
Introduction

In wildlife management, the appropriate survey frequency and
precision has generally been considered with the aim of detect-
ing trends (Caughley 1979; Harris 1986; Gerrodette 1987). In
kangaroo management, harvest regulation is primarily through
quotas that are set as proportions of absolute estimates of popu-
lation size (Pople and Grigg 1998). Management action is rarely
taken in response to trends, so they are of secondary impor-
tance. The proportional harvesting strategy has been well
studied and is considered relatively safe and efficient for a fluc-
tuating population (Caughley 1987; Engen et al. 1997; McLeod
and Pople 1998). However, the strategy requires a regular esti-
mate of abundance on which to set a quota. Imprecision in popu-
lation estimates and infrequent estimates will risk applying a
quota that is either too high or too low. By not harvesting at the
rate set by management, costs may be incurred to the kangaroo
industry through reduced and more variable yield, to farmers
through increased competition with livestock and damage to
crops and there may be a social cost if kangaroos are reduced
below some arbitrarily low density (i.e. quasiextinction) (Pople
and Grigg 1998). These costs must be balanced against the cost
of more intensive and frequent surveys (i.e. there is a trade-off)
undertaken by government conservation agencies and presently
largely cost-recovered from the kangaroo industry. Alternative
harvest strategies can also be considered in order to reduce the
risk of over- or underharvest. These include harvesting at a dif-
ferent, and even variable, rate, regulating effort or incorporating
spatial reserves where there is no harvesting.

Kangaroo managers set annual quotas for a calendar year
that represent a percentage (e.g. 15%) of the population esti-
mated annually (in most areas) by aerial survey in the winter of
the previous year. Even if the quotas are taken, the actual rates

of harvest will differ from 15% because populations will rarely
remain stable. There is therefore some risk of over- or under-
harvest. If the population halves over 12 months, the actual
harvest rate over the year becomes ~21% instead of the desired
(set by quota) rate of 15%. If the decline is 80% (see below), the
annual harvest rate is likely to be ~34%. A doubling of the popu-
lation will result in a harvest rate of ~11%. These actual rates are
approximate because they assume constant geometric growth
and decline in the population.

In most years, this risk of over- or underharvest is likely to be
small, because year-to-year fluctuations are relatively small. On
a broad scale, increase in the population will be constrained
physiologically by the reproductive capacity of females, and
modified by sex ratio and age structure. The maximum rate of
increase, even in a female-biased population with few juveniles,
will fall short of doubling (Bayliss 1985; Pople 1996). For a red
kangaroo population with a stable age distribution, rm is ~0.25
(Pople 1996). However, the rate of decline can be more pro-
nounced as it is unconstrained by an animal’s physiology.
Changes in population size (i.e. rate of increase) of kangaroos
are closely linked to pasture biomass that is driven largely by
rainfall in arid areas (e.g. Bayliss 1985; Cairns and Grigg 1993).
Because there is an upper limit to a population’s rate of increase,
the difference between desired and actual harvest rate is poten-
tially greater during drought than during times of plenty.
Moreover, quotas are more likely to be taken during drought
because animals are more accessible, graziers are more active in
having animals culled and the kangaroo industry will have a rel-
atively greater capacity to take animals as a result of previous
higher population densities. In the drought of 1982–83, kanga-
roos declined by ~40% over 12 months in the sheep rangelands
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of eastern Australia (Caughley et al. 1985). However, most of
this decline occurred over a shorter period of perhaps four
months (Robertson 1986), when possibly the more vulnerable
individuals died. Had this period of decline been maintained, the
decline over 12 months would have been 80%.

Risks of over- or underharvest will be exacerbated by uncer-
tainty in population size, which is measured by the standard
error (s.e.) or confidence interval of the population estimate. For
example, population size may be overestimated through chance
(i.e. sampling error) alone, resulting in an effective harvest rate
higher than the desired 15%. This potential overharvest will be
compounded if the population then declines.

