oil droplet, with a constant TAG concentration and increased WE
concentration likely has important implications for larval quality and survival. Larvae
with high energy reserves are less susceptible to starvation during the period between
endogenous and exogenous feeding (Moodie et al. 1989, Wiegand 1996, Brooks et al.
1997). The large number of studies that have examined the effect of egg and/or oil
droplet size on larval quality and reproductive success have shown that larger eggs
generally result in greater fertilization rates (e.g. common snook Centropomus
unidecimalis (Neidig et al. 2000)), greater larval size at hatching that persists through
time (e.g. Atlantic cod G. morhua (Marteinsdottir and Begg 2002) and brown trout
Salmo trutta (Einum and Fleming 1999)), faster rates of larval growth (e.g. walleye
Stizostedion vitreum (Moodie et al. 1989)), faster larval development and survival rates
(e.g. black rockfish S. melanops (Berkeley et al. 2004a)), and greater larval feeding
success (e.g. Atlantic cod G. morhua (Knutsen and Tilseth 1985)).

In terms of egg biochemistry, lipids are good indicators of egg quality due to the
importance of lipids, particularly neutral lipids, in embryogenesis, hatching success,
larval growth and larval survival (Wiegand 1996, Navas et al. 1997, Berkeley et al.
2004a, Hilton et al. 2008). Increased buoyancy of larger eggs and/or eggs with a greater
proportion of WE may also have positive implications for the survival of larval P.
leopardus, as buoyancy positions eggs and newly hatched larvae in the upper layers of
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the water column where larval food sources are most abundant and oxygen conditions
are best (Wright and Fyhn 2001, Mehault et al. 2010). Larger larvae with faster growth
rates potentially have a survival advantage as they are able to outgrow smaller predators
faster and therefore experience relatively less predation than smaller conspecifics
(Vigliola and Meekan 2002), are able to access more of the water column in a retention
area than smaller conspecifics due to increased swimming ability (Álvarez–Colombo et
al. 2011), and can start feeding earlier and have higher feeding success as they are able
to eat a wider variety of food items (Knutsen and Tilseth 1985).

Species-specific assessments of a wide range of indicators of egg and larval quality are
required, as the relative importance of egg quality indicators is likely to be closely
related to the early life history requirements of that species (Kaitaranta and Ackman
1981). Care should be taken in assuming the theory that egg size or biochemical
composition will relate to embryo or larval performance in all species because there are
many exceptions. For example, there is no relationship between egg morphometry and
fertilization and hatching rates for Asian sea bass Lates calcarifer (Nocillado et al.
2000), no relationship between egg size and embryo and larval development for the
winter flounder Pseudopleuronectes americanus (Butts and Litvak 2007), and no
difference in egg PL, TAG and TL composition between viable and unviable eggs for
Atlantic halibut Hippoglossus hippoglossus (Bruce et al. 1993). In addition, egg quality
can vary within the spawning season for batch spawners (Bachan et al. 2012), and vary
depending on maternal stress caused by social conditions such as crowding
(McCormick 2006). Paternal effects may also influence the quality of fertilized eggs
and subsequent larvae, including larval size, growth and performance (Brooks et al.
1997, Green and McCormick 2005, Butts and Litvak 2007). Further research is required
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to determine the effect that variation in egg morphometry and lipid composition has on
fertilization success, hatching rates, and larval survival for P. leopardus, and on other
potentially important sources of variation in egg quality.

Recruitment success is positively influenced by larval growth and survival (Bergenius
et al. 2002, Fontes et al. 2011). Variation in the egg quality traits that influence larval
growth and survival for P. leopardus, particularly during the critical period between
hatching and the establishment of exogenous feeding, may have significant implications
for recruitment of this species. Fisheries models generally assume that eggs and larvae
produced by females are of equal quality, regardless of the size and age structure of
those populations (Birkeland and Dayton 2005). My study demonstrates that large
female P. leopardus produce higher quality eggs than those spawned by smaller
females. Batch fecundity also increases with female length and weight for P. leopardus
(Chapter 4), as does the proportion of females that are reproductively mature (Chapter
2). Protection of large females is afforded in 33% of the GBR Marine Park (GBRMP)
which is closed to fishing (reserves), where the mean length at female to male sex
change, mean length and weight of female spawners, weight-specific batch fecundity
(central GBR), and overall densities of coral trout, are greater relative to fished reefs
(see Chapters 2 and 4; also Emslie et al. 2015). The combination of direct removal of
large females through fishing, and indirect removal of large females via fishing-induced
female-male sex change at smaller sizes relative to reserve reefs, is likely to have
deleterious consequences for the quality of eggs produced by P. leopardus populations
on reefs open to fishing. The “indirect” removal of females is of particular concern in
tropical fisheries management where protogynous hermaphroditism is prevalent
(Jennings and Kaiser 1998) and exploited species such as P. leopardus are likely to be
120

Maternal size, not age, influences egg quality

particularly susceptible to fishing-induced reductions in egg quality. Reserves in the
GBRMP are, therefore, likely to have positive benefits on the quality and quantity of P.
leopardus eggs produced, which are likely to supplement populations of P. leopardus
on fished reefs (Harrison et al. 2012).
Conclusion
This is the first study to examine the effects of maternal length, weight, age and body
condition on egg size and lipid composition for a commercially important tropical fish
of wild origin. This study is an important addition to the growing body of literature on
the importance of large female fish for population reproductive output in terms of the
quality of eggs produced. My findings support the hypothesis that larger female fish
produce better quality eggs, but not the hypothesis that older females produce better
quality eggs. The reproductive importance of large females has important implications
for the management of coral trout fisheries. Through the selective removal of the largest
individuals, fishing removes, or in the very least diminishes, the reproductive benefits
that larger females can provide for population viability. The effect of female size on egg
quality and the potential implications for early survival and growth of larvae and
recruitment is particularly relevant to exploited species like P. leopardus for which
fishing removes larger and older females from the population.
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CHAPTER 6 Reproductive benefits of marine reserves vary
with region

Chapter 6 will be published as: Carter AB, Davies CR, Emslie M, Mapstone BD,
Russ GR, Tobin AJ and Williams AJ (in prep) Reproductive benefits of marine reserves
vary with region for an exploited coral reef fish.
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Introduction
No-take marine reserves are expected to contribute to population recruitment
disproportionately compared with fished areas because egg production per unit area
(EPUA) should be greater inside reserves, with greater densities of larger and more
fecund females (Roberts and Polunin 1991). Therefore, EPUA calculations are important
in determining potential reserve recruitment subsidies to surrounding fished areas. The
hypothesis that small reserves can produce the equivalent number of eggs as much larger
exploited areas (Roberts and Polunin 1991) is supported by calculations of EPUA being
consistently higher in reserves than fished areas for invertebrates (Babcock et al. 2007,
Díaz et al. 2011), and temperate (Paddack and Estes 2000, Willis et al. 2003) and tropical
fishes (Sluka et al., Evans et al. 2008). There was little empirical evidence for reserve
recruitment subsidies (Sale et al. 2005) until recent work demonstrated that some reserves
contribute more to recruitment in fished areas than do areas open to fishing (Harrison et
al. 2012, Almany et al. 2013).

Reproductive output can be sensitive to the effects of fishing on the size of individuals,
density of populations, batch fecundity, and spawning frequency, as demonstrated in
Chapters 2 and 4, and previous studies (Russ 2002, Díaz et al. 2011). The reproductive
potential of hermaphrodites can be particularly sensitive to fishing because size-selective
mortality can result in sperm- or egg- limited populations and drive compensatory sex
change at smaller sizes or ages (Sadovy 1996, Hawkins and Roberts 2004).

Direct empirical data for EPUA calculations for reserves are difficult to obtain where
destructive sampling is restricted or not allowed. EPUA calculations frequently
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combine size frequency distributions from reserve to fished areas with size-fecundity
relationships estimated only from fished areas (Willis et al. 2003, Denny et al. 2004,
Evans et al. 2008). This approach may confound estimates of EPUA from reserves
because fishing (in open areas) can induce changes in reproductive traits such as Alleetype depensation (Sadovy 2001), reproductive compensation (Koslow et al. 1995),
spawning behaviour (Muñoz et al. 2010), and sex ratios (Hawkins and Roberts 2004).
Such effects would not be expected in reserves, from where samples often are not
available.

