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ABSTRACT. How can one manage wildlife under a suite of
competing values? In isolation, the ecological economics of na-
tive wildlife harvest, threatened species conservation and con-
trol of exotic species are all well established sub-disciplines of
wildlife management. However, the wild banteng (Bos javani-
cus) population of northern Australia represents an interesting
combination of these aspirations. A native bovid of Southeast
Asia now ‘endangered’ in its native range, banteng were intro-
duced into northern Australia in 1849. Today, a population of
8,000 10,000 resides on one small, isolated peninsula in west-
ern Arnhem Land, Northern Territory and is harvested by
both recreational (trophy) and aboriginal subsistence hunters.
Indigenous, industry and conservationist stakeholders differ in
their requirements for population management. Here we an-
alyze the ecological and economic costs/benefits of a series of
potential harvest management options for Australia’s banteng
population, with the aim being either to: (1) maximize sus-
tainable yield (MSY); (2) maximize harvest of trophy males;
(3) maximize indigenous off-take; (4) suppress density or com-
pletely eradicate the population; (5) minimize risk of extinc-
tion whilst limiting range expansion; (6) scenarios incorporat-
ing two or more of options 1 5. The modeling framework em-
ployed stochastic, density-regulated matrix population models
with life-history parameters derived from (i) allometric rela-
tionships (for estimating rmax, generation length, fecundity
and densities for a banteng-sized mammal) and (ii) measured
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vital rates for wild and captive banteng and other Bos spp.
For each management option, we present a simple economic
analysis that incorporates estimated costs of management
implementation and associated profits projected. Results
demonstrate that revenue of >AU$200,000 is possible from
meat production and safari hunting without compromising
long-term population stability or the conservation status of
this endangered bovid.

KEY WORDS: Aboriginal, banteng, economics, harvest,
hunting, Leslie matrix, safari, stochasticity, sustenance, sus-
tainability, viability.

Introduction. The drive to reconcile the development of strong
economies without further compromising ecosystem ‘health’ (sensu
Leopold [1949]) is problematical due to the conflict in the mechanisms
and politics underlying their separate goals (Coleman [1996], Bucking-
ham [1998], Rapport [1998], Lackey [2001], Song and M’Gonigle [2001],
Ullsten and Rapport [2001]). This conflict is epitomized in the strug-
gle to curtail the global species extinction crisis (Ceballos and Ehrlich
[2002], Thomas et al. [2004]) while maintaining sustainable rates of
wildlife harvest (Munasinghe [1994], Brashares et al. [2001], Jerozolim-
ski and Peres [2003]). Recent attempts to quantify ecosystem services
and natural capital within an economic framework have provided some
points of consilience (Costanza et al. [1997], Wilson [1998]), although
it is still unclear in many specific situations how best to manage both
conservation and economic values of wildlife species simultaneously.

In isolation, the ecological socioeconomics of native wildlife har-
vest, e.g., Berkes et al. [1994], Barrett and Arcese [1998], Rodriguez
[2000], Bodmer and Lozano [2001], Haule et al. [2002], the conser-
vation of threatened species (Tracy and Brussard [1996], Morris and
Doak [2002]), and the eradication of exotics (Wilman [1996], Rainbolt
and Coblentz [1997], Sharov and Liebhold [1998], Myers et al. [2000],
Forsyth et al. [2004]), are all well established sub-disciplines of wildlife
management. However, there are situations where the different aspi-
rations of these sub-disciplines compete. The most familiar of these
is the often vexed relationship between wildlife conservation and har-
vest, even though most threatened species harvested by humans are
managed with the view to reduce or eradicate the threatening process
itself, i.e., the harvest, (Noss [1998], Li et al. [2000], Newing [2001],
Norris [2004]).
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One of the most exceptional combinations of these competing wildlife
management aspirations is found in the far north of Australia, where
an introduced non-native ungulate, the banteng (Bos javanicus), has
proliferated on one small (22,0000 ha), semi-isolated peninsula. Ap-
proximately 20 individuals were introduced in 1849 during the earliest
phase of European settlement (Calaby [1975]) and today the population
numbers approximately 8,000 10,000 (K. Saalfeld, unpubl. data). The
area where this population resides is both a National Park and abo-
riginal land, and is co-managed by a combined government-aboriginal
council (Foster [1997]). Individuals are harvested occasionally by abo-
riginal land owners (deKoninck [2005]), and a limited number of tro-
phy males are permitted to be shot by recreational safari hunters each
year for which a royalty is paid to the traditional aboriginal owners
(Choquenot [1993], deKoninck [2005]). There are no data available
on the level of illegal harvest, although this appears to be extremely
low given the peninsular isolation of the National Park and strictly
controlled permitting of all non-aboriginals visiting the region.