The discussion above ignores the different responses a popu-
lation may have to harvesting depending on whether it is
increasing or decreasing. Harvest mortality can be additional to
natural mortality or compensatory (Anderson and Burnham
1976; Burnham et al. 1984; Bartmann et al. 1992). For large
mammals, harvest mortality will be compensated, to some
extent, by lowered natural mortality rates and increased fecun-
dity rates because these rates are density dependent (Fowler
1987). If animals that are harvested would have died anyway
then the compensation could potentially be complete, but in
practice compensation is only likely to be partial. To assist
harvest management of ducks in the United States, the extent to
which hunting mortality of ducks is compensatory is modelled
and model parameters adjusted through adaptive management
(Nichols et al. 1995; Williams et al. 2002). For a fluctuating
population of herbivores, harvest mortality will tend to be addi-
tive during population increases when pasture is abundant, but
tend to be compensatory during declines in drought (Pople
1996). Harvesting will therefore have a greater effect on a popu-
lation’s rate of increase when it is increasing than during
drought. Harvesting is unlikely to be completely compensatory
or completely additive as there will be potential survivors of
drought that may be harvested and there is invariably natural
mortality even when food is abundant. The relevance of com-
pensatory mortality to this discussion is that, while the disparity
between desired and actual harvest rates is greatest during
declines, the overall impact of harvesting is less during declines.

Using a risk-assessment framework, this paper attempts to
identify the appropriate survey frequency and precision for
kangaroo harvest management in two locations spanning a
broad range of annual rainfall. This range in aridity roughly
covers that experienced across the area where kangaroos are
commercially harvested in Australia (Pople and Grigg 1998).

Methods
There is uncertainty from several sources in the future dynam-
ics of kangaroo populations. There is uncertainty in the environ-
ment (process uncertainty), in the response of kangaroos to the
environment and harvesting (model uncertainty) and also in the
density of kangaroos estimated from aerial survey (observation
uncertainty). Therefore, simulation modelling was used to
assess risk (Burgman et al. 1993) in harvest management of
kangaroo populations and included all three forms of uncer-
tainty. Scenarios covering the following factors were examined:
(1) two alternative population models (model uncertainty),
(2) an arid and a more mesic environment (process

uncertainty),

(3) harvest rates ranging from 0 to 20% (no uncertainty in
harvest size),

(4) survey frequency varying from 1 to 5 years (observation
uncertainty), and

(5) precision (s.e./mean × 100: Andrew and Mapstone 1987) of
population estimates varying over 0–200% (observation
uncertainty)

The additional risk posed to the population through harvest-
ing is couched here primarily in terms of probability of quasiex-
tinction (i.e. population falling below an unacceptably low
threshold density). The effect of survey frequency and precision
on variation in population size and harvest offtake was also con-
sidered here. However, other related response variables could
have been used, including minimum and average population
density, time spent below particular threshold densities, average
harvest offtake, or average pasture biomass.

Quasiextinction is not just a theoretical concept nor is the
threshold density necessarily arbitrary. It is likely to be of
principal concern to the kangaroo industry, as well as landhold-
ers and conservationists, because harvesting is unlikely to be
commercially viable below some threshold density. Hacker
et al. (2003) suggested that this is ~5 kangaroos km–2. However,
in practice there are regions where harvesting occurs at densities
as low as 2–3 kangaroos km–2, such as in the north-west of the
South Australian Pastoral Zone (Cairns and Grigg 1993).

Two models describing the dynamics of kangaroo popu-
lations in arid areas were considered: an interactive model
described by Caughley (1987) and a ratio-dependent model
developed by McCarthy (1996). In both models, kangaroo
density has a negative effect on rate of increase and so harvest
mortality is partially compensated. Conversely, rainfall posi-
tively influences rate of increase in both models so that harvest
mortality tends to be additive during increases and compen-
satory during declines. Other models could have been used, in
particular a Ricker-type model (e.g. Jonzen et al. 2005), but
McCarthy (1996) recorded lower risks of overharvesting with
this model compared with the ratio-dependent model, so it was
not considered.

In the interactive model, rainfall drives pasture biomass,
which in turn determines the rate of increase of the kangaroo
population. There are two negative feedback loops. The first is
pasture biomass reducing pasture growth. The second is kanga-
roo density reducing kangaroo rate of increase by reducing the
available biomass by eating it. The interactive model can be
described by the following equations:

r = –1.6 + 2(1 – e–0.007V)