Accurate assessments of reserve EPUA require data from multiple reserves at
appropriate spatial and temporal scales. Reproductive characteristics of fishes have
been reported to vary spatially (McIntyre and Hutchings 2003, Kokita 2004, Wakefield
et al. 2013) and temporally (Bernal et al. 2011, Smith et al. 2014), often correlated with
environmental variability or fishing pressure. Spatial variation in reproductive
dynamics, such as sex ratios and reproductive output, is rarely considered in EPUA
calculations, however, making spatial comparisons of EPUA inaccurate where
reproductive traits are not spatially homogenous. Management of fish stocks should
benefit from understanding spatial variation in reproductive biology through regulations
that maximize egg production. Significant spatial variation in reproduction may
undermine fisheries management if reserves created to enhance EPUA are placed where
reproductive output is limited, or where high adult densities represent larval sinks rather
than sources.

In this chapter, I examine spatial variation in effects of reserves on EPUA for
Plectropomus leopardus, using reproductive traits collected from both fished areas and
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reserves spread across 7° of latitude of the Great Barrier Reef (GBR). I incorporate
known spatial variation in sex ratios, maturity schedules, batch fecundity and spawning
frequency of P. leopardus as described in Chapters 2 and 4 of this thesis. Identification
of EPUA hotspots could substantially benefit future spatial management and
conservation of P. leopardus. The objective of this study was to integrate multiple
reproductive datasets from Chapters 2 and 4 with available density and length-structure
data from a long-term monitoring program (2004 – 2013) to determine spatial variation
in EPUA on the GBR, including comparisons between fished and reserve reefs.

Methods
Population structure
Length and density data for P. leopardus were collected annually or biennially 2004–
2013 using UVSs of 93 reefs (Table 6.1) in seven latitudinal sectors within the three
GBR regions (Figure 6.1a) covering 150 000 km2 of the GBR (for a detailed description
see Halford and Thompson 1994). Replicate reserve and fished reefs were surveyed
within three cross-shelf positions (inner-, mid-, and outer-shelf) in the Lizard Island,
Cairns, Townsville and Whitsunday sectors, while only mid-shelf and outer-shelf reefs
were surveyed in Pompey, Swain and Capricorn-Bunker sectors (Figure 6.1b). A
standard habitat was surveyed at each reef: the reef slope at 6 – 9 m depth on the northeast flank. P. leopardus were counted and lengths (TL, cm) estimated along five
permanently marked belt transects (50 x 5 m) parallel to the reef crest in each of three
sites per reef (n = 15 transects per reef). Surveys were completed by trained observers
on SCUBA moving 10 m per minute. Observers regularly calibrated length estimates
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against model coral trout of known lengths. TLs were converted to fork lengths (FL)
using the formula (A.B. Carter, unpublished data):

FL = 8.43 + 0.93 × TL

(1)

Table 6.1 Number of reefs sampled using underwater visual survey within each sector,
2004 – 2013. Regional distribution of sectors also is shown.
Region:

North

Central

South
Sector

Year

Lizard
Island

Cairns

Townsville Whitsunday Pompey

Swain

CapricornBunker

2004

8

10

8

9

0

7

4

2005

8

10

8

9

0

7

4

2006

0

12

12

0

10

14

8

2007

8

10

9

9

0

6

4

2008

0

12

12

0

10

14

8

2009

8

10

9

9

0

7

4

2010

0

12

12

0

10

14

8

2011

8

10

9

9

0

7

4

2012

0

12

12

0

10

14

8

2013

8

10

9

9

0

7

4
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Figure 6.1 (a) Plectropomus leopardus densities and lengths were estimated using
underwater visual survey (UVS) of 93 reefs (circles) in seven sectors along the Great
Barrier Reef, while reproductive parameters were estimated from P. leopardus collected
at four reef clusters (triangles; Lizard Island, Townsville, Mackay, Storm Cay). (b)
UVS were conducted across three continental shelf positions (inner, mid, outer).
Straight lines show boundaries of the Great Barrier Reef Marine Park and three
Management Areas within the park.
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Individual female fecundity
Annual individual female fecundity for P. leopardus was estimated from gonads
collected from four mid-shelf clusters of reefs over 7° latitude (Lizard Island,
Townsville, Mackay, Storm Cay, Figure 6.1a) as part of the Effects of Line Fishing
(ELF) Experiment on the GBR (see Chapter 2.2 and Mapstone et al. 2004). Chapters 2
and 4 provide detailed descriptions of female reproductive parameters including sex
ratio, female maturity, spawning frequency and batch fecundity from ELF Experiment
samples. Reproductive data from the Lizard cluster of the ELF Experiment were
applied to the UVS data from the Lizard Island survey sector. Townsville cluster
reproductive data were applied to Townsville and Cairns sectors where P. leopardus
have similar spawning frequency and batch fecundity (see Chapters 2 and 4 and
Samoilys 2000). Reproductive parameters for the Pompey and Whitsunday UVS sectors
were based on ELF Mackay reefs, and those for the Swain and Capricorn-Bunker
sectors were based on ELF Storm Cay reefs (Figure 6.1, Figure 6.2).

Annual individual fecundity (I, no. oocytes female-1 year-1) by FL, GBR reef sector (S),
and management zone (Z), was calculated from:

I FL ,Z ,S = RFL ,Z ,S × M FL × BZ ,S × FFL ,S

(2)

where R is the sex ratio (proportion of females) by FL, zone, and sector (Figure 6.2a –
b; Chapter 2.3);
M is the proportion of mature females (vitellogenic oocytes in ovary) by FL (Figure
6.2c; Chapter 2.3);
128

Reproductive benefits of marine reserves vary with region

B is the annual number of batches spawned by mature females by zone and sector
(=spawning season duration / spawning frequency), which does not vary with length
(Table 6.2; Chapter 2.3); and
F is batch fecundity by FL and sector (Figure 6.2d; Chapter 4.3).

Individuals undergoing sex change and bisexuals accounted for <0.5% of populations
and were excluded from sex ratio analyses. In Chapter 2.3, I reported that no spawning
occurred on Mackay fished reefs over four years but in Chapter 4.3 several females
(~1% of sample) were recorded on these reefs with hydrated ovaries, indicating
imminent spawning. Spawning frequency was therefore set as the inverse of 0.01,
indicating spawning every 100 days or 1.22 times per season. Spawning season duration
was 122 days per year (September – December) based on previous data from the Cairns
sector (Samoilys 2000) and assumed to be uniform along the GBR and over female
length (reviewed in Chapter 2).

Negative values of F were calculated for 24 females (269–287 mm FL) from the central
GBR because the intercept of the FL-F relationship in that region was <0. F for these
females was estimated by scaling F to length using the first positive batch fecundity
value (7431 oocytes batch-1) for a 296 mm FL female.
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Figure 6.2 Relationships (+95% confidence intervals) between Plectropomus
leopardus fork length (mm) and sex ratio (proportion male) on (a) reserve reefs and
(b) fished reefs; (c) proportion of sexually mature females (vitellogenic ovaries); and
(d) batch fecundity in the northern, central and southern (Mackay and Storm Cay)
Great Barrier Reef. Source: Figure 2.3, Figure 2.5 and Figure 4.2.
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Table 6.2 Spawning frequency (days) and number of batches spawned per four month
spawning season for P. leopardus from fished and reserve reefs at Lizard Island
(northern GBR), Townsville (central GBR), and Mackay and Storm Cay (southern
GBR) (see Chapter 2.3 for more details).
Fished

Reserve

Spawning

Batches per

Spawning

Batches per

frequency

season

frequency

season

Lizard Island

3.2

38.4

12.0

10.1

Townsville

5.3

22.9

2.3

52.0

Mackay

na.

na.

83.2

1.5

Storm Cay

17.2

7.1

28.8

4.2
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Egg production 250 m-2
EPUA (250 m-2) was calculated for each transect (T) and year (Y) as:

EPT ,Y = ∑ I FL, Z , S × N FL,T ,Y

(3)

T ,Y

where N is the count of P. leopardus by FL per transect per year, and IFL,Z,S is from
equation 2.
Females smaller than 263 mm FL are not reproductively mature (A. B. Carter, unpub.
data) and were excluded from EPUA calculations.
Data analysis
The response (EPUA) and explanatory variables density (D, 250 m-2), I, FL and R were
averaged across 15 transects per reef in each year before analysis. Reef means were
analysed because reefs are the ‘experimental units’ (and effective replicates) for the
treatment effects of zoning (open or closed to fishing) and transects were stratified
subsamples collected to account for the patchy distribution of P. leopardus within reefs.
Using reef means also reduced zero-inflation inherent in the P. leopardus density data,
with zero counts reduced from 60% of transects to 14% and 2% of reefs in the northcentral and southern GBR datasets respectively.

