
Biological Conservation 253 (2021) 108870

Available online 30 November 2020
0006-3207/Crown Copyright © 2020 Published by Elsevier Ltd. All rights reserved.

Long-term fertility control reduces overabundant koala populations and 
mitigates their impacts on food trees 

David S.L. Ramsey a,*, Freyja Watters b, David M. Forsyth c, Matthew Wood d, Charles R. Todd a, 
Robyn Molsher e, Phillip Cassey b 

a Arthur Rylah Institute for Environmental Research, Department of Environment, Land, Water and Planning, 123 Brown Street, Heidelberg, Victoria 3084, Australia 
b School of Biological Sciences, University of Adelaide, Adelaide, SA 5005, Australia 
c New South Wales Department of Primary Industries, Orange, NSW 2800, Australia 
d Australian Ecological Research Services, 341 Princes Highway, Portland, Victoria 3305, Australia 
e Department for Environment and Water, 81-95 Waymouth Street, Adelaide, SA 5001, Australia   

A R T I C L E  I N F O   

Keywords: 
Browsing 
Contraception 
Herbivory 
Integrated population model 
Mark-recapture 
Marsupial 
Plant-herbivore interactions 
Survival rate 

A B S T R A C T   

Overabundant herbivorous mammals can increase the mortality rates of preferred food species, causing long- 
term changes to plant communities. When lethal control of the herbivore is not possible, fertility control is 
often advocated as a management solution. There is, however, little empirical evidence that fertility control is a 
viable option for managing the impacts of open populations of polygynous mammals. We evaluated the effec-
tiveness of two long-term fertility control programs implemented to reduce overabundant koala (Phascolarctos 
cinereus) populations and their impacts on preferred food trees (manna gum, Eucalyptus viminalis): one in Victoria 
(10 years) and one in South Australia (17 years). Fertility control reduced koala recruitment such that population 
densities more than halved at both sites. Mortality rates of manna gum trees were significantly reduced at one 
site, and trees with light or moderate defoliation recovered at both sites. Relationships between koala population 
density and canopy defoliation suggest that if management wishes to alleviate moderate browsing pressure then 
koala density should be maintained below 1.0 koala/ha. We conclude that population-level fertility control can 
significantly reduce overabundant koala populations and some of their impacts on food trees. Our empirical 
study demonstrates that long-term fertility control can reduce the undesirable impacts of open populations of 
polygynous mammals.   

1. Introduction 

Overabundant herbivorous mammals reduce the growth and survival 
rates of preferred plant species, causing long-term changes in plant 
populations (Holland et al., 2013). Reduced food availability eventually 
causes the herbivore population to decline, sometimes causing mass 
mortality through starvation (Caughley, 1981). Removing individuals 
from the herbivore population by lethal control and translocation is 
widely used to reduce the impacts of overabundant herbivores, but in 
situations where removal is not possible then one option is fertility 
control (Bell and Peterle, 1975; Garrott, 1995; Ransom et al., 2014). The 
goal of fertility control is to prevent recruitment into the population 
from in situ births (Garrott, 1995). Provided that immigration does not 
exceed emigration, then the population will eventually decline as in-
dividuals age and die. 

Fertility control has been widely advocated for mammalian herbi-
vores, ranging from mice to elephants (Ransom et al., 2014). Several 
studies have examined the suitability of fertility control to suppress free- 
ranging populations of polygynous mammals (Twigg et al., 2000; 
Ramsey, 2005; Kirkpatrick and Turner, 2008), but no study has reduced 
population size sufficiently over timespans that were meaningful for 
management purposes (Ransom et al., 2014). The main issue circum-
venting the ability of fertility control to achieve adequate population 
suppression is the existence of feedback mechanisms, particularly 
increased recruitment (Twigg et al., 2000), survival rates (Kirkpatrick 
and Turner, 2008) and immigration (Ramsey, 2005), which compensate 
for reductions in productivity caused by fertility control. Hence, it has 
been concluded that fertility control may be unsuitable for achieving 
levels of population suppression in free-ranging populations that will 
meet management objectives (Ransom et al., 2014). 
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In Australia, koalas (Phascolarctos cinereus) sometimes increase to 
high densities in forests in the states of Victoria and South Australia, 
resulting in severe overbrowsing of preferred food trees that can result in 
widespread tree mortality and mass starvation of koalas (Martin and 
Handasyde, 1999; Whisson et al., 2016). This dynamic contrasts with 
New South Wales and Queensland, where koalas are listed as “vulner-
able”, with populations threatened by habitat loss and climate change 
(McAlpine et al., 2015). Koalas feed solely on the foliage of Eucalyptus 
trees and strongly prefer to eat just a few species, particularly manna 
gum (Eucalyptus viminalis) (Martin and Handasyde, 1999). There is 
considerable reluctance from the community to use lethal methods to 
reduce overabundant koala populations (Tabart, 1997). Hence, man-
agement of overabundant koala populations has relied on translocation 
(Menkhorst et al., 2019), but this approach sometimes has problems 
(Whisson et al., 2012) and fertility control is an alternative non-lethal 
tool that could be used (Todd et al., 2008). Options for fertility con-
trol include surgical sterilisation of males and/or females and chemical 
fertility control of females (Hynes et al., 2010). Female koalas raise one 
young annually, and their reproductive lifespan is 8–10 years (Martin 
and Handasyde, 1999). Small-scale field trials have shown that contra-
ception via the gestagen implant levonorgestrel can reduce the fertility 
of adult female koalas by 100% for at least 6 breeding seasons (Hynes 
et al., 2010) and therefore is potentially suitable for long-lasting fertility 
control of female koalas. 