ΔV = –55.12 – 0.01535V – 0.00056V2 + 2.5RT

I = 86(1–e–V/34) × W0.75 × (1 + S)

where r is the annual exponential rate of increase of kangaroos,
V is pasture biomass (kg ha–1) at the start of the interval, ΔV is
the growth increment in pasture biomass over three months and
RT is rainfall (mm) over three months. I is intake (g) of pasture
by kangaroos and sheep per day, S is the amount of pasture eaten
by sheep relative to kangaroos and W is the average bodyweight
(kg) of a kangaroo, assumed here to be 26 kg, which is more
typical of a harvested kangaroo population than the 35 kg
assumed by Caughley (1987) (Grigg 2002). Taking Caughley’s
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(1987) approach, the kangaroo population was harvested and
pasture grew and was grazed down in weekly time steps. Pasture
growth was drawn from a normal distribution with a standard
deviation of 52 kg ha–1, as estimated by Robertson (1987).
Sheep competed with the kangaroo population, consuming 1.5
times the pasture eaten by kangaroos (i.e. S = 1.5), as suggested
by Caughley (1987). Including sheep added realism by reducing
the average density of the kangaroo population and associated
harvest offtake, but did not alter its dynamics, so an accurate
estimate of S is not critical.

The ratio-dependent model is much simpler, with the rate of
increase of kangaroos a function of the ratio of rainfall to popu-
lation size. McCarthy’s (1996) original parameterisation used a
10-year time series for the whole pastoral zone in South
Australia and ignored harvest offtake. The model was refitted,
using non-linear least-squares regression, to a much longer time
series from a subset of that area, comprising 25 years
(1978–2002) of rainfall and red kangaroo harvest offtake and
density from north-east South Australia. The resulting model
can be described by the following equation:

r = a – b × e(–c × RA/D) – HR

where r is the annual exponential rate of increase of kangaroos,
RA is the rain (mm) that fell in the 12 months before the start of
the period covered by r, D is population density at the start of
that period, HR is the instantaneous harvest rate over the period
(see Jonzen et al. 2005) and a, b and c are parameters to be esti-
mated. For simulations with the ratio-dependent model, the
kangaroo population was harvested in three-monthly time steps.

In both models, harvesting was introduced before reproduc-
tion and natural mortality, which are modelled together as r.
This can be described as:

Dt+1 = (Dt – H) × er

where r is the modelled exponential rate of increase between
time t and t+1, Dt and Dt+1 are population densities at time t and
t+1, respectively, and H is harvest offtake at the start of the
period.

Both models are based on data for red kangaroos (Macropus
rufus), so extrapolation of the results to the other harvested
species, eastern grey kangaroos (M. giganteus), western grey
kangaroos (M. fuliginosus) and common wallaroos (M. robus-
tus), needs to be made cautiously. In particular, the two grey
kangaroo species have lower maximum rates of increase than
red kangaroos and perhaps higher rates of decline in drought in
arid regions (Robertson 1986; Bayliss 1987). However, the qual-
itative differences between the species’ dynamics are slight,
suggesting that the qualitative results from the modelling should
apply to all four species in an arid environment. Management
agencies accommodate species’ differences in lower quotas for
grey kangaroos as a percentage of the population.

Contrasting the results of the two models addresses just one
form of model uncertainty. A range of parameters for each
model can also be considered. This was not done here for two
reasons. First, overall model structure was considered a greater
influence. Second, for the interactive model, the maximum rate
of decline was parameterised from a four-month period
observed in the drought of 1982–83 (Caughley 1987). Whether
this rate of decline could be maintained over a longer period is

presently unknown, but a model allowing this should provide
conservative estimates of risk (i.e. tend to overestimate risk).

Both the interactive and ratio-dependent models require rain-
fall as the main input variable, which was introduced into each
model seasonally (i.e. three monthly). Rainfall is non-negative
and its distribution is right skewed and so was drawn from a log-
normal distribution. An arid-zone environment was represented
by rainfall parameters from Menindee Post Office in western
New South Wales (annual mean = 244 mm, standard deviation
(s.d.) = 106 mm), where Caughley’s (1987) interactive model
was parameterised. For the ratio-dependent model, Menindee
rainfall needed to be rescaled to north-east South Australia
(mean = 195 mm, s.d. = 95 mm), by converting it to standard
deviation units then multiplying by 95 and adding 195. To make
the results of both models comparable, average kangaroo
density needed to be similar in both models when unharvested.
Density in the ratio-dependent model was therefore rescaled by
multiplying it by the average unharvested density of the inter-
active model divided by the average unharvested density of the
ratio-dependent model.