Outside Australia, wild banteng exist today only in small, isolated
herds in south-eastern Asia (Hedges [1996]) and are consequently listed
as ‘Endangered’ under IUCN Red List criteria (IUCN [2000]). Until
recently, the population in northern Australia was usually assumed to
be comprised of hybrids of domestic or other Bos species. However,
recent genetic analysis has demonstrated that Australian banteng are
indeed pure-strain Bos javanicus and therefore represent the largest
population of this endangered species in the world (Bradshaw et al.
[2006]).

Because aboriginal, government and conservationist stakeholders dif-
fer in their requirements for population management, our aim is to pro-
vide a series of options that marry different management outcomes. To
this end, we developed alternative stochastic, density-regulated matrix
population models with life-history parameters derived from (i) allo-
metric relationships and (ii) measured vital rates for wild and captive
banteng and other Bos spp. The different management options pre-
sented include (1) maximizing sustainable yield (MSY) for meat pro-
duction, (2) maximizing harvest of trophy males, (3) indigenous suste-
nance harvest, (4) partial or complete eradication such as has been the
goal for other exotic species in Australian national parks (Ridpath and
Waithman [1988], Brook et al. [2006]), (5) minimizing risk of extinction,
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and (6) scenarios incorporating two or more of options 1 5. Finally, for
each management option we present a simple economic analysis that
incorporates estimated costs of implementation and projected profits.

Methods: Banteng life history. Like other Bos species, banteng
are a relatively long-lived ungulate that may exceed 15 years (G. Kirby,
pers. comm.), and Choquenot [1993] reported a maximum age of 17
years from a shot sample of banteng in Australia. Male banteng
are considered to have a relatively higher survival rate than other
congenerics (Kirby [1979]); therefore, we assumed equal longevity for
the sexes. Adult and foetal sex ratios are near 1:1 (Choquenot [1993]).
Survival is generally high during adult years, i.e., > 0.95, given the
relatively lower investment in milk production by females to other Bos
sp. (Kirby [1979]), but is reduced in the first year or two of life, followed
by a peak around the age of 2 3 years (Choquenot [1993]). Fertility
is characterized by high conception rates (> 95 %), delayed maturity
(3 5 years) and a gradual reduction in reproductive output after the age
of seven years (Kirby [1979], Choquenot [1993]). Sexually dimorphic
banteng also demonstrate reduced growth relative to other Bos species,
with males reaching maximum size (∼ 600 kg) at 5 6 years, and females
(∼ 300 kg) at 3 4 years (Kirby [1979], Choquenot [1993]).

Base parameters. To derive age-specific survival rates and smooth
sampling variation, we fitted a 3-parameter exponential rise function
to the data of Choquenot [1993], of the form:

ŝx = as · e(bs/x+cs)

where as, bs and cs are constants. Similarly, age-specific fertility rates
were derived by fitting a 3-parameter log-normal distribution to the
data, of the form:

m̂x = am · e[−0.5(loge(x/x0)/bm)2]

again, where am, bm and x0 are constants.
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Modeling environment. Our modeling approach was to begin with
a deterministic, density-independent Leslie matrix population model
(Leslie [1945]) that describes the average demography of the banteng
population. We defined a 17-year age-classified model for both sexes
combined based on the maximum age of females reported by Choquenot
[1993]. Here, the resultant 34 × 34 matrix contains the female survival
and fecundity values in the upper left quadrant, the production of males
in the lower left quadrant and the survival of males in the lower right
quadrant. The upper right quadrant only contains zeros (Akçakaya
[1998]). Although the use of a two-sex model in this case is identical
to a female age-classified model given the equality in sex ratio and
longevity assumed between the sexes, the format was necessary to
model specific sex-biased harvest regimes, see details below. The matrix
entries themselves were derived assuming a birth-pulse, pre-breeding
design, with first-year survival incorporated into the fertility coefficients
(Caswell [2001]). For the deterministic matrix, the dominant eigenvalue
(λ1) indicates the rate of population change through time (Leslie
[1945], Caswell [2001]). We then examined progressively more complex
modeling scenarios that incorporated stochastic and regulatory effects.
Unless otherwise indicated, all projection intervals were set to 30 years,
and, for all stochastic simulations, the number of iterations was set to
1000.

Somatic growth. We assumed a constant growth function for each
sex based on measured cross-sectional morphometric data (Choquenot
[1993]), following the von Bertalanffy growth function (von Bertalanffy
[1938]):

