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Abstract

A bioeconomic model was developed to evaluate the potential performance of brown tiger prawn stock enhancement in
Exmouth Gulf, Australia. This paper presents the framework for the bioeconomic model and risk assessment for all components of
a stock enhancement operation, i.e. hatchery, grow-out, releasing, population dynamics, fishery, and monitoring, for a commercial
scale enhancement of about 100 metric tonnes, a 25% increase in average annual catch in Exmouth Gulf. The model incorporates
uncertainty in estimates of parameters by using a distribution for the parameter over a certain range, based on experiments,
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published data, or similar studies. Monte Carlo simulation was then used to quantify the effects of these uncertaintie
model-output and on the economic potential of a particular production target. The model incorporates density-depende
in the nursery grounds of brown tiger prawns. The results predict that a release of 21 million 1 g prawns would pro
estimated enhanced prawn catch of about 100 t. This scale of enhancement has a 66.5% chance of making a profit. T
contributor to the overall uncertainty of the enhanced prawn catch was the post-release mortality, followed by the
dependent mortality caused by released prawns. These two mortality rates are most difficult to estimate in practice and
under-researched in stock enhancement.
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1. Introduction

The world’s fishery resources are under threat fr
habitat degradation and over exploitation (Brown and
Day, 2002). In addition to the regulations of fishin
for sustainable fisheries, stock enhancement repres
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a potential component of an economically viable and
ecologically sound management strategy to replace ex-
tinct stocks for recreational or commercial fishing, to
rebuild depleted stocks, and to augment existing but
perhaps overexploited stocks (Hilborn, 1998; Travis
et al., 1998; Leber, 2002). Enhancing depleted stocks
by stocking is appealing because of its straightfor-
ward logic – releasing large numbers of artificially
raised juveniles into the marine environment is as-
sumed to compensate for the enormous natural mor-
tality in the early stages of the life cycle or the low
production of juveniles due to overfished spawning
stocks and thereby increase the stock size and fish-
ery production (Travis et al., 1998). Its outcome, how-
ever, is difficult to predict because it involves many
unknowns and complex issues such as interactions be-
tween the released and wild animals, unknown effects
on population dynamics including density-dependent
effects, ecosystem processes, and resource economics.
A stock enhancement project usually demands a large

sum of capital investment, continuing investment for
the production and release of juveniles and monitor-
ing and assessment of its success by management.
Before initiating any such large, complex project, a
thorough risk assessment can certainly assist in mak-
ing the right decision, or identifying potential prob-
lems for stock enhancement, and thus prevent wasting
resources.

Stock enhancement is not a fully experimental
discipline (Leber, 2002). Evaluating its performance
and assessing its risk through a real experiment is very
costly and almost impossible in most instances. Math-
ematical modelling, however, provides an economical
and powerful tool for simulating and predicting the
likely outcomes of the system that has many different
components changing simultaneously. Its advantages
and feasibility have long been recognized, and mod-
elling has been recommended as an essential part of
any enhancement project (Blankenship and Leber,
1995; Rothlisberg et al., 1999). This study developed

e Exm
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Fig. 2. Annual landings of the tiger prawn fishery in Exmouth Gulf, Australia.

a comprehensive model for the bioeconomic analysis
of tiger prawn stock enhancement in Exmouth Gulf.

All the components of stock enhancement are
subject to uncertainty from either environmental
variations or technical deviations. To incorporate this
uncertainty in predicting the performance from an
enhancement, we used Monte Carlo simulation instead
of deterministic modelling. Model parameters were
not supposed to take single point values, but to assume
a distribution over a certain range, which was derived
from experiments, other similar studies, or expert
judgements. The various parameters were assumed to
vary independently because of a lack of information
about the correlations between parameters. Combina-
tions of parameter values that produced improbable
results were not considered. With Monte Carlo simula-
tion, we can quantify the effects of these uncertainties
on model-output results and then carry out risk analysis
for some management targets or evaluate the proba-
bility for certain outcomes of interest to the industry.

The brown tiger prawn (Penaeus esculentus) in Ex-
mouth Gulf has a short life cycle of about 1 year and
grows fast (Penn and Caputi, 1986). It takes only 16
weeks from the release size of 1 g to the commercially
fishable size of 20 g (Haywood et al., 1995). Exmouth
Gulf is semi-closed, and the brown tiger prawns form
a single unit stock within the Gulf (Fig. 1) (Penn and
Caputi, 1985). The small area and the semi-closured
nature of the Gulf provide a relatively calm environ-
ment which is believed to be beneficial to the survival

of released prawn juveniles and assure a high recapture
rate if they survive till the fishing season.

The historical annual landings of the fishery show
clear periods: a development to full exploitation period
of high catches in the 1970s, followed by a sharp
decline by the early 1980s, and a recovery-managed
period of constrained landings after the mid-1980s
(Fig. 2). Since the mid-1980s, the annual catch of
P. esculentusfluctuated from 650 t in 1994 to 82 t in
2000, with an annual average catch of about 390 t. It
is believed that the maximum sustainable production
in Exmouth Gulf may lie around 600 t, without
considering the high levels exhibited in the 1970s. In
discussions with researchers, industry and managers,
an enhancement target of about 100 t was thought to be
feasible without introducing large density-dependent
effects because it is presumed that tiger prawn popula-
tions would still be well below the presumed carrying
capacity of Exmouth Gulf following enhancement.
This enhancement project was designed to augment
the existing stock and dampen fluctuation in catch due
to variable recruitment.

Experiments of hatching and growing juvenileP. es-
culentusin raceways were successfully carried out by
CSIRO Marine research and MG Kailis Group in both
Brisbane, Queensland and in Exmouth Gulf, Western
Australia (Crocos et al., 2003). Data on biology and
economics from these experiments, data from the Ex-
mouth Gulf brown tiger prawn fishery and information
from other studies relevant toP. esculentus,were used
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to develop the bio-economic model which was then
used to evaluate risks for the brown tiger prawn stock
enhancement in Exmouth Gulf.