Although the interactive model was developed for an arid-
zone population of red kangaroos, it can yield results relevant to
eastern grey kangaroos in a more mesic environment. First, pre-
dictions of such entities as harvest rates for maximised yield,
average population size and harvest yield were not sought;
rather, the objective of the modelling was to compare manage-
ment scenarios. It is the qualitative rather than the quantitative
results of the modelling that are of relevance. Nevertheless, the
modelled population needed to show similar dynamics and a
similar response to harvesting to an eastern grey kangaroo
population in the east of the sheep rangelands. The population
fluctuations in Caughley’s (1987) interactive model therefore
required dampening by reducing the standard deviation in sea-
sonal rainfall by 37% so that it was equivalent to that in the more
mesic environment aroundYass (annual mean rainfall = 652 mm,
s.d. = 178 mm) in south-eastern New South Wales where eastern
grey but not red kangaroos occur. Altering the standard devia-
tion in rainfall and not the mean avoided the ‘paradox of enrich-
ment’, which would have not just increased the mean kangaroo
density but also the amplitude of fluctuations in kangaroo
density (Crawley 1983).

In both models, instantaneous harvest rates were converted
to isolated rates of harvesting (Caughley 1977), appropriate to
the time step, to simulate harvesting spread evenly throughout
each year. The models predicted population size at least every
three months, mimicking true population size with no observa-
tion error, and estimated population size annually, mimicking a
survey with observation error. Harvest offtake for each three
months was determined as a proportion of the most recent popu-
lation estimate. Harvest offtake was therefore the same for each
three months of the year, despite population size changing at
each three-monthly time step. Population estimates were drawn
from a log-normal distribution, appropriate for non-negative
densities (e.g. Holmes 2001; Dennis et al. 2006), with a stan-
dard deviation equal to the survey precision multiplied by the
predicted population density. Survey precision varied from 0 to
200%, but was set at 20% unless otherwise stated.

The initial population size for both models was 10 kangaroos
km–2 and initial pasture biomass for the interactive model was
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300 kg ha–1, representing roughly the average density and
pasture biomass over 100-year simulations of the interactive
model with a 10% harvest. Annual yield curves and associated
densities were first constructed for both the interactive and
ratio-dependent models with no observation error (i.e. precision
= 0) using 1000 simulations of 100-year periods. Yield curves
identify the long-term, annual harvest offtake that will be
obtained from a given harvest rate. To assess quasiextinction
risk, each simulation was run for 20 years, representing a likely
period of concern for managers and encompassing the period of
10 years or so that past kangaroo density will influence subse-
quent density (Caughley 1987). For each scenario (i.e. combi-
nations of factors in 1–5 above), the average of 1000 simulations
is reported.

These simulations assume that quotas remain constant
between surveys. There are several examples from kangaroo
management where quotas have been adjusted between infre-
quent (i.e. >1-year interval) surveys. In the northern tablelands
of New South Wales, quotas have been adjusted for changes in
kangaroo numbers in adjoining management zones and for
recent rainfall (Gilroy 1999). Quotas have been similarly
adjusted in Western Australia where the harvest area was sur-
veyed triennially, but now there are three survey areas with a dif-
ferent area surveyed each year (Pople and Grigg 1998). The
risks of overharvest described by these simulations are therefore
worst-case scenarios. A simple rule was incorporated into the
simulations whereby a survey was undertaken at a set frequency
of three or five years unless rainfall in the previous year had
been ≥50% below average, in which case the population was
surveyed.

Population models were run in Excel with the add-in POP-
TOOLS (Greg Hood, CSIRO 2002, http://www.dwe.csiro.au/
vbc/poptools/index.htm).

Results
Differences between population models
The ratio-dependent model was a good fit to the data
(R2 = 0.63), similar to the fit reported by McCarthy (1996). The
ratio-dependent model of best fit had parameters (±s.e.) of
a = 0.538 (±0.197), b = 1.546 (±0.437) and c = 0.079 (±0.046).
Density in the ratio-dependent model needed to be multiplied by
1.154 to make the average unharvested densities of the two
models comparable.

The two models of population dynamics display quite dif-
ferent population behaviour despite both fitting data from the
South Australian Pastoral Zone reasonably well (McCarthy
1996; Pople 2006). The interactive model generates greater
amplitude in population size over time than the ratio-dependent
model, resulting from weaker density dependence. In the ratio-
dependent model, the population recovers relatively rapidly
from declines in drought and population eruptions are similarly
tempered.