Mx = Mmax − (Mmax − M0) · e−kx

where Mx is predicted mass at age x, Mmax is the maximum mass
attainable, M0 is birth weight, x is age in years and k is the rate
constant (expressed in year−1 units). Using female Mmax = 300, male
Mmax = 600, M0 = 17 (Choquenot [1993]) and, assuming maturity
at 4 and 6 years for females and males, respectively, we estimated
kfemale = 0.4732 and kmale = 0.3385.
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Density dependence. The density-dependent processes in large
mammals generally occur within survival and fertility rates (Messier
and Crête [1984], Freeland and Choquenot [1990]), but large reductions
in either parameter tend to occur only as the population approaches
carrying capacity, K (Fowler [1981]). We examined whether the current
estimate of population density was likely to represent K. The latest
population estimate is between 8,000 and 10,000 individuals within an
area of 2200 km2 (K. Saalfeld, unpubl. data). This translates into an
observed density of 4.09 animals/km−2 (9000 / 2200 km−2), which is
well above the density reported for wild Javan B. javanicus (Hoogerwerf
[1970], Freeland [1990]), but consistent with the observation that feral
herbivores in Australia can achieve densities many times greater than
those observed in native populations (Freeland and Choquenot [1990]).
We also calculated the theoretical population density for mammalian
herbivores based on body size using the relationship described by
Damuth [1981] and modified by Freeland [1990]:

log10 Density = 4.196 − 0.74 · (log10 W )

where Density is expressed in animals per km2 and W = body mass
in grams. Average body mass for all individuals was taken as the
average of maximum male and female body mass described in the
growth function (450,000 g), which gives a predicted density = 1.01
banteng/km2. Thus, we are confident that the high densities observed
for Australian banteng represent maximum or near-maximum densities
for this species.

We constructed three separate density-dependent functions for (1) sur-
vival of neonates to age 1 (s0), (2) survival of individuals ≥ 1 year (s1+),
and (3) fertility (m) using a flexible 4-parameter logistic expression of
the form:

parameter [s0, s1+, m] = zdd +
add

1 + (N/cdd)b
dd

to modify the s0, s1+ and m ‘parameters.’ Here, N is population
size and zdd, add, bdd and cdd are constants. Because of the log-
normal distribution of m described above, we adjusted the log-normal
coefficient am as a logistic function of population size to produce a
maximum m at the lowest population size.
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Maximum and minimum values of s0, s1+ and m were set to vary be-
tween population sizes thought to represent initial population size and
carrying capacity (K), respectively (here, maximum survival occurs at
minimum population density. K was assumed to equal the mean cur-
rent population estimate of 9,000, and initial population size was set
to 20 individuals. For this exercise, the bounds of the survival and
reproductive rates were set according to one of two criteria:

(1) the measured vital rates from the early 1990’s, which were
assumed to represent those taken from a population at or near K
(Choquenot [1993]). Thus, minimum s1+ was set to 0.92 according
to the fitted exponential rise function described above. This value was
also used to set maximum s0 based on the observation that survival
during the first year of life is generally low in this species (Kirby [1979],
Choquenot [1993]). Minimum s0 was set to a value that resulted in the
density-independent matrix projection producing a stable population
size over the projection interval (0.62). Minimum am used to predict
mx in the log-linear function was also set to the value estimated from
measured vital rates (Choquenot [1993]);

(2) maximum vital rates were taken from both measured and theo-
retical values where maximum s1+ was set to near-guaranteed survival
(0.99). Maximum am was set to a value that resulted in the m7 for
prime females of the Bos genus estimated from allometric relationships
(Peters [1983]):

mmax =
12000 · M−0.73

2
where M is the mass prediction (in g) for seven-year old females derived
from the von Bertalanffy growth function. In this case, M was set to
289,000 g; therefore, mmax = 0.62.

Environmental stochasticity. Megaherbivores are affected both
by the abundance and timing of rains that modify the absolute quantity
and quality of browse and graze (Caughley and Gunn [1993], Oesterheld
et al. [1998], Harrington et al. [1999], Moss and Croft [1999], Georgiadis
et al. [2003]). Banteng in Australia are subject to a wide range of
moisture extremes given the position of the Cobourg Peninsula in a
wet-dry tropical system. Choquenot [1993] measured the long-term
coefficient of variation in rainfall for the peninsula at 24 percent. We
used this value to construct a survival multiplier that would reduce
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average survival in low-rainfall years and increase average survival in
above-average rainfall years. We standardized the calculation of a
rainfall standard deviation (sd1) using the coefficient of variation and
mean = 1. We then calculated a uniform random multiplier drawn from
a sample bounded by 1 − 2 · sd1 and 1 + 2 · sd1 to provide a stochastic
modification to all survival rates per time step, using the justification
that variation in rainfall would cause variation in survival (as observed
for feral buffalo, Boulton and Freeland [1991]). The resultant samples
of corrected survival were bounded by the minimum and maximum
survival rates described for density dependence.