Statistical analyses were done with R v.3.1.1 (R Core Team 2014). The north-central
and southern GBR were analysed as separate models because one model fitted to the
entire data set was unstable. The continuous covariates FL, D, I, R, and Y were tested
for collinearity using variance inflation factors (VIFs) with the car package (Fox and
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Weisberg 2011) prior to fitting models. FL and R always were collinear so R was
removed and VIFs recalculated. The VIFs of FL, D, I, and Y were <2, indicating
collinearity was within reasonable limits and unlikely to inflate standard errors of model
parameter estimates (Zuur et al. 2009). Generalized additive mixed models (GAMM)
were used to examine the effects of management zone (Z), sector (S), shelf position (P),
FL, D, I, and Y on EPUA for the north-central and southern GBR regions using the
mgcv package (Wood 2014). Separate global models for the north-central and southern
regions were run initially to determine optimal models for final analysis. FL, D, I, and Y
were modelled with smoothing splines in the global models after preliminary analysis
indicated potential nonlinear effects on EPUA:

sqrt ( EP) = s ( FL) + s ( D) + s ( I ) + s (Y ) + Z * S + P + β reef + ε

(4)

where βreef is the random effect of reef, and ε is the random error term comprised of
inter-annual variation within reefs. The error parts of the models were initially
separated into a random component described by Gaussian temporally autocorrelated
errors using cor AR1, and a normally distributed error term (Zuur et al. 2014).
Including within-years autocorrelation did not improve the southern region model,
however, and was excluded from the final model. Zone was included as a variance
covariate in both models which improved model fit judged by Akaike’s Information
Criterion (AIC). Neither of the best-fit models included year effects.

Sub-sets of each global model were generated using the dredge function in the MuMIn
package (Barton 2013) to find the most parsimonious model. The inferred best-fit
model was the simplest model within two points of the lowest AIC corrected for small
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sample sizes (AICc) (Burnham and Anderson 2002). Residual and q-q plots of
normalised residuals of the best-fit models were inspected for heteroscedasticity and
non-normality. EPUA was square-root transformed to correct for heterogeneity. The
best-fit models were used to predict expected EPUA on reefs surveyed in the northcentral and southern GBR.
Mapping
Reef means of FL, D, I, R and predicted values of EPUA from the best-fit GAMMs
were used to estimate these variables for all reefs within the GBRMP south of the Far
Northern Management Area (since Far Northern reefs were not surveyed; see Figure 6.1
for Management Area boundaries). Estimates were made using an inverse distance
weighting (IDW) interpolation in ArcGIS 10.1, which assumes that each point (reef) is
more influenced by nearby points than by those farther away (Lo and Yeung 2002,
Chang 2006). Separate interpolations were made for fished and reserve reefs to avoid
neighboring reefs with different zoning influencing each interpolation. These IDW
interpolations applied only to the P. leopardus standard habitat surveyed during the
UVSs (aka reefs) within the GBRMP and not to the inter-reef areas. The likelihood that
UVS provide under-estimates of absolute abundance (because some individuals will not
be available to observers during counts) means that these analyses provide estimates of
patterns in relative egg production rather than absolute estimates of production. R
interpolations are presented because R was excluded from GAMM analyses due to
collinearity with FL, making R potentially interchangeable with FL in each model.
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Results
EPUA varied considerably among sectors of the GBR, with greatest production on
Cairns and Townsville reserve reefs (781 600 + 122 600 and 804 000 + 157 100
oocytes 250 m-2 year-1 respectively; Figure 6.3a). EPUA was lower on southern reefs
than on northern and central reefs (Whitsunday sector: 7 000 + 1 800 oocytes 250 m-2
year-1, Swain sector: 49 000 + 6 000 oocytes 250 m-2 year-1; Figure 6.4a). Management
zoning significantly affected EPUA in the southern GBR, and interacted with sector in
the northern and central GBR (Table 6.3, Table 6.4). EPUA was 178% and 182%
greater on reserve reefs than fished reefs in the Cairns and Townsville sectors
respectively, and 16% greater on reserve reefs in the southern GBR (Figure 6.3a).
EPUA was 88% greater on fished reefs than on reserve reefs, however, in the northern
GBR (Figure 6.3a).

P. leopardus density was greatest on southern GBR reefs, lowest on central region
reefs, and intermediate on northern reefs (Figure 6.3c). Densities were greater on
reserve reefs than on fished reefs in every sector, with densities 120% greater on
reserve reefs than on fished reefs across the southern region and 33%, 16% and 5%
greater on reserve reefs than on fished reefs in the Lizard Island, Cairns, and Townsville
sectors respectively (Figure 6.3c).
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Figure 6.3 Mean + standard error (SE) of Plectropomus leopardus (a) estimated egg
production 250 m-2; (b) individual fecundity (oocytes female-1 year-1); (c) density
(individuals 250 m-2); (d) proportion female and (e) fork length (mm) on fished and
reserve reefs in the northern, central and southern Great Barrier Reef.
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Figure 6.4 Mean + standard error (SE) of Plectropomus leopardus estimated egg
production 250 m-2; (b) individual fecundity (oocytes female-1 year-1); (c) density
(individuals 250 m-2); (d) proportion female and (e) fork length (mm) on reefs from
the Whitsunday, Pompey, Swain and Capricorn-Bunker sectors (first column) and
inner, mid and outer shelf reefs (second column) in the southern Great Barrier Reef.
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Table 6.3 Summary of final generalized additive mixed models (GAMMs) examining
the categorical covariates management zone (Z), sector (S) and shelf position (P) and
the continuous covariates density (D; individuals 250 m-2), individual fecundity (I;
oocytes female-1 year-1), fork length (FL, mm), and year (Y) on reef means of
Plectropomus leopardus egg production 250 m-2 (EPUA). GAMMs were fitted
separately to data from the north-central and southern regions.
Model

AICc

∆AICc

w

Adj. R2

2570.5

0.00

0.59

0.94

2153.2

0.00

0.50

0.96

North-central region
Sqrt(EP) = s(FL) + s(D) + s(I) + Z *S + βreef + ε
Southern region
Sqrt(EP) = s(FL) + s(D) + s(I) + Z + S + P + βreef + ε

Note: βreef is the random effect of reef, and ε is the error term; AICc is the small-sample biascorrected form of Akaike’s information criterion; ∆ is the Akaike difference; w is the Akaike
weight; Adj. R2 is adjusted coefficient of determination.
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Table 6.4 Overall fit of selected best models of Plectropomus leopardus egg production
per unit area (250 m-2) from the north-central and southern GBR, including degrees of
freedom (df), F-statistic and p-values. Categorical covariates are management zone (Z),
sector (S) and shelf position (P). Smooth terms are fork length (FL, mm), density (D;
individuals 250 m-2), and individual female fecundity (I; oocytes female-1 year-1).
North-central region
Parametric terms
Smooth terms
Southern region
Parametric terms
Smooth terms

Z
S
Z*S
s(FL)
s(D)
s(I)
Z
S
P
s(FL)
s(D)
s(I)

df
1
2
2
3.53
5.71
1.00
df
1
3
2
7.27
5.11
1.98

F
1.65
0.12
7.26
21.27
473.33
93.54
F
7.86
16.28
6.26
293.80
5.33
69.01

Note: Degrees of freedom for smooth terms are estimated df.
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p-value
2.00 x 10-1
8.80 x 10-1
< 1.00 x 10-3
2.18 x 10-13
< 2.00 x 10-16
< 2.00 x 10-16
p-value
< 1.00 x 10-2
< 1.37 x 10-9
< 1.00 x 10-2
< 2.00 x 10-16
< 1.00 x 10-2
< 2.00 x 10-16
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Individual fecundity was greatest on reserve reefs in the central GBR (>1.7 million
oocytes female-1 year-1, Figure 6.3b), intermediate on fished reefs in the central GBR
and fished and reserve reefs in the northern GBR (300 000 – 1 million oocytes female-1
year-1, Figure 6.3b), and lowest on Whitsunday and Pompey sector reefs (~9 000
oocytes female-1 year-1) and Capricorn-Bunker and Swain reefs (30 000 – 40 000
oocytes female-1 year-1, Figure 6.4b). Differences in individual fecundity among regions
or sectors were driven primarily by regional variation in batch fecundity and spawning
frequency. Batch fecundity increased at significantly steeper rates with FL in the central
and northern regions than in the southern GBR, where FL had a negligible effect
(Figure 6.3d). Females spawned significantly more frequently in the central GBR
compared with the north (Table 6.2). Mean individual fecundity was ~150% greater on
reserve reefs than fished reefs in the central GBR, but 218% and 70% greater on fished
reefs than NTMR reefs in the northern and southern GBR respectively (Figure 6.3b).
These patterns were driven by greater spawning frequency and larger mean fork length
of P. leopardus on northern fished reefs compared with reserve reefs (Figure 6.3e;
Table 6.2) and a weak length-batch fecundity relationship and greater spawning
frequency on fished reefs compared with reserves in the southern region (Figure 6.2d;
Table 6.2).