Furthermore, the ratio-dependent model predicted smaller
declines during drought. This disparity is the result of different
rainfall periods ultimately driving population rate of change of
kangaroos in the two models. For the interactive model, kanga-
roos essentially respond to rainfall without any lag. In the ratio-
dependent model, there is a 12-month lag in the response.

A 12-month lag may be appropriate where enhanced juvenile
survival is not detected immediately by aerial survey, but it is
implausible during drought where there is substantial adult mor-
tality that would be (and has been) detected immediately by aerial
survey. A final difference between the two models is that the
ratio-dependent model generates little effect of harvesting over
the range of 0–20% on population decline, again resulting from
its stronger density dependence. The differences between the
models are clearly seen in the yield curves (Fig. 1), with the ratio-
dependent model indicating much higher sustainable harvests
than the interactive model and a highly implausible maximum
sustained yield (MSY) of >30%, representing the harvest rate
associated with the maximum point of the yield curve.

Overall, these differences result in a lower risk of overharvest
in the ratio-dependent model, particularly during drought.
Therefore, the risk assessment was undertaken solely with the
more realistic and conservative interactive model.

Contrasting environments
Not surprisingly, average yield at Yass was higher than at
Menindee and the maximum sustained yield is pushed slightly
to the right (~13% for Menindee and ~15% for Yass) (Fig. 2a).
These yield curves and the associated population dynamics
appear plausible for both environments, although the fluctua-
tions in kangaroo numbers in more mesic environments have
been poorly described in the literature. Modelled average
density over 100 years is higher at Yass and declines non-lin-
early with harvest rate (Fig. 2b). It obviously follows that the
probability of the population falling below some low density
increases with increasing harvest rate. Though not shown, risk
does not increase linearly with harvest rate, with risk accelerat-
ing from 10 to 15% and decelerating from 15 to 20%, which
coincides with the MSY for these models of 10–15% (Fig. 2a).

Survey frequency and harvest strategy
As expected, the risk of quasiextinction is lower at Yass (Fig. 3a)
than at Menindee (Fig. 3b). Reducing survey frequency not sur-
prisingly increases the probability of quasiextinction. Although
the increase does not appear dramatic, a five-year survey fre-
quency at Yass returns a risk of ~0.1 of the population falling

Frequency and precision of aerial surveys for kangaroo management

0.0

0.5

1.0

1.5

2.0

2.5

0 10 20 30 40 50 60

Harvest rate (%)

A
ve

ra
ge

 a
nn

ua
l h

ar
ve

st
 k

m
–2

Interactive

Ratio

Fig. 1. Yield curves based on the ratio-dependent model and the inter-
active model of red kangaroo population dynamics where the population is
harvested annually at constant rates ranging from 0 to 55% over 100 years.
Solid lines represent the average of 1000 simulations and 95% confidence
intervals are shown as dotted lines.



A. R. Pople344 Wildlife Research

below 2 kangaroos km–2 and ~0.2 for a threshold of 5 kangaroos
km–2. The equivalent risks for an annual survey frequency are
<0.01 and 0.1, respectively.

An alternative to the probability of quasiextinction shown in
Fig. 3 is the time (e.g. number of months) spent below particu-
lar thresholds. The pattern is similar, but allows an acceptable
threshold to be identified in different terms. For example, it may
not be cost-effective for harvesters to operate at densities below
~3 kangaroos km–2. The risk curve can then be used to identify
the likely period when harvesting will not be possible.
Alternatively, harvesters may simply want to avoid densities
below a particular threshold and there may be some sociopolit-
ical cost of dropping below some density, in which case Fig. 3 is
appropriate.

If the harvest rate is reduced to 10%, then the risk of quasi-
extinction is greatly reduced (Figs 4a, b). It is only at the lower
threshold of ~3 kangaroos km–2 that reducing survey frequency
with a 10% harvest becomes riskier than a 15% harvest with
annual surveys. Even then, it is only when surveys are as infre-
quent as every five years. On average, reducing the harvest rate
from 15% to 10% results in an increase in average population
density of 30–50% and a reduction in average harvest offtake of
1–13% (Fig. 2a, b).

Reducing survey frequency results in only a slight increase
in population and harvest variability and has little effect on
average harvest offtake and population density. At Menindee,
harvest coefficient of variation (i.e. s.d./mean × 100) increases
in a sigmoidal fashion from 41% to 55% as survey frequency is
increased from one to five years.