Extreme environmental perturbations (catastrophes). In
addition to the variance in survival rate modified by the application
of a rainfall multiplier for environmental stochasticity, we also modeled
the probability and severity of extreme environmental perturbations
(also known as ‘catastrophes’) because their occurrence can have a
major impact on the probability of extinction (Young [1994], Reed et
al. [2003]). Given the lack of data on the occurrence and severity of
catastrophes for banteng in the Cobourg Peninsula, we chose to model
the theoretical relationship between generation length and catastrophe
occurrence for vertebrates as estimated by Reed et al. [2003]. For this
we estimated the probability of catastrophe occurrence as:

Pr(catastrophe) =
0.147

A

where A is mean generation time (Reed et al. [2003]). There are several
methods for calculating A, but for the purposes of this calculation
we took A = the mean age of parents of the offspring produced by
a population at the stable age distribution (Caswell [2001]). In all
projections a catastrophe was implemented at time step t when a
random uniform number bounded by 0 and 1 was ≤ Pr(catastrophe).
To model the severity of a catastrophe once invoked, we used the power
function:

Y = 2510 · 0.9376x

where Y = the probability that any given catastrophe will have a
severity of x (Reed et al. [2003]). We constructed this equation for
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probabilities ranging from 0 to 1 and solved for x. Then, we produced
a random uniform number between 0 and Ymax to predict the severity
of the catastrophe once invoked.

Demographic stochasticity. The variation in vital rates increases
as populations become small, so that extinction risk can actually
increase even when vital rates remain constant or increase (Akçakaya
[1991], [1998]). To account for this statistical variation in vital rates
as a function of population size, we resampled survival rates using
the binomial distribution where the new survival rates in time step
t + 1 were the binomially resampled number of surviving individuals
per age class divided by the total number of individuals in time step
t. Similarly, the modified fecundity vector was the Poisson resampled
number of offspring produced per age class (as a function of the number
of reproductive females).

Tertiary sex ratio. The decline in population growth rate when a
population is small is known as the Allee effect (Legendre et al. [1999],
Stephens et al. [1999]), and this may result from the reduced probabil-
ity of finding a suitable partner with which to mate when the tertiary
sex ratio, i.e., the ratio of the rarer sex to the total number of breeding
adults, is low (Stephens et al. [1999], Stephens and Sutherland [1999]).
For large polygynous ungulates, the normal tertiary sex ratio is ap-
proximately 0.83 females to males (Bessa-Gomes et al. [2004]). There-
fore, highly skewed female-bias in the tertiary sex ratio is expected for
banteng, given their polygynous mating system. However, in harvest
scenarios where adult males were removed systematically from the pop-
ulation, we hypothesize that there is an upper threshold beyond which
the probability that a female will be mated and subsequently reproduce
is compromised (induced Allee effect). This is especially probable for
Australian banteng given that movements of adult males are low be-
tween different regions of the Cobourg Peninsula (Bradshaw, unpubl.
data). Therefore, in all harvest scenarios modeled in the present study
we set the maximum tertiary sex ratio to 0.95 and beyond which all
female fecundity = 0.
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Economic analysis. The economics of observed and predicted ban-
teng harvest were divided into three main income categories: (1) rev-
enue derived from the commercial sale of banteng beef through the
current Australian beef-trade market, (2) replacement value of meat
derived from harvested banteng (aboriginal use), and (3) revenue de-
rived from royalties paid to the aboriginal management board by safari
hunting organizations for each trophy animal shot. Basic functions
to modify production costs and limit the number of banteng bulls for
which royalties could be received from the safari industry were also
provided for the commercial sale of beef and safari hunting categories,
respectively.

Potential revenue generated from the sale of banteng beef was based
on the Eastern Young Cattle Indicator (EYCI) which is a seven-day
rolling average of 24 young cattle categories from 26 saleyards across
Queensland, New South Wales and Victoria, Australia. The EYCI is
expressed as a value per kg dressed meat in Australian dollars and is a
good indicator of market prices (Meat and Livestock Australia [2003]).
Product sourced from more remote areas result in price fluctuation
that is certainly influenced by other price trends such as distance
from major markets, focus on other trades groups, e.g., live export,
local buyer factors, abattoir availability, and regional weather variation
(Meat and Livestock Australia [2003]). For our simulations we accessed
the historical EYCI values from 1996 2004 and expressed them in
2004 AU$. We calculated mean annual EYCI because all projections
occurred in one-year increments. We then calculated the first-order
auto-correlation between EY CIt+1 and EY CIt and used this to predict
the mean EYCI for a given time step. Here, EY CIt was drawn from a
random Gaussian distribution with mean = 1st-order auto-correlated
EYCI and variance = total variance in mean EYCI among years.

To predict the total amount of saleable meat, we estimated the
dressed weight of carcasses of harvested animals according to the von
Bertalanffy growth functions for each sex (see above) and the dressing
proportion measured for captive banteng = 0.526 (Kirby [1979]). Each
‘total harvest rate’ was distributed uniformly over the adult age classes
to which it pertained (adult females > 2 years; adult males > 3 years;
trophy bulls > 5 years), then the number of individuals within each age
class were translated into a total live mass by the growth functions. The
sum of all harvested live mass multiplied by the dressing proportion
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gave the total amount of marketable banteng beef for each harvest
scenario.