2. Materials and methods

2.1. The bioeconomic model

The bio-economic model consists of six compo-
nents: hatchery, grow-out, transport, nursery, fishery,
and monitoring (Fig. 3). The enhanced and wild prawns
are treated separately as two sub-stocks in population
dynamics, but density-dependent effects are assumed
to occur in the nursery ground i.e. natural mortality
for the wild stock arises due to the increased density
caused by releasing captive-reared juveniles into the
sea. The enhanced population covers from the spawn-
ing of brood stocks through to the end of fishing, and
the wild population covers from the time from natural
recruitment to the nursery grounds through to capture
in the fishery. Weekly time steps were used in the model
to capture the seasonal nature of tiger prawn growth.

2.1.1. Hatchery
The hatchery component comprises the brood stock

and the hatched larvae. A detailed prawn hatchery
model, containing the costs for using either wild or do-
mesticated brood stock, has been developed byPreston
e ses
P o-
n rvae
p

hatchery is then,

Ωh = ηQϕ (1)

whereϕ is a parameter describing the economy of scale
and normally assumes a value smaller than 1, meaning
that the unit costs of production decline as the scale of
production increases. The actual cost of producing a 15
day-old post-larva (PL15) for stocking in the raceways,
based on the trials in Brisbane and Exmouth Gulf, was
AUD$0.018 per PL15.

2.1.2. Juvenile production
This part covers the time from stocking the raceways

with PL15 to the release of the juvenile prawns in the
nursery. In this component, the number of larvae is pre-
sumed to follow an exponential decay process. Given
initial number of larvae,N0, and natural mortality rate,
Mt, the total number at weekt is calculated as,

Nt = N0 e
−

t∑
i=1

Mi

(2)

In the early life stages, the mortality rate changes dra-
matically over time but this variation is believed to
be related more to body size than time (Beyer et al.,
1999). Most empirical studies show that the relation-
ship between mortality and size is better described with
a power model (Pepin, 1993; Lorenzen, 1996, 2000;
Munch et al., 2003):

Mt = aL−b (3)

w
p size
i the

entatio
t al. (1999). The bioeconomic model in this study u
reston’s et al. (1999)model for the hatchery comp
ent and contains only its outputs, the number of la
roduced,Q, and the cost per larva,η. Total cost from

Fig. 3. Schematic repres
t

hereLt is the carapace length at weekt, a andb are
arameters defining how mortality changes with

n the population. This relationship differs between

n of the bioeconomic model.
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artificial grow-out and post-release periods, i.e.a and
b assuming different values.

Individual growth in the early life stages is bet-
ter modelled through weight because the commonly
used von Bertalanffy equation is often inconsistent with
the measured growth (Gulland, 1983). An exponential
function is assumed here,

Wt+1 = Wt eδt (4)

wheret is the age in weeks, andδt is the growth rate at
weekt. To accommodate for the fast change in growth
rate from post-larvae to juveniles,δt assumes a differ-
ent value each week, based on experimental results, up
to the release size. The length–weight relationship is
supposed as,

Wt = cLd
t (5)

The number of raceways required,y, is a function of the
area of each raceway,A (m2), the maximum biomass
density at which prawns can be held,ρmax (kg m−2),
and the total biomass of juvenile prawns,Wmax (kg), to
be held,

y = Wmax

ρmaxA
(6)

The production cost includes the capital investment
for hardware facilities and the operating costs. The
capital cost consists of two components, alternative
cost and the cost of real depreciation and maintenance
( d
b ative
r uted
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from PL15 to 1 g size at release and that producing
one million 1 gP. esculentusin raceways would re-
quire 1.5 million PL15s with the estimated operating
costs of AUD$27,000. The linear cost function (Eq.
(7)) is simplification of a real grow-out system. How-
ever, no experimental data has been available so far
to allow for the expression of economy of scale. The
cost function could be refined when more experimental
enhancements have been completed.

2.1.3. Transport
The number of prawn juveniles,n, carried per

tanker/vessel is estimated as,

n = V

Wtθ
(8)

whereV is the volume of the tanker/vessel,Wt is the
weight of each prawn at the time of transport andθ is
the seawater volume desired for unit biomass during
the transport. The number of trips of the tanker/vessel
are thereforeNt/n, whereNt is the number of juvenile
prawns produced in the production and to be released in
the nursery area. The harvest and transport from race-
ways to release sites may cause the death of some ju-
veniles. This mortality is incorporated into the model
by multiplying the number of juveniles out of the race-
ways with a single survival rate,φ. The number of days,
D, required to release all prawns is,

D
φNt

w be
m f the
n day
T

Ω

2
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Hannesson, 1993). The former is normally calculate
ased on a discount rate, which reflects the altern
ate of return on investment, and the latter is comp
hrough a depreciation rate, which is the inverse o
ifetime of the equipment in question. However, d
o the special circumstances of the fishery, the c
al cost was excluded from the model. The opera
ost consists of expenditures on prawn feed, salary
umping. The total production cost of juveniles can
alculated,

g = y(Aσ + ψ) + (Be − Bi )γτ (7)

hereσ is the weekly cost of pumping per m2 of race-
ay,ψ is the salary costs of maintaining one racew
i andBe are the initial and end total biomasses o
row-out juveniles,γ is the cost of feed per kg, andτ is

he conversion ratio of food to growth in biomass. O
xperiments show an average survival rate of 67
=
nTr

(9)

hereTr is the number of trips per day that can
ade. Transport costs are therefore the product o
umber of days and the operating costs of each
c,

T = TcD (10)