Here we evaluate the effectiveness of two long-term fertility control 
programs to suppress overabundant koala populations and reduce 
overbrowsing of food trees. These programs were undertaken at one site 
each in Victoria and South Australia for 10 and 17 years, respectively. 
We use data collected from both management programs to answer two 
key questions. First, what was the effect of the fertility control programs 
on the survival, recruitment and densities of the koala populations? 
Second, does fertility control result in reduced defoliation and increased 
survival of the koala’s food trees? We then discuss the prospects for the 
use of fertility control for managing overabundant populations of 
polygynous, long-lived herbivorous mammals. 

2. Methods 

2.1. Study areas 

The effectiveness of koala management through fertility control was 
analysed using data collected at two sites (Fig. 1). 

2.1.1. Budj Bim National Park 
Budj Bim National Park (BBNP; formerly Mount Eccles National 

Park) is a 6016 ha remnant manna gum forest in south-west Victoria 
with a mean annual rainfall (MAR) of 833 mm (SD = 128). Koalas were 
translocated into BBNP in the early 1970s (McLean, 2003), and concerns 
about over-browsing of manna gum emerged in the 1990s (Todd et al., 
2008). A survey in 2004 estimated the koala population to be 11,310 
individuals (1.9 koalas/ha). For more information on this site, see Todd 
et al. (2008). 

2.1.2. Cygnet River Valley 
The Cygnet River Valley (CYG) is on Kangaroo Island, South 

Australia, and has a MAR of 444 mm (SD = 104). Koalas were intro-
duced to Kangaroo Island in the 1920s (Masters et al., 2004). Defoliation 
of manna gum was first reported in the 1960’s, and by 2001 the total 
Kangaroo Island koala population was estimated to be 27,000 (Masters 
et al., 2004). Fertility control focussed initially on 7006 ha of manna 
gum forest growing on the banks of the Cygnet River, where the impacts 
of koalas were greatest (Delean et al., 2013). For more information on 
this site, see Duka and Masters (2005). 

2.2. Koala fertility control and monitoring 

2.2.1. Budj Bim National Park 
In 2004 Parks Victoria commenced a fertility control program to 

reduce koala population density and improve tree condition and sur-
vival. From 2004 to 2013, female koalas (>1 yr) were captured in 
September–October and treated with a levonorgestrel implant (Norplant 
2; Hynes et al., 2010). 

Each implant released ~15 μg levonorgestrel daily, with an expected 
lifetime of 10–12 years. Upon first capture, each koala was classified into 
a tooth-wear (TW) category (an index of age; McLean, 2003) and the 
presence of any dependent young (either in the pouch or on the back) 
recorded. Each implanted koala was also given a passive integrated 
transponder (PIT) tag and a numbered colour-coded ear tag before being 
released at the point of capture. Some captured koalas were also tagged 
and released without an implant (i.e. ‘non-treatment’ animals), and we 
use these data to estimate survival rates of sterilised and non-sterilised 
females. During each capture session, previously tagged koalas were 
opportunistically resighted or recaptured and their unique tag number 
recorded as well as if they were carrying a dependent young. 

Koala abundance and tree canopy condition data were both collected 
on 40 three-hectare plots established throughout BBNP (Fig. 1). Each 
plot consisted of a 600-m centre line and two parallel boundary lines 
spaced 25 m either side of the centre line. The koala abundance data 
were collected during August–September annually from 2004 to 2013 
using the ‘double-count’ method (Williams et al., 2002). This involved 
two observers walking each centre line independently recording all 
koalas seen within 25 m either side of the transect line. Each koala was 
then classified as being seen by observer 1 or observer 2, or by both 
observers. 

The condition of 959 tagged manna gum trees located on the 40 
permanent koala plots was assessed every second year from 2004 to 
2014. Height (m), circumference at breast height (CBH; cm), canopy 
area (m2), percentage canopy foliage cover (PFC), and an index of 
canopy defoliation (DI) was measured for each tree. The defoliation 
index (DI) measured the level of defoliation of the tree canopy due to 
browsing and was an estimate of the percentage of the potential canopy 
remaining. The DI was measured using a scoring system with 7 classi-
fications, where 1 indicated 0–12.5% of the foliage remains in the 
canopy, and 7 indicated 75–100% of foliage remains in the canopy. Each 
tree was also scored as ‘alive’ or ‘dead’. 