Always conducting surveys when rainfall was ≥50% below
average made little difference to quasiextinction risk compared
with surveys every three or five years at Yass, but there was
some reduction in risk for the 5-year survey program at
Menindee (Fig. 5a, b). This presumably reflects the greater like-
lihood of rainfall ≥50% below average at Menindee.

Survey precision
Pople (2003) found that precision of ≤50% had little effect on
the probability of quasiextinction underharvesting. Here, a
broader range of possible precisions and drawing population
size from a log-normal rather than a normal distribution identi-
fies when there is a substantial risk (Fig. 6a, b). Above 50%,
precision increases the probability of quasiextinction dramati-
cally.  Interestingly, there is an interaction between survey pre-
cision and frequency (Fig. 7a, b). Reducing survey frequency
from every one to every five years when precision is 50% has a
much greater impact on quasiextinction risk than if precision is
only 20%.
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With poorer precision, population size becomes more vari-
able, as the actual harvest rate is less likely to be the desired 15%
(Fig. 8). Harvest variation increases much more markedly with
worsening precision (Fig. 8). Interestingly, the lines for the two
locations converge at extremely poor precision (i.e. high
s.e./mean), as the observation error becomes an increasingly
greater influence on harvest and population variation than
process variation, driven primarily by rainfall.

Trade-off between survey frequency and cost
The appropriate survey frequency will depend on the costs of
the surveys and the costs of compromising the harvest strat-
egy by not always knowing population size. Imprecision can
also incur costs, but this seems a problem in this case only
when precision is >50% (Figs 6, 7). To make costs compara-
ble, the potential gains and losses incurred by the kangaroo
industry, graziers, conservationists and any other stakeholders
from adopting various monitoring programs need to be put
onto the same scale. This would require detailed exploration
and so is not determined here. Instead, a simple estimate of
survey cost is contrasted with quasiextinction risk for increas-
ing survey frequency. This should provide a first approxima-

tion of the appropriate survey frequency and the nature of the
trade-off.

There are fixed costs associated with conducting aerial
surveys that do not change if surveys are conducted less fre-
quently. These include labour costs and can be assumed to be
$50000 per annum. The variable costs primarily comprise air-
craft running costs and are assumed to be $50000 per survey.
The total five-year survey cost (fixed + variable × no. of
surveys) is shown in Fig. 9. This shows the ever-diminishing
savings from reducing survey frequency. Quasiextinction risk
from Figs 3 and 4 is also shown in Fig. 9, but only for a thresh-
old density of 2 kangaroos km–2. Risk of quasiextinction
increases markedly beyond a survey frequency of every
3–4 years. The actual probability should be interpreted
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Fig. 4. Probability of quasiextinction over 20 years from a harvest rate of
10% with a survey frequency of 1–5 years for (a) Yass and (b) Menindee.
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shown as a dashed line.
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Fig. 5. Probability of quasiextinction over 20 years from a harvest rate of
15% with a survey frequency of three or five years (solid lines) and annual
if rainfall is <50% of the long-term mean (dotted lines) for (a) Yass and
(b) Menindee.
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cautiously as it is dependent on the model structure and para-
meters and these have not been assessed for this population.
Furthermore, the acceptable level of risk is a value judgement.

Discussion
There are several management recommendations that are rea-
sonably clear from this risk assessment. First, in more mesic
environments, a survey frequency of three years with a precision
of 20% appears to increase the risk of overharvest only slightly
over annual surveys, while substantially reducing survey costs
(Fig. 9). Whether the increase in risk is acceptable is a decision
for management in consultation with stakeholders. Second, in
arid environments, harvesting near the MSY (e.g. 15% for the
interactive model) ideally requires annual estimates of popu-
lation size with a precision of <50% (Figs 6, 7). In some regions,
such as north-west South Australia and north-west Queensland,
harvest rates are low (Pople 2006), questioning the need for
annual surveys. Fig. 4 suggests that reducing the quota to 10%
would largely offset the quasiextinction risks resulting from sur-
veying less frequently. Furthermore, under this regime of survey
frequency and precision, variability in population size and
harvest offtake will not differ greatly from a regime of annual
surveys and population density estimated with certainty (Fig. 8).

The MSYs for these models do not necessarily translate to
appropriate harvest rates to set as quotas. The harvest is strongly
male-biased, which shifts the MSY to a higher rate (Hacker
et al. 2003). The relevant point from the modelling is that a
reduction in harvest rate has a greater influence on risk than
changing survey frequency (Figs 4, 9), at least given the model
structure and range of parameters examined here.