.1.4. Nursery ground
There are two sub-components in the model des

ion of the nursery ground, one corresponding to
ild stock and one to the enhanced stock. They

he same structure and only differ in the timing and
umber of prawns entering the nursery. The enha
tock sub-component includes juvenile prawns f
he time they are released to the time they recru
he fishery. The size of released prawns can range
he size of a larva, to that of a recruit. The wild st
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Table 1
Parameters and their values/distributions in the bioeconomic model

Parameter and stage
of enhancement

Description Value/distribution Equation

Hatchery
η ($/PL15) Cost per larva T(0.01,0.018,0.02) 1
Q (PL15) Number of larvae 31.5× 106 1

Grow-out
a Parameter defining

mortality–length relationship
N(0.127, 0.1) 3

b Parameter defining
mortality–length relationship

N(−0.99,0.1) 3

δ1. . . Growth rate 1.92,1.01,0.66,0.49,0.39,0.36,-
0.34,0.33,0.30. . .

4

A (m2) Area of a raceway 50 6
ρmax (kg/m2) Maximum biomass density T(2,3,3.5) 6
σ ($/week m2) Cost of water pumping 2.422 7
τ Conversion ratio of food to

growth
T(1.15,1.3,1.4) 7

γ ($/kg) Cost of feed 4.75 7
ψ ($/raceway) Maintenance cost of one

raceway
139.4 7

W0 (kg) Individual juvenile weight 0.001

Transport
θ (seawater/biomass) Sea water volume for unit

biomass
U(10,20) 8

V (m3) Volume of a tanker 1.0 8
Tr (trips/day) Number of trips a day 1 9
Tc ($/trip) Trip cost 750 10
φ (%) Mortality rate U(1,5)

Nursery
Lm (mm) Maximum length 16.0
Wm (kg) Maximum weight 0.006
a Parameter defining

mortality–length relationship
N(1.05,0.2) 11 (3)a

b Parameter defining
mortality–length relationship

−1.00 11 (3)

Mλ Density-dependent mortality
rate

ln(−3.15,0.55) A3

M1,λ Density-dependent mortality
rate for enhanced prawns

0.5Mλ 11

M2,� Density-dependent mortality
rate for wild prawns

0.5Mλ 11

W0 (kg) (wild) Individual juvenile weight 0.001
δ Weight growth rate 0.9 (wild) 0.82 (released) 12
κt Seasonal growth factor Fig. 4 12

Fishery
M (1/week) Natural mortality rate N(0.045,0.02) 13
q (1/week.effort) Catchability coefficient 0.001 14
L0 (mm) Length of zero retention 25 15
L100 (mm) Length of 100% retention 30 15



Y. Ye et al. / Fisheries Research 73 (2005) 231–249 237

Table 1 (Continued)

Growth parameters Female Male

L∞ Maximum length N(40,2) N(33,1.6) 16
k Growth coefficient N(0.05,0.01) N(0.06,0.01) 16
c Parameter defining

weight–length relationship
3.73× 10−3 2.07× 10−3 18 (16, 4)

d Parameter defining
weight–length relationship

2.547 2.764 18 (16, 4)

f(W) Relative price Fig. 5 20
pmax ($/kg) Price of largest grade of prawns U(15,25) 21
Tf (week) Week fishing season starts 14 21, 24
T (week) Week fishing season ends 35 21, 24
I + I′ ($/boat-week) Weekly cost of a fishing boat 10500 21
ηm ($) Monitoring cost at sea 7500 23
π Genetic screaming cost 40 23
ω Percent cost 15 24
α Parameter defining

stock–recruitment relationship
N(85.3,13.16) A1

β Parameter defining
stock–recruitment relationship

N(0.0468,0.0137) A1

T(a, b, c) means a triangular distribution with a minimum value ofa, a maximum value ofc, and the most likely value ofb. N(a, b) indicates
a normal distribution with a mean of a and a standard deviation ofb. U(a, b) describes a uniform distribution betweena andb. ln(a, b) is a
lognormal distribution with a log-mean ofa and log–standard deviation ofb.

a The parameter is incorporated into Eq.(11)via Eq.(3).

sub-component includes prawns from larvae to recruits
to the fishery. Survival and growth are size dependent.
Growth varies seasonally, and survival is dependent on
the prawn density (wild and enhanced) in the nursery.
The timing and number of larvae settling in the nurs-
ery may vary. The abundance of the enhanced and wild
stock in weekt are modelled as,

Ni,t+1 = Ni,t e−(Mi,t+Mi,λ) (11)

where i = 1 indicates enhanced andi = 2 wild, Mi,t is
the natural mortality that is calculated as a function
of length using Eq.(3), but with different values for
a andb (Table 1), Mi,λ = f(Ni) denoting the mortality
rates that result from the increased density caused by
releasing captive-reared juveniles into the sea. The cal-
culation of the density-dependent mortality is detailed
in Appendix A. The initial number of wild juveniles,
N2,0, in the nursery is a variable that is determined so
that the mean catch from the wild stock is about 400 t,
i.e. the long-term average catch observed over the last
35 years (Fig. 2).

Growth is still modelled in weight using an exponen-
tial function of parameterδ, but modified by a factor,
κt, to consider the seasonal difference in growth, which
is equal to 1 at the peak of the growing season and is

smaller than 1 in the rest of the season,

Wi,t+1 = Wi,t(1 + κt(e
δi − 1)) (12)

The average individual weight of enhanced juveniles
W1,t and wild juvenilesW2,t in the nursery area at any
particular timetwill not necessarily be the same. These
weights depend on the week when the wild stock re-
cruits to the nursery area, on the individual weight of
enhanced juveniles released in such areas and on the
week when these enhanced juveniles are released. Wild
juveniles recruit to the nursery area during weekJ0 at
weightW0, the same weight that larvae for enhance-
ment have when they start in the production.