2.2.2. Cygnet River Valley 
The Kangaroo Island koala population was managed using surgical 

sterilisation since 1997 (Masters et al., 2004). Female koalas were 
captured annually during the breeding season (September–May) and 
sterilised by surgical transection and cauterization of the oviduct. Male 
koalas were also sterilised during 1997–2000, but this ceased when 
research indicated that sterilising males would not reduce population 
size (Ellis et al., 2002). A variable number of koalas were also trans-
located from the island. As at BBNP, previously tagged koalas were 
opportunistically resighted during subsequent capture sessions and the 
ages of individuals were estimated at first capture by tooth wear. 

Koala abundance was estimated annually during 1997–2013 on 29 
plots (4.59–7.71 ha) established throughout the study area using the 
same double-count method as at BBNP. The condition of 421 tagged 
manna gum trees located on 12 of the koala abundance plots in CYG 
were assessed annually during 2001–2014. Tree measurement methods 
were the same as at BBNP, except that the defoliation index (DI) used 5 
rather than 7 classes. For canopy measurements on tagged trees at CYG, 
only DI was available from 2001 to 2013 with PFC measurements not 
beginning until 2007. 
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Fig. 1. Location of (A) Budj Bim National Park site in southwestern Victoria and (B) the Cygnet River Valley site, Kangaroo Island, South Australia. Red squares show 
locations of koala and tree monitoring plots. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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2.3. Statistical modelling 

2.3.1. Koala integrated population model 
Our analysis of koala population dynamics at both sites was under-

taken using two main data sources: first, the combined data from the 
sterilisation capture programs collected during 2004–2013 at BBNP and 
during 1997–2013 at CYG (‘mark–recapture data’); second, the double- 
observer counts undertaken annually during 2004–2013 at BBNP and 
during 1997–2013 at CYG (‘survey data’). We used an Integrated Pop-
ulation Model (IPM; Abadi et al., 2010; Schaub and Abadi, 2010) to 
jointly analyse the mark–recapture and survey data so that ‘hidden’ 
demographic processes such as immigration could be estimated (Abadi 
et al., 2010). 

We used a two-sex, stage-classified matrix projection model as the 
basis for our IPM (Caswell, 2001). Following McLean (2003), we spec-
ified two stage classes (immature/mature) based on tooth wear: Koalas 
in ‘TW Class I’ were classified as immature, and all koalas categorised as 
‘TW Class II’ and above were classified as mature. Mature females were 
further classified as ‘not sterilised’ (n) or ‘sterilised’ (s). As the survey 
data did not differentiate the sex of sighted koalas and hence was an 
estimate of total population size, we included females and males in the 
projection matrix. Based on the timing of breeding and the capture 
program at BBNP we assumed a pre-breeding census for parameterising 
the projection matrix. Hence, the first stage appearing in the projection 
matrix is immature (yearling) koalas ≥1-year old (TW Class I) and we 
assumed that these animals progressed to the mature stage (TW Class 
II+) in the following year. To complete our demographic model, the 
projection matrix also included immigration of mature males and fe-
males. The resulting projection matrix for BBNP was: 
⎛
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⎜
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(1)  

where Fy, Fn and Fs are the number of immature (yearling), non-sterilised 
and sterilised mature females, respectively, My, Mm are the numbers of 
immature and mature males, respectively, at times t and t+1, ϕj, ϕy, ϕn, ϕs 
are the juvenile, immature, non-sterilised and sterilised survival rates, 
respectively, b is the breeding rate, sr is the sex ratio of newborns, ρ is the 
implantation rate, η is the rate of reversion from sterile to non-sterile 
(implant failure) and (If, Im) are the number of mature female and 
male koalas immigrants, respectively. Each of the projection matrix 
parameters were allowed to be time dependent. Since there were no 
capture or resighting data for male koalas, we assumed that immature 
and mature male survival was the same as immature and non-sterilised 
female survival rates, respectively. We also assumed that the sex ratio of 
offspring, sr, was 0.5. For a pre-breeding census, the first row of the 
projection matrix combines estimates of fecundity and juvenile survival 
(survival from birth to 1 year). Since we did not have data with which to 
estimate juvenile survival (ϕj) (as pouch young were not marked), we 
used a prior estimate of pouch young survival from birth to 1 year of age, 
independent of the mother, from a study of koalas in south-east 
Queensland (Beyer et al., 2018), which averaged 0.71(95% CI; 
0.65–0.78). Since pouch young are also dependent on the survival of 
their mother (Martin and Handasyde, 1999), the estimate of juvenile 
survival was expressed as the product of pouch young survival given 
above and the survival rate of non-sterilised mature females. 