Trophy-sized male banteng are currently hunted via two safari hunt-
ing operations within the national park boundaries. An annual quota
of 30 males is set by the management board, although insufficient de-
mand for safari hunting often prevents filling the entire quota during
certain years (P. Whitehead, pers. comm.). To this end, we established
a hypothetical function where the probability of sequestering sufficient
demand to fulfill the annual quota reduces logistically as a function
of the quota (Meat and Livestock Australia [2003]). Safari hunting
clients currently spend ∼ AU$10,000 for a single hunt, i.e., one adult
male permitted to be shot per tag purchased, of which approximately
25 percent is paid to the aboriginal management board as royalties. For
the purposes of this analysis, we assumed that after 40 animals were
shot the demand for additional safari hunts would decline dramatically
(P. Whitehead, pers. comm.). This translates into the logarithmic func-
tion:

hsafari = hmax · (1 − dn)

where hsafari is the number of mature males for which full royalties are
paid, i.e., the number of males shot per year for which royalties are re-
ceived, hmax is the ‘maximum’ demand for full-fee paying safari hunters
(40), d was set to 0.97 arbitrarily so that the curve of the demand prob-
ability increased logarithmically with an increasing number of trophy
tags purchased, i.e., d sets the curvature of the function, and n is the
possible range of safari tags issued. In this instance, we assumed that
the safari price of AU$10,000 remained unchanged from year to year,
that all issued tags result in a kill, and full royalties per mature male
shot = AU$2,500. We defined a mature male as one ≥ 6 years of age.
The function essentially limits the number of harvested trophy males
that provide full royalties in any given year based on the input values,
even if culling rates, e.g., for density reduction purposes, exceed the
number of safari tags sold.

Meat production costs were based on interviews with A. Trier
(Project Mgr., Northern Territory Indigenous Pastoral Project, Kather-
ine, Northern Territory, Australia). Although costs vary widely from
region to region, transport and mustering costs in remote bush areas
are thought to be approximately AU$150 per head (price includes he-
licopter and vehicle muster, truck/barge transport to abattoir, etc.)
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for established cattle farming operations. Rather than assume a con-
stant cost per individual killed, we constructed a hypothetical cost-
modifier function where the difficulty in hunting individuals success-
fully increases non-linearly as the total population is reduced, see also
Boulton and Freeland [1991]. We chose a simple exponential decay
function of the form:

cost = y0 + ae−bN

where N is the total banteng population size and y0, a and b are
constants estimated at 113.07, 534.9 and 3.3× 10−4, respectively. This
function was set arbitrarily to vary between a maximum cost per head of
AU$500 at low population densities to $150 per head near or at carrying
capacity (analogous to a type II functional response from predator-prey
systems, see Holling [1959]). Costs were capped at these minimum and
maximum values accordingly. There were no costs assumed for safari
royalties apart from the cap on royalties received each year.

Results: Somatic growth. The maximum likelihood fits of the von
Bertalanffy growth functions indicated rate constants of 0.472 year−1

and 0.339 year−1 for females and males, respectively. To put this into
context, Moran ([1973]) reported a growth rate of 0.22 kg/day for 22- to
37-month old banteng steers. Our function predicted an average male
growth rate of 0.28 kg/day during the same interval. The difference is
likely due to the inclusion of a reduced growth period during the drier
(winter) months in Morans ([1973]) study.

Deterministic base matrix. The survival function derived from
Choquenot ([1993]) was

ŝx = 0.0582 · e(0.2511/x+0.1678)

where x is the age in years, and the fertility function became:

m̂x = 0.4468 · e[−0.5·(loge(x/6.1960)/0.3533)]2 .

The deterministic, density-independent base matrix derived from the
above age-specific vital rates produced a dominant eigenvalue λ1 =
1.0229 (r = 0.0227) so that the end population was approximately 1.4
times larger than the 1990 population after 15 years. This supports
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FIGURE 1. Projected population of banteng from a founder population
of 20 individuals over 150 years since establishment. Carrying capacity is
set at 9,000, and all projections incorporate demographic and environmental
stochasticity in addition to catastrophic mortality events. No human hunting
mortality was incorporated.

the view that the population has increased since the early 1990’s
(Choquenot [1993], K. Saalfeld, unpubl. data). The net reproductive
rate (R0 is the expected production of daughters by a female during
her lifetime, Caswell [2001]) was 1.20. Mean generation time (A is the
time required for the population to increase by a factor of R0, Caswell
[2001]) was 7.94 years, and the mean age of the parents of the offspring
produced by a population at the stable age distribution was 7.02 years.
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Stochastic density-dependent projection without kills. Based
on an initial population size of 20, i.e., the number of banteng intro-
duced in 1849, and 1000 simulations, the simulated population reached
stability approximately 70 years post-introduction and varied between
7,500 and 11,000 thereafter, Figure 1. This scenario predicts that the
population achieves K approximately 2 times faster than what was as-
sumed to have occurred in the national park. However, it should be
noted that unquantified sporadic killing of individuals for control and
scientific purposes, meat and safari hunting have occurred over the 150
years since introduction and were not included in this projection.