The timing assumed for sub adult prawns to migrate
out of the nursery is mainly related to size (O’Brien,
1994). Migration is modelled to occur at the same fixed
sizeLm for both the enhanced and the wild prawns. The
weight at migration is calculated by substitutingLm in
Eq.(5).

2.1.5. Fishery
The fishery consists of two components, one corre-

sponding to the wild stock, and one to the enhanced
stock. The model structure of these two components
is exactly the same – they have been split to follow
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changes in numbers of prawns from the wild and en-
hanced stocks separately. Each component has separate
male and female populations. It includes prawns from
recruits to adults (up to 1 year old). Growth is size, sex,
and season dependent. Natural mortality is assumed to
be constant during the fishing season. Fishing selectiv-
ity is size dependent, and fishing mortality of a certain
size of prawn changes as a function of fishing effort.
As differentiation in size and growth between sexes
becomes clear at this stage, a subscript,j, is used to
indicate different sexes in the equations hereafter,j = 1
for females andj = 2 for males.

Abundance in weekt for stocki and sexj is modelled
as,

Ni,j,t+1 = Ni,j,t e−(M+Fi,j,t ) (13)

whereFi,j,t is the fishing mortality rate in weekt for
stocki and sexj calculated as,

Fi,j,t = qftSi,j,t (14)

whereq is the catchability coefficient,f is the weekly
fishing effort andS is the selectivity factor as,


Si,j,t = 0 Li,j,t ≤ L0

Si,j,t = Li,j,t−L0
L100−L0

L0 < Li,j,t < L100

Si,j,t = 1 Li,j,t ≥ L100

(15)

whereL0 is the largest length where the probability of
retention is zero andL100 is the smallest length where
probability of retention is 1. The mean length of the
p ua-
t
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The yields (catch in weight) are estimated as the prod-
uct of the numbers caught and prawn weight,

Yi,j,t = Ci,j,tWi,j,t (18)

whereWt is the weight of individual prawn in the mid-
dle of weekt calculated via Eqs.(16) and (5). It is
impossible to distinguish between enhanced and wild
prawns. We, therefore, have assumed that they fetch the
same market price. The value of the enhanced catch,
V1,t, and that of the wild catch,V2,t, are then defined as
follows,

Vi,t =
∑
j

Yi,j,tpj,t (19)

wherepj,t is the price per kg catch and dependent on
prawn size,

pj,t = pmaxf (Wi,j,t) (20)

where pmax is the price per kg for the largest
prawns andf(W) is the relative price defined in
Fig. 5.

There are two categories of costs in fishing, fixed
costs from long-term investment and variable costs
from daily fishing operation of a boat. If the fixed cost
per boat-week isIt, and the variable expenditure for
a boat-week fishing isIt′, and the total cost of fishing
over a season is,

Ωf =
T∑

(It + It
′) (21)

w the
fi em-
b

2
ffect

t con-
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t ula-
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s er of
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opulation is modelled with the Von Bertalanffy eq
ion,

i,j,t = L∞i,j(1 − e−ki,j t) (16)

hereL∞ is the maximum length, andk describe
he rate at which it approaches the limiting size.
tochasticity in growth is described by the distributi
f L∞ andk. As this study concentrates on the ove
opulation, differences in growth between individ
rawns were not modelled. Also note that the nat
nd fishing mortality rates of the enhanced and
tocks in the fishery are assumed to be the sam
rawns with the same carapace length.

The weekly prawn catch in weekt are estimate
rom the normal fishing equation:

i,j,t = (Ni,j,t − Ni,j,t+1)
Fi,j,t

Fi,j,t + M
(17)
t=Tf

hereTf andT are the starting and end weeks of
shing season, which were 10th April and 13th Nov
er in Exmouth Gulf.

.1.6. Monitoring
Stock enhancement may introduce diseases, a

he genetic diversity of the stock and have other
equences for the wild stock due to density-depen
ffects. These potential risks should be carefully m

ored. We have designed and incorporated a monito
lan into the model. With this sub-model, we can

imate the sample requirements to effectively estim
he proportion of released prawns in the total pop
ion with a certain statistical power and the minim
ample size required to achieve a minimum numb
ecaptures of enhanced prawns. The appropriate d
ution for this experiment is the binomial (Hilborn and
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Walters, 1992). The probability of obtaining at leastz
enhanced prawns in a sample ofm prawns randomly
sampled from the commercial catch is,

p(z) = 1 −
z∑

νi=1

p(νi;m, θ) (22)

wherep(x;m, θ) is a binomial distribution function, and
θ is the proportion of enhanced prawns found in the
catch.

The costs of monitoring considered here are the
cost of obtainingm adult prawns at sea,ηm, for ge-
netic screening and the cost of genetic analysis for each
prawn,π. Total monitoring costs are therefore calcu-
lated as,

Ωm = ηm + mπ (23)

No costs of fishing the “extra” enhanced stock were in-
cluded in the model as we assumed that enhancement
increases prawn abundance and no extra fishing effort
is needed to catch the enhanced prawns. The Exmouth
Gulf prawn fishery has a strict control over licenses
and a fixed duration of fishing season. It is reasonable
to assume that no increase in fishing effort would oc-
cur after stock enhancement. However, the on-vessel
processing of the catch from the enhanced stock does
incur costs because remuneration of crew members is
partially paid as a percentage of catch value,ω. Af-
ter estimating all the revenues from prawn landings
a and
m hen,

P

w
E t
f

P

2

ans-
p ring
t ject

(Loneragan et al., 2003) (Table 1). The parameters de-
scribing the relationship between mortality and length
(Eq.(3)) during the grow-out (Table 1) were estimated
based on the mortality rates and lengths in different
time intervals. The size at release was set at 1.0 g for
the baseline simulation. A preliminary experiment car-
ried out by the M.G. Kailis Group in West Australia
showed no mortality during harvest and transport from
raceways to release sites (Crocos et al., 2003). For pre-
cautionary purposes, however, this mortality was set
to a likeliest value of 3%, with a uniform distribution
ranging from 1 to 5% (Table 1).