For CYG, unlike at BBNP, all captured females were subject to sur-
gical sterilisation so there were no data with which to separately esti-
mate the survival rate of non-sterilised females and we assume that the 
survival rate of sterilised and non-sterilised females was the same. 
However, since males were captured, tagged and resighted at CYG, we 
could separately estimate the survival rate of mature male koalas. Some 

koalas were removed from the population for translocation, and this was 
accounted for in the model. The equivalent projection matrix for CYG, 
was: 
⎛
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(2)  

where ϕf is the mature female survival rate, ϕm is the mature male 
survival rate and Tf and Tm are the numbers of male and female koalas, 
respectively, removed (translocated) from the population with other 
parameters as described for Eq. (1). The other main difference compared 
with the projection matrix for BBNP was that there was no transition 
from the sterile to non-sterile state because only surgical sterilisation 
was conducted at CYG, which we assumed resulted in permanent 
sterility. 

The projection matrices specified by Eqs. (1) and (2) were deter-
ministic models describing the expected numbers of individuals in each 
stage class conditional on the transition parameters. The dynamics of 
real populations, however, contain uncertainty due to various sources 
including process and sampling error. Hence, the components of the 
model were expressed using probability distributions conditional on 
data and other parameters (see below). 

2.3.2. Koala abundance model 
The double-count survey data were used to estimate koala abun-

dance and to link to the transition matrices in Eqs. (1) and (2). The 
number of koalas seen independently by observer 1 (y1) and observer 2 
(y2) and the number of koalas observed by both (y3), on plot i at time t 
[yi, t = (yi, t, 1,yi, t, 2,yi, t, 3)] were assumed to follow a multinomial 
distribution: 

yi,t∣Ni,t,Pa,t,Pb,t ∼ Multinomial
(
Ni,t, π1,t, π2,t, π3,t

)
,

π1,t = pa,t
(
1 − pb,t

)
; π2,t =

(
1 − pa,t

)
pb,t; π3,t = pa,t pb,t.

(3)  

where Ni, t is the koala abundance on plot i, at time t and pa,t and pb,t are 
the detection probabilities of observers 1 and 2, respectively at time t. 
The unknown population abundance for the entire site at time t was 
estimated by multiplying the average plot density by the area of each 
site. This was achieved by constraining the estimates of Ni, t to follow a 
Poisson distribution with mean abundance λt, where λt is the average 
plot abundance at time t. Density estimates were obtained by including 
the area (ha) of each plot as an offset (Si). The complete model for the 
survey data was: 

Ni,t ∼ Poisson(λt Si)

λt = Fy,t + Fn,t + Fs,t + My,t + Mm,t,
(4)  

where F., t, M., t are the individual stage components of the transition 
matrices from Eqs. (1) or (2). 

2.3.3. Mark–recapture model 
To estimate the survival rate parameters in Eqs. (1) and (2), we fitted 

an age-structured Cormack–Jolly–Seber (CJS) model to the 
mark–recapture data specified in the m-array format and using the 
multinomial likelihood (Williams et al., 2002) summarised here as 

Lcjs
(
my,mn,ms | ϕy,ϕn,ϕs, p

)
; (BBNP),

Lcjs
(
my,mf ,mm | ϕy,ϕf ,ϕm, p

)
; (CYG),

(5) 

where my, mn, ms, mf, mm are the capture histories summarised in the 
m-array format for immatures, non-sterilised females, sterilised females, 
mature females and mature males, respectively, and ϕy, ϕn, ϕs, ϕf, ϕm are 
the corresponding survival rates, and p is the resighting probability. We 
added additional structure to this model by specifying a random time 
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effect to the linear predictor for the survival probabilities, separately for 
each site; 

logit
(
ϕi,t

)
= μi + εt,

where μi is the mean survival rate for the ith stage class (i.e. immature, 
non-sterilised, sterilised mature female, mature male) and εt is the 
random effect of time, which was assumed to be normally distributed 
with variance σt

2. 

2.3.4. Breeding and reversion of sterile females to non-sterile 
We used the proportion of females with dependent young observed 

on initial capture each year at BBNP and CYG to estimate the breeding 
rate parameter b in Eqs. (1) and (2). Observations of tagged (and steri-
lised) females observed with dependent young in the years after 
receiving their implant at BBNP were used to estimate the probability of 
reversion from sterilised to the non-sterilised state (η) in Eq. (1). Finally, 
the annual sterilisation rate (ρ) was estimated using the number of non- 
sterilised females captured (and subsequently surgically sterilised or 
implanted) and then released (nt

n→s), assuming that sterilised individuals 
were released at the end of the current time interval. The nt

n→s was 
assumed to be a binomial random variable dependent on the population 
size of non-sterilised females surviving from the previous interval and 
the sterilisation rate. 

