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Abstract Population modelling is an invaluable tool for
identifying effective management strategies for threatened
species whose populations are too small for experimental
manipulation. Recently developed Bayesian approaches
allow us to combine deterministic models with probability
distributions to create stochastic models that account for
uncertainty. We illustrate this approach in the case of the
takahe Porphyrio hochstetteri, an Endangered flightless rail,
which is supported by one of New Zealand’s costliest
recovery programmes. Using mark–recapture and logistic
regression models implemented in a Bayesian framework
we calculated demographic parameters for a fully stochastic
population model based on 25 years of data collected from
the last wild population of takahe in the Murchison
Mountains, Fiordland. Our model results show that stoat
trapping, captive rearing and cross-fostering of eggs/chicks
in wild pairs all have a positive effect on takahe demography.
If it were not for these management actions the Fiordland
population would probably be declining (λ5 0.985; confi-
dence interval, CI5 0.39–1.08), with a non-negligible risk of
quasi-extinction (P5 16%) within 20 years. The captive
rearing of eggs and chicks has been the main factor
responsible for the positive growth observed during the last
decade but in the future expanding stoat trapping to cover
the entire Murchison Mountains would be the single most
beneficial management action for the takahe population
(λ5 1.038; CI5 0.86–1.10), followed by captive rearing
(λ5 1.027; CI5 0.85–1.09).
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Introduction

Recovery programmes for threatened species often
require implementing more than one management

action to safeguard the species against certain extinction. It
is important, however, to determine the effectiveness of each
management action, in isolation or in combination with
other actions, to assess past management strategies and to
justify funding for current and future programmes.

Provided good demographic data are available, popu-
lation viability analysis (PVA) can be a useful approach for
identifying changes resulting from management decisions
relative to baseline conditions (Beissinger & Westphal,
1998). One problem associated with the use of PVA models
is the necessity of dealing with uncertainty. Bayesian
approaches combined with increased computational
power provide a more rigorous method for dealing with
uncertainty (e.g. Goodman, 2002; Dupuis & Schwarz,
2007), allowing the calculation of probability distributions
as opposed to mean values and confidence intervals for
demographic parameters. Wade (2000) and Maunder
(2004) illustrated the use of PVAs in a Bayesian framework
on hypothetical datasets. Examples of their use in real-life
scenarios to evaluate the effectiveness of long-term recovery
programmes of threatened species include fisheries (e.g.
Kinas, 2002; Pestes et al., 2008) or their by-catch (e.g. Zador
et al., 2008), marsupials (e.g. Lindenmeyer & McCarthy,
2006) and whooping cranes Grus americana (Moore et al.,
2010). In this study we use a stochastic population model
based on Bayesian parameter estimates to assist manage-
ment decision-making for the threatened takahe Porphyrio
hochstetteri. The takahe is a flightless rail categorized as
Endangered on the IUCN Red List (BirdLife International,
2008) and as Nationally Critical in the New Zealand threat
classification system (Miskelly et al., 2008). The takahe
benefits from one of New Zealand’s costliest recovery
programmes (see below).

The takahe was widespread throughout New Zealand’s
South Island in pre-Polynesian times but its distribution
became restricted to Fiordland as a consequence of hunting
and habitat modification by early Polynesians (Trewick &
Worthy, 2001; Grueber & Jamieson, 2011) and by the end of
the 19th century it was considered extinct. The takahe was
rediscovered in 1948 in theMurchisonMountains (Ballance,
2001); soon thereafter a 518 km2 Special Takahe Area was set
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aside for its conservation (Fig. 1). Despite the relatively
intact habitat the Murchison Mountains takahe population
still faced some major challenges, including competition for
food by introduced red deer Cervus elaphus (Mills et al.,
1989), predation by introduced stoats Mustela erminea
(Hegg et al., 2012), and the harsh climate in an alpine region
at the periphery of the bird’s original range (Maxwell &
Jamieson, 1997; Maxwell, 2001). Consequently, the takahe
population appeared to continue to decline after its
rediscovery and reached a low of 120 individuals in 1981