The size at migration from the nursery was selected
as 16.0 mm CL and 6 g based on discussions during
two project workshops and results from studies on ju-
veniles of the same species,P. esculentus, in Moreton
Bay (O’Brien, 1994), Eastern Australia, at a similar lat-
itude to Exmouth Gulf. The timing of migration may
also be affected by environmental factors like rainfall,
which is not predictable. We assumed that the average
length at migration reflects the average environmental
conditions.

The relationship between weight and length was
derived from observations from the wild fishery. The
post-release mortality rate was also a function of length
(Lorenzen, 2000; Munch et al., 2003) and the parame-
ters,aandb, were estimated from the data presented in
O’Brien (1994)(Appendix B; Table 1). The growth of
prawn juveniles in the nursery is likely to change with
time as temperature and food availability varies over
t ffi-
c ture
a e
g al
p ased
o and
f

sity
c m the
d ruit-
m ch
a oth
t until
p as-
s ative
i dent
m ss
t lcu-
nd costs for hatchery, grow-out, transport, fishing
onitoring, the revenue from the enhancement is t

1 = (1 − ω)
T∑

t=Tf

V1,t − Ωh − Ωg − ΩT − Ωm (24)

hereΩh is given by Eq.(1), Ωg by Eq. (7), ΩT by
q. (10), andΩm by Eq.(23), respectively. The profi

rom the wild fishery is

2 =
T∑

t=Tf

V2,t − Ωf (25)

.2. Model parameters

The parameters for hatchery, grow-out, and tr
ort were estimated from the data collected du

he feasibility study and the first stage of the pro
ime. To model this effect of time on growth, a coe
ient,κt, reflecting the seasonal pattern of tempera
nd food availability (Fig. 4) was incorporated into th
rowth equation (Eq.(12)). The hypothetical season
attern was not derived experimentally, but rather b
n the expected impact of changes in temperature

ood availability.
The mortality rate due to the increased den

aused by the released prawns was estimated fro
ensity-dependent effect observed in the stock rec
ent relationship (Appendix A).We assumed that su
density-dependent mortality applies equally to b

he enhanced and wild prawns and takes effect
rawns migrate out of the nursery grounds. This
umption implies that stock enhancement has neg
mpact on wild catch because of the density-depen

ortality incurred to the wild stock. This economic lo
o the wild fishery was not accounted for in the ca
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Fig. 4. The seasonal factor in growth (Eq.(12)), which is used to account for the fact that growth rate of prawns of same size changes with
season, normally growing faster in summer than in winter.

lation of profit from stock enhancement. The density-
dependent mechanism might change, however, depend-
ing on the relative sizes of enhanced and wild prawns.
The natural mortality during the fishing season is as-
sumed to have a constant value of 0.045 per week with a
standard deviation of 0.02 per week followingWatson
et al. (1993)andWang and Die (1996). The growth pa-
rameters for adult prawns are fromWhite (1975). Gear
selectivity,L0 andL100, and catchability coefficient,q,
were estimated based on the data from the brown tiger
prawn fishery in Exmouth.

The fishing season for the tiger prawn fishery has
been fixed at week 14 through to week 35. Daily cost
for fishing was about AUD$1500 per boat, and the cost
to obtain prawn samples for genetic analysis was esti-
mated at AUD$7500, based on only salaries of scien-
tists involved in fieldwork. The expense for genetically
screening a single prawn was estimated at AUD$40.
Note that currently, the real costs of genetic analyses
are not fully known because the technology for screen-
ing large numbers has not been developed and the feasi-
bility of using micro-satellites for identifying enhanced

Fig. 5. Relative prices for prawns of different sizes, which multiplied by the maximum price,pmax, give absolute prices of prawns of different
sizes (Eq.(20)).
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prawns has not been fully developed (seeLehnert et al.,
2003; Bravington and Ward, 2004; Loneragan et al.,
2004). It should be noted that the monitoring compo-
nent assumed that the enhanced prawns mix randomly
with the wild prawns.

The price of prawns is a function of prawn size
(Fig. 5). The maximum price was expected to have a
uniform distribution between 15$/kg and 25$/kg based
on the market prices observed over the last few years.
As prawns in Australia are mainly exported to Japan
and the USA, the additional 100 t of prawns produced
by stock enhancement in Exmouth Gulf, would have
no impact on the prawn price of the large international
market.

Generally, few estimates of parameter uncertainty
were available. Some parameters can be estimated well
(e.g. length weight relationship, gear selectivity), and
some others have limited impact on the uncertainty of
the predictions (e.g. salary costs of production, size
at emigration from the nursery), although their esti-
mates do contain uncertainty. These two kinds of pa-
rameters were excluded from the uncertainty analysis.
For other parameters, we examined the minimum and
maximum values of the parameter reported from differ-
ent sources or for different species (e.g. survival rates
in the nursery, prawn prices) because some biologi-
cal parameters show little variation within a species
or even among similar species (Myers et al., 1999).
For some other parameters, we made educated guesses
about their minimum and maximum likely values (e.g.

transport mortality). Four types of probability distribu-
tions were used, normal, lognormal, uniform and tri-
angular, depending on the reliability of the estimated
values and our knowledge.