There was a general inverse relationship between mean fork length and mean
proportion females on fished and reserve reefs within a region (Figure 6.3d, e). The
proportion of females decreased as latitude increased along the GBR (Figure 6.3d), with
southern GBR reefs male-biased, particularly in the southernmost Capricorn-Bunker
sector where the proportion of females was just 0.20 + 0.01 (Figure 6.4d).
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Shelf position was a significant predictor of EPUA in the southern GBR (Table 6.3,
Table 6.4), with EPUA on mid shelf reefs (39 500 + 3 500 oocytes year-1) 68% and
1015% greater than on outer shelf and inner shelf reefs respectively (Figure 6.4a).
Greater EPUA on mid shelf reefs was driven by two and five times higher densities of
P. leopardus relative to inner shelf and outer shelf reefs (Figure 6.4c), and three times
greater individual fecundity relative to inner shelf reefs (Figure 6.4b). EPUA did not
vary with shelf position in the northern or central regions.

Density, individual fecundity and fork length all were significant terms in the northcentral and southern GAMMs (Table 6.3, Table 6.4). Density of P. leopardus per reef
had a significant, positive effect on reef EPUA within each GBR region, particularly in
the northern and central regions (Figure 6.5), despite the qualitatively inverse
relationship across regions between EPUA and regionally averaged density (Figure
6.3a, c). Greater densities of P. leopardus on northern reserve reefs did not equate to
greater mean EPUA because individual fecundity and mean fork length were lower on
reserve reefs than fished reefs in that region (Figure 6.3). Individual fecundity also had
a significant and positive effect on EPUA in each GBR region (Figure 6.5). Fork length
had a positive effect on EPUA until fish reached ~400 mm FL after which EPUA
peaked and became asymptotic (northern and central GBR) or decreased slightly
(southern GBR) (Figure 6.5), most likely due to female-male sex change beyond this
size.

Interpolation of EPUA and its predictors across the southern two-thirds of the GBRMP
showed conspicuous spatial patterns in EPUA and reproductive and population
characteristics of P. leopardus (Figure 6.6). Distinction between high EPUA on reserve
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reefs and lower EPUA on fished reefs in the Cairns and Townsville sectors likely
reflected fishing-related reductions in population density, size of individuals, and
individual fecundity in these regions with greater fishing pressure (Figure 6.6). The
absence of similar patterns in EPUA in the southern GBR, despite similar patterns
between fished and reserve reefs in population density and FL, are likely caused by the
very low individual fecundity and low proportion of females in the southern region,
irrespective of exposure to or protection from fishing (Figure 6.6).
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(mm), and individual fecundity (oocytes female-1 year-1) of Plectropomus leopardus from (a-c) north-central and (df) southern Great Barrier Reef (GBR) regions. Non-linear trends are the fit of a Gaussian generalized additive mixed
model (GAMM) with EPUA as response. Grey areas are 95% confidence intervals and black dots are residuals. xaxis and y-axis scales vary between GBR regions.
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Figure 6.5 Predicted egg production 250 m-2 (EPUA) with changes in density (individuals 250 m-2), fork length
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Figure 6.6 Estimated mean egg production 250 m-2 (EPUA), density (individuals 250m2

), individual fecundity (oocytes female-1 year-1), proportion female, and fork length

(mm) of Plectropomus leopardus on fished and reserve reefs within the Great Barrier
Reef Marine Park (GBRMP). Estimated EPUA values are based on the fit of two
Gaussian generalized additive mixed models (north-central and southern GBR), with
EPUA as response. Black lines show boundaries of three Management Areas within the
GBRMP.
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Discussion
Reserves introduced to bolster fisheries productivity via recruitment subsidy are best placed
where they will provide greatest net-recruitment to fished areas. EPUA is a key measure of
potential reproductive output. This study highlights the extent to which EPUA can vary at
both small and large spatial scales. This study demonstrates that EPUA should not be
assumed to follow theoretical predictions based on proxies such as population density or
adult size. For example, EPUA in the southern GBR was at least one order of magnitude
lower than in the central and northern GBR, despite the southern GBR having 2 – 4 times
the densities of P. leopardus as other regions. Importantly, these results are unlikely to be
an artefact of temporal variation in reproductive output due to the extended period of the
study (10 years). These results raise important questions regarding a key assumption of the
role of reserves – that greater densities of larger individuals will lead to greater EPUA.
Rather than using theoretical estimations, egg production needs to be quantified before site
selection of reserves occurs if larval subsidy is to be an expected benefit.
Regional and cross-shelf variation in EPUA
Regional variation in life history of P. leopardus is unlikely due to genetic variability (van
Herwerden et al. 2009). Environmental factors are, therefore, likely driving spatial variation
in reproductive characteristics of P. leopardus. As discussed in Chapters 2 and 4, spatial
variation in fish reproduction often is correlated with variation in environmental conditions
(e.g. water temperature, food availability) or fishing pressure (Kokita 2004, Dimmlich et al.
2009, Collins and McBride 2014). Lower water temperatures on the southern GBR
compared to the central and northern GBR may be approaching reproductive limits for P.
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leopardus that cause reduced spawning frequency and batch fecundity, and increased male
bias (see more detailed discussions in Chapters 2 and 4).

Spatial variation in EPUA among shelf positions also was evident in the southern GBR,
with lower EPUA on inner shelf reefs driven by lower density and reduced individual
fecundity relative to mid and outer shelf reefs. This cross-shelf variation in EPUA
should be treated with some caution, however, as (a) inner-shelf density data in the
southern GBR were collected only from the Whitsunday sector, (b) reproductive data
were gathered from mid-shelf reefs, and (c) I assumed the relationship between size,
density, and reproductive parameters were constant across shelf locations. Future
studies would benefit from sampling that provided reproductive data from all shelf
positions.
Reserves and EPUA
The largest effect of reserves on the reproductive output of P. leopardus occurred in the
central GBR. A central paradigm of reserve theory is that preservation of “Big Old Fat
Fecund Females” (BOFFFs) will lead to greater egg production from reserves and
recruitment subsidy to surrounding fished areas (Hixon et al. 2014). Near-doubling of
EPUA on central GBR reserve reefs was driven largely by greater individual fecundity
of females in reserves than in fished reefs (Figure 6.3b). Reserve reefs had larger
individuals (Figure 6.3e) that spawned more frequently (Table 6.2) and changed sex to
male at a larger size on reserve reefs than on fished reefs (Figure 6.2a, b). This result is
consistent with theory about the existence of BOFFFs in reserves. Similar effects of
reduced fishing on individual fecundity were reported for the tropical protogynous
hogfish Lachnolaimus maximus in the Gulf of Mexico, where females from lightly
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fished offshore areas were larger, more fecund, and had a longer spawning season than
females from inshore areas with greater fishing pressure (Collins and McBride 2014).

The results from the southern GBR illustrate that variation in protogynous dynamics,
particularly early sex change, can change the prevalence or effects of BOFFFs, EPUA,
and potential recruitment subsidy. Reserve EPUA was just 16% greater than on fished
reefs despite densities of P. leopardus being 120% greater on reserves. Conditions in
the southern GBR apparently are not conducive to the existence of BOFFFs,
irrespective of zoning status, as the overall proportion of females is low, they spawn
infrequently, and batch fecundity increases negligibly with length. Male-bias and
presence of females only in smaller size classes in southern reefs, meant a relatively
large proportion of females did not contribute at all to egg production. These patterns
likely were driven by a combination of environmental conditions and fishing pressure
that caused sex change at smaller sizes on fished reefs (Figure 6.2a, b). Sex change
mediated by environment and fishing pressure also was reported for the tropical
protogynous hogfish, where sex change occurred earlier and at smaller sizes when
either males were removed through fishing or the conspecific density was high (Collins
and McBride 2011).

