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ARTICLE INFO ABSTRACT

The conventional approach to conserving threatened biota is to identify drivers of decline, instigate actions to
mitigate threatening processes, and monitor interventions to test their effectiveness and ensure target species
recover. In Australia, predation by introduced predators is a threatening process for many native mammals. Here
we report the results of a 15 year monitoring study in an iconic Australian reserve, Booderee National Park,
where exotic Red Fox (Vulpes vulpes) populations have been controlled through an intensive poison baiting
program since 2003. Unexpectedly, we documented the collapse of native mammal fauna during this period,
including fully arboreal species that should be largely unaffected by fox predation — such as the nationally
Vulnerable Greater Glider (Petauroides volans) and Common Ringtail Possum (Pseudocheirus peregrinus).

We used path analysis to explore potential causes of these unexpected declines. We found no compelling
evidence to support hypotheses that competition with increasing native species, native predator release, or
increases in native herbivores underpinned mammal declines. Beyond the path analysis, data from other studies
completed both inside Booderee National Park and outside (where intensive fox baiting does not occur yet
depleted fauna species remain), allowed us to rule out several drivers of change. The temporal declines we
documented for arboreal marsupials were not anticipated nor explained by any clear mechanism.

We propose the use of experimentally-guided reintroductions and translocations to: (1) restore empty niches
such as the currently vacant apex mammal predator niche, (2) reconstruct the now depleted arboreal marsupial
guild, and (3) further test key hypotheses associated with mammal decline. We also suggest that given the
potential for perverse outcomes following large-scale management interventions (even those where there is high
confidence of success), wildlife managers should consider maintaining reference areas (where there is no
management intervention). Finally, as the declines we documented were unexpected and rapid, there is a clear
need to develop more sensitive early warning signals to alert conservation managers to impending problems,
allowing them to alter management regimes before major declines occur.
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Lindenmayer and Hunter, 2010). However, sometimes the removal of
what is thought to be a key threat does not lead to recovery, or worse, is
associated with further declines of target and non-target native species

1. Introduction

Conservation biology aims to address biodiversity loss through

identifying key threats driving species declines (Lindenmayer and
Burgman, 2005; Johnson et al., 2017), applying threat mitigation ac-
tions, and establishing monitoring programs to determine if manage-
ment practices are effective (Tilman et al., 2017). The underlying pre-
mise of this approach is that removing the drivers of decline should
result in the recovery of the target species (Caughley and Gunn, 1996;

(e.g. Zavaleta et al., 2001; Lampert et al., 2014). This may occur be-
cause interactive threats are occurring (e.g. Doherty et al., 2015). In-
deed, there are a number of cases where well-intentioned conservation
interventions aimed at mitigating threats have led to unexpected and
perverse outcomes (e.g. Taylor, 1979; Bergstrom et al., 2009). Often,
increases in the threat itself occurs after management due to
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overcompensation (an increase in abundance in response to harvest;
e.g. (Lazenby et al., 2015) and instability (population cycling) (Zipkin
et al., 2009). For example, actions to control some invasive species have
led to increases in the threat (Pardini et al., 2009; Zipkin et al., 2009).
In other examples, successful removal of a threat facilitated the estab-
lishment of a second threat (McGregor et al., 2014) such as a secondary
weed invasion. Understanding the reasons for unforeseen outcomes is
critical not only for evaluating management (Walsh et al., 2012), but
also to accurately inform future management plans and allocate scarce
conservation funds to achieve positive conservation benefits.

Australia has a long record of targeted management designed to
recover the nation's numerous threatened species (Garnett et al., 2018).
In the case of mammals, a group characterized by a loss of approxi-
mately 10% of native terrestrial species over the last 200 years
(Woinarski et al., 2015), the control of invasive carnivores such as the
Red Fox (Vulpes vulpes) and the Feral Cat (Felis catus) has been an im-
portant form of management. Feral predator control is widely con-
sidered to be a key component of best practice management in many
Australian protected areas (Braysher, 2017). For example, there are
plans to substantially reduce populations of exotic predators using in-
tensive poison bating and other control methods across 12 million ha of
Australia (Australian Government, 2015). While Red Fox control has
demonstrated conservation value (e.g. Kinnear et al., 1988), some re-
cent studies have documented perverse outcomes associated with their
removal (Marlow et al., 2015), potentially attributed to meso-predator
release of feral cats (Wayne et al., 2017).

Here we report the results of a 15 year mammal monitoring study in
an iconic reserve, Booderee National Park, in south-eastern Australia.
Monitoring commenced at the same time as an intensification of a
poison baiting program aimed at reducing Red Fox abundance to con-
serve native mammal populations. Baiting reduced Red Fox abundance,
but rather than leading to native mammal population recovery, we
observed unexpected severe declines and local extinctions in terrestrial
and arboreal mammals. We used our monitoring datasets to test em-
pirical support for different hypotheses that might explain the observed
temporal trajectories. We discuss general lessons emerging from this
study including determining ways to manage biodiversity when drivers
of decline remain unclear.