2.3. Sensitivity analysis

The bio-economic model consists of many param-
eters, each with a different influence on the predicted
outputs of the model. Identifying the most influential
parameter provides an efficient way of improving the
results by fine-tuning the estimate of that parameter.
A sensitivity analysis was carried out, therefore, to in-
vestigate how different variables affected the forecasts
from the model. Sensitivity was calculated by com-
puting the rank correlation coefficients between every
assumption and every forecast while the simulation is
running. The correlation coefficients provide a mean-
ingful measure of the degree to which the assumptions
and forecasts change together. Squaring the rank corre-
lation coefficients and normalizing them to 100% gives
the sensitivity as a percentage of the contribution to the
variance of the target forecast.

3. Results

Ten thousand simulations were carried out, and the
model estimated that 21 million 1 g juveniles would
need to be released into the sea to produce a median

osts to
Fig. 6. Raceway production c
 produce 100 t of enhanced prawns.
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Fig. 7. Catch predictions for the enhanced stock with a release of 21 million of 1.0 g juveniles.

catch of 100 t, which requires 156 raceways for grow-
out. The total cost of production in raceways ranged
from AUD$1.00 million (M) to AUD$1.34 M with a
median of AUD$1.20 M (Fig. 6). The enhanced catches
were distributed almost normally (skewness = 0.57)
with a median of 100 t, a standard deviation of 25 t
and ranged from 23 to 244 t due to the uncertainties in
various parameters (Fig. 7).

The revenue from the enhanced stock ranged from
AUD$0.26 million to AUD$4.86 million (Fig. 8). The
median revenue was AUD$1.60 million. The difference
between costs (hatchery, production, harvest, transport
and release, and monitoring) and the revenue from
enhancement varied between AUD$-0.95 million and

AUD$3.10 million, with a median of AUD$0.22 mil-
lion (Fig. 9), meaning on average that the enhancement
would make a profit. There was 33.5% chance of losing
money from the enhancement operation. It should also
be noted that this index of “profit” does not include
capital costs and their depreciation.

The wild catch ranged from 15 to 1527 t and had a
skewed distribution with a mean of 406 t and a standard
deviation of 216 t (Fig. 10). These estimates exhibit a
wider range of catches than seen over the last 10–15
years in the Exmouth brown tiger prawn fishery (Fig. 2)
but close to those recorded over the entire history of the
fishery. Although the number of wild prawn larvae (1 g)
was not a random variable in the simulation, the nat-

ined fro
Fig. 8. Marginal revenue obta
 m the catch of the enhanced stock.
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Fig. 9. Profit forecasts for the stock enhancement of 100 t enhanced catch.

ural mortality and growth from 1 g to recruitment to
the fishery involved many stochastic factors. The large
variation of wild catches proves how variable the re-
cruitment to fishery can be simply due to the stochastic
variation in early life stages as many fishery stock re-
cruitment relationships show.

The largest contributor to the overall uncertainty of
the enhanced prawn catch was the post-release mortal-
ity (53.6%), followed by the density-dependent mor-
tality (17.0%), maleL∞ (12.6%), femaleL∞ (6.4%),
femalek (5.1%), and malek (4.7%). All other parame-
ters contributed less than 1% to the total variation in the
forecast catch of enhanced prawns. These results sug-
gest that post-release mortality and density-dependent

mortality are the largest factors affecting the success of
stock enhancement.

4. Discussion

The simulation results suggest that a 100 t enhance-
ment ofP. esculentusstocks in Exmouth Gulf has a
66.5% chance of making a profit. Further, it is worth
noting that the calculation of costs for grow-out in this
study did not take into account the cost of capital invest-
ment required to build the grow-out raceways because
the M.G. Kailis Group may offset these capital costs
against its other aquaculture activities. Additional use

wild s
Fig. 10. Catch predictions for
 tock after the stock enhancement.
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of the existing raceways for grow-out does not add extra
costs to the company, which controls over 90% of the
Exmouth Gulf tiger prawn fishery and will also be the
major beneficiary of enhancement. In this very special
case, the way to calculate costs and then profit can be
justified, but for other normal enhancement projects,
alternative costs of capital investment and depreciation
on the capital must be included in the cost–benefit anal-
ysis.

The costs of monitoring enhancement included in
this study was partial, specifically the cost of monitor-
ing the contribution of the enhanced stock to the to-
tal catch assuming that the identification of enhanced
from wild prawns by micro-satellite DNA loci is fea-
sible and that a screening process can be developed
(seeLehnert et al., 2003; Bravington and Ward, 2004).
Under these assumptions, the costs of monitoring are
not large, around AUD$26,000 for the trial enhance-
ment of 21 million juvenile prawns, mainly for obtain-
ing adult prawns at sea and genetic analysis. This cost
corresponds to the optimum monitoring level for an
“average” fishing season. We defined optimum as the
minimum number of samples required to obtain an es-
timate of the contribution of the enhanced stock to the
total catch within 15% of its real value (with an 80%
statistical power). In years of exceptionally high stock
size (800 t), the statistical power of our sampling would
drop to around 70%. Other costs of monitoring related
to for example, potential changes in genetics of the wild
stock and disease management have not been included
i
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a more generic model in the future should have this
capability.