Scenario 1. Maximum sustainable yield. For this scenario we assumed
that all revenue was derived solely from the harvest of adult animals
(females > 2 years and males > 3 years) for the production and sale
of banteng beef. No revenue from safari hunting was considered. The
lower 95 percent confidence interval of minimum population size after
a 30-year projection declined rapidly after approximately 450 animals
killed per annum, which translated into a profit range of approximately
AU$197,000 313,500/year, Figure 2. Profit is defined as the total
revenue minus the production costs, but does not include other costs
such as administrative costs of running the program. To avoid the
higher rates of population extinction at this harvest rate, we consider
the effects of harvesting ∼ 250 animals/year: that harvest rate resulted
in a mean minimum population size after 30 years of 4300 8100 (47 90
% K), and a total profit of approximately AU$110,000 171,000, Figures
2a, b. The marked decrease in total meat production and profit at
higher harvest levels (700 killed/year) indicates the higher probability
of driving the population to extinction and the increased costs of
lowered hunting efficiency at low population density.

Scenario 2. Maximum harvest of trophy males. For this scenario we
assumed that all revenue was derived solely from safari royalties (hunt-
ing males ≥ 6 years of age). Given the cap on royalties receivable each
year, the optimal number of mature male banteng to harvest was 80
per year, giving a total maximum profit of approximately AU$91,000
per year, Figure 3a. Of course, this value would increase if the cap
on royalties receivable function was altered to increase the number of
marketable safari tags purchased by safari clients. Although harvest
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FIGURE 2. (a) Estimated quantity of marketable meat derived from incre-
menting levels of adult harvest over a 30-year projection interval; (b) corre-
sponding predicted annual profit (AU$) based on fluctuating market values for
beef (with upper and lower 95 percent confidence limits); (c) minimum popu-
lation size realized during the 30-year projection for each level of annual adult
harvest (with upper and lower 95 percent confidence limits).

of mature males did not reduce total population size to unacceptable
levels, i.e., population crash, until > 600 individuals per year, Fig-
ure 3b, approximately 360 mature males killed per year resulted in com-
plete eradication of this class at the lower 95 percent confidence level,
Figure 3c.

Scenario 3. Indigenous harvest. Although the incidence of aboriginal
subsistence harvest of banteng to supplement protein intake appears to
be relatively low in the national park (deKoninck [2005]), we modeled
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FIGURE 3. (a) Estimated annual profit derived from mature male banteng
(> 5 years) safari hunting royalties over the 30-year projection interval;
(b) minimum population size realized during the 30-year projection for each
level of annual harvest of mature males (with upper and lower 95 percent
confidence limits); (c) minimum population size of remaining mature males
during the 30-year projection for each level of annual harvest of mature males
(with upper and lower 95 percent confidence limits).

the replacement value of banteng beef if the entire aboriginal population
within the region of Cobourg Peninsula used banteng as their major
source of protein. The total aboriginal population within the district of
Minjilang and Outstations (includes Cobourg Peninsula, Croker Island
and the northwest corner of Arnhem Land) in 2001 was 254 persons,
of which 36 percent were over the age of 14 (Australian Bureau of
Statistics [2001]). Assuming the average Australian adult consumes
67 g/day red meat, and children consume approximately half this
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value (Dieticians Association of Australia [2004]), the total maximum
indigenous consumption of banteng beef would be 5087 kg/year.

Harvesting adults indiscriminately with respect to age would achieve
an equivalent mass of meat at approximately 16 animals/year, Fig-
ure 4a. Assuming a ‘shop bought’ replacement cost of AU$10/kg con-
sumed (T. Griffiths, pers. comm.), this translates to a total replace-
ment value of approximately AU$50,000 per annum, Figure 4b. At
this level of harvest, and even twice the number of adults harvested,
the minimum population size is approximately stable over the 30-year
projection, Figure 4c. However, this analysis does not take human pop-
ulation growth into account and may underestimate replacement value
over several decades.

Scenario 4. Density reduction or eradication. For this scenario we
modeled the kill rate required to reduce the population to some desired
lower proportion of the current population size. For this we used
a projection interval of 5 years and estimated the number of adults
(females > 2 years and males > 3 years) that would have to be killed
per year to reduce the population to desired levels. The projection
interval of 5 years was used to portray a realistic management scheme
within a fundable time-frame. Results show that by targeting only
adults, a reduction of the initial population of 9000 individuals by 50
percent is achieved by culling approximately 750 1400 individuals per
year for the 5-year program, Figure 5. To achieve higher reductions in
population size require progressively higher rates of annual cull due to
the survival of juveniles during the 5-year projection and the reduction
in hunting efficiency (Boulton and Freeland [1991], Figure 5).