2. Methods
2.1. Study area

Our work was focused within and around Booderee National Park in
south-eastern Australia (Fig. 1) which is a 6600 ha IUCN Category I
reserve that supports > 205 terrestrial vertebrate species, including
threatened taxa and threatened ecological communities (Lindenmayer
et al., 2014). Four species of large terrestrial mammalian predators
either recently occurred in the park but are now locally extinct, or
extremely rare (Spotted-tailed Quoll Dasyurus maculatus last seen in the
mid-1980s; M. Fortescue, personal communication; Dingo/dog Canis
spp. rarely seen in the last 15 years), or are likely to have prehistorically
occurred in the region but are now globally extinct (Thylacine Thyla-
cinus cyanocephalus), or regionally extinct (Tasmanian Devil Sarcophilus
harrisii).

Booderee National Park is ranked as one of Australia's best-managed
protected areas (WWF Australia, 2008) and the control of processes
threatening biodiversity is a key part of the plan of management for the
reserve (Lindenmayer et al., 2013). The park's management program
includes an intensive poison baiting program to control populations of
the Red Fox. A large wildfire burnt half the park in 2003, however,
subsequent analysis has demonstrated that the majority of fauna were
either minimally affected by this fire event or have since recovered
(Lindenmayer et al., 2016a). Overlaid on these management programs,
has been a monitoring program that has run since 2003. The monitoring
work has quantified patterns of temporal change in a range of
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vertebrate groups including mammals, birds, reptiles and frogs, as well
as native vegetation (Lindenmayer et al., 2014). The focus of this paper
is mammals because major changes in site-level species richness and
losses of individual species have not been observed for other monitored
vertebrate groups. The individual mammal species examined were the
following arboreal marsupials: Greater Glider (Petauroides volans),
Common Ringtail Possum (Pseudocheirus peregrinus), Sugar Glider (Pe-
taurus breviceps), Common Brushtail Possum (Trichosurus vulpecula), the
scanscorial Brown Antechinus (Antechinus stuartii), the ground-dwelling
Bush Rat (Rattus fuscipes), Swamp Rat (Rattus lutreolus), Eastern
Chestnut Mouse (Pseudomys gracilicaudatus), Long-nosed Bandicoot
(Perameles nasuta) and the macropods: Eastern Grey Kangaroo (Mac-
ropus giganteus), Black Wallaby (Wallabia bicolor) and Red-necked
Wallaby (Notamacropus rufogriseus).

2.2. Study design

We established 129 permanent monitoring sites across the seven key
vegetation types in Booderee National Park (Fig. 1) — warm temperate
rainforests, forests, woodlands, heathlands, shrublands, swamps and
sedgelands. We employed a stratified, randomized and replicated pro-
cess to distribute long-term monitoring sites widely throughout the
study area. This was to limit the potential for geographic bias in our
results. We replicated sites within each vegetation type with a focus on
replicating the most common classes. The number of samples was
generally proportional to the total area occupied by each vegetation
class.

We established a permanent 100 m long transect at each of our 129
sites. We used 100 m transects because of high heterogeneity in vege-
tation cover at Booderee National Park, where changes in vegetation
type often occur over a short distance (Stirnemann et al., 2014).
Transect lengths in excess of 100m would have resulted in many
transects spanning two vegetation types. We ensured that each transect
was confined to a single vegetation type.

2.3. Fox baiting and control program

A control program for the Red Fox, an exotic carnivore that occupies
the apex mammal predator niche in our study system, was first im-
plemented in 1999 with 120 stations (each measuring 10 m x 10 m)
baited every six months. Bait stations were located in all vegetation
types and dispersed widely throughout Booderee National Park. Data
on bait take were gathered each time the bait station was checked and
new baits were laid. Control efforts were greatly intensified in 2003
with baits laid monthly to 2014 and then fortnightly to the present day.
Allied with the fox baiting program, a network of 2m x 2 m sand plots
was established throughout Booderee National Park and footprints,
tracks and scats of all animals detected in these plots were recorded
every month. Since 2015, remote cameras have been deployed at 50
locations distributed widely across the eastern and eastern parts
Booderee National Park. Cameras were deployed for 14 nights per site
each year. If a fox is detected, a professional marksman was deployed.

2.4. Field surveys of terrestrial and scansorial mammals

Each of our 129 monitoring sites consisted of star picket markers set
at Om, 20 m, 40 m, 60 m, 80 m and 100 m points along a permanent
transect. Our trapping protocols at each site involved opening along the
transect for three consecutive days/nights, ten Elliott box traps
(10cm x 10cm X 30cm; Elliott Scientific Equipment, Upwey,
Victoria) at 10 m intervals and four small (20 X 20 X 50 cm) and two
large (30 X 30 x 60 cm) wire cage traps. We baited all traps with a
mixture of peanut butter and rolled oats. We completed trapping sur-
veys in the summer of all years between late 2003 and 2016, surveying
approximately 75 sites each year.
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Fig. 1. The location of long-term field survey sites at Booderee National Park.