Size at release is another critical factor in determin-
ing the survival and cost of juvenile production. Given
a certain production target, reducing the release size
of the juveniles may lead to an increase in the number
of juveniles needed for the release and the number of
larvae for grow-out because releasing smaller prawns
into the sea will increase the post-release mortality dra-
matically. This will increase the costs required for the
production of larvae. The size at release should be de-
termined based on a cost-effective analysis, produc-
ing a best combination between mortality and costs of
seed production. This study also carried out a simula-
tion which set the release size at 0.5 g. The post-release
mortality rate from 0.5 to 1.0 g would be higher than
in the optimally controlled grow-out environment. In
the absence of data, the post-release mortality rate for
0.5 g juvenileP. esculentuswas calculated by extend-
ing the length-dependent mortality for post 1 g juve-
niles to 0.5 g. The results from this simulation estimated
that for a target production of 100 t of enhanced catch,
26 million 0.5 g juveniles would be required, which
would need 75 raceways. The probability of making
a profit for 0.5 g releases was 35%, only about half that
when the release size of juveniles was 1.0 g. Although
the costs in raceways decreased due to the shortened
duration of the grow-out because of the smaller size
at release, the total cost of post-larval production in-
creased sharply with the need to produce 4 million more
p
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This study assumed that all prawns were produ

n one run, and, therefore, 156 raceways were requ
he capital costs associated with building 156 ra
ays would be substantial – about AUD$3.9 milli
or economic efficiency, it would seem reasona

o produce the juveniles in two or three runs o
certain time period although the biological a

cological feasibility of such release strategies sh
e carefully studied. This is because the timing
elease and the associated availability of the f
equired by the released stock are two critical fac
n determining the probability of survival (Travis et
l., 1998; Brown and Day, 2002). This is particularly

mportant in the sub-tropical environment of Exmo
ulf, where winter water temperatures fall bel
5◦C. The current model is not capable of asses

he performance of multiple releases during a year
ost-larvae.
In addition to the risk assessment, the sensit

nalysis also provided crucial information about
orecasts from the model. Post-release and den
ependent mortalities were identified as the lar

actors affecting the enhanced prawn catch, follo
y growth parameters. Those parameters that ha

argest contribution to the overall uncertainty of mo
utcomes provide a potential focus for researc

mprove estimates of these parameters in the fu
nd reduce the uncertainty in the model. It is wo
entioning that the uncertainty of an assump
epends on the type of distribution and the param
f that distribution. If some assumptions in the mo
re changed, the uncertainty for a certain param
ight overcome the model sensitivity.
Density-dependent effects in marine populati

re very case specific. If the density-dependent
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tality is strong, enhancement becomes the replacement
of wild production with enhanced individuals rather
than the enhancement of wild production (Hilborn,
1998), which is most likely when the wild population
has reached its carrying capacity. One method of
testing the extent of density-dependent effects is to
carry out experiments of spatial controls, i.e. to have
some sites enhanced and some un-enhanced. However,
this is not possible in Exmouth Gulf and would be too
costly in many instances. The philosophy behind this
project is that the current production is wel l below
the maximum sustainable level, and that releasing
captive-raised juvenile prawns will use the existing
levels of productivity of the marine environment,
which may have been constrained to a low level by
intensive fishing. If this is true, the intensity of this
density dependence can be estimated from the density
effects exhibited in stock recruitment relationship.
The density-dependent mortality was estimated to be
7% at the current stock level, but the worst case could
be 28% (Appendix A). A log-normal distribution was
used in this study to account for the uncertainties.
Density-dependent mortality depends on the relative
competitive ability for food, habitat space, etc., which
in turn is a function of individual size. We assumed
that the enhanced prawns have the same size as the
wild and that the density effect applies equally to
both released and wild prawns (M1,λ =M2,λ = 0.5Mλ,
in Table 1). If a multiple release strategy is adopted,
the relative sizes of wild and enhanced prawns are
n ore
c cts.

one
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a profit was one of the major reasons for deciding not to
progress to pilot scale enhancement (1–3 million juve-
nile P. esculentus) in the Exmouth brown tiger prawn
fishery. This demonstrates the importance of bioeco-
nomic analysis and risk assessment in stock enhance-
ment. Such a modelling practice is applicable to any
stock enhancement project and should be done before
making the decision for a full-scale enhancement.
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Appendix A. Estimation of density-dependent
mortality in the nursery grounds for juvenile P.
esculentusin Exmouth Gulf, Australia
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Fig. A.1. The stock recruitment relationship of the Exmouth Gulf tiger prawn stock (fromCaputi et al., 1998).

wereR is recruitment,S is spawning stock,α andβ
are parameters. If there is no density dependence, i.e.
β = 0, the recruitment per spawning stock should be
constant (R/S=α), i.e. the number of recruits from one
spawner remains the same regardless of the spawning
stock size. However, as the density of recruits increases,
competition is likely to take place between individuals
for food and habitat. The most important impact of
increased competition is an increase in natural mor-
tality, although increased competition may have other
impacts e.g. a decrease in growth rate (seeLoneragan
et al., 2001).

The increase in mortality rate reduces the survival
rate of juveniles before recruitment, and consequently
the recruits per unit spawning stock decreases. This
density-dependent effect becomes more and more se-
vere with the increasing number of recruits. The maxi-
mumR/Sisα in Eq.(A.1) whenSapproaches zero. So,
the density-dependent effect can be estimated by com-
paring the value ofRperSat its corresponding level of
Swith the value ofα.

Given the stock recruitment relationship in Eq.
(A.1), the relative decrease,p, in recruits per unit
spawning stock (R/S) caused by a certain proportion
of increase,ζ, in spawning stock due to enhancement
can be calculated as follows:

p = R0/S0 − R1/S1

R0/S0
= 1 − e−βζS0 (A.2)

w ts
t ing
s e in-

creased levels of recruitment after enhancement and
their corresponding spawning stocks.