2.3.5. Tree canopy condition and mortality 
We used observations of the defoliation index (DI) classes for each 

tree in each observation period to estimate both the survival rate of trees 
as well as the transition between defoliation classes using a multistate 
transition model (Gimenez et al., 2012). We used a first-order discrete 
Markov model, where the canopy defoliation class for tree i at time t (di, 

t) was dependent on the defoliation class in the previous time period (di, 

t− 1) with the transition between time t − 1 and time t dependent on the 
transition probabilities Pm, n, which give the probability that a tree in 
class m at time t − 1 transitions to class n at time t. Data on defoliation 
classes were available for all trees at each time period at BBNP, and from 
2001 to 2013 for CYG. We used five possible defoliation states corre-
sponding to the defoliation index (DI) classes used at CYG to categorise 
canopy foliage cover remaining on the tree (i.e. 1: very low defoliation, 
2: low defoliation, 3: moderate defoliation, 4: high defoliation, 5: tree 
dead). We collapsed the 7 defoliation classes used at BBNP so that they 
corresponded to the DI classes used at CYG. Using these four states for 
canopy defoliation and one absorbing state (tree death), the transition 
matrix P was given by 

P =

⎛

⎜
⎜
⎜
⎜
⎝

ϕψ1,1 ϕψ1,2 ϕψ1,3 ϕψ1,4 1 − ϕ
ϕψ2,1 ϕψ2,2 ϕψ2,3 ϕψ2,4 1 − ϕ
ϕψ3,1 ϕψ3,2 ϕψ3,3 ϕψ3,4 1 − ϕ
ϕψ4,1 ϕψ4,2 ϕψ4,3 ϕψ4,4 1 − ϕ

0 0 0 0 1

⎞

⎟
⎟
⎟
⎟
⎠
, (6)  

where ϕ was the tree survival rate between time t-1 and t and ψm, n was 
the transition probability between state m and state n between time t-1 
and time t. Hence, transitions between states (ψm, n) were conditional on 
the tree first surviving the interval (ϕ) with transition from states 1–4 to 
state 5 dependent on the mortality probability (1 − ϕ). For estimation, 
the transition matrix P was allowed to be time-dependent (Pt) with both 
survival and transition probabilities dependent on potential explanatory 
variables including koala density (K) and annual rainfall (R) at time t −
1. Annual rainfall data (mm) were obtained from the Australian Bureau 
of Meteorology recording stations (http://www.bom.gov.au/climate/ 
data/) at Portland airport (40 km from BBNP) and Kingscote airport 
(within the CYG study area), and were standardised by subtracting the 
mean and dividing by the standard deviation. The survival parameter ϕ 
was additionally allowed to be dependent on the canopy projected fo-
liage cover (F) measured for each tree, at each time period. For the tree 
survival rate, the linear predictor was 

log
(

ϕi,t

1 − ϕi,t

)

= α+ βRt− 1 + γFi,t− 1 + δlog(t) (7) 

With this specification the parameter δ is the trend in the survival 
rate of trees over time t (Weibull hazard rate), after controlling for other 
covariates. 

There were no measurements of PFC at CYG during 2001–2006. We 
therefore constructed a model for the missing covariate data based on a 
calibration model that predicted PFC from the defoliation index classes 
for individual trees. Using data where both PFC and DI were measured 
on the same tree at the same time, we predicted the missing PFC values 
for trees between 2001 and 2006 that only had a DI measurement using 
an ordinal regression model with DI as the response and PFC as the 
single predictor (Appendix A1). Only trees with DI classes 1–4 were used 
in this model because dead trees had a PFC of zero. Relatively few trees 
were surveyed at CYG in 2011 and 2013 compared with other years. We 
allowed for the missing PFC data in those two years by treating PFC as a 
random variable in the Markov transition model, and estimating the 
missing values using a Beta regression (Appendix A2). 

As for the tree survival model, the transition rate parameters (ψm, n) 
were specified as a function of the covariates koala density and rainfall. 
Since PFC was imputed for some years at CYG, PFC was not used as a 
potential explanatory variable for the transition rate parameters at 
either site. We incorporated this additional structure using the multi- 
logit transformation, which ensured that the probabilities along each 
row of the transition matrix summed to 1. The general form of the multi- 
logit transformation was given by: 

ψm,n = P(yt = n|yt− 1 = m) =
exp(ηm,n

t )

1 +
∑4

i=1
exp(ηm,i

t )
, (8)  

where ηt
m, n was the (log) linear predictor for the transition between 

states m and n, 

ηm,n
i,t = ηm,n + ζm,nKt− 1 + κm,nRt− 1, (9)  

where ηm, n, ζm, n and κm, n were the intercept and slope parameters 
governing each transition rate from m to n, and K and R were koala 
density and rainfall, respectively. We ensured identifiability of all these 
parameters by constraining the baseline parameter for each row equal to 
0 where the baseline parameter was the transition from/to the same 
state (i.e. where m = n). 

2.3.6. Model implementation 
The koala IPM and the tree canopy multistate models were both 

fitted using Markov chain Monte Carlo (MCMC) sampling in a Bayesian 
framework using JAGS version 4.3.0 (Plummer, 2003). JAGS code for 
both the IPM and multistate model are provided in Appendices A1–A3. 
The model specification and priors for the parameters of interest are 
provided in Appendix A4. We ran three chains with dispersed initial 
values and monitored for convergence using the Brook–Gelman–Rubin 
statistic R̂ (Brooks and Gelman, 1998) and by visual assessment. For the 
koala IPM model, sampling continued for 20,000 samples for each chain, 
giving 60,000 samples for posterior summaries. For the tree canopy 
multistate model, sampling continued for 10,000 samples for each 
chain, giving 30,000 samples for posterior summaries. Estimates of 
parameter uncertainty were expressed as 95% credible intervals (CrI). 