2.5. Field surveys of arboreal marsupials and owls

We counted arboreal marsupials by repeated spotlighting along
each permanent transect established at each of the 129 sites in our
study. Calls and spotlight detections of owls also were recorded as part
of surveys. We did not undertake spotlighting on nights of poor weather
(rain, high wind, fog or heavy cloud cover). We completed spotlighting
surveys in 10 years over a 15-year period - 2003, 2004, 2005, 2006,
2007, 2009, 2011, 2013, 2015 and 2017.

2.6. Statistical analysis

We present our analyses in two stages. First, we document temporal
patterns in mammal detections as evidence of our claim that overall
species richness and many individual species have declined. Second, we
evaluate evidence for various potential mechanisms/processes under-
pinning the patterns we observed.

In the first step of our analysis, we modelled temporal changes in
mammal species richness and the occurrence of individual species of
mammals as well as for owls (all species combined). For mammal
species richness and for each of the individual mammal species, we
fitted a quasi-Poisson generalized linear mixed model (GLMM).to the
count data for each site and with both site and year fitted as random
effects. We fitted a quadratic regression spline to time with a knot
halfway through the period of observation to give a smoothed summary
of the data for each variable. For all analyses, we tested the effects of
vegetation type by fitting a categorical variable with seven levels
(corresponding to the seven major vegetation classes in Booderee

National Park). When a given species was never recorded in a particular
vegetation type, we excluded the relevant sites from the analysis (e.g.,
the Greater Glider was absent from heathlands, swamps and sedge-
lands). We also fitted models with only a linear effect of time plus
random effects of both site and time to test for long-term decline.

We fitted a GLM to the counts of poison baits taken at each sampling
time. We used a quasi-binomial model with a logit link, and fitted a
quadratic regression spline in time with a knot at the midpoint of the
count times. For fox detections in sand plots, we fitted a GLMM as-
suming a Poisson distribution with a logarithmic link and with site as a
random effect. We also fitted terms for time of year, first half versus
second of the monitoring period (because fox activity is known to vary
seasonally), and for the east versus the west of Booderee National Park
(because foxes might be expected to be more commonly detected at the
entrance to park on a peninsula).

The second part of our statistical analysis entailed a series of path
analyses (Shipley, 2009) to explore evidence for four potential path-
ways to explain observed temporal trends in counts of individual spe-
cies. We examined these pathways based on expert knowledge of the
ecology of Booderee National Park. We excluded two species (the
Greater Glider and the Eastern Chestnut Mouse) from the path analysis
because of insufficient data for the more complex models required in
this analysis. In addition, we combined records of the Black Wallaby,
Eastern Grey Kangaroo and Red-necked Wallaby (denoted as “macro-
pods”). The four pathways we examined were:

A. A reduction in fox numbers triggered an increase in owls with
subsequent impacts on their mammal prey (Fig. 2a). Large owls like
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the Powerful Owl (Ninox strenua) and Sooty Owl (Tyto tenebricosa)
are predators of mammals which are also prey for foxes (e.g. the
Common Ringtail Possum [(see Roberts et al., 2006)]), and so might
be expected to benefit from feral predator control.

B. An increase in the hollow-dependent Common Brushtail Possum
following a decline in foxes, with the Common Brushtail Possum
then outcompeting other hollow-dependent species such as the now
extinct facultative hollow-user, the Common Ringtail Possum
(Fig. 2b).

C. An increase in macropods following a reduction in numbers of the
Red Fox due to reduced predation pressure on juveniles (Dawson,
2000). Increased macropods may then have had negative effects on
cover-dependent ground-dwelling animals such as the Long-nosed
Bandicoot, Bush Rat and Brown Antechinus through browsing-re-
lated changes in vegetation cover leading to reduced habitat suit-
ability and/or increased predation risk by native predators (e.g.
owls, snakes) due to a loss of vegetation cover (Fig. 2¢) (Foster et al.,
2016).

D. The effect of fire with a major conflagration in Booderee National
Park being in 2003, and which burned approximately 50% of the
vegetation in the reserve (Lindenmayer et al., 2016a). Many
mammal species have known associations with time since fire
(Fig. 2d).

The parameters for the path model included: (1) activity of the Red
Fox, measured by the amount of fox bait take (given that detections in
sand plots showed the same temporal pattern as the bait take data; see
Fig. 3a and b), (2) large herbivores, quantified through detections of
macropods (all species combined), (3) native terrestrial and arboreal
mammal species (4) native avian nocturnal predators, quantified through
detections of the large forest owls (all species combined), (5) fire, in-
cluding time since fire and the severity of the last major fire (in 2003) in
Booderee National Park. The predictor variables were standardized to
have unit variance so that the regression coefficients for the different
predictors were directly comparable. For this analysis, site was fitted as a
random effect. We initially fitted an effect of time as both a linear and also
a quadratic effect (to account for non-linear temporal patterns in species
abundance). However, time and fox bait take were strongly related. Initial
modelling was also complicated by the fact that fire severity data were
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available only for the 2003 wildfire. We therefore elected to run sub-
sequent path models without time and fire severity as variables.