Scenario 5. Minimum viable population size (MVP). Intensive and
prolonged harvest regimes could conceivably lead to population reduc-
tions to a point where random environmental and demographic stochas-
ticity could result in the extinction of the remaining population. How-
ever, the increase in vital rates at low population densities (density
dependence) used in the previous models necessarily results in an in-
creasing population when N is low. Therefore, we chose instead to
assess the probability that a founder population of banteng would suc-
cumb to quasi-extinction, i.e., reduction to a set threshold number of
individuals, Otway et al. [2004], given normal variation in environ-
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FIGURE 4. (a) Estimated quantity of aboriginal sustenance meat derived
from incrementing levels of adult harvest over a 30-year projection interval;
also shown is the estimated required quantity of banteng meat required to
support an aboriginal population of approximately 250 persons (Australian
Bureau of Statistics [2001]) for one year, i.e., 5087 kg; (b) corresponding total
predicted replacement value of the sustenance harvest assuming a replacement
value of AU$10/kg banteng beef; (c) minimum population size realized during
the 30-year projection for each level of annual adult sustenance harvest (with
upper and lower 95 percent confidence limits).

mental (rainfall) and demographic rates. For this scenario we modeled
‘founder’ populations ranging from 20 to 200 individuals distributed
randomly between the sexes and among the adult age classes. We ran
1000 projections over 100 years for each starting vector and estimated
the probability that the projected population would decrease below 20
individuals at any point during the projection (quasi-extinction). The
results demonstrate that, with an entirely random sample of adults,
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FIGURE 5. Estimated range of required annual kill rates to reduce the
population to targeted minimum sizes over a five-year culling program.

probability of quasi-extinction is < 5% at an initial size of approxi-
mately 40 individuals, Figure 6a.

A second MVP model was run where density dependence relation-
ships for fecundity and survival were removed. This is because under
the density-dependent scenario above, the increase in vital rates at low
population sizes necessarily reduces the risk of extinction due to chance
events (Ginzburg et al. [1990]). Therefore, we used a start matrix pro-
ducing long-term stability, see above, and modified the matrix entries
for environmental (rainfall and catastrophe) and demographic stochas-
ticity only (density independent vital rates). In this case, we considered
the population to be extinct if the population dropped below 2 individ-
uals at any time during the 100-year projection. Under this scenario,
the probability of extinction was also reduced to about 5 percent with
an initial population of 40 individuals, Figure 6b.

Scenario 6. Combining meat production, safari hunting and popula-
tion reduction. The lower 95 percent confidence interval of minimum
population size after a 30-year projection declined rapidly after ap-
proximately 300 animals killed per annum, which translated into a to-
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FIGURE 6. (a) Probability of quasi-extinction, i.e., population drops below
20 individuals during a 100-year projection, for incrementing founder popu-
lation sizes. Here, the founder population is distributed randomly between
the sexes and age classes and survival and fecundity are density dependent;
(b) probability of quasi-extinction, i.e., population drops below 2 individuals
during a 100-year projection, assuming no density dependence and a founder
population distributed among the sex and age classes according to the stable
stage distribution.

tal profit range of approximately AU$224,000 306,000/year, of which
a maximum of AU$91,000 per year was derived from safari revenue,
Figure 7. Harvesting ∼ 250 animals/year resulted in a total profit of
approximately AU$200,000 272,000 and results in a reduction of the
population to 37 90 % K, Figure 7.

Discussion. The aims of this paper were to provide potential ecolog-
ical and economic outcomes of specific management strategies for the
Australian population of banteng. We have demonstrated that achiev-
ing a balance between population exploitation and control, economic
gain and conservation management of the endangered herd of banteng
of northern Australia is a realistic proposition. Nevertheless, we did not
set out to provide unequivocal advice regarding the particular choice of
management scenarios to implement, because that decision depends on
many political and socioeconomic aspects that could not be modeled
explicitly (Brook et al. [2006]). Neither did we model the tourist value
of banteng within Garig Gunak Barlu National Park, given that infor-



MODELS OF SUSTAINABLE HARVEST 149

0 200 400 600 800

0 
  e

+
00

4 
  e

+
05

8 
  e

+
05

animals killed/year

pe
r 

an
nu

m
 m

ea
t p

ro
fit

 (
A

U
$) a

0 200 400 600 800

0 
  e

+
00

6 
  e

+
04

animals killed/year

pe
r 

an
nu

m
 s

af
ar

i r
ev

en
ue

 (
A

U
$)

b

0 200 400 600 800

0 
  e

+
00

4 
  e

+
05

8 
  e

+
05

animals killed/year

pe
r 

an
nu

m
 to

ta
l p

ro
fit

 (
A

U
$) c

0 200 400 600 800

0
40

00
80

00

animals killed/year

M
in

 N

d

FIGURE 7. (a) Estimated annual profit for commercial meat production in
a general adult harvest over a 30-year projection interval for incrementing
levels of annual kill rates (with upper and lower 95 percent confidence limits);
(b) estimated annual safari profit derived from the mature male (> 5 years)
component of the annual kill (with upper and lower 95 percent confidence
limits); (c) total annual profit combining revenue from commercial meat
production and safari royalties (with upper and lower 95 percent confidence
limits); (d) minimum population size realized during the 30-year projection for
each level of annual adult harvest (with upper and lower 95 percent confidence
limits).