Reserves consistently demonstrate increases in density, biomass and body size of target
organisms relative to fished areas (Lester et al. 2009, Molloy et al. 2009, Edgar et al.
2014) and predictions of recruitment subsidy from reserves is reiterated often (Graham
et al. 2011). Implications of protogyny on BOFFF theory have received limited
attention, with reviews often focussing predominately on temperate gonochore species
(Hixon et al. 2014). Recent modeling, however, suggests recruitment subsidy from
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reserves may be limited for protogynous species relative to gonochores as large females
are “lost” through sex change (Chan et al. 2012). Sex change should be given particular
consideration in managing protogynous species because older, larger and potentially
more fecund females are “removed” by both direct mortality of large females through
fishing and fishing-induced earlier sex change following removals of large males
(Hawkins and Roberts 2004, Hamilton et al. 2007, Götz et al. 2008). These “removals”
may depress female fecundity to very low levels (Sadovy 1996, Jennings and Kaiser
1998). The characteristics of southern GBR P. leopardus indicate the BOFFF paradigm
should not be assumed automatically for targeted protogynous species. The reserves in
the southern GBR would be erroneously considered significant sources of reproductive
output if size and density alone were considered.

It is unlikely that reproductive characteristics resulting in diminished EPUA in the
southern GBR were artefacts of some unintentional region-specific sampling bias for
several reasons: (1) Post-settlement movement between reefs for P. leopardus is rare
(Davies 2000, Matley et al. 2015), and within-reef movement to and from spawning
aggregations also is limited (Zeller 1998, Zeller and Russ 1998, Davies 2000); (2)
sampling avoided the new moon period when spawning aggregations were most likely
to bias sampling (Mapstone et al. 2004); (3) new moon spawning aggregations do occur
but at multiple sites on a reef (Samoilys and Squire 1994); and (4) sampling was highly
structured around each reef and across the depth range of P. leopardus habitat. Further,
although the spawning season for P. leopardus varies regionally, from approximately
September to December in the central and northern GBR (Brown et al. 1994, Ferreira
1995, Russ et al. 1995, Samoilys 2000, Frisch et al. 2007), and October to February in
the southern GBR (Goeden 1978, Brown et al. 1994), spawning consistently peaks in
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October – November regardless of region (Goeden 1978, Brown et al. 1994, Ferreira
1995, Samoilys 2000) when southern reefs were sampled.

Larger and more fecund females with frequent spawning were found on northern fished
reefs compared to reserves. Increased individual fecundity in fished areas often is
attributed to fishing-induced reproductive compensation, where individual fecundity
increases due to reduced competition for space and food (Koslow et al. 1995, Fudge and
Rose 2008). This pattern was evident only in the northern GBR, where fishing pressure
is lower than in other regions (Mapstone et al. 2004, Tobin et al. 2013) and where
reserve zoning had no measurable effect on overall mean size, age, and density of P.
leopardus when reproductive samples were collected (Mapstone et al. 2004).
Reproductive compensation due to fishing does not, therefore, seem a plausible
explanation for increased individual fecundity on fished reefs and it remains unclear
why individual fecundity differed between zones in that region.
Management and monitoring implications
Effective fisheries management benefits from knowledge of the reproductive potential
of targeted populations at relevant spatial and temporal scales. The location and relative
importance of areas with high reproductive potential is critical information when
reproductive potential is non-uniform across the range of a population. Protecting
regional hotspots of reproductive potential of sedentary species with disproportionate
EPUA is analogous to protecting spawning aggregation sites of transient species.
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Significant spatial variation in EPUA has important management implications for P.
leopardus on the GBR. The first GBR stock assessment of P. leopardus was completed
recently without incorporating region-specific biological relationships despite the
authors acknowledging known regional variation in life history traits (Leigh et al.
2014). Incorporating such spatial differences at regional, cross-shelf and management
(reserves and fished reefs) scales will add complexity to the “single biological stock”
approach used by Leigh et al. (2014). However, future development of assessment
models for P. leopardus is likely to benefit from explicit consideration of spatial
patterns in EPUA within the stock. Such structural improvements in assessment models
are likely to provide more reliable estimates of potential yields, and ultimately provide
the foundation for more robust management decisions.

This study is unique in comparing EPUA using reproductive data from outside and
within reserves across a broad geographic area. The region-specific zoning effects on
spawning frequency and size at sex change highlight the importance of incorporating
such data into EPUA calculations, rather than assuming homogeneity between fished
and protected populations. Individual fecundity and EPUA would have been
underestimated significantly in reserves were calculations based only on reproductive
parameters estimated for fished reefs.

The combination of high densities and diminished EPUA on southern GBR reefs suggests
that this region may be a larval sink benefiting from recruitment subsidies from reefs
further to the north. As discussed in Chapters 2 and 4, larval dispersal modelling in the
central GBR indicates larval export from a northern source to southern sink reefs driven
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largely by the East Australia Current (EAC) on a scale of tens to hundreds of kilometres
(James et al. 2002, Bode et al. 2006). The four week duration of pelagic larvae of P.
leopardus (Doherty et al. 1994) would allow for extensive dispersal. Future parentage
analysis (see Harrison et al. 2012, Almany et al. 2013) might provide estimates of the
extent of P. leopardus larval dispersal and determine whether central GBR reefs are an
important source of recruitment subsidy for southern reefs. Recruitment subsidy from
southern GBR reserves is unlikely to be realized in that region if southern reefs are indeed
larval sinks with recruits supplied predominantly from more northern reefs.
Conclusion
Spatial variation in P. leopardus individual fecundity, density, sex ratios and length among
regions, and management zones within a region, demonstrates the importance of spatial
variation in population dynamics and for siting of reserves based on reproductive output.
Conditions on central GBR reefs support high reproductive potential of P. leopardus
females, particularly in the absence of fishing. Greater individual fecundity on central GBR
reserves may have important implications for recruitment subsidy both within and among
regions. There was little evidence of potential subsidies from reserves to fished reefs within
other regions of the GBR. Further research is required to determine the importance of the
central GBR in replenishment of southern reefs. This study highlights the need to
understand the reproductive responses of target species to fishing at appropriate spatial
scales if reserves are to be a useful recruitment subsidy tool.
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General discussion
No-take marine reserves are popular worldwide as a means to conserve biodiversity and
manage fisheries (Russ 2002, Sale et al. 2005, Edgar et al. 2014). Reserves are expected
to be net exporters of recruits because egg production is particularly sensitive to the
removal through fishing of Big Old Fat Fecund Females (BOFFFs) (Birkeland and
Dayton 2005, Hixon et al. 2014). BOFFFs are expected to contribute disproportionately to
population reproductive output by producing more eggs (Hixon et al. 2014) and better
quality eggs (Berkeley et al. 2004a, Green 2008) relative to smaller and younger
conspecifics. However, the majority of studies in this field have focused on temperate,
gonochoristic (non-sex changing) fishes (Wiegand 1996, Green 2008, Venturelli et al.
2009, Hixon et al. 2014), and used reproductive data collected only from fished areas
(Willis et al. 2003, Denny et al. 2004, Evans et al. 2008). The applicability of BOFFF
theory to tropical fisheries management may be limited in tropical seas where protogyny
is common (Chan et al. 2012). Reserves should also be assessed at appropriate spatial
scales (Graham et al. 2011, Smith et al. 2014) as spatial variation in fish reproduction is
often correlated with environmental conditions or fishing pressure (McIntyre and
Hutchings 2003, Kokita 2004, Wakefield et al. 2013).

The goal of this thesis was to contribute key information on the reproductive biology of
Plectropomus leopardus required to effectively manage the fishery at the Great Barrier
Reef Marine Park (GBRMP) scale. To achieve this goal I (1) examined relationships
between maternal traits of P. leopardus and egg quantity and quality; (2) compared
relationships between maternal traits with egg quantity at a broad spatial scale that
incorporated fished and reserve reefs among the northern, central and southern GBR;
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and (3) quantified the extent of spatial variation in P. leopardus’ egg production per
unit area (EPUA) along the GBR.