The full path model we examined is presented in Fig. 2e. After
running this full model, for each response variable we fitted all possible
subsets of the predictors. We selected the final model using the Bayesian
Information Criterion.

3. Results
3.1. Temporal changes in fox bait take and sand plot detections

There was a significant temporal decline in bait take (F3 94 = 118;
P < 0.001), dropping from > 80% in 1999, to 50% in 2003 and con-
sistently below 15% thereafter (Fig. 3a). Records of fox tracks in sand
plots also exhibited a highly significant decline
(X32 = 220.2;P < 0.001) (Fig. 3b) similar to that observed for bait
take. The data suggest a slight increase in the number of detections of
foxes toward the end of the survey period, although detections re-
mained substantially below numbers at the outset of fox control efforts
(Fig. 3). There was no evidence of significant spatial dependence in
either bait take or sand plot records of foxes.

The Feral Cat is rare in Booderee National Park with only 21 records
between 1999 and 2013 (when sand plot monitoring ceased). There
was no evidence of a temporal increase in the Feral Cat with a decline in
the Red Fox, nor were cats recorded in camera traps following the
cessation of sand plot monitoring.

3.2. Temporal changes in mammal and records of large forest owls

Site-level native mammal species richness (defined as the number of
different species recorded in trapping surveys) almost halved between
2003 and 2016 (F;17 = 66; P < 0.001) (Fig. 4). There was evidence of
non-linear patterns of temporal change in 5 of the 12 species in which
detections first increased in the early years of monitoring (2003-2009),
and then declined thereafter (Fig. 4). We uncovered compelling evi-
dence for a significant decline in the canopy-dwelling arboreal marsu-
pial, the Greater Glider, (F; 4 = 27.8, P = 0.006), and likely local ex-
tinction, as it has not been observed in Booderee National Park since
2006 (Fig. 4). The arboreal generalist omnivore, the Common Ringtail
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Fig. 3. Temporal changes in detections of foxes. A. Bait take based on data gathered from 120 poison bait stations located throughout Booderee National Park. Bait
take trend patterns are shown following the instigation of poison baiting in 1999 and then the intensification of the red fox control program in 2003. The temporal
trend is highly significant (P < 0.001). B. Detections of foxes in sand plots at Booderee National Park. The temporal trend is highly significant (P < 0.001).
Collection of sand plot data did not continue beyond 2013. 95% confidence intervals for the fitted lines are included.
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Fig. 4. A-M. Temporal changes in site-level. A. Species richness based on trapping. Parts B-M of the figure show the probability of occurrence (and associated
confidence intervals) of mammals and owls in Booderee National Park. The plots are derived from fitting regression splines to presence/absence data for each site in

each survey year (see text).

Possum also declined significantly (F; ;3 = 52.6, P < 0.001) and has
not been detected since 2014 (Fig. 4). The Long-nosed Bandicoot in-
itially increased but then declined significantly (F;14 = 16.4,
P =0.001) and is now rare (detected at < 4% of sites in 2016 com-
pared with 33% of sites in 2003) (Fig. 4). Other species exhibiting
significant declines include the ground-dwelling Bush Rat (Rattus fus-
cipes) (F116 = 92.5, P < 0.001) which has declined from occurring at
92% in 2003 to 48% of sites in 2016 and the scansorial micro-predator,
the Brown Antechinus (Antechinus stuartii), (F114 = 13.6, P = 0.003)
(Fig. 4) which occurred at 53% of sites in 2016 relative to 80% of sites
in 2003.

There were increases in detection of two species of macropod her-
bivores (the Eastern Grey Kangaroo [Macropus giganteus] and the Black
Wallaby [Wallabia bicolor]) between 2003 and 2009, with populations
oscillating slightly since then but staying ~20% higher than initial le-
vels (Fig. 4). The Common Brushtail Possum has increased since 2003
(F1,13 = 35.3, P < 0.001) and was recorded from 30% of sites in 2017
relative to 8% of sites in 2003 (Fig. 4).

No significant temporal trends were observed in the Swamp Rat
(Rattus lutreolus) and the Eastern Chestnut Mouse (Pseudomys gracili-
caudatus) for which numbers of detections in 2016 were similar to those
in 2003 (Fig. 4). The abundance of the Sugar Glider in 2017 (Petaurus
breviceps) also was similar to that recorded in 2003 (Fig. 4).

We recorded five species of owls during the 15 years of our study;
the Powerful Owl (Ninox strenua), Sooty Owl (Tyto tenebricosa), Masked
Owl (Tyto novaehollandiae), Boobook Owl (Ninox novaeseelandiae), and
Barn Owl (Tyto alba). There have been no records of the Powerful,
Sooty or Masked Owls since 2013. P-values have not been provided for
these species because they were insufficient data to complete statistical
analyses of temporal trends.