(Maxwell, 2001).
Management efforts initiated in the 1980s to save the

takahe from extinction included deer culling, predator
trapping, nest manipulation, captive rearing for release into
the wild and relocation of the birds to islands free of
introduced pests and predators. An experimental stoat
control programme, covering c. 40% of the Murchison
Mountains (15,000 ha; Fig. 1), was conducted between 2002

and 2008, enabling a comparison of adult survival between
trapped and trap-free areas (Hegg et al., 2012). Nest
manipulation is limited to the removal of infertile or addled
eggs from nests, to encourage re-nesting or to focus parental
investment on the remaining viable eggs (Hegg et al., 2012).
The artificial incubation of wild-sourced eggs and captive
rearing of juveniles was originally designed to improve the
low survival of eggs and chicks in the wild (Eason &Willans,
2001) and assumes that second eggs from two-egg clutches
are surplus eggs that can be removed from nests without
lowering the productivity of the wild population.

Under this management regime the takahe population
increased from 120 individuals in 1981–1982 to 297

individuals in 2006–2007, although about half of this
growth was due to the creation of new populations on small
offshore islands where further expansion of numbers is
limited. The greatest potential for future expansion is still in
the Fiordland population, which increased to 168 birds
by 2006–2007 before dropping to 93 individuals in the

2007/2008 season as a consequence of an unprecedented
stoat plague during the winter of 2007 (Hegg et al., 2012).
Stoat plagues are associated with an increased supply of
beech (Nothofagus spp.) mast that causes rodents, the stoat’s
main prey, to irrupt (King, 1983).

In a concurrent study we modelled takahe demographic
data in the Murchison Mountains as a function of
both environmental factors (e.g. beech seedfall, tussock
seeding, winter temperature, rain and snowfall) and specific
management activities (nest manipulation, captive rearing
and stoat control; Hegg et al., 2012). These results are used
here to build a stochastic population model to simulate
population growth in Fiordland between 1982 and 2007 (i.e.
up until the stoat plague), and to assess whether the
observed modest increase in takahe numbers has been
caused by effective management or by a combination of
favourable climatic conditions. The same model is then
used to project future population growth under different
management scenarios, including extending stoat trapping
from 40 to 95% of the Murchison Mountains, with the
purpose of identifying the management strategy yielding
maximum growth and minimizing the risk of extinction.

Methods

The survival and breeding success analyses were based on 16
years (1992–2007) and 25 years (1981–2005) of monitoring
data, respectively. The takahe population in the Murchison
Mountains was surveyed twice per year, in October/
November and in February/March, during which time
banded adults were recorded and nests were managed (i.e.
non-viable eggs removed and viable eggs fostered between
pairs or transferred to the captive-rearing unit). Captive-
reared juveniles are released back into the wild at c. 1 year
old. A detailed explanation of the field methods used to
collect the data is reported elsewhere (Hegg et al., 2012).

′

′

FIG. 1 Map of Murchison Mountains in
Fiordland, New Zealand, showing
boundary of Special Takahe Area and
stoat control area. (Sourced from
Topo250 Map 25 Te Anau, Land
Information New Zealand. Crown
Copyright Reserved). The black rectangle
on the map of the South Island indicates
the location of the main map.
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The population model developed for the takahe in the
Murchison Mountains is a female-only, age structured
birth-pulse model based on post-breeding census data
(Caswell, 2001). The selection of a female-only model
is based on the assumption that females drive the
population dynamics and that there are always enough
males available to fertilize all the females. The model
assumes age-specific survival rates; reproductive output
is also age dependent. A birth-pulse model assumes that
the age distribution is a discontinuous series of pulses and
that individuals reproduce on their birth day, a common
model assumption for species with well-defined breeding
seasons matching climatic factors (Caswell, 2001). Finally, a
post-breeding census model takes a snapshot of the
population every year just after reproduction, with the
youngest age class composed of chicks that are not breeding
in the current season. A life-cycle graph for the model is
shown in Fig. 2.

The fully stochastic model includes parameter uncer-
tainty and environmental and demographic stochasticity.
Parameter uncertainty reflects two sources of sampling
error in parameter estimates: firstly, we measure the
outcome of a stochastic process and not the true probability
of the underlying event and, secondly, we are rarely able to
count all individuals or nests in a population (White et al.,
2002). Environmental stochasticity accounts for the com-
ponent of parameter variation over time that we are not able
to explain and assume to be random, and demographic
stochasticity accounts for an individual variation in fitness
(Engen et al., 1998; Lande, 2002).