Thesis outcomes
Objective 1: Quantify the effects of size and age on sex ratios and female sexual
maturity of P. leopardus among regions, and between management zones on the
GBR.
In Chapter 2, I demonstrated that sex ratios were more male-biased on southern GBR
reefs than central and northern reefs across all lengths and ages. Fishing had a
measurable effect on the length at sex change, with female-male transition occurring at
consistently smaller lengths on fished reefs than reserve reefs. The difference varied
among regions, however, and was most pronounced on central GBR reefs where 50%
sex change occurred at ~50 mm shorter, and 3 years younger, on fished than on reserve
reefs. The proportion of vitellogenic females increased with length and age but this
relationship did not differ between management zones or among regions.

Objective 2: Quantify the effects of maternal size and age on the quantity of eggs
produced by P. leopardus (spawning frequency, batch fecundity) between
management zones and among regions on the GBR.
Results presented in Chapters 2 and 4 demonstrated variable maternal effects on egg
production. Length had no effect on spawning frequency. Length, weight, and age had
positive effects on batch fecundity of spawners from northern and central reefs but
negligible effects on spawners from southern reefs. Mature females in the southern
GBR spawned as infrequently as once every 2 – 3 months during the spawning season,
compared with every 2 – 3 days on central GBR reserve reefs and northern GBR fished
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reefs. Zoning influenced spawning frequency depending on which region the reserve
was placed. Southern GBR females also were least fecund for a given length, weight
and age. The effects of length and age on batch fecundity did not differ significantly
between management zones in any region, but weight-specific fecundity was 100%
greater for large (2 kg or greater) females on reserve reefs compared with fished reefs in
the central GBR.

Objective 3: Quantify the maternal effects of size, age and body condition on
indicators of egg quality for P. leopardus.
Chapter 5 detailed relationships between maternal traits (length, weight, age, and
hepatosomatic index) and indicators of egg quality (egg size, oil droplet size, total lipid
content and lipid classes) for P. leopardus in the central GBR. Egg size and oil droplet
size increased positively with maternal weight, and egg size increased positively with
maternal length. The proportion of long-term storage lipid wax esters also increased
with maternal length and weight. Maternal age had no effect, and body condition had a
very limited effect, on the egg quality indicators examined.

Objective 4: Estimate and compare EPUA of P. leopardus among regions and
between management zones on the GBR
Egg production was greatest on reserve reefs in the central GBR (780 000 – 800 000
oocytes 250 m-2 year-1) and lowest on southern GBR reefs (28 000 – 32 000 oocytes
250 m-2 year-1). EPUA was ~180% and 16% times higher on reserve reefs than on
fished reefs in the central GBR and southern GBR respectively. Individual fecundity
positively affected EPUA. Reef-specific population density positively affected EPUA
within each region, particularly in the northern and central regions. Fork length
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positively affected EPUA until ~400 mm FL, after which EPUA became asymptotic or
decreased slightly. Male-biased sex ratios and low individual fecundity limited the
prospective reproductive benefits expected from higher population densities or larger
fish in southern GBR reserves.

Implications of main findings
Reserve theory suggests that the relative benefit of reserves for population conservation
and fisheries yield is likely to be greatest when areas outside reserves are heavily fished
(Beverton and Holt 1957, Gerber et al. 2003, Buxton et al. 2014). Greater EPUA inside
reserves relative to fished areas requires the presence of BOFFFs, greater densities of
target species, or both. In the central GBR, the near-doubling of EPUA on reserve than
on fished reefs was driven largely by BOFFFs in reserves in the central GBR and other
GBR regions. The northern GBR receives relatively less fishing pressure than central
and southern reefs (Mapstone et al. 2004, Tobin et al. 2013), and reserve zoning had no
measurable effect on mean size, age, and density of P. leopardus in the north during the
period when samples were collected (Mapstone et al. 2004). It was not surprising that
northern reserve reefs did not demonstrate any potential for recruitment subsidy to
fished reefs, although this is likely to change if commercial fishing pressure shifts
northward.

The most surprising finding in this thesis was the greatly diminished egg production on
southern GBR reefs, despite southern reefs, and particularly reserve reefs, containing
two to four times greater densities of P. leopardus than in the central and northern
GBR. Diminished egg production in the southern GBR was influenced by almost every
reproductive parameter quantified – sex ratios were heavily male-biased, spawning was
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infrequent, batch fecundity was relatively small, and maternal size and age had a
negligible effect on batch fecundity. In short, the southern GBR lacked BOFFFs. These
findings provide a dramatic example of the effects protogynous hermaphroditism,
particularly early female-male sex change, can have on the prevalence of BOFFFs and
on potential recruitment subsidy.

As the first study to examine spatial variation in egg production for a protogynous
hermaphrodite across a broad geographic area, using fish collected within and outside
of reserves, this thesis provides a model for future research on the effectiveness of
reserves for target species whose distribution spans broad geographic scales. As
discussed in Chapter 2, the theory of reserve design suggests that when information on
larval connectivity and important larval sources is unavailable, reserves are best placed
where there is an abundance of target species (Botsford et al. 2003, Bode et al. 2012).
Without the reproductive data gathered during this thesis the logical endpoint of this
theory is that reserves would be best placed in the southern GBR where the P.
leopardus fishery is concentrated, abundance is greatest and, presumably, so too is
reproductive output. Male-bias and diminished individual fecundity on southern GBR
reefs suggests that applying biomass as a recruitment subsidy surrogate to measure the
benefits of reserves for P. leopardus is flawed.

This thesis highlights the importance of examining the interplay between protogyny and
BOFFFs at appropriate spatial scales, when a management goal is to maximize
reproductive output. The stated purpose of GBRMP zoning is conservation and multiple
use (Fernandes et al. 2005) and not explicitly for fisheries management. This is despite
zones being defined primarily on what extractive activities are allowed and prohibited
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(Figure 1.2). A shift in management focus from conservation of bioregions to fisheries
management for the GBRMP is unlikely for both ideological and jurisdictional reasons.
If, however, the management focus did shift to fisheries in the future, the spatial
positioning of the current reserve network should be reviewed. For example, to manage
against the risk of recruitment overfishing of coral trout, reserves placed in the central
GBR would maximize the reproductive output of P. leopardus.

In Chapters 2, 4 and 6, I hypothesized that central GBR reserves may play an important
role in recruitment subsidy at a regional scale (north-to-south recruitment subsidy) as
well as at the local scale (reserve-to-fished reef recruitment subsidy). This hypothesis
offers a potential explanation for high densities of adult P. leopardus on southern GBR
reefs, where populations are characteristically male-biased and have reduced individual
fecundity. The importance of considering empirically measured larval dispersal and
connectivity in the design and function of reserves is increasingly recognized (Almany
et al. 2009, Jones et al. 2009, McCook et al. 2009, Gaines et al. 2010, Kininmonth et al.
2011, Bode et al. 2012, Harrison et al. 2012, Almany et al. 2013, Green et al. 2014).
The potential role of the central GBR in recruitment subsidy at a regional scale in
particular requires further investigation.

A major objective of fisheries management is the prevention of recruitment overfishing
by maintaining spawning stock biomass (Myers et al. 1994). The range of management
tools applied to the coral trout fishery across zones of the GBRMP open to fishing
contribute to achieving this objective and include protection of potential spawners and
limits on catch and effort. A combination of tools to release fishing pressure is likely to
remain the most appropriate approach to manage this species given the spatial
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heterogeneity in fishing pressure and biology of the stock. These tools include allowing
females to spawn at least once before entering the fishery through a minimum retention
size limit of 380 mm TL (~360 mm FL), protecting spawning females during two 5-day
closures to all fishing in peak P. leopardus spawning times around new moons in the
Austral spring, limiting the number of coral trout that can be taken via bag limits for
recreational and charter fishers, limited commercial entry to the fishery, and Individual
Transferrable Quotas (ITQs) operating under a Total Allowable Commercial Catch
(TACC) (Leigh et al. 2014). Significant regional variation in reproductive traits
identified in this thesis raises important questions, however, regarding the
appropriateness of managing this species as a single stock on the GBR.