3.3. Path analysis to explore mechanisms underpinning mammal decline

The occurrence of macropods and the Common Brushtail Possum
were both negatively associated with fox bait take, which is consistent

Table 1

with a direct effect of foxes on these species. The Long-nosed Bandicoot

Potential mechanisms or drivers of species decline and/or extinction in Booderee National Park, and a summary of evidence ruling out the driver for quantified
collapse in mammal and owl fauna. Further commentary on the reasons why these potential mechanisms can be ruled out is provided in Appendix 2. Note that we are
exploring only independent processes and trying to provide explanations for them each separately, but interactive effects may be important (see text).

Potential driver/mechanism

Evidence ruling out a given driver/mechanism

Competition among hollow-using species

Native herbivore release and over-browsing

Native predator or native mesopredator release
Exotic mesopredator or exotic rodent release

Fire

Exotic herbivore release
Food limitation

Consumption of poison baits

Disease

Climate change

Invasive plant species

Irruptive dynamics

There is no evidence that competition for tree hollows by the Common Brushtail Possum led to the local extinction of the
Common Ringtail Possum and the Greater Glider. The Greater Glider was lost from vegetation types where the Common
Brushtail Possum is rare, and declined before increases in the Common Brushtail Possum (compare sub-diagrams in Fig. 4). The
decline of the Common Ringtail Possum did occur as the Common Brushtail Possum increased. However, the Common Ringtail
Possum is able to construct dreys as well as occupy hollows (Lindenmayer et al., 2008a), which makes this explanation alone
unlikely.

Initial increases in native herbivorous macropods were associated with a decline in foxes (Fig. 5). An experiment at Booderee
National Park has uncovered evidence of negative effects of macropods on the Brown Antechinus (Foster et al., 2016). However,
path analysis contained no evidence of an association between macropods and ground-dwelling mammals, except for the Long-
nosed Bandicoot (Fig. 5). In addition, increases in ground-dwelling herbivores are unlikely to influence fully arboreal mammals
such as the Greater Glider and Common Ringtail Possum.

There is no evidence of a significant increase in large owls. Sand plot data (Appendix 2) and reptile survey data (Lindenmayer
et al., unpublished data) do not show a significant increase in large snakes; goannas do not occur at Booderee National Park.
There have been very few detections of the feral cat (Appendix 2) or feral pig (Sus scrofa). Unpublished data contain records of
only four captures of the House Mouse (Mus musculus) and Black Rat (Rattus rattus) in 15 years of monitoring.

Fire is a driver of spatial temporal variation in animal abundance at Booderee National Park (Lindenmayer et al., 2016a), and
approximately half the park burnt in a wildfire in 2003 (Foster et al., 2017). However, species losses and declines have occurred
park-wide and not only in burnt but long unburnt areas and across all vegetation types. Time since fire as an independent
process was not a key component in path analysis for the Common Ringtail Possum. The decline of the Long-nosed Bandicoot
following an initial increase could be associated with increasing time since fire (Fig. 5).

There is no evidence of a significant increase in species such as the European rabbit (Oryctolagus cuniculus).

There is no evidence of a decline in food availability for now locally extinct mammals like the Common Ringtail Possum and
Greater Glider. Vegetation cover is broadly increasing in the understorey and overstorey layers (Lindenmayer et al., 2016b)
where these animals feed. However, a decline in food quality over this period is possible, and warrants investigation.

Some of the temporal trajectories or feeding traits of locally extinct species are inconsistent with bait consumption. Animals
such as the Common Brushtail Possum are known to consume baits (Dundas et al., 2014), but populations of this species
increased over time (Fig. 4). The now extinct Greater Glider does not descend to the ground where baits are laid. Other species
which have declined and spend time on the ground may take baits (see Fairbridge et al., 2000; Dundas et al., 2014) and further
exploration of such effects may be warranted.

Disease is unlikely given the wide range of mammalian taxa lost (from different classes and orders of mammals). We found no
evidence from repeated trapping or other surveys of widespread morbidity resulting from disease or parasitism. No known
diseases affect multiple taxa in our study area, but without further investigation, the role of disease in the observed declines
cannot be ruled out (Preece et al., 2017).

Areas immediately outside Booderee National Park support populations of all species lost from or declining in the reserve
(Villasenor et al., 2014; Villasenor et al., 2015). In addition, there are no strong weather or climate effects for mammals
(Lindenmayer and Lane, unpublished data). However, there may be climate change effects on the quality of leaf nutrients for the
foliage eating specialist, the Greater Glider (see Kanowski, 2001).

Control of invasive plant species such as Bitou Bush has been largely effective and treatment protocols have limited short-term
effects on native mammals (Lindenmayer et al., 2017). In addition, the invaded area is a small proportion of the park and
animals have been lost from areas not subject to weed invasion or control.