All demographic parameters P were calculated as:

g(P) = α0 +
∑

i

αiFi + ε(t) (1)

where g(P) is a transformation function to ensure
demographic parameters are on the correct scale, αi are
the model parameters, Fi are the factors included in the
model (environment, management) and ε(t) is a random
time effect (environmental stochasticity), normally distrib-
uted with a mean of zero and unknown variance σ2. αi and σ

2

were estimated in a Bayesian framework using WinBUGS
1.4.1 (Lunn et al., 2000) (100,000 iterations, 4,000 burn-ins).
MATLAB v. R2006a (MathWorks, Natick, USA) was used to
perform all population model simulations, drawing values
at random from the posterior distributions generated in
WinBUGS. Demographic stochasticity was simulated by
applying all demographic parameters (survival, reproduc-
tive success) through a binomial operator. Each model
scenario was simulated with 10,000 repetitions.

The values of the survival model parameters are
summarized in Appendix, Table A.1, and the mean survival
values are reported in Table A.2. Adult survival was
modelled using the equation:

logit(S) =α1 + Adult · (α2 + α3 Age+ α4 Age
2)

+ α5 Trapped + α6 Seedfall + α7 Tussock

+ α8 Temperature+ α9 Rain+ α10 Snow+ ε(t)
(2)

where S is the survival rate from one year to the next; Adult
takes a value of 1 if a bird is older than 1 year and is otherwise

FIG. 2 Life-cycle graph for the takahe
Porphyrio hochstetteri in the Murchison
Mountains (Fig. 1), built into a Matlab
population model. Transitions between
circles are annual steps and all other
transitions occur within a breeding
season.
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set to 0; Age is a bird’s age in years; Trapped takes a value of
1 for birds in the stoat control area, 0 for birds in the
untrapped area; Seedfall is the annual beech seedfall
measured as seeds per m2; Tussock is the percentage of
flowering tussocks; Temperature is the mean temperature
(°C) in the three coldest months of the year; Rain is the total
precipitation (mm) in the calendar year; Snow is the total
precipitation (mm) from May to September, as a proxy for
snowfall; all environmental variables were standardized. ε(t)
is a random error, normally distributed and with an average
value of 0 and unknown variance σ2. A detailed explanation
of the underlying methods and assumptions for the survival
data is reported elsewhere (Hegg et al., 2012).

Most population models for birds look at breeding
success as the combination of productivity to hatching
(number of eggs hatched per pair) and fledging success
(number of chicks fledged per egg hatched), or simply as the
number of chicks fledged per year. A more detailed analysis
of the breeding process was required for the purpose of this
study because management of a nest depends on clutch size
and egg viability (Hegg et al., 2012). A number of steps in the
breeding process of the takahe were thus analysed separately
as shown in Fig. 2. The mean values of takahe productivity
used in the model are reported in Appendix, Table A.3.
A detailed analysis of takahe breeding success is presented
in Hegg et al. (2012).

The probability of a bird breeding as a function of age
was modelled according to Equation 3, below, with the best
fit model parameters being α05 2.00 (confidence interval,
CI, 1.73–2.27) and α15 − 4.32 (CI −5.08 – −3.60; see also
Appendix, Fig. A.1)

logit(PBreeding,Age) = α0 + α1
Age

(3)

The above analysis was based on 23 years of data (1982–
2004) for island takahe (C. Grueber & I. Jamieson, unpubl.
data), as data on breeding age of Fiordland takahe are too
incomplete for a meaningful statistical analysis (Hegg,
2008). For model selection for different age-dependent
models, see Appendix, Table A.4. The oldest breeding bird
recorded in the Murchison Mountains was aged 13 years.

Within the range of historical population counts the
effect of population density is not detectable for adult and
juvenile takahe survival rates. There is some evidence that
the probability of nesting, re-nesting and egg viability are
negatively affected at high population numbers (Hegg et al.,
2012), suggesting that population growth is limited by the
number of available breeding territories. Therefore a space-
limited model for territorial species (Murray, 1979) was
chosen to describe limited population growth for the takahe
at high population density. This model assumes that
survival rate and breeding success remain constant regard-
less of population density but the number of breeding pairs
is capped and limited by the number of available territories,

i.e. any excess adults will survive but will not breed. This
model also yields a sigmoid population growth curve similar
in shape to a logistic growth curve (Murray, 1979). For the
purpose of this study, carrying capacity was defined as the
maximum number of available breeding territories based on
previous habitat surveys (D. Crouchley, unpubl. data).