mation in this regard is currently unavailable. Additionally, the recent
determination of Australian banteng as genetically pure Bos javanicus
raises many issues regarding the role of Australian authorities in con-
serving endangered species outside of their native ranges (Bradshaw et
al. [2006], Brook et al. [2006]). Thus, all harvest scenarios modeled
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are only indicative of potential returns in light of political management
decisions for this species (Brook et al. [2006]).

Our analysis of harvest potential has revealed that even at appar-
ently high rates of annual culling, the long lifespan of this tropical
bovid ensures that the population remains relatively stable over pro-
jection intervals of 30 years. Of course, the ability to translate these
harvests into tangible economic returns depends on many factors not
necessarily considered in our analysis; however, our approach has in-
dicated that there is significant potential to achieve annual returns in
excess of AU$200,000 with the combination of profits derived from meat
production and safari hunting. We attempted to incorporate realistic
scenarios of harvest and economic return despite the assumptions made
regarding demand, production costs and market values. However, we
were unable to provide a detailed economic analysis for the costs as-
sociated with establishing a meat-production industry, e.g., stockyard
fencing, etc., for banteng in this remote region of Arnhem Land, so
estimates of the potential annual returns do not reflect these costs.
Revenue derived from safari hunting therefore appears to be one of
the most efficient and least detrimental forms of harvest at this time
(Wilkie and Carpenter [1999]).

Our risk analyses suggest that this species is fairly robust in the
face of extensive harvest rates and low population sizes, including
the potential for short-term catastrophic declines due, for instance,
to a disease epidemic or severe drought. The success of the original
20 animals released into the wild in the mid-19th century, i.e., total
current population is 8,000 10,000, is a testament to this capacity.
Additionally, our estimates of extinction risk at small initial population
sizes support the general conclusion that a founder population of
20 40 animals stands a high probability (> 95 %) of increasing to
carrying capacity within relatively short time frames, e.g., 60 years,
if undisturbed by excessive hunting pressure. This is expected based
on observations that large-bodied animals, being well buffered against
short-term environmental variation due to their long life-spans and
more opportunistic reproductive strategies, seem to be better colonizers
(Pimm et al. [1988]) or have better translocation success (Griffith et al.
[1989]) than smaller species, and herbivores tend to be better colonizers
than carnivores (Griffith et al. [1989]). Indeed, it has been shown for
long-lived birds that approximately 30 individuals are required for their
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successful establishment in new or historically occupied areas (Legendre
et al. [1999]).

It should also be noted that the genetic implications of harvest
scenarios were not considered here. Despite the apparent robustness
of this species to extensive culling, the reduction of genetic variation
with excessive harvest rates may lead to inbreeding depression that
can cause reductions in survival probability and reproductive output,
and thus increase the probability of extinction at low population sizes
(Crnokrak and Roff [1999], Frankham et al. [2002], Spielman et al.
[2004]). Sex-biased harvest regimes like those posed here for trophy
males can also result in an overall reduction in genetic diversity. For
example, the targeting of large-horned rams in bighorn sheep (Ovis
canadensis) by trophy hunters can lead to reduced genetic diversity in
the population because these rams tend to have higher-than-average
heterozygosity (Fitzsimmons et al. [1995]). Perhaps a more serious
short-term concern is the reduction in size of highly heritable traits
such as horns and body weight with sustained harvest of trophy males
(Coltman et al. [2003]), a form of artificial ‘selection’ against these
characteristics. Thus, although the overall rates of harvest as modeled
in this paper may indicate a high propensity for resilience, possibly
more conservative harvest rates than proposed are advisable to avoid
the potential negative impacts on genetic diversity.

In conclusion, the marriage of different management goals such as
conservation, aboriginal subsistence and substantial economic returns
appears possible for the wild banteng population of northern Australia.
Despite the observation that little overt damage to native flora and
fauna within the region has occurred since the introduction of banteng
over 150 years ago (Bowman and Panton [1991]), a reduction in pop-
ulation size to reduce potential impacts and maintain indigenous and
commercial utilization is an approach that can be harmonious with the
long-term persistence of endangered banteng in the wild. With the
caveat that more research is required to determine the genetic diver-
sity of this particular population and its potential resilience to sus-
tained rates of harvest, the culling regimes proposed are compatible
with increased revenue to aboriginal and non-aboriginal park custo-
dians without compromising the conservation or tourist value of this
species.
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