This may be a plausible explanation for the increase and decline of the Long-nosed Bandicoot which have been seen elsewhere
(Tyndale-Biscoe, 2005). However, now locally extinct species such as the Greater Glider and Common Ringtail Possum or
declining taxa like the Bush Rat are not characterized by irruptive dynamics.
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Macropods

Fire
(time since fire)

0.11

Ringtail

6 Bandicoot Owls

Bushrat

(0.028)

Antechinus

Fig. 5. Simplified path model including only significant paths and coefficients with associated standard errors. Coefficients from the full model are presented in
Appendix 1. Significant positive effects are shown in blue and significant negative effects in red. The Greater Glider and the Eastern Chestnut Mouse are not included

because there were insufficient data to include them in path analysis.

also was negatively associated with fox bait take, and negatively asso-
ciated with increasing time since fire, consistent with both the direct
effect of foxes and the large fire event hypotheses, respectively
(Fig. 2d). By contrast, the Common Ringtail Possum, Bush Rat and
Brown Antechinus were all positively associated with fox bait take, the
opposite of predictions under the direct effect of the fox hypothesis. The
Common Ringtail Possum was also positively associated with the oc-
currence of the Common Brushtail Possum, in contradiction with the
competition with the Common Brushtail Possum hypothesis (Fig. 2b).
Macropod occurrence was negatively associated with increasing time
since fire, as predicted under the wildfire hypothesis (Fig. 2d). The Bush
Rat exhibited a negative association with the occurrence of the
Common Brushtail Possum, as was expected under the increased com-
petition hypothesis (Fig. 2b). There was no evidence in support of either
the elevated native predator hypothesis or the increased macropod (and
reduced vegetation cover) hypothesis or, other than a negative asso-
ciation between the occurrence of the Long-nosed Bandicoot and
macropods (Fig. 5).

4. Discussion

Australia has been characterized by a significant loss of its terres-
trial mammal fauna, with exotic carnivores implicated in the decline or
extinction of many species (Woinarski et al., 2015). Exotic predator
control is therefore a major focus of conservation efforts (Australian
Government, 2015; Legge et al., 2017). This is the case in the iconic
Booderee National Park, where a fox baiting program was intensified in
2003 (Roberts et al., 2006), with commensurate significant reductions
in the rate of bait take and sand plot detections of foxes within the park
(Fig. 3). Unexpectedly, the response of the mammal fauna to this suc-
cessful predator control program was not consistently positive. Mac-
ropods and the Common Brushtail Possum increased as expected, and
as reported in other studies following exotic predator control (e.g.
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Murray et al., 2006). In contrast, there were significant declines in
several other native mammal species that were expected to respond
positively to fox control (Fig. 4).

Unexpected outcomes following invasive predator management in
our study include simplified assemblages of arboreal mammals, de-
clines in ground-dwelling mammals, and vacant niches due to local
extinctions. Vacant niches within the park now include a specialist fo-
livore (the Greater Glider) and a generalist omnivore (Common Ringtail
Possum). The generalist exudivore (the Sugar Glider) is only rarely
observed, although it was once common (Howard, 1989). Only the
Common Brushtail Possum remains a common (Fig. 4) and widespread
member of the arboreal mammal assemblage. The nocturnal avian
predator guild is now also heavily depleted with none of the three
species of large forest owls (the Powerful Owl, Sooty Owl and Masked
Owl) having been recorded in surveys since 2013, despite once being
relatively common in the region (Debus, 1997). The absence of key prey
species is the most likely explanation for the loss of nocturnal avian
predators (see Korpimaki, 1985).

The ground-dwelling Long-nosed Bandicoot initially increased
commensurate with intensified predator control, and then declined
(Fig. 4); this is a pattern similar to that observed for the Woylie (Bet-
tongia penicillata) in southern Western Australia after intensive fox-
baiting (Wayne et al., 2017). In the case of the Woylie, meso-predator
release — in populations of the Feral Cat — were implicated in species
decline (Wayne et al., 2017). However, cats are extremely rare in
Booderee National Park and are highly unlikely to be the driver of
declines we have quantified (see Table 1, Appendix 2). Notably, there
has been no evidence for the release of other meso-predators (Table 1).
In the remainder of this section, we explore some of the evidence for
particular mechanisms underpinning observed declines. We conclude
with some general lessons associated with complex conservation chal-
lenges arising from unexpected and unexplained declines of native
biota.
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4.1. Potential mechanisms underpinning temporal change in mammals

Many of the declines we documented were counter-intuitive and
opposite to patterns that might be expected from pre-existing ecological
knowledge. The Common Ringtail Possum - a major prey item of foxes
(Roberts et al., 2006) was expected to benefit from fox control, but
declined substantially over the survey period and has not been detected
since 2014. Other well-known prey species of foxes also declined sig-
nificantly (Fig. 4) but which might have been expected to increase
under fox control These included the Long-nosed Bandicoot (Triggs
et al., 1984; Meek and Triggs, 1998) which became highly abundant
before populations crashed, consistent with some theoretical models of
species responses (e.g. see May, 1981). Another species which declined
significantly was the Bush Rat. Notably, other studies found that this
species does not increase after fox control (see Banks, 1999; Kovacs
et al.,, 2012), although they did not decline, as occurred in our in-
vestigation. The Greater Glider is a specialist arboreal folivore that al-
most never descends from tree canopies, and is only very rarely a prey
item for the largely terrestrial red fox (Triggs et al., 1984). This species
was not expected to respond positively or negatively to fox control, but
instead it declined rapidly and is now locally extinct.