3. Results 

3.1. Efficacy of fertility control 

At BBNP, 4355 female koalas were treated with levonorgestrel hor-
mone implants and released during 2004–2013. An additional 603 fe-
male koalas were tagged and released without a hormone implant 
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during this period. The estimated mean failure rate of the hormone 
implant was <3% during the first 8 years of the study, and 10% in the 
last two years (Fig. B1). At CYG, 4419 females and 2036 males were 
surgically sterilised during 1997–2013. Of these, 1282 females and 1111 
males were translocated from the island. 

3.2. Koala population dynamics 

The geometric mean of the finite rate of population growth was <1.0 
at BBNP and CYG, indicating that both populations declined during the 
management programs. From 2004 to 2013, the population at BBNP 
declined from 179 (95% CrI; 160–199) to 84 (95% CrI; 63–109) koalas/ 
km2, at a mean 8% per annum (geometric mean finite growth rate of 
0.92, 95% CrI; 0.89–0.95) (Fig. 2A). Similarly, from 1997 to 2013, the 
population at CYG declined from 198 (95% CrI; 180–218) to 90 (95% 
CrI; 64–120) koalas/km2 at a mean 5% per annum (geometric mean of 
0.95, 95% CrI; 0.93–0.97) (Fig. 2C). At BBNP, mean apparent survival 
rates were slightly higher for mature sterilised individuals than for non- 
sterilised mature individuals, but not significantly so (Fig. B2A; ϕs=0.78, 

95% CrI, 0.52–0.93; ϕns= 0.72, 95% CrI, 0.42–0.91) and at CYG, mean 
apparent survival of mature females was higher than mature males (ϕf2=

0.88, 95% CrI, 0.82–0.94; ϕm2= 0.82, 95% CrI, 0.74–0.89). Mean sur-
vival of immature koalas was higher at BBNP than at CYG (BBNP, ϕ1=

0.60, 95% CrI, 0.12–0.95; CYG, ϕ1= 0.44, 95% CrI, 0.24–0.66). Tem-
poral variation in apparent survival was also higher at BBNP than CYG 
(BBNP, σ2= 2.2; CYG, σ2= 1.0 [logit scale]), due mainly to particularly 
low survival at the former in 2009 (Fig. B2). 

Sterilisation effort was initially high at BBNP (19 koalas/km2) before 
declining to 5 koalas/km2 from 2007 and to 2 koalas/km2 in 2012–2013 
(Fig. 3). The corresponding estimates of the proportion of the female 
population sterilised increased to ~60% by 2007 before declining to 
31% by 2013 due to declining sterilisation effort and population turn-
over. Estimates of the sterility rate (ρ) and proportion of females in the 
BBNP population sterilised had higher uncertainty in later years 
(Fig. 3A, B), but the abundance of non-sterilised mature females was 
predicted to be greater than the abundance of sterilised mature females 
at BBNP in the last year of the program (Fig. 2B). 

Annual sterilisation effort at CYG was variable (Fig. 3). Following 

Fig. 2. Estimates of the total population size of koalas (koalas/km2) and contribution from immigrants (A, C) and the underlying population sizes of each stage class 
(B, D) for koala populations at Budj Bim National Park (A, B) and Cygnet River Valley (C, D). Error bars are 95% CrIs. 
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high initial numbers of sterilisations in 1997–1998 (9 koalas/km2), 
sterilisation effort was low during 2001–2004 before increasing greatly 
in 2006–2007 (11 koalas/km2) and then declining to <4 koalas/km2 

(Fig. 3C, D). Estimates of the proportion of the female population 
sterilised initially increased and then stabilised at ~33% during 
2000–2005, then increased to 80% in 2007 before declining to 47% in 
2013 (Fig. 3C). As at BBNP, the abundance of sterile mature females at 
CYG in 2013 was predicted to be lower than the abundance of non- 
sterile mature females (Fig. 2D). 

Despite highly variable rates of sterilisation effort at both sites, the 
abundances of immature koalas were reduced by an average of ~80% at 
both BBNP and CYG (Fig. 2B, D). The reduced recruitment at CYG was 
not realised until 2009, following an increase in sterilisation effort 
(Figs. 2D, 3D). Immigration into the BBNP and CYG populations, 
although low, steadily increased at both sites as total koala population 
density declined (Fig. 2A, C). 