Increased survey frequency during drought did little to alter
the quasiextinction risk in the present study (Fig. 5). This is an
indication of the relative safety of the strategy of harvesting a
proportion of the population that is near or below the MSY.
While harvesting at a higher than desirable rate will exacerbate
a population decline, the overwhelming influence will be the
rainfall deficit. However, droughts are likely to have been
infrequent in the 20-year simulation period and so the analysis
here only provides guidance for management in the longer
term, not the immediate concerns of a particular drought.
Using simulation, Pople (2003) found that 6-monthly rather
than annual surveys during a major drought made little dif-
ference to the percentage decline in population size over the
initial 12 months, but nevertheless increased the mean
minimum density to which simulated populations declined over
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Fig. 6. Probability of quasiextinction over 20 years from a harvest rate of
15% with a precision (s.e./mean × 100) of 0–200% for (a) Yass and
(b) Menindee.
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the subsequent decade. However, the same effect could have
been achieved by reducing the harvest rate from 15% to
8–10%, consistent with the more general result reported here.
The question is whether the decline could be predicted with
confidence. Rainfall is a useful predictor of likely population
decline in drought, but a poor predictor outside of drought
(Pople 2006). This latter observation is because of variation in
pasture response to rainfall and because food may not be the
primary limiting factor outside of drought. The ability of rain-
fall to predict rate of increase in kangaroos can be gauged by
the convex shape of the numerical response of kangaroos,
involving steep declines in drought but relatively little change
in the rate of increase of kangaroos when rainfall is above
average (Davis et al. 2002).

The insensitivity of risk to changes in precision of less than
50% is surprising (Fig. 6). It again partly reflects the safety of
the harvest strategy. Milner-Gulland et al. (2001) similarly
found that their harvest strategies were unaffected by precision
worsening from 20% to 40%. The strategy most affected
involved harvesting all individuals above a threshold density,

which was not considered here and is highly unlikely to be fea-
sible for kangaroos on a broad scale.

An alternative approach to determining the appropriate
survey frequency is to couch the problem as a decision that
needs to be made each year as to whether or not to survey.
Hauser et al. (2006) used such a framework to identify that, for
managing an arid-zone kangaroo harvest, it was preferable to
vary the survey regime on the basis of the state of the system.
Kangaroo population dynamics were simulated using a
stochastic, Ricker-type model that has stronger density depen-
dence than the interactive model used here. In further contrast
to the present study, neither harvest rate nor survey precision
was varied. If a survey was not conducted, harvest quotas were
determined from a population estimate predicted from past
rainfall and population size, in contrast to the constant popu-
lation size assumed in this study. The optimal decision was
found by maximising ‘utility’, which was a non-linear function
(roughly an inverted parabola) of density. This was traded-off
against the cost of a survey, which was in the same currency.
The function described a desirable (i.e. positive utility) density
range, with less desirable densities above and very undesirable
densities below that range. Thus, both quasiextinction and
damage from overgrazing at high densities were considered as
costs. Not surprisingly, as the predicted population size became
less certain, because of above-average rainfall or increasing
time since the last survey, a survey was more valuable. These
results are consistent with the findings of the present study,
where the increased uncertainty associated with a more arid
environment required an increased survey frequency to keep
quasiextinction risk constant. Nevertheless, Hauser et al.
(2006) found that a flexible monitoring regime was preferred
over monitoring at fixed intervals. In addition to uncertainty in
previous population estimates, estimates near the upper and
lower threshold for desirable density increased the need for a
survey. This result will be influenced by the ability to predict
density with a model and to have correctly identified the desir-
able density range.

In addition to lower harvest rates, other harvest strategies
could be employed to offset the risks associated with reduced
survey frequency. It is well recognised that imposing a
threshold density below which there is no harvest will reduce
the probability of quasiextinction and optimise harvest
offtake if coupled with increasing harvest rates above the
threshold (Engen et al. 1997; Milner-Gulland et al. 2001).
The problem is that the temporal variation in harvest offtake
increases with the density at which the threshold is set, and
this increase is exponential for kangaroos, as modelled by
Pople (2003). Although a low threshold is effectively in force
presently because of economic constraints, a threshold set
and policed by managers would guard against an increase in
the value of kangaroo products, allowing shooters to operate
at lower densities.
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