We employed path analysis to explore evidence for potential path-
ways contributing to temporal changes in the abundance of particular
species. We found no strong evidence to support the hypothesis that
increases in alternative native predators (owls) contributed to species
declines (Fig. 2a, Fig. 5). There was no association between owls and
the occurrence of the Common Ringtail Possum (Fig. 5) as might be
expected if a temporary increase in owl abundance contributed to these
species declines. Similarly, we found limited evidence to support the
hypothesis that increased abundance of native herbivores contributed
to declines, via resource competition or reduced habitat quality
(Fig. 2c). Herbivores such as macropods increased following the in-
tensification of poison baiting (Fig. 3) but path analyses revealed no
association between macropods and other species including other
ground-dwelling mammals like the Brown Antechinus and Bush Rat.
The exception was the Long-nosed Bandicoot for which there was a
negative association with macropods (Fig. 5).

Path analysis contained no support for the hypothesis of competi-
tion between the Common Brushtail Possum and arboreal mammals.
The Common Ringtail Possum was positively, not negatively, associated
with occurrences of the Common Brushtail Possum (Fig. 5). Among the
ground-dwelling mammals, there was some evidence to suggest an as-
sociation between a decline in the Bush Rat, and an increase in the
Common Brushtail Possum. This might indicate recourse competition
between these two species, however, precise mechanisms for this as-
sociation remain unclear.

Our path analysis produced some perplexing results such as the
positive association between the abundance of foxes and the Common
Ringtail Possum, the Bush Rat, and the Brown Antechinus (Fig. 5). We
suggest these patterns may be an artefact of concurrent temporal
changes (i.e. declines) of these species, rather than a causal relation-
ship. In the case of the Common Ringtail Possum, the absence of ob-
servations of the species after 2012 limited the ability to determine if
temporal changes in abundance are associated with other factors (such
as other species or fire). On this basis, we re-ran the path analysis using
data only until 2012 but still no additional associations were uncovered
and the reasons for decline remain unresolved.

Beyond the four pathways explored using path analysis, data from
other studies completed outside Booderee National Park (Villasenor
et al., 2014; Villasenor et al., 2015) (where all of the species which
feature in this study are extant and intensive fox control does not
occur), as well as monitoring data within Booderee National Park, al-
lowed us to tentatively rule out several potential threatening processes
as drivers of declines (see Table 1 and Appendix 2 for further com-
mentary). For example, meso-predator release is unlikely, as there was
no evidence of increases in feral cats, or other terrestrial meso-
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predators during the study period. Similarly, there has been no increase
in small exotic predators like the Black Rat (Rattus rattus) or House
Mouse (Mus musculus), all of which are rarely detected in Booderee
National Park (Table 1). There also was no evidence that other possible
drivers have underpinned the declines including consumption of poison
baits, fire, weed infestation, and climate change (see Table 1, Appendix
2). Differences between the shapes of response curves for arboreal
marsupials and ground-dwelling (see Fig. 4) suggest that different
(unknown) factor(s) may be influencing temporal changes of these two
groups.

The preceding paragraphs have explored evidence for a series of
potential drivers of decline, largely in isolation. However, we found
non-linear patterns of temporal change for five of the 12 species. These
patterns and the limited associations identified through path analysis,
suggest that declines may be occurring in response to combined stres-
sors, including those yet unidentified. Other studies have uncovered
evidence of interactions between the fire and hunting efficiency of
predators (Hradsky et al., 2017). Following major wildfires in 2003, we
did not record a spike in bait take or sand plot records of foxes (Fig. 3)
or the Feral Cat, although this does not mean these predators did not
consume more mammals after the fire. We suggest there is a need for
additional investigation of potentially interacting factors in an attempt
to identify the drivers of decline. As outlined in the following section,
such investigations may include translocations of currently regionally
extinct species to refill empty niches and help identify drivers of decline
(Caughley and Gunn, 1996). We also suggest there is a need to re-
evaluate our understanding of the ecological interactions in native
species assemblages, including those invaded by exotic predators
(Doherty et al., 2015). New knowledge is needed of the types and
strengths of different kinds of interactions: both trophic (predator-prey)
and non-trophic (competitive (prey-prey) and perhaps even mutua-
listic), so that more comprehensive ecological networks can be derived
(Melian et al., 2009). Only in this way might we realistically understand
the complexity of whole-of-community changes in response to man-
agement interventions such as those documented in this study (Kéfi
et al., 2012). Finally, it is possible that we simply did not gather suf-
ficient empirical data to allow us to identify causes of decline from
among the multiple possible sources of temporal and spatial variation
in the data. This is a sobering consideration given the intensive sam-
pling completed over a prolonged period. Different kinds of monitoring
with a different focus to those employed in our work may be required to
better determine the driver/s of native mammal decline.