3.3. Tree mortality and condition 

The proportions of tagged trees sampled and observed in each state 
at each time period at BBNP and CYG are shown in Fig. B3. The mean 
tree mortality rate (1 − ϕ) decreased significantly over the management 
period at BBNP but not at CYG (Table B1; Figs. B4B, B4D). Tree survival 
at both BBNP and CYG was significantly positively related to the PFC 
estimate for each tree and was also significantly positively related to 
annual rainfall at CYG but not at BBNP (Table B1; Figs. B4A, B4C). At 
BBNP, the tree mortality rate was almost zero when PFC was ≥0.4 (i.e. 
40% cover) and only increased substantially when PFC declined to <0.2 
(Fig. B4A). A similar relationship was observed at CYG, with the 
exception that the mortality rate increased more substantially when 
annual rainfall was low (1.5 standard deviations below mean rainfall) 
compared to when annual rainfall was high (1.5 standard deviations 
above mean rainfall) (Fig. B4C). 

Fig. 3. Estimated proportions of females that were sterilised (A, C) and the sterilisation rate (B, D) at each time point at Budj Bim National Park (A, B) and Cygnet 
River Valley (C, D). Open squares are the sterilisation effort at each time point (number of new sterilised females/km2). Red triangles are number of koalas 
translocated (koalas/km2). Shaded areas are 95% CrIs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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The estimated transition rates between defoliation states (ψ) were 
also significantly related to both koala density and annual rainfall for 
some transitions at BBNP and CYG (Tables B2, B3). At BBNP, the 
probability of trees having very low defoliation (class 1) increased over 
the study period due to an increasing probability of trees moving from 
the low defoliation to very low defoliation state (Fig. B5). The proba-
bility that trees with moderate defoliation transitioned to a low defo-
liation state also increased during the study period (Fig. B5). However, 
there was little evidence of trees at BBNP with high defoliation tran-
sitioning to a lower defoliation state (Fig. B5). Similar trends were 
observed at CYG, but trees with moderate defoliation were more likely 
to transition to a low defoliation state (Fig. B6). Trees with high 
defoliation exhibited a rapid increase in their probability of tran-
sitioning to a lower defoliation state in 2006, but the effect was short- 
lived and by the end of the study period the probabilities of tran-
sitioning from a high to a lower defoliation state were similar to that at 
the start of the study (Fig. B6) 

The probability that trees transitioned from either the very-low 
defoliation state (BBNP) or low defoliation state (CYG) to a higher 
defoliation state was positively related to koala density, increasing 
rapidly once koala density increased above 1.0 koala/ha (Fig. 4A–D; 
Table B2). Similarly, the probability that trees in either the low (BBNP) 
or moderate (CYG) defoliation state transitioned to a lower defoliation 
state was predicted to decrease significantly as koala density increased 
(Fig. 4B, D; Table B2). No significant effects of koala density were 
detected on transition rates for trees in the high defoliation state. 

There were complementary, but weaker, effects of annual rainfall on 
several transition rates (Table B3). At both BBNP and CYG, the proba-
bility that trees in the low or moderate defoliation state transitioned to a 
lower defoliation state increased significantly as annual rainfall 
increased (Fig. 5A–D). Conversely, the probability that trees in the low 
or moderate defoliation state transitioned to a higher defoliation state 
decreased significantly as annual rainfall increased (Fig. 5A–D). 

Fig. 4. Relationships between manna gum tree defoliation class transition probabilities and koala densities (koalas/ha) for transitions from (A) very low and (B) low 
defoliation classes at Budj Bim National Park and (C) low and (D) moderate defoliation classes at Cygnet River Valley. Shaded areas are 95% CrIs. 
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4. Discussion 

Fertility control of overabundant wildlife populations has been 
advocated for 45 years (Bell and Peterle, 1975), yet few studies have 
investigated the population-level effects of fertility control and none 
have investigated whether application of fertility control has resulted in 
the mitigation of undesirable impacts (Ransom et al., 2014). Of the few 
studies that have evaluated the population-level effects of fertility con-
trol on open populations of polygynous mammals (summarised in 
Ransom et al., 2014), none were able to reduce population size over 
meaningful time horizons. The two fertility control programs reported 
here are, to our knowledge, the only two management-scale imple-
mentations of fertility control worldwide that have attempted to sup-
press the growth rate of free-ranging populations of mammals for long 
enough to meaningfully assess impact mitigation. The two programs 
caused in-situ juvenile koala recruitment to decline significantly, 
resulting in koala population reductions of >50% and generating 
moderate positive changes in canopy condition and survival rates of 

preferred food trees over a 11–14 year period. 
Compensatory demographic processes, particularly immigration, 

survival and recruitment, can be a key impediment to effective fertility 
control (Ramsey, 2005; Kirkpatrick and Turner, 2008; Ransom et al., 
2014). Compensatory immigration of koalas occurred at both our study 
sites, but it did not fully offset reductions in juvenile recruitment 
caused by fertility control. The most likely reason for this was that 
fertility control was applied over a sufficiently large scale to partially 
mitigate the effects of increased immigration. Although translocations 
of koalas that occurred at the Cygnet River Valley site undoubtably 
contributed to some of the population decline there, only 29% of total 
number of females that were sterilised ended up being translocated 
from the island, so fertility control was the largest management 
intervention at this site. In addition, the largest declines in koala 
abundance occurred in the years following large reductions in juvenile 
(immature koala) recruitment in 1999 and 2007, which coincided with 
significant increases in the proportion of sterile females in the popu-
lation at that site (Figs. 2 & 3). 