When we try to enhance a wild stock, competition
occurs between enhanced and wild stocks. If the
released prawns have the same size as the wild
counterparts and we assume that they have the same
competitive ability, the density-dependent process will
apply equally to both the enhanced and wild stocks. We
can therefore treat the enhanced recruits as though they
are a result of increasing the number of wild spawners.
When the current recruitment level and the number of
enhanced prawns to be released are known, the decrease
in recruit per unit stock caused by the enhancement can
be calculated on the basis of Eq.(A.2). Using the stock
recruitment parameters to define density dependence of
the enhanced stock, we assume that density-dependent
processes operate between the size at which we release
enhanced prawns and the size at which they recruit to
the fishery. Given the length from release to recruit-
ment into the fishery,Tλ, weekly density-dependent
mortality rate,Mλ, can be estimated as follows,

Mλ = − 1

Tλ
ln(1 − p) (A.3)

The average annual catch over the last 10 years was
about 400 t (Fig. 2), and its corresponding recruitment
was 350 units (Fig. A.1). Catch is proportional to
recruitment in a single cohort fishery that has a fixed
duration of fishing season and a fixed number of boats.
A ntage
o
S lity
here ζ = (S1 −S0)/S0, the subscript 0 represen
he original levels of recruitment and correspond
pawning stock, and the subscript 1 represents th
25% increase in catch demands the same perce
f increase in recruitment. Solving Eq.(A.1) gives
0 = 5.3 andS1 = 7.2. The density-dependent morta
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caused by increased recruitment was then estimated
to be 0.015 per week (p= 7.0%) based on Eq.(A.3).
Several sources of uncertainty should be taken into
account in the above calculation. The first and most
immediate is the estimate of the recruitment corre-
sponding to 400 t of catch. The closer recruitment is
to its maximum level, the stronger the density depen-
dence. If the recruitment corresponding to 400 t is
actually 50% higher than our estimate of 350 units due
to data noise, then the density-dependent mortality will
rise to 0.066 per week (p= 28%, cf. Eq.(A.2)). This is a
precautionary measure to prevent the underestimating
of density-dependent process. The second is the uncer-
tainty associated with the parameter estimates of the
stock–recruitment relationship, which reflects observa-
tion errors in spawning stock and recruitment measure-
ments and random environmental effects. To account
for these uncertainties we used Monte Carlo method
to randomly sampleR0 from a uniform distribution
between the two estimates of 350 units and 1.5× 350
units andα andβ from the normal distributions de-
fined by the means and standard errors estimated from
fishery data (Fig. A.1). The resultingMλ (Eq. (A.3))
has a lognormal distribution with the logarithmic
mean of−3.15 and the logarithmic standard deviation
of 0.55. Given the assumption that density dependence
has impact equally on both enhanced and natural
prawns,M1,λ =M2,λ = 0.5Mλ. This is only one exam-
ple showing the calculation of the density-dependent
effect when enhancement increases recruitment to the
fi ent
c to be
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Appendix B. Estimation of the natural
mortality rate in nursery grounds

O’Brien (1994)collected data of 12 cohorts of ju-
venileP. esculentusin Morton Bay, Queensland and
estimated their mortality rates from settlement in and
emigration out from nursery grounds. The estimated
natural mortality rates range from 0.06 to 0.29 per week
with a mean 0.16 (±S.D. 0.07) per week. The average
length at emigration is 16 mm CL and the length at
settlement is around 2 mm. The data are not detailed
enough to allow us to estimate the coefficients of Eq.
(3).

However, the allometric relationship between natu-
ral mortality and body length is usually described as
follows (Lorenzen, 2000):

ML = Mr

(
L

Lr

)ξ

(B.1)

whereML is the natural mortality rate at lengthL,Mr is
the natural morality rate at reference lengthLr, andξ is
the allometric exponent of the mortality and length re-
lationship. After comparing seven release experiments
(53 stocking events),Lorenzen (2000)concludes that
the model withξ =−1 performs best.

With ξ =−1, Eq. (B.1) simplifies toML =MrLr/L.
The mean natural mortality rate from settlement (Lr) to
emigration (Le) is then,
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shery by 25%. If the scale of stock enhancem
hanges, the density-dependent mortality needs
e-estimated.

In the estimation of density-dependent mortality,
ssumed that all the density dependence reflect

heS/R relationship happens between release an
ruitment to fishery, at life stages older/bigger t
he age/size of seeds. This is unlikely because den
ependent effects are likely to be more prevalent a
mallest lengths of settled post-larvae, when thes
t the highest densities. Later as they grow their de

ies decrease rapidly, thus density dependence m
ess important (Loneragan et al., 1994; Loneragan
l., 1998). This may suggest our estimates of dens
ependent mortality may be biased high. In fact

dea of enhancement is exactly to reduce mortality
ng the phases where mortality is greatest and pos
ensity dependent.
¯ = 1

Le − Lr Lr

MrLr

L
dL = MrLr

Le − Lr
ln

Le

Lr

romO’Brien (1994), M̄ = 0.157 per week,Lr = 2 mm,
e = 16 mm, we can then calculateMr = 0.529 per week
eplacingLr andMr in Eq.(B.1) immediately leads t
L = 1.05 L−1. This equation is the same as Eq.(3)
hena= 1.05 andb=−1. Usuallyb=−1 is quite con
istent (Lorenzen, 2000). Our estimate ofb=−0.99
or the grow-out period based on experimental
Table 1) also supports Lorenzen’s conclusion.
herefore contribute the uncertainty in natural morta
nly toawith a standard deviation of 0.2.

Watson et al. (1993)useM= 0.065–0.042 per wee
or juvenileP. esculentusin their study on annual yie
f the northern QueenslandP. esculentusfishery. Thes
alues are much lower than the values we used in
tudy. Wang and Die (1996)use a constant natu
ortality rate of 0.045per week for adultP. esculen
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tusgreater than 26 mm in the study of the Australian
northern prawn fishery. Using Eq.(B.1), we can easily
estimate thatM= 0.146per week for juveniles at 8 mm,
less than half our value (M= 0.366 per week) for the
juveniles of the same size. Although natural mortal-
ity may vary with environmental conditions,Lorenzen
(1996) found no systematic differences between the
mortality–weight (length) relationships determined for
individual populations, species and fish in respective
ecosystems. The relatively high length-dependent mor-
tality rates we used for the post-release period may lead
to conservative results for our simulations.
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