Isolation is one possible factor that was untested but which may
have influenced our results. Booderee National Park is a peninsula and
there has been considerable urbanization adjacent to the reserve.
Peninsula effects (sensu Simpson, 1964; Tubelis et al., 2007) may limit
connectivity meaning that population declines and extinctions unable
to be reversed by immigration. This may explain the ongoing extinc-
tions that have occurred in Booderee National Park in the past, in-
cluding the losses of the Spotted-tailed Quoll and Yellow-bellied Glider
in the 1980s. This could also explain the unreversed declines in the
Greater Glider and the Common Ringtail Possum observed during our
monitoring work (see Fig. 4).

4.2. General lessons and challenges in managing depleted assemblages when
the drivers of change remain elusive

The rapid erosion of the mammal assemblages reported here took
place within one of Australia's best managed protected areas where
conservation biology principles have been actively applied to tackle a
key process thought to threaten native mammal biodiversity. This is a
classic example of an ecological surprise (sensu Lindenmayer et al.,
2010; Anderson et al., 2017). These kinds of unexpected events are
likely to become increasingly prevalent with growing human pressures
on ecosystems, and present significant challenges to biodiversity man-
agers, especially when the mechanisms of biodiversity decline remain
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unclear (e.g. the recent declines of invertebrates in the Northern
Hemisphere (Vogel, 2017)). Below we outline how these problems can
be tackled and draw some general lessons for conservation and man-
agement.

Increase efforts to identify drivers of decline and modify manage-
ment actions that may be leading to perverse outcomes. The temporal
declines we documented are currently not explained by any clear me-
chanism, nor could they have been anticipated nor predicted on the
basis of existing ecological knowledge or theory. Further assessment of
potential drivers of decline is critical, although identifying unknown
causes of declines can take a long time. For example, it took 15 years to
identify the role of chytrid fungus in the worldwide demise of amphi-
bians (Scheele et al., 2017b). Such assessments should include re-ex-
amining management practices that may have inadvertently had per-
verse effects. An important general principle with this lesson is to
maintain and monitor “control areas” (such as adjacent off-reserve
environments, or nearby reserves) where a given management action is
not implemented to provide contrasts in experimental studies and act as
“insurance” in case of perverse outcomes. Our experience at Booderee
National Park suggests that this is appropriate even when there seems
to be a compelling case for implementing a particular management
intervention (such as fox control).

Reconstruct depleted assemblages and re-fill vacant niches to test
hypotheses of decline and increase management learning. Biodiversity
loss invariably leaves depleted assemblages and vacant niches.
Reintroduction and translocation programs may be required to rectify
these problems. Such programs also can be used to help identify po-
tential drivers of decline (Caughley and Gunn, 1996). In the case of
Booderee National Park, they could be used to test hypotheses about the
cascading effects on populations of other species associated with re-
filling the large mammal predator niche (e.g. with the Spotted-tailed
Quoll that was last seen in the reserve in the 1980s). The inherent
danger of this option is that a lack of prey for re-established predators
may result in elevated predation risks for other taxa, including those of
conservation concern. A detailed risk assessment would be needed prior
to such an action (e.g. see Dexter et al., 2012) including evaluation of
interactions among species for proposed reintroductions (Plein et al.,
2016). A further management action might be to reconstruct parts of
the currently depleted arboreal marsupial assemblage, again through
the use of experimental translocations, for currently locally extinct
species such as the Greater Glider and Common Ringtail Possum. The
complexity with this option is that the Greater Glider is now a na-
tionally listed vulnerable species (http://www.environment.gov.au/
biodiversity/threatened/nominations/comment/greater-glider) and
experiments to test drivers of decline (and in which some individuals
may perish) will need to clear ethical obstacles, particularly as the
reasons for initial extinction remain unresolved. However, considering
its increasingly threatened status, there is a greater imperative to con-
duct such experiments to determine drivers of decline.

Develop better early warning signals of decline. More work is
needed to guide early interventions to prevent declines as well as better
predict changes in populations of species, interactions between species,
and in ecosystem conditions. In Booderee National Park, there were no

Appendix 1. Coefficients for path diagrams
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early warning signs of the local extinction of, for example, the Greater
Glider; the species' demise was rapid (over two years of monitoring, site
occupancy crashed from 24% of monitoring sites to zero). Developing
better early warning signals represents major challenges to those de-
signing monitoring systems as the kinds of monitoring required to
quantify declines may not help resolve drivers of those declines. We
suggest there is a need to track