Fig. 5. Relationships between manna gum tree defoliation class transition probabilities and annual rainfall (mm) for transition from (A) low and (B) moderate 
defoliation classes at Budj Bim National Park and (C) low and (D) moderate defoliation classes at Cygnet River Valley. Shaded areas are 95% CrIs. 
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As expected from life-history theory (Kirkpatrick and Turner, 2007; 
Ransom et al., 2014), sterilised female koalas tended to have higher 
survival than non-sterilised koalas at the one site where there were 
treatment and non-treatment groups (BBNP), but the difference was 
small. There was no evidence of increased in-situ recruitment in the non- 
treatment female koalas at BBNP. 

Fertility control at the Budj Bim site, which was achieved by 
implanting koalas with the gestagen implant levonorgestrel, was simi-
larly successful to the program at the Cygnet River Valley site, which 
used surgical sterilisation. Breeding rates by koalas administered with 
the levonorgestrel implant were very low (< 3%) over the first eight 
years of the study. Hence, these results confirm the use of levonorgestrel 
for long-term fertility control in koalas as suggested by Hynes et al. 
(2010). Levonorgestrel implants are less invasive than surgical steri-
lisation, with a corresponding lower risk of post-surgical complications. 
Moreover, fertility control induced by levonorgestrel implants can be 
reversed (Hynes et al., 2010), which can be an important safeguard, if 
required, to prevent excessive population reductions. 

Integrated population models of the joint likelihood of koala density, 
capture and resighting and other data had several advantages over 
traditional methods where models are fitted separately to the individual 
data sources. The main advantage of the joint approach is that inferences 
can be made on hidden demographic processes that are impossible or 
extremely difficult to estimate by analysing the data sources individually 
(Schaub and Abadi, 2010; Tavecchia et al., 2009). For the present 
analysis of the koala survey and capture-resighting data there were two 
hidden demographic processes of interest; the estimated proportion of 
non-sterilised females in the population that were subsequently steri-
lised at each time point as well as immigration rates into the population. 
Sterilisation rates were adequately estimated at both sites when man-
agement began, but had high uncertainty in the second half of the 
management periods. This was due to the increasing uncertainty around 
estimates of the sub-population size of non-sterilised females, which was 
a direct result of the relative lack of resighting data during the capture 
programs from both sites in later years. Knowledge of the proportion of 
females sterilised is important for managers as previous studies have 
indicated that to achieve sustained population reduction of koalas re-
quires at least 55–65% of reproductive-age females be sterilised (Delean 
et al., 2013). The estimated proportion of female koalas sterilised 
exceeded this at MENP from 2006 to 2011. At CYG, the proportion of 
sterilised females exceeded 55% only since 2007. However, sterility 
levels appeared to be inadequate at both sites during the final years of 
the study (31% at MENP and 47% at CYG in 2013). However, it should 
be noted that estimates of the proportion of sterile females in the last 
3–4 years had high uncertainty. 

The key impacts of overabundant koalas in southern Australia are on 
the canopy condition and mortality rate of preferred manna gum trees 
(Martin and Handasyde, 1999). Fertility control significantly reduced 
manna gum tree mortality rates at one study site, and lightly- and 
moderately defoliated tree canopies recovered at both sites. Recovery of 
trees in those defoliation classes was negatively related to koala density 
and positively related to annual rainfall. These relationships, and the 
observation that recovery was not observed in heavily defoliated tree 
canopies, suggests that further reductions in koala population densities 
were needed to enable heavily defoliated trees to recover. 

The relationships between koala population density and defoliation 
class transition probabilities observed in this study suggest that if 
management wishes to alleviate moderate browsing pressure then koala 
density should be maintained below 1.0 koala/ha as increases in koala 
densities above 1.0 koalas/ha resulted in rapid increases in probabilities 
of higher defoliation of manna gum trees. Similar relationships have 
been observed in the impacts of non-native brushtail possums (Tricho-
surus vulpecula) browsing on preferred tree species in New Zealand 
forests (Holland et al., 2013). 

5. Conclusions 

The few field studies of the population-level effects of fertility control 
conducted to date have suggested that fertility control is inadequate for 
regulating densities in open populations of polygynous mammals 
(Ransom et al., 2014). Our analysis demonstrates that fertility control 
can successfully manage an overabundant mammalian herbivore and its 
impacts, with compensatory demographic responses insufficient to fully 
offset the productivity declines induced by fertility control. Conserva-
tion managers can be optimistic about using fertility control to manage 
overabundant populations of long-lived mammalian herbivores as long 
as adequate sterility levels (>60% reproductive females sterile) are 
maintained. This, in turn, would require long-term commitment to the 
fertility control program. 
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