The population model was coded in MATLAB. Software
was developed that allowed the user to save and retrieve
model scenarios, to display the values of all demographic
parameters and plot them as a function of time and age, and
to model and compare different management scenarios
without having to alter the code. The number of model
repetitions (Nrep) can be specified by the user. For each
repetition the parameters αi and σ2 in Equations 1–3 were
randomly sampled from the posterior distributions gener-
ated in WinBUGS. To account for any correlation amongst
factors within each logistic regression equation the joint
posterior distributions were sampled, with all parameter
values being from a single sampled row of the stored results
rather than being randomly selected from independent
distributions.

The observed values of the environmental factors were
used to calculate demographic parameters when simulating
historical trends in population growth. When simulating
future population growth environmental factors were
generated by bootstrapping of the environmental data
collected over the last 25 years, with the additional
constraint of heavy beech mast fall occurring on average
every 4–5 years (Wardle, 1984) and tussock flowering events
every 2–4 years (Mark, 1968). For this purpose all historical
environmental data were classified into either non-mast
year or mast year, and environmental factors sampled at
random from either group, depending on whether it was a
mast year.

A binomial operator was applied to calculate the
probability of success (i.e. probability of hatching, fledging
and survival), with the number of individuals being the
number of trials. It was simpler to calculate the number of
individualsNj + 1 in the year j + 1 by summing and taking the
difference (Nj + 15Nj + fledglingsj − deathsj, with all ad-
dends being vectors of size Nrep) rather than using a Leslie
matrix (Caswell, 2001). The population growth rate was then
calculated as

λj = Nj+1/Nj (4)
and the mean population growth rate as the geometric mean
of the annual values λj over the whole time interval
simulated by the model.

In the results we report mean λ (with 95% creditability
intervals) for eachmanagement scenario (see below), as well
as the probability (P) that λ. 1 (i.e. positive growth).
Furthermore, the mean growth rates λ1 and λ2 obtained
under two different management scenarios were compared
by running the model twice, once for each scenario, each
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time with the same number of repetitions and using the
same strings of random numbers to select from the
distributions of all model parameters. The difference
Δ5 λ1 − λ2 is also a vector of size Nrep, and the probability
P (λ1. λ2) is the number of positive elements in Δ divided
by Nrep. Finally, we also report the probability of quasi-
extinction (Ginzburg et al., 1982), which we defined as the
population declining to 20 individuals or less by the end of
the simulation period.

The model was run for two different time periods.
(1) Retrospectively, for the last 25 years, from an observed
starting point of 120 individuals. Survival rates and
reproductive success were calculated as a function of the
observed environmental factors (Hegg et al., 2012). The
model results were then matched with the actual population
counts, which include unbanded and unidentified birds not
included in the demographic analyses. (2) Into the future, to
project population growth in the next 20 years. The future
environmental factors were simulated, through boot-
strapping of the observed data.

Differentmanagement scenarios weremodelled based on
different levels (0, 40 or 95%) of stoat trapping in the Special
Takahe Area and captive-rearing effort (frequency of
operation every year, and every second or third year, and
no captive rearing). The 2008management scenario (40%of
Murchison Mountains trapped, captive rearing every year)
was used as a reference scenario for comparison with other
management options, as 2008 is when this analysis was
completed. A hypothetical fostering scenario was also
modelled, in which any nests with two viable eggs have
one egg removed and transferred to a nest that only
produced non-viable eggs. This is expected to improve the
reproductive output, as two-egg clutches have a lower
hatching and fledging success than one-egg clutches

(Hegg et al., 2012). When simulating the effects of captive
rearing and release the proportion of nests in which one and
two eggs or chicks were removed was based on an analysis of
historical egg/chick transfers to the captive-rearing facility
in Burwood (Hegg, 2008). The maximum number of eggs or
chicks transferred into captivity was also limited to 20, the
maximum capacity of the captive-rearing facility.

Results

Simulation of historical population trends

The simulated results of historical population trends
compare well with the observed data (Fig. 3). The model
suggests a population that is steady or slowly declining
throughout the 1980s and early 1990s, with a positive
population growth during the last decade. The observed
decline from 1993 to 1997 coincides with a series of
particularly cold winters.

A hypothetical scenario without captive rearing is shown
for comparison in Fig. 4; it suggests that captive rearing
suppressed population growth prior to 1992. This is because
eggs were being transferred into captivity but no captive-
reared chicks were released into the Murchison Mountains
until 1992. Instead, chicks were initially released into the
Stewart Mountains in an attempt to start a new population
(Maxwell, 2001). The model also indicates that management
has had a significant positive effect during the last decade,
with the actual population size being 22% higher than it
would have been without the captive-rearing programme
(Fig. 4). The probability that the current population size is
larger than it would have been without the captive-rearing
programme is P5 98.4% (10,000 model repetitions). There
is an 85.7% probability that the gain generated by the
captive-rearing programme is at least 10%, and a probability
of 75.4% that the gain is at least 20%. Under the current
management scenario there was an 84.4% probability of
a positive population growth rate since 1992 (the start
of releases of captive-reared birds into the Murchison
Mountains). The probability of positive growth rate in the
absence of management would have been only 66.5%.

Growth projection and evaluation of current
management strategies

The projected population growth rates with and without
stoat trapping and captive rearing are reported in Table 1,
scenarios A to D. A value of λ, 1 (declining population) is
expected in the absence of captive rearing and stoat trapping
(D). The population growth is likely to be positive with
the aid of the captive-rearing programme (B), and is
significantly improved by the stoat trapping programme
(A). Stoat trapping alone at the 2008 level (covering 40% of

FIG. 3 Observed and simulated population trends of takahe,
including captive rearing, in the Murchison Mountains (Fig. 1)
from 1984 to 2005. Simulated results are median values with
credibility intervals (from 10,000 repetitions), showing central
95% (thin vertical bars) and 50% (thick vertical bars) of the
predicted distribution. Releases from the captive-rearing facility
into the Murchison Mountains started in 1992.
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the Murchison Mountains) only gives 52% probability of
positive population growth (C). The probability that the
population growth rate would be lower than it is under the
2008 management scenario is P (λB, λA)5 95.8% in
the absence of stoat trapping, P (λC, λA)5 99.0% in
the absence of the captive-rearing programme, and
P (λD, λA)5 99.7% in the absence of both (Fig. 5).

Extension of the stoat trapping programme

The results indicate that the population growth rate
would increase and the risk of extinction decrease with a
larger trapped area (Table 1, scenarios E and F). A
management scenario including both captive rearing
and an expanded trapping programme (E) is the scenario
with the highest probability of a positive population growth

rate (P λ. 15 89%). If trapping covering 95% of the
Murchison Mountains (F) and captive rearing (B) were
mutually exclusive, then the trapping option would achieve
a slightly larger population growth rate (λF5 1.038;
P λF. 15 74%) vs (λB5 1.027; P λB. 15 67%).
The difference, however, is small and the level of confidence
is moderate, as the probability that λ is greater under
the trapping rather than the captive-rearing scenario is
P (λF. λB)5 74%.

Fostering as an alternative to captive rearing?

The fostering scenarios assumed that any nest with two
viable eggs has one egg removed and transferred to a pair
with infertile eggs (provided enough nests have been found
that contain no viable eggs). The results (Table 1) suggest

FIG. 4 Simulated population trend of
takahe with and without captive rearing
for the Murchison Mountains (Fig. 1)
from 1984 to 2005. Simulated results
show median values (with credibility
intervals removed for clarity). Eggs and
chicks were transferred from the
Murchison Mountains to the captive-
rearing unit throughout the period but
juveniles were released into the Stuart
Mountains from 1987 to 1991 only.

TABLE 1 Predicted growth rates (λ) and probability of quasi-extinction for the Murchison Mountains takahe population 20 years into the
future, under different management scenarios. ‘Quasi-extinction’ is defined as the population size dropping to , 20 individuals.

Scenario λ
P λ. 1
(%)

P Quasi-extinction
(%)

A. 2008 management scenario (deer control + captive rearing + stoat trapping 40% of
area)

1.043 (0.88–1.10) 78.3 3.3

B. Deer control + captive rearing 1.027 (0.85–1.09) 66.6 5.7
C. Deer control + stoat trapping (40% of area) 1.005 (0.79–1.09) 52.4 10.0
D.Deer control only 0.985 (0.39–1.08) 41.9 15.9
E. Deer control + captive rearing + stoat trapping 95% of area 1.062 (0.92–1.11) 89.0 1.2
F. Deer control + stoat trapping 95% of area 1.038 (0.86–1.10) 73.8 4.6
G. Deer control + fostering + stoat trapping 95% of area 1.049 (0.86–1.11) 75.9 4.0
H.Deer control + fostering + stoat trapping 40% of area 1.022 (0.82–1.10) 62.2 7.7
I. Deer control + captive rearing every second year, max. 20 eggs/chicks + stoat

trapping 40% of area
1.026 (0.86–1.09) 65.5 4.7

J. Deer control + captive rearing every third year, max. 20 eggs/chicks + stoat trapping
40% of area

1.022 (0.84–1.09) 61.5 6.5

K. Deer control + captive rearing every year, max. 30 eggs/chicks + stoat trapping 40%
of area

1.049 (0.90–1.10) 81.2 2.3
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that fostering (H) would be beneficial compared to
a scenario of no nest management (C) (λH5 1.022,
λC5 1.005; P λH. λC5 79.9%), but not as effective as the
current captive rearing programme (A) (λA5 1.043,
λH5 1.022; P λA. λH5 77.3%). The probability that
fostering in conjunction with an expanded stoat trapping
programme (G) results in a higher growth rate compared to
the current 2008 management regime (λG. λA) is 68.8%.

Alternative captive-rearing management options

The operation of the captive-rearing facility in Burwood
requires substantial funds, c. 20% of the total sum allocated
for takahe management (K.A. Edge, pers. comm. 2006).
Questions have been raised about whether it would be
possible to reduce expenses by running the captive rearing
programme every second or third year (assuming that this is
logistically possible), and whether it would be beneficial to
increase the capacity of the captive rearing facility from
the current 20 eggs/chicks per season to 30 eggs/chicks
per season.

Model simulations indicate that the benefits of a captive-
rearing programme diminish if it is not run continuously
(Table 1, scenarios I and J). Running the programme every
second year halves the gain compared to a yearly operation
(λA5 1.043, λI5 1.026, λC5 1.005; P λA. λI5 97.3%;
P λI. λC5 97.2%), and running the programme every
third year reduces the population growth rate by a further
20% (λJ5 1.022, λC5 1.005, P λJ. λC5 96.9%). Increasing
the capacity of Burwood to 30 eggs/chicks per season
(scenario K) would make little difference (λK5 1.049,
λA5 1.043; P λK. λA5 89.0%), mainly because of the
current limit on the supply of wild eggs/chicks.

In almost all cases a higher population growth rate
corresponds to a lower risk of quasi-extinction (Table 1).
Where this is not the case (e.g. scenarios A and G), the

higher probability of quasi-extinction is associated with a
higher level of uncertainty (i.e. wider credibility intervals).

Discussion

Before we interpret the results of the model in terms of past
population trends and future growth, it is important to be
explicit about the general limitations of PVA (Beissinger,
2002). The predicted population trends show extremely wide
credibility intervals, which becomewider the further they are
projected into the future. This means that the model should
not be used as a crystal ball: we are simply not able to predict
confidently how many takahe will be alive in the Murchison
Mountains in 20 years time. Although a slight increase in the
population size is most likely under most management
scenarios, extinction or a doubling of the population are not
impossible (although highly unlikely). In contrast, we have a
high level of confidence that the population growth will be
greater under one management regime relative to another.
The lack of accuracy of population models for absolute
predictions and their reliability for relative predictions (i.e.
comparisons of alternative scenarios) has been discussed in
detail elsewhere (e.g. Beissinger & Westphal, 1998; Coulson
et al., 2001; Brook et al., 2002). Another limitation of the
model lies in the fact that the probabilities of survival and
breeding success are calculated as linear functions of
population density and environmental factors and are
valid only within the range for which they were calculated.
This is especially true for the estimates of the probability of
nesting and re-nesting and of egg viability, all of which are
density dependent and were only calculated in a historical
range between 100 and 170 individuals. However, this only
affects the absolute population size predictions, not the
comparisons between different scenarios. Similarly, a
misjudgment of the carrying capacity would affect the
population trajectories at population numbers above K but it
would have no impact on the qualitative difference between
alternative management scenarios.

With the above limitations in mind, the model gives
valuable insights into the causes of historical population
trends and the impact of different management scenarios on
the future of the takahe. The simulated population trends in
the Murchison Mountains over the last 2 decades (Fig. 4)
indicated that population growth was suppressed prior to
1992 when the juveniles raised from eggs transferred into
captivity were subsequently released into the nearby Stewart
Mountains in a failed attempt to start a new population
(Maxwell, 2001). Furthermore, the observed and simulated
data (based onmodels including climatic factors) both show
a significant drop in bird numbers in the mid 1990s,
supporting the hypothesis that the population decline was
because of extremely cold winters (Maxwell & Jamieson,
1997; Maxwell, 2001).

FIG. 5. Simulated population trends of takahe in the Murchison
Mountains under four different management scenarios over a
20-year period. Results are median values based on 10,000 model
repetitions (with credibility intervals removed for clarity). Deer
and stoat control and captive rearing represent the 2008
management scenario.
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A reversal in trends with a steady population growth has
followed since 1997. This increase in numbers during the last
decade is in agreement with the model’s predictions and
suggests that the positive growth is largely because of the
captive-rearing programme, with the actual population size
being 22% higher than it would have been if there had been
no captive rearing.

Simulated population trends under different manage-
ment scenarios indicate that captive rearing of chicks in
Burwood, fostering of one egg from nests with two viable
eggs and stoat trapping are all significant improvements
over the option of no management, the probability of
positive population growth in the absence of management
being , 50%. Management is required, or the takahe
population in Fiordland is highly likely to go extinct before
the end of the century.

Although all of the above management actions are likely
to improve the population growth rate to a value . 1, stoat
trapping and captive rearing of chicks seem to be the most
effective actions, with fostering being only of moderate
benefit. The best among the simulated scenarios assumes
the Burwood captive-rearing facility operating at current
capacity in conjunction with a stoat trapping programme
covering 95% of the Murchison Mountains. Under this
management scenario there is a 90% probability of having a
positive population growth rate. If we had to select only one
management activity (because of limited funding and
resources), stoat trapping over the entire Murchison
Mountains would be more effective than the captive-rearing
programme, and the captive-rearing programme would be
more effective than the fostering of eggs. Stoat trapping
ranks highest because it increases adult survival whereas the
latter two strategies only affect the takahe’s reproductive
output. For a long-lived species with a low reproductive
output such as the takahe, adult survival is always the most
important factor in the population growth rate. Captive
rearing of chicks is more effective than fostering because
fledging success and survival over the first winter are higher
in captivity than they are in the wild. Moreover, our models
do not include potentially important factors such as
parental quality. It may be that pairs that fail to lay eggs,
or fail to complete incubation, are poorer parents, in which
case the benefit of a fostering scenario would be less than
predicted by our models.

Model results also indicate that, under the current level of
stoat trapping (40% of the area), discontinuing captive
rearing would result in a high risk of a population decline. In
the long term, if the threat posed by stoats were effectively
removed (i.e. the stoat trapping area was expanded to cover
the entire Murchison Mountains), then the fostering of
excess eggs to wild pairs might be a cost-effective
complementary management option that could eventually
replace the captive-rearing programme. There appears to be
little benefit at present in increasing the capacity of the

captive rearing unit to . 20 eggs/chicks per season because
the supply of takahe eggs is limited in the Murchison
Mountains. Operating the facility every second year would
save costs but any financial savings would be outweighed by
the predicted lower population growth rate and by the
logistical difficulties of retaining staff and expertise.

Conclusions and recommendations

Although taking up a significant proportion of the annual
management budget for takahe there is little doubt that
captive rearing has had a significant effect on the positive
population growth observed over the last decade. We
recommend that its operation should continue until
important threats to the takahe in its natural environment
are removed or are effectively controlled. Although an
intermittent operation of the captive-rearing unit would
make funds available for other activities (e.g. stoat trapping),
depreciation and maintenance costs remain, and retaining
trained staff and expertise would become problematic.

In spite of a stoat irruption during the winter of 2007
when available trap capacity in the Murchison Mountains
was overwhelmed, we are confident that stoat trapping in
most typical years is having a positive effect on adult survival
of takahe as well as other vulnerable native species. If a
recent extension of the trapping regime from 15,000 to
50,000 ha significantly reduces stoat densities and chances
of periodic irruptions, it may eventually be possible to scale
down the captive-rearing programme, and the fostering of
surplus eggs could be trialled as a cost-effective alternative to
captive rearing.
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