Any future re-evaluation of fisheries management within the GBRMP zones open to
fishing will need to occur within the framework of a multi-species Management
Strategy Evaluation (MSE) that identifies the trade-offs in different management
options for target and non-target species. The principles of ecosystem-based fishery
management (EBFM) should also be applied that consider, for example, biological
responses of P. leopardus to spatial variation in environmental and ecological
conditions such as habitat, predators, and prey of the target species (Pikitch et al 2004).
Region-specific management strategies for the P. leopardus fishery would require
periodic re-evaluation as part of an adaptive management cycle. This is particularly
important because habitat quality can change over time and commercial fishers are
potentially highly mobile. This mobility was demonstrated recently when fishing effort
shifted to the north due to decreased catch rates of P. leopardus in the southern GBR
following Tropical Cyclone Hamish in 2009 (Tobin et al. 2010). If the hypothesis is
correct that the central GBR is a source of recruits for southern reefs, any increase in
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fishing effort in the central GBR that removes BOFFFs, either directly through fishing
or indirectly through fishing-induced early sex change, may have deleterious
consequences on recruitment to, and sustainability of, the southern fishery. If
commercial fishing pressure shifts from the southern GBR, future MSEs should
consider region-specific TACC and protection of BOFFFs. For example, in the central
GBR an upper limit on TACC, a reduction in recreational and charter bag limits, an
extension of the duration of the spawning season closure, and the introduction of an
upper retention size limit (e.g. >450 mm FL) would protect P. leopardus BOFFFs in the
region where they are most productive. This could be extended to the northern GBR if
fishing pressure increases to the extent that reserves begin to provide measurable
reproductive benefit in that region. Alternately, for the southern GBR where
reproductive output is limited, the need for temporal spawning closures and stringent
size limits could be reviewed.

Evaluation of the ELF Experiment reproductive data and future
research directions
Assessing the effect of reserves and fishing on the reproductive dynamics of target
species presents challenges due to the destructive sampling of large numbers of fish
required within reserves. This makes the large samples of fish collected during the
Effects of Line Fishing (ELF) Experiment that were used in Chapters 2, 4 and 6 of this
thesis so valuable. The analysis for Chapter 2 utilized nearly 6 000 fish collected over
four years, more than half of which were caught within no-take reserves. For such an
ambitious research program to become a reality required a serendipitous mix of political
will, long-term (10 years) financial commitment, scientific expertise, and support from
the fishing industry, conservation groups and the public. It is unlikely that such a broad
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scale experiment involving destructive sampling within reserves will be repeated on the
GBR. The ELF Experiment sampling design was not without its limitations, however,
when used to gather the reproductive data that was used in this thesis. Below I identify
some of these limitations and, where applicable, suggest future research directions to
address these.
Spawning season duration
The short sampling period (approximately 1 week per year in each of the four sampling
regions) that reproductive data were collected meant that I was unable to assess whether
maternal size or age influenced spawning season duration for P. leopardus.
Larger/older females often spawn more batches annually than their smaller conspecifics
by either spawning more frequently (Claramunt et al. 2007, Lowerre-Barbieri et al.
2009), which I established in Chapter 2 was not the case for P. leopardus, or by
spawning relatively more batches annually through their ability to maintain spawning
activity over a longer spawning season (Parrish et al. 1986, Claramunt et al. 2007).
Regional variation in spawning season duration also could not be determined from ELF
Experiment samples. I used the only previous estimate of spawning season duration of
four months (Samoilys 2000) for my egg production estimates, with the assumption that
this would be consistent along the GBR. The estimate by Samoilys (2000) was
calculated from P. leopardus samples collected in the central GBR, but considering the
regional variation in most reproductive parameter traits, the existence of regional
variation in spawning season duration would not be surprising. Potential future research
directions include determining whether larger female P. leopardus spawn for a longer
period each year, thereby contributing a greater number of batches annually, and
whether females in different GBR regions spawn for differing lengths of time.
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Lunar phase
Lunar periodicity in batch spawning is common for tropical marine fishes (Taylor 1984,
Takemura and Rahman 2004, Bushnell et al. 2010) and P. leopardus spawn most
frequently during the new moon (Samoilys 1997, Samoilys 2000). For this reason, ELF
Experiment sampling avoided new moons when spawning aggregations were most
likely to bias catch-rate sampling pivotal to the ELF Experiment (Mapstone et al. 2004).
My estimates of spawning frequency (Chapter 2) may therefore be conservative,
although my comparison of spawning frequency among regions remains valid because
reefs were sampled at similar lunar periods. Lunar phase does not appear to influence
batch size in the central GBR (Chapter 4; Samoilys 2000). It is possible lunar phase
may have a stronger influence on spawning frequency and female investment in batch
fecundity for P. leopardus at higher latitudes, whereby the new moon plays a more
significant role in gathering females and eliciting a spawning response in the southern
GBR where reefs have a strong male bias. Future research on lunar phase and spawning
activity of P. leopardus in the southern GBR would provide a much needed missing
piece of the P. leopardus reproductive puzzle; that is, how are such high densities of
adult P. leopardus possible on the southern GBR when there are so few females, and
reproductive output from those females is low?
Cross shelf variation
Fine-scale spatial variation in reef fish population biology is common (Williams 1982,
Newman and Williams 1996, Gust 2004). As discussed in Chapters 4 and 6, the
possibility needs to be considered that the regional patterns in P. leopardus
reproduction may be driven partly by cross-shelf variation in density and measures of
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reproductive output for P. leopardus. Reefs sampled during the ELF Experiment were
inshore-mid shelf reefs in the northern region, mid-shelf and outer-shelf reefs in the
central region and all mid-shelf reefs in the southern region (Figure 2.1). It remains
unclear how cross-shelf variation may manifest in estimates of individual fecundity.
Future studies on the GBR would benefit from a sampling design that examines the
influence of shelf position on reproductive output.
Batch fecundity and time of day
One potential pitfall of using the ELF Experiment samples was determining batch
fecundity from samples collected throughout the day. The only previous estimate of
batch fecundity for P. leopardus was restricted to ovarian samples collected after 1300
hours, predominantly by spear fishing, from two reefs in the central GBR (Samoilys
2000). The approach was appropriate for that study as only hydrated oocytes were
counted, so sampling near dusk when P. leopardus are known to spawn maximized the
number of hydrated oocytes available for counting (Samoilys 2000). Sample size can be
significantly reduced, however, in studies dependent on samples acquired as part of a
larger research project with multiple objectives (such as the ELF Experiment), or
acquired opportunistically from commercial fishing surveys operating at a sub-optimal
time for collection of spawning fishes. The ratio method I developed in Chapter 3,
where migratory nucleus oocytes that would reach hydration by dusk were incorporated
into batch fecundity estimates, allowed me to include ELF Experiment samples
collected throughout the day. The alternatives were to reduce my sample size by
approximately two thirds by including only ovaries collected after 1300 hours, or to
underestimate batch fecundity by up to one third by using fish caught in the morning.
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Region-specific sampling bias
In Chapters 2 and 6, I postulated that erroneous conclusions of male bias, reduced
individual fecundity and EPUA could be made if a region-specific sampling bias caused
large females in spawning condition not to be sampled as effectively on southern reefs.
This is unlikely for reasons outlined in Chapters 2 and 6, including (1) limited postsettlement movement between reefs (Davies 2000, Matley et al. 2015) and limited
within-reef movement to and from aggregations (Zeller 1998, Zeller and Russ 1998,
Davies 2000); (2) sampling was avoided during new moon periods when spawning
aggregations were most likely to bias sampling (Mapstone et al. 2004); (3) sampling at
each reef was highly structured and meant the range of depths at which P. leopardus
habitat occurred were sampled; and (4) southern reefs were sampled during the known
peak spawning months for P. leopardus (see Chapter 2, Table 2.4). Further, male bias
in the youngest of age classes (1 and 2 years) on southern reefs as described in Chapter
2 indicates sex change occurs at a much younger age than central and northern reefs. It
is therefore unlikely the regional differences in reproduction reported in this thesis were
caused by a region-specific sampling bias.
Environmental variation
The GBR is a huge reef system with documented regional variation in oceanographic
influences (Wolanski 1994, Hopley et al. 2007). Significant regional variation in
reproductive dynamics of P. leopardus was therefore not surprising. Environmental
influences reported to affect reproduction are not mutually exclusive, and include
primary productivity (Ganias 2009), food availability and quality (El-Sayed and
Kawanna 2008), body condition (Kjesbu 1994, Somarakis et al. 2012), fishing pressure
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(Brown-Peterson et al.), lunar phase (Samoilys 2000) and water temperature (Conover
1992). I hypothesize in Chapters 2, 4 and 6 that spatial variation in sex ratios and egg
production is likely driven by environmental factors, most likely water temperature or
prey availability. Relatively greater rates of female spawning omission and proportions
of primary (pre-maturational) males in the southern GBR, and significantly greater
individual female fecundity on reserves compared with fished reefs in the central GBR,
indicates significant phenotypic plasticity of P. leopardus’ life history strategies
whereby population maintenance is achieved through differential allocation of energy in
response to varying environmental conditions along the GBR. Such plasticity has the
potential to interact with mortality rates and stock-recruitment relationships (Jørgensen
et al., 2006). The relationship between egg production, pre-maturational sex change,
growth rates and associated mortality rate should to be further explored.

Colder water temperatures are commonly attributed to delayed or reduced reproduction
for spawners near their thermal limit (Collins and McBride 2014). Water temperature is
a strong candidate for further investigation on the effects of reproductive dynamics.
This would require rearing P. leopardus under different water temperature treatments to
determine the effect on sex change, spawning frequency and batch fecundity. A
successful experiment of this kind would likely involve permissions to manipulate the
conditions experienced by P. leopardus brood stock, for example in an aquaculture
setting.
Larval quality and fertilization success
This thesis provides an extensive analysis of the reproductive potential of P. leopardus;
however another important component of reproductive success is the quality of the
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offspring, measured as their survival to maturity (Lambert 2008). As discussed in
Chapter 5, longer and heavier P. leopardus invested in larger eggs with greater
concentrations of the neutral lipid wax ester, while maintaining concentrations of
triacylglycerol and total lipid in the egg, relative to shorter and lighter females. This has
potentially important implications for larval survival during the transition from
endogenous to exogenous feeding. Variation in egg quality traits that influence larval
growth and survival during the critical period between hatching and successful
exogenous feeding may have significant implications for P. leopardus recruitment. The
2014 stock assessment for P. leopardus assumed that eggs and larvae produced by
females were of equal quality (Leigh et al. 2014). Direct removal of large females
through fishing, and indirect removal of large females through fishing-induced femalemale sex change at smaller sizes as demonstrated in Chapter 2, is likely to have
deleterious consequences for the quality of P. leopardus eggs produced by females on
reefs open to fishing. Reserves on the GBR therefore have positive benefits on the
quantity of eggs produced, as demonstrated in Chapter 6, and the quality of eggs
produced, which are likely to supplement populations of P. leopardus on fished reefs
(Harrison et al. 2012). Further research is required to unequivocally make this link.

Future research also should examine maternal effects and egg characteristics on
measures of reproductive success, including fertilization and hatching success, and
measures of larval quality including larval development, size, growth rates, survival,
time to first feeding, feeding success, and pelagic larval duration. Future research also
should investigate the effect of removing older and larger males in terms of sperm
limitation and subsequent fertilization success, which exploited protogynous species
can be particularly susceptible to (Alonzo and Mangel 2004). The egg quality study
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presented in Chapter 5 used samples collected from reefs in the central GBR.
Considering the extent of regional variation in other reproductive traits presented in this
thesis, future assessments of egg and larval quality would benefit from samples
collected from different GBR regions. Similarly, fertilization rates should be examined
in the context of significant regional variation in sex ratios and male bias in the
southern GBR.

Conclusion
Managing the exploitation of any fish stock is challenging, particularly a stock of sexchanging fish with a broad distribution. This thesis fills many of the gaps in knowledge
regarding spatial variation in the reproductive biology of P. leopardus on the GBR and
highlights the importance of examining the relationship between protogyny and
BOFFFs when assessments of reproductive output are made. Results presented here
should be incorporated into future stock assessments of P. leopardus. This thesis also
supports the call for assessing the effects of reserves at large and appropriate spatial
scales, incorporating multiple reserves within the same ecosystem (Graham et al. 2011,
Smith et al. 2014). This is particularly important when a goal of management is
protecting BOFFFs in reserves for recruitment subsidy purposes, but the species has an
extensive distribution. From a fisheries management and conservation perspective,
extending the techniques described in this thesis to identify reproductive “hotspots” in
Indo-Pacific countries where P. leopardus are heavily exploited, such as the Philippines
(Cornish and Kiwi 2004), and assessing spatial variation in reproduction for other
protogynous species, would be beneficial. This thesis highlights the need for further
research on reproductive responses of target species to fishing at appropriate spatial
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scales, and careful consideration of the suitability of single conservation or fishery
management strategies for species distributed across large and diverse spatial scales.
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Appendix A
Table A.1 Oocyte developmental stages in female Plectropomus leopardus viewed as
histological sections and as whole oocytes. Descriptions adapted from Samoilys and
Roelofs (2000), Adams (2002) and Arocha (2002), plus personal observations. Letters
in column 2 refer to corresponding histological photographs in Figure A.1. See Figure
A.2 for photographs of corresponding whole oocytes.
Oocyte developmental stage

Stage in

Description

Figure A.1
Pre-vitellogenic stages
Chromatin nucleolus (CN)

A

Chromosomes are not well separated
and form a network in the nucleus.
The smallest oocyte stage (~20 μm
diameter) stains very dark purple.
Oocytes often in clusters. Whole
oocytes appear opaque and white.

Early perinucleolus (EP)

B

Nucleoli in periphery of nucleus.
Oocytes small (~50 μm). EP stage
stains lighter than CN stage. Whole
oocytes appear opaque and white.

Late perinucleolus (LP)

C

Similar to EP but oocytes larger (~80
μm) and stains lighter purple. Whole
oocytes appear opaque and white.

D

Lipid droplets appear in cytoplasm and
zona radiata visible in periphery of
oocyte. Granulosa cells’ nuclei start to
differentiate. Much larger than previtellogenic oocytes (~150 μm). Stains
predominantly purple. Whole oocytes
are cream with translucent periphery.

Vitellogenic stages
Yolk vesicle (YV)
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Early yolk globule (EYG)

E

Small, well differentiated yolk
granules in inner part of cytoplasm
that stain orange. Zona radiata well
defined. Similar in size to YV stage
(~150 – 200 μm). Whole oocytes are
light yellow.

Late yolk globule (LYG)

F

Distinct, large yolk globules
throughout cytoplasm. Lipid droplets
can appear empty in the inner portion
of oocyte. Thick zona radiata. Larger
than EYG stage (250 – 400 μm).
Whole oocytes are yellow.

Migratory nucleus (MN)

G

Yolk globules begin to coalesce.
Usually 1 – 2 large empty spaces
present. Nucleus migrates to the cell
membrane. Similar size to LYG stage
(250 – 400 μm), particularly in early
MN stage. Whole oocytes are yellow
in early stage, late stage MN will have
a partially translucent yolk mass.

Hydrated (HY)

H

Yolk globules have all coalesced and
separated from cell membrane. Yolk
plates may be visible. The zona radiata
appears to have thinned and can
appear “crinkly”. The centre of the cell
is uniform colour with a single oil
droplet that appears empty. Diameter
is at least double the width of LYG
and MNS stages. Whole oocytes are
large and clear or slightly cloudy with
a yellow oil droplet visible.
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Figure A.1 Developmental stages of Plectropomus leopardus oocytes: (a) chromatin
nucleolus (CN); (b) early perinucleolus (EP); (c) late perinucleolus (LP); (d) yolk
vesicle (YV); (e) early yolk globule (EYG); (f) late yolk globule (LYG); (g) migratory
nucleus (MN), (h) hydrated (HY). See Table A.1 for descriptions of oocyte stages.
Photographs: A. Carter.
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a
PV

b

Figure A.2 Asynchronous development of Plectropomus leopardus oocytes.
(a) Histological section of a hydrated ovary viewed under high powered microscope
(40X). (b) Whole oocytes viewed under dissecting microscope (15X). Oocyte stage
abbreviations: PV, pre-vitellogenic; YV, yolk vesicle; EYG, early yolk globule; LYG,
late yolk globule; HY, hydrated. See Table A.1 for descriptions of oocyte stages.
Photographs: A. Carter.
193

APPENDICES

Appendix B
Prior to making batch fecundity estimates I examined whether samples taken from
different positions in the ovary could lead to significantly different batch fecundity
estimates for P. leopardus. Batch fecundity was calculated using the gravimetric
method (see Chapters 3 and 4) for five randomly selected hydrated ovaries from three
ovarian positions (proximal, medial and distal; Figure B.1). The proximal and distal
samples were taken about one-quarter the distance from either end of the ovary. Batch
fecundity among ovarian position was compared using a one-way analysis of variance
(ANOVA) on square-root transformed data. Sample position did not have a significant
effect on batch fecundity estimates (F2,14 = 0.005, p > 0.05).

Figure B.1 Diagram of a Plectropomus leopardus ovary (dorsal view). Ovarian
samples were taken from transverse sections at three positions (distal, medial and
proximal).
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Appendix C
Permission statement from Copyright holder for Chapter 5.
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