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Abstract: Population dynamic models and simulations are analysed for a harvested reef fish species that is a
monandric, protogynous hermaphrodite. The models are applied to data for the coral troutPlectropomus leopardus(Pis-
ces: Serranidae) on the Great Barrier Reef. One model examines the situation where sexual transition is induced by
some exogenous behavioural mechanism, and another considers the case where transition is determined by some endog-
enous developmental schedule. The conclusions regarding the effects of fishing are common to both models, and the
implementation of more efficient harvesting practices may not require a precise understanding of the mechanisms gov-
erning sexual transition.

Résumé: On trouvera ici une analyse de modèles et de simulations de la dynamique d’une population de poissons de
récif hermaphrodites monandres et protogynes qui est soumise à pêche commerciale. Les modèles ont été appliqués à
des données provenant d’une population du serranidé,Plectropomus leopardus(Pisces: Serranidae), du récif de la
Grande Barrière. L’un des modèles examine la situation où la transition sexuelle est causée par un mécanisme compor-
temental exogène et l’autre celle où cette transition est déterminé par un calendrier de développement endogène. Les
effets de la pêche calculés à l’aide des deux modèles sont semblables; il n’est donc probablement pas nécessaire de
connaître de façon précise les mécanismes qui régissent la transition sexuelle pour mettre en place des pratiques de
pêche plus efficaces.

[Traduit par la Rédaction] Armsworth 578

Introduction

Many commercially important reef fish species are her-
maphrodites. Fisheries theory developed for gonochoristic
populations may not be applicable to these species
(Bannerot et al. 1987; Russ 1991). Models and simulations
that examine the effects of harvesting on a hermaphroditic
fish are presented and these are applied to data for the coral
trout or leopard coral grouperPlectropomus leopardus(Pis-
ces: Serranidae). Coral trout are sequential hermaphrodites,
in which the hermaphroditism is protogynous (female–male)
and monandric (males are only produced through sexual
transition) (Thresher 1984; Ferreira 1995). The species is a
long-lived, apex predator on the Great Barrier Reef. The bur-
geoning literature onP. leopardusserves as testament to its
commercial importance in Australia. Coral trout comprise
30% of the total catch of the Queensland commercial line-
fishing fleet, and the stocks support a booming, recreational
line fishery (Ferreira and Russ 1994).

Two types of mechanism could induce sexual transition in
hermaphroditic fishes. Either exogenous behavioural mecha-
nisms could determine the timing of transition, such as the
size of an individual relative to other members of its social

group, or transition could be associated with some endoge-
nous developmental schedule, such as absolute size or age.
While exogenous mechanisms have been detected (Shapiro
1989; Ross 1990), endogenous mechanisms may still be
important in some species (Thompson and Munro 1983;
Buxton 1993) or may interact with exogenous factors. If
fishing is size selective, then the consequences for popula-
tion structure depend on mechanisms governing transition. If
sex change is governed by social mechanisms, then transi-
tion would be expected to occur earlier in the life cycle
when older, single-sex individuals are removed. This would
cause the mean size and age of females to decrease for
protogynous species and could cause a reduction in egg pro-
duction. If sexual transition were driven by some fixed de-
velopmental schedule, the population could not compensate
for impacts to its sex ratio. Selective fishing of older indi-
viduals would then lead to sex ratios that were shifted from
their natural state; these would be female biased for proto-
gynous hermaphrodites.

In the models and simulations, particular attention is paid
to the importance of metapopulation concepts and fluctuat-
ing recruitment levels. As is conventional in reef fish ecol-
ogy, “recruitment” refers here to recruitment to a local adult
population following pelagic larval dispersal and does not
refer to age of first vulnerability to gear. Harvesting causes a
directional shift through parameter space. The consequences
of fishing for population dynamics can be understood by ex-
amining the magnitude of the change in parameter values
and comparing this with the deterministic and stochastic
analyses. In the following section, the model formulation
and the deterministic and stochastic dynamics are described.
Then later, the effects of harvesting and the size of the
movement through parameter space that results from fishing
are considered.
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Population model

The population is structured intow age-classes,N =
(N1,...,Nw), with reproduction occurring in a short annual
spawning season. This is representative of coral trout behav-
iour on the Great Barrier Reef (Doherty et al. 1994;
Samoilys and Squire 1994). The census time is set immedi-
ately before reproduction.

Each year-class is subdivided by sex, withfi = fi(N) and
mi = mi(N) denoting the expected proportion of theith year-
class that is female and male, respectively. As herma-
phroditism is protogynous,fi > mi for younger age-classes.
In Model 1, sexual transition is governed by an endogenous
developmental schedule, and an individual female has a
fixed probability of changing sex in each season; this proba-
bility is independent of the state of the population. Thus, the
expected proportion of each age-class that is male and fe-
male is fixed, andfi andmi are treated as constants. In Model
2, sexual transition is dictated by social factors, and the
probability that an individual female remains female
throughout some season is assumed to be directly propor-
tional to the mean age of the population. This probability is
constrained to be less than or equal to 1. Thus, if fishing
lowers the mean age of the population, the probability that a
female will change sex at a given age increases. Both mod-
els are assumed to have the same proportions of males and
females in equilibrium in the absence of fishing pressure.

The mortality rate is assumed to be density independent in
year-classes 1 through (w – 1). Let pi denote the per capita
survival rate of individuals in theith cohort. Letni andm i
represent the fertility of females and males of agei, respec-
tively, where fertility describes the rate of reproductive suc-
cess and is assumed to be proportional to fecundity.
Fecundity increases nonlinearly with size, and larger fish
contribute disproportionately to the spawning stock; this is
accommodated in theni andm i values.

Reef fish populations are best modelled as meta-
populations of interconnected local populations that commu-
nicate through dispersal of pelagic larvae (Sale 1998). This
study focuses only on the dynamics of a single local popula-
tion but explicitly considers its role within the context of the
wider metapopulation. The population is both partially open
and partially closed. Letx represent the external supply rate
and a represent the proportion of individuals produced lo-
cally that successfully recruit back to their reef of origin.

Production in the local population depends on the number
of encounters between males and females, weighted by the
fertilities. A constant scaling factor that governs the rate of
encounters between individuals from different age-classes is
subsumed into the fertility measures. Therefore,Pt+1, the
production in seasont + 1, is
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It could be argued that production should be scaled by some
form of marriage function (Caswell 1989), which would
relate the density of males and females to the rate of suc-
cessful reproduction and describe the complex reproductive
behaviour of coral trout (Samoilys 1997). However, I know
of no studies on serranids that determine what form such a

function would take. Dependence of production on the
encounter rate between males and females is one of the sim-
plest relationships that can be assumed.

The supply of larvae to the population in the spawning
season at the beginning of yeart + 1 is

(2) S aPt t+ += +1 1 x.

It is assumed that if population regulation occurs, then it
occurs in the first year, that it is the per capita mortality rate
of individuals in the settling (year 0) cohort that is density
dependent, and that the density dependence is compensatory
but not overcompensatory. Compensatory density dependence
is modelled with a Beverton–Holt type function (Beverton
and Holt 1957), with the relationship between supply and
recruitment given by
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wherea describes the survival rate at low densities anda/b
determines the saturation limit. Thus, the population models
become
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The supply–recruitment relationship is rather general, and
the dynamics depend entirely on the choice of parameters. If
b = 0, then the mortality rate prior to censusing in the first
year is density independent. Ifb is positive but sufficiently
small, then the mortality rate of the settling cohort would be
effectively density independent in the majority of years and
would be strongly affected by density dependence only in
times of anomalously high supply. This may be the case for
many local reef fish populations including those of
epinepheline serranids (Letourneur et al. 1998).

In Appendix A, how the available data forP. leopardus
are used in the application of the models is explained. The
sensitivity of the conclusions to the model assumptions and
the choice of parameter values is reviewed in the Discussion.

Analysis
For brevity, results are presented only for the case where

a ¹ 0 andb ¹ 0. In other words, there is some degree of reg-
ular self-recruitment, and year 0 mortality is density de-
pendent. Other cases can be dealt with in a similar fashion.
Technical details of the analyses are provided in Appendix B.

In the absence of fishing, critical point solutions of eq. 4
are identical for both models. At equilibrium
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(p0 = 1 for notational convenience). These definitions adapt
the net reproductive number from standard age-structured
models (Cushing and Yicang 1994) and measure the ex-
pected lifetime reproductive contribution of individuals as
females and males.

Critical point solutions for both models are given by roots of

(7) g N a F M N a F M N N( ) ( )1 0 0 1
3

0 0 1
2

11 0= - + + - =b a bx ax

(see Appendix B). This cubic has one or three positive roots.
When fishing pressure is introduced, thefi andmi terms dif-
fer between the two models, and consequently, theF0 and
M0 terms also differ. However, the cubic is unaffected by the
additional nonlinearity in Model 2 because the mean age of
the population is independent of the population size at equi-
librium. Thus, eq. 7 still determines critical point solutions
for Model 2.

The population dynamics for both models are character-
ised by a cusp catastrophe, in which the equilibrium surface
is folded over on itself in parameter space (Drazin 1992).
Such dynamics often arise when considering the interaction
between nonlinear production terms with compensatory den-
sity dependence (Cushing 1996). Cross-sections of the equi-
librium surface showing the fold are given in Fig. 1a.
Double roots of the cubic determine the outlines of the fold,
and the curves corresponding to such roots separate parame-
ter space into three distinct regions (Fig. 1b).

The concept of source and sink dynamics (Thomas and
Kunin 1999) proves helpful when distinguishing among re-
gions of parameter space. Several definitions of source and
sink dynamics are employed in the literature. Here, a source
population is defined to be one in which the local rate of
successful self-recruitment exceeds the local death rate; the
inequality is reversed in a sink population. A source popula-
tion is self-sustaining, but a sink population depends on ex-
ternal supply for its persistence.

Region 1 in Fig. 1b corresponds to dynamics possessing a
single stable critical point solution that represents a sink
population. Region 2 is characterised by the existence of
three critical point solutions: two stable attractors separated
by an unstable threshold. The lower stable critical point rep-

resents a sink state, and the larger represents a source state.
Region 3 has a single stable equilibrium that represents a
source state.

Local population dynamics appear to be more sensitive to
the self-recruitment ratea than to the external supply ratex.
Variations ina correspond to horizontal movements through
parameter space in Fig. 1b, which can shift the population
between regions that have markedly different qualitative dy-
namics.

Monte Carlo simulations
Rates of arrival of larvae at sites suitable for settlement

are extremely variable. Monte Carlo simulations were de-
signed to examine how the underlying deterministic dynam-
ics of a local population might interact with this variability.
Details regarding the construction of the simulations are given
in Appendix B.

While critical point solutions are identical for both models
in the absence of fishing, transient dynamics differ. How-
ever, the differences prove slight, and results from both mod-
els are almost identical for the same set of simulateda andx
for the unfished case. What minor differences do arise result
from fluctuations in recruitment that drive fluctuations in the
mean age of the population in Model 2. These fluctuations in
mean age feed back into local productivity via fluctuations in
the sex ratio. However, the sex ratio never shifts far from that
observed in the data to which both models are fitted.

Sink populations in Region 1 fluctuate around the single
stable attractor for both models (Fig. 2a). The number of re-
cruits joining the first year-class displays nearly perfect cor-
relation with external supply (correlation coefficientr = 1.00
for the trajectory shown), and distortion of supply fluctua-
tions due to density dependence is negligible.

Source populations in Region 3 also fluctuate around a
single, globally stable attractor. Fluctuations are asymmetric,
and perturbations that decrease population size are larger
than those that increase population size (Fig. 2b). This is the
opposite pattern to that displayed by both thea andx distri-
butions (small values in most years with sporadic good years
when the values obtained are much larger). Numerical ex-

© 2001 NRC Canada
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Fig. 1. All figures were produced using the data given in Appendix A. (a) Cross-sections of the equilibrium surface plotted against
aF0M0 for xb /a = [0, 0.0125, 0.025, 0.05, 0.1, 0.2, 0.4, 0.8, 1.6], given in increasing order of vertical intercept; (b) projection of the
outlines of the cusp onto the (aF0M0, xb /a) plane. The curves separate parameter space into three regions.
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periments in which one variable is held constant indicate
that the fluctuations in abundance are primarily driven by
variations in self-recruitment ratea.

In the interior of Region 2, the dynamics show behaviour
similar to that for the deterministic cusp when variance ina
and x is low. The population converges on one of the two
stable attractors (source or sink), and which is approached
depends on the initial conditions. As variance is increased,
fluctuations ina cause the population to shift sporadically
between source and sink status (Fig. 2c).

More complex behaviour can arise in the region around
the cusp curves themselves because of an interaction be-
tween recruitment fluctuations and the bifurcation behaviour
of the models. For parameter values around the lower cusp
curve, low initial population sizes lead to sink dynamics, but
the population fluctuates around a region where the other
two equilibria appear intermittently for larger initial popula-
tion sizes. Variance in population size is greatly increased in

this region, and the population fluctuates widely in response
to fluctuations ina (Fig. 3). Eventually, a string of poor re-
cruitment years leads to the sudden collapse of the popula-
tion to permanent sink status. Similar dynamics arise around
the upper cusp curve.

Effects of harvesting

Having described the different population dynamics, we
can now examine the effects of fishing. The catch-per-unit-
effort hypothesis (Hilborn and Walters 1992) is adopted and
the effort level is denoted byE. Vectorq = (q1,...,qw) defines
the catchability coefficients for each cohort. It is assumed
that individuals do not become susceptible to capture until
after the census time at the end of their first year and that
fishing occurs after reproduction. The population dynamics
under harvest are given by

© 2001 NRC Canada
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Fig. 2. Simulated population abundances (summed across all 14 cohorts) for Models 1 and 2. The thick broken line is mean abundance
from 40 simulations for Model 1 and thin broken lines represent ±2 SD. A single realisation for both models is graphed with solid
lines, and Model 1 is represented by the thicker of these lines. (a) Sink population data from Region 1 when variance is low
(CV =1 3 for a and x); (b) source population data from Region 3 when variance is low (CV =1 3 for a and x); (c) population hav-
ing two stable equilibria when variance is high (CV = 4 for a and x).
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Both models have the same structure as eq. 4. Fishing
mortality reduces the effectivepi values and thus also re-
duces the effectiveF0M0 value. This causes a shift to the left
through parameter space that is parallel to theaF0M0 axis in
Fig. 1b, the magnitude of which differs for the two models.
This change in parameter values corresponds to a shift from
source towards sink status. An increase in fishing mortality
can take a population from a regime characterised by a sin-
gle stable state through a region containing two stable states
in which population size varies widely in response to vary-
ing supply rates. In summary, an increase in fishing effort in
either model could result in a decrease in population abun-
dance, a shift from source to sink status, an increase in vari-
ability in population size caused by fluctuations in supply
rates, and the possibility of sudden, unpredictable collapse
of seemingly stable stocks at some future time. An intensifi-
cation of fishing need only result in the first of these four
conclusions, and which ones are realised will depend on the
natural state of the population and the extent of fishing
mortality.

Gear selectivity
To assess the vulnerability of the population to selective

gear, one must examine howF0M0 decreases when fishing
mortality is introduced in each model. Cases where the fish-
ery catches the same yield in overall biomass are compared.
Greater effort is required to catch a fixed yield when relying
on a highly selective strategy than is required when relying
on a nondiscriminatory strategy. If the required yield is too
large, then highly selective strategies will not be feasible.
The optimal feasible selectivity strategy is defined as the one
that causes the least reduction inF0M0 and hence incurs the
least risk of overfishing while providing some specified yield.

Details concerning how theF0M0 values were computed for
each model under harvest are given in Appendix A. Let (i, j)
represent an exploitation strategy where the fishery targets the
ith through jth cohorts wherei Î [1,...,w] and j Î [i,...,w].
Figure 4 illustrates the effect onF0M0 of harvesting an annual
catch equivalent to 3.3% of virgin biomass when using differ-
ent strategies. Each circle represents a feasible exploitation

strategy, and the solid circle in the back corner represents the
optimal strategy. The optimal strategy for both models is one
that targets only the oldest fish in the population.

The sensitivity of the optimal selectivity strategy to the
assumed growth schedule, the mean age of sexual transition,
the survivorship rate, and the level of harvesting for both
models was explored. A single parameter was varied each
time, and the remaining parameters were fixed at their speci-
fied values. For a large region of parameter space centred
upon the data for coral trout, the optimal strategy for both
models lies in the back corner of the set of allowable strate-
gies and involves targeting only older age-classes. An excep-
tion to this occurs for low survivorship probabilities. When
the survivorship probabilities are particularly low, then the
majority of the settling cohort are lost to natural mortality in
the first few years of life. It can be optimal in this situation
to harvest only younger individuals that would otherwise be
lost to the fishery.

Fishing alters the population’s age and sex structure for
both models. Figure 5 compares scenarios where there is no
fishing, where the gear is not selective and an annual catch
equivalent to 2.75% of virgin biomass is harvested, and
where the gear selectively targets the oldest (10+) cohorts
and the same overall biomass is caught. Fishing strategies
that target the oldest cohorts cause less disturbance to the
natural sex structure of the population than less discrimina-
tory strategies. Size-selective fishing also results in a greater
overall mean age and a greater mean age of females than
less selective fishing practices.

The most substantial differences between the two models
arise in the consequences of fishing mortality for population
structure. The number of individuals surviving to reach older
age-classes decreases when fishing mortality is imposed. In
Model 1, this has a disproportionate effect on the male life
stages. Therefore, the sex ratio becomes female biased
(Figs. 5b and 5d). In Model 2, decreased survivorship lowers
the mean age of the population and triggers younger sexual
transition. The number and size of females in the population
decrease as a result, and the sex ratio becomes male biased
because the population overcompensates for impacts to its
sex ratio (Figs. 5c and 5e). For both models, changes in pop-
ulation structure are most pronounced for indiscriminate
fishing practices.

© 2001 NRC Canada
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Fig. 3. Simulated population abundances (summed across all 14 cohorts) for Models 1 and 2 near the lower bifurcation with low variance
(CV =1 3 for a andx). A single realisation for both models is graphed with solid lines, and Model 1 is represented by the thicker of
these lines. Att = [1000, 1500, 2000], the mean abundance ± 2 SD is shown for Model 1 for the subset of 60simulations initialised in a
source state that have not yet collapsed to sink status:n = [48, 42, 36], respectively. Collapses to sink status followed a string of poor
self-recruitment years. After collapse, all populations remained in the sink state for the remainder of the simulation (5000 years).
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Discussion

The deterministic models capture the essential dynamics
of the situations under examination: those of partially open
populations of protogynous hermaphrodites in which sexual
transition responds to either endogenous or exogenous
mechanisms (Models 1 and 2, respectively) and that are sub-
jected to harvesting pressure. The resulting dynamics are
characterised by a cusp catastrophe, one of the best under-
stood of nonlinear phenomena (Drazin 1992) with well-
studied implications for the management of natural systems

(May 1977). Monte Carlo simulations reveal that the deter-
ministic models perform well in regions of parameter space
where they would be expected to be robust to perturbations,
i.e., away from the bifurcations. Results from the determin-
istic analyses are not directly analogous to those from the
stochastic simulations in the region around the bifurcations
or when the variance in parameter values is high. Further
modelling work examining more complex reproductive dy-
namics and more sophisticated mechanisms governing sex-
ual transition would be worthwhile. The modelling
framework presented here would provide a useful starting
point for such analyses and for studies examining the effects
of harvesting on other hermaphrodites.

Substantial uncertainty surrounds many of the processes
involved, and one should consider any sensitivity to the
assumptions made and the particular parameter values em-
ployed. The assumption regarding the density-dependent
mortality in the first year of life can be relaxed and a similar
analysis applies, although a source population grows without
bound. If the mortality rate were characterised by over-
compensatory density dependence or if other demographic
rates were density dependent, then different dynamics could
result.

The assumption that reproductive success is proportional
to the number of encounters between males and females is
one of the simplest about reproduction that could have been
employed. It would be interesting to incorporate a more so-
phisticated marriage function (Caswell 1989) that represents
the complex reproductive behaviour of coral trout (Samoilys
1997). However, provided there is some dependence of the
per capita reproductive success of females on the number of
males, then the population dynamics will be characterised by
a threshold effect with multiple equilibria and similar con-
clusions will apply. Bannerot et al. (1987) used simulations
to compare the vulnerability of protogynous hermaphrodites
and gonochoristic species to overfishing under different as-
sumptions about reproduction and concluded that hermaph-
rodites would be the more vulnerable as the likelihood of
sperm limitation increased.

Uncertainty remains about many of the parameter values
used such as the age-specific mortality rates and catchabilities,
the rate of fertilisation success, and the rate of successful self-
recruitment. This uncertainty can be accommodated because
these processes are summarised by a single statistic,aF0M0.
The population dynamics were examined for all possible values
of this quantity. The conclusions regarding size-selective fish-
ing proved robust when exploring a large region of parameter
space centred on the data for coral trout.

Effects of harvesting
A general trend that appears in these and many other

models is that fishing results in a shift from source status to-
wards sink status. If a population were to lie in Region 3
when unexploited and external recruitment had not failed,
then a shift to sink status could be reversed and the popula-
tion would recover were fishing to cease. However, if a pop-
ulation were in Region 2 when unexploited or external
recruitment failed, then a shift to sink status could be irrevo-
cable. As indicated by the stochastic analyses, shifts to sink
status can be sudden and dramatic, even for a fishery that
had been sustainable for many years. This tends to occur

© 2001 NRC Canada
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Fig. 4. Comparison of selectivity strategies when a fixed harvest
is taken (equivalent to 3.3% of virgin biomass) for (a) Model 1
and (b) Model 2. Equal catchability of targeted cohorts is as-
sumed. Circle (i, j) represents a feasible strategy that targets co-
horts i through j, and the solid circle represents the optimal
selectivity pattern.

J:\cjfas\cjfas58\cjfas-03\F01-015.vp
Friday, March 02, 2001 1:15:38 PM

Color profile: Generic CMYK printer profile
Composite  Default screen



when the population is subjected to the cumulative stress of
fishing and a run of poor recruitment years. A shift from
source to sink status results in a local population becoming
entirely dependent on external supply. If that supply comes
from outside the jurisdictional boundaries of the manage-
ment agency, this shift results in the effective loss of sover-
eignty over the stock because persistence is contingent on
events elsewhere.

The collapse of source populations can have metapopulation-
wide consequences. Persistence of metapopulations, which
could comprise entire stocks in large geographic regions, is
contingent on the persistence of their local source populations
or subregions. The fewer of these sources that remain, the less
resilient a metapopulation is to catastrophic disturbance and the
greater the risk of total regional stock collapse.

Gear selectivity
In both models, fishing alters both the sex ratio and the

age structure of the population. Selectively targeting only
older individuals results in a greater mean age in the popula-
tion and has less effect on the sex ratio than less selective
harvesting. The change inaF0M0 that corresponds to an in-
crease in fishing effort is lowest when only older age-classes
are targeted, and hence, selective fishing can minimise the
risk of overfishing while supplying the same overall catch.

On the Great Barrier Reef, the minimum legal size for
catching coral trout is 38 cm, which corresponds to an age
of from 2 to 5 years. The precise mechanisms governing
sexual transition in this species are unknown and will be dif-
ficult to detect (Ferreira and Russ 1995). The models suggest
that a larger minimum size limit could be more efficient for

© 2001 NRC Canada
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Fig. 5. Effect of different fishing strategies on population structure. Equal catchability of targeted cohorts is assumed. Shaded bars rep-
resent males and solid bars females. (a) Natural state of the source population; same for both models. Sex ratio of males to females
m:f = 1:1.70, mean ageW * = 5.26, mean female ageW f

* = 4.25, andF0M0 = 3274. (b and c) New equilibrial population structure
reached when annually removing 2.75% of the total virgin biomass through nonselective harvesting of all age-classes 1,...,w for
(b) Model 1 (m:f = 1:2.13,W = 4.67,W f = 4.05,F0M0 = 1816) and (c) Model 2 (m:f = 1:0.72,W = 4.62,W f = 3.58,F0M0 =
1511). (d and e) New equilibrial population structure reached when removing the same amount of biomass annually through selective
harvesting targeting of cohorts 10,...,w for (d) Model 1 (m:f = 1:1.92,W = 4.98,W f = 4.23,F0M0 = 2840) and (e) Model 2 (m:f =
1:1.09,W = 4.97,W f = 4.00,F0M0 = 2766).
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both transition mechanisms. Thus, more efficient manage-
ment practices could be implemented now without requiring
precise knowledge of the sex-changing mechanisms. How-
ever, further research into the reproductive behaviour of
coral trout would improve our understanding of where any
thresholds between source and sink status might lie.
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Appendix A

The maximum age forP. leoparduswas taken to bew =
14 years (Ferreira and Russ 1994). The age of first reproduc-
tion is set at 2 years (Ferreira 1995). The expected propor-
tions of males and females in each cohort in the absence of
fishing are taken from Ferreira’s (1995) Lizard Island data.
For convenience, transitional individuals were classified as
male. A least squares regression was used to fit these data to
a curve of the form

(A1)
1

2
1 2- -tanh( ( ))c t c

(c1 = 0.32,c2 = 7.24) and the fitted data were employed in
the model applications;c2 determines the mean time of sex-
ual transition andc1 determines the dispersion about this
mean. Age-specific probabilities of remaining female for a
given age in the absence of fishing can be computed:

(A2) T f1 1= and T f fi i i= -1 for i = 2, ..., .w

Ferreira and Russ (1994) approximated the growth rate of
P. leopardusin the Central Great Barrier Reef with Schnute’s
(1981) generic equation. For the specific data, Schnute’s for-
mula was found to be equivalent to the von Bertalanffy growth
curve for length at timet:

(A3) L t L K t to( ) ( )( )= -¥
- -1 e

whereL¥ = 52.2 cm is the asymptotic length,K = 0.354 is
the growth coefficient, andt0 = –0.766 is the hypothetical
age at which length is zero. From this length-based approxi-
mation, an equivalent expression can be obtained for the
weight of individuals of a given age.

Per capita survivorship coefficients were taken as constant
throughout the life cycle. The mortality rate is taken from the
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catch-per-unit-effort data of Russ et al. (1998) (only available
for years 6 through 9):pi = 0.863 for i = 1,...,w – 1.

Sadovy (1996) reviewed the available data on fecundity
and gave an approximation for the female fecundityú of
groupers as a function of body lengthL:

(A4) ú = 0.0129L3.03.

For want of alternative data, the fecundity of males is as-
sumed proportional to the fecundity of females of the same
age. The results are not sensitive to the constant of propor-
tionality chosen.

Estimates of parametersa andb are not available. To pro-
duce the figures, the probability of individuals surviving set-
tlement when settling in low densities was taken asa = 0.5.
Parameterb was chosen so that source population size was
17 500, which is roughly comparable with estimated popula-
tion sizes at Lizard Island (Zeller and Russ 2000). Source
population size was chosen because there is evidence from
other species to suggest a significant degree of self-recruitment
to Lizard Island (Jones et al. 1999).

Good data are not available for the rate of supply to reefs
from external populations or for the proportion of locally
produced propagules that survive to successfully recruit back
to their reef of origin. However, the regions of parameter
space in which these values must lie can be deduced from
what is known of the ecology of coral trout and from dimen-
sional analyses. The dynamics for the full range of plausible
parameter values are examined in the deterministic model
and simulations. In the section on the effect of harvesting,
x = a/(20b) anda = 2.63 × 10–6 (corresponding to 35% lar-
val mortality rate per day for a 25-day pelagic larval stage,
with one in every eight surviving larvae returning to their
reef of origin).

For the unfished case,F0M0 is directly proportional to the
equivalent quantity when fecundities are used in place of
fertilities in eq. 6. The constant of proportionality is chosen
so that the parameters correspond to the right-hand cross in
Fig. 1b.

When a fixed yield in overall biomass is to be harvested,
the required effort can be computed under the assumption of
equal catchability of targeted cohorts and from the equivalent
expression to eq. A3 for weight. Therefore, new survivorship
coefficients can be obtained,$p p qE= - , andF0M0 values un-
der harvest obtained for Model 1.

New $fi and $mi values must also be computed for Model 2
because harvesting changes the mean age of the population.
Let W and W * denote the mean ages of the harvested and
unharvested populations, respectively. In equilibrium,

(A5) W = = =

-

=

-

=

å Õ

Õå

i p

p

i
j

j

i

j
j

i

i

1 0

1

0

1

1

w

w

$

$

A similar expression holds forW * . When fishing pressure is
applied in Model 2, the probabilities of remaining female at
some age become

(A6) T f1 1= W W * and T f fi i i= -( ) ( * )W W1

for i = 2, ...,w.

Then

(A7) $ ( * )f fi i
i= W W for i = 1, ...,w

with the constraint imposed that$fi must be less than or equal
to 1. Hence, the new$mi values, and consequently the new
F0M0 values, can be obtained.
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Appendix B

At equilibrium, solutions of eq. 4 for both models solve

(B1) N
aF M N

aF M N
1

0 0 1
2

0 0 1
21

= +
+ +
a x
b x
( )

( )

which gives eq. 7 on rearranging.
The cusp curves in Fig. 1b describe parameter sets for

which eq. 7 has double roots. Let

(B2) N Q Q uQ v1
3

3
0= + Þ = - +a

b

where

u
a F M

= - +a
b

bx
b

2

2
0 03

1

and

v
a F M

= - + -2
27

1 2
3

3

3 2
0 0

a
b

a xb
b

( ) .

Turning points of the cubic solve

(B3) 0 3 32= - Þ =Q u Q u/ .

Double roots are found by solving eqs. B2 and B3 simulta-
neously to give

(B4) v u2 34 27= / .
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Substituting foru and v in eq. B4 and rearranging gives

( ) ( ) ( )
( )

B5 0
8 20 1

4
1

0 0
2

2 2

2 0 0

3

4
= + - - + +

aF M aF M
b x b x

a x
b bx

a x
.

The projection of the cusp outline onto the (aF0M0, ax/b)
plane shown in Fig. 1b was drawn by solving eq. B5 as a
quadratic inaF0M0.

Stability properties of each equilibrium are governed by
the magnitude of the dominant eigenvalue(s) of the Jacobian.
The magnitude of the dominant eigenvalue must be less than
1 for a critical point to be stable. The Jacobian for Model 1
has a particular, well-studied form. IfGi denotes the growth
function for theith cohort, then:

(B6)
¶
¶

=G
N
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j
j if j = i – 1 and

¶
¶

=G
N

i

j

0 otherwise.

For the first age-class:
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Let R¢ denote the derivative ofR with respect toP, F =
S i i i if N=1
w n , M = S i i i im N=1

w m , and7j = nj fjM + mjmjF. The
Jacobian is of the form
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A compensatory density dependence is considered, the supply–
recruitment relationship is not backwards bending, andR¢ is
always positive. Therefore, the Jacobian is nonnegative and
takes the form of the familiar Leslie matrix. Nonnegativity of
a matrix implies that its dominant eigenvalue is nonnegative
(Caswell 1989).

The dominant eigenvalue of a Leslie matrix is less than 1
if and only if the net reproductive number for the population
is less than 1 (Cushing and Yicang 1994). Therefore, the
dominant eigenvaluel of the Jacobian matrix for this model
is less than 1 if and only if
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The stability analysis for Model 1 is completed by a graphical
argument examiningR¢(P) at each of the equilibria. Plotting
R(P) and N1 = (P/(F0M0))

1/2 establishes that

(B10) R
F M P F M N

¢ < =1
2

1
20 0

1 2
0 0 1( ) /

at a single equilibrium or at the smallest and largest equilib-
ria when there are three intersections of these curves
(Fig. B1). This implies stability. The required inequality is
reversed for the middle equilibrium when there are three in-
tersection points, which implies instability. A stability analy-
sis for Model 2 would be more involved and is not included
here. The close match of the two sets of simulations for all
parameter values indicates that the stability properties are
essentially unchanged (Figs. 2 and 3).

In the simulations,a and x were treated as independent
random variables in each year, and no serial correlation was
considered. Other parameters were fixed at the values de-
scribed in Appendix A. Parametera was sampled from an
asymmetricb distribution so thata Î [0,1], and in most
years,a was extremely small. Parameterx was drawn from a
lognormal distribution. Simulations for both Models 1 and 2
were performed using eacha and x data set. Simulations
were repeated with one variable held constant and the other
allowed to fluctuate according to its probabilistic distribution
to assess the relative contributions to observed dynamics
from fluctuations ina andx. Mean values for the two distri-
butions were assigned from a uniform grid that covered the
region of parameter space shown in Fig. 1. Coefficients of
variation for botha and x distributions were kept equal for
consistency. For low-variance simulations,CV = 1 3, and
for high-variance simulations, CV = 4. Forty simulations
were performed for each assigned mean value, and each ran
for 1000 years. Sample paths are shown in Fig. 2. For each
run, the population was initialised in its equilibrium age dis-
tribution, and initial values forN1 were randomly assigned
from a uniform distribution. The first 500 years of data were
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Fig. B1. Graphical argument establishing stability of equilibria in
eq. B9 for Region 2 in Fig. 1b. The broken curveN1(P) inter-
sects the solid curveR(P) from below for the first and third in-
tersections and from above for the second intersection.
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discarded to allow the dynamics to equilibrate. Around the
bifurcations, simulations were repeated over a finer grid of
meana and x values. In this region of parameter space, 60
simulations were performed for each mean value, and each
ran for 5000 years. Sample paths for these longer simula-
tions are shown in Fig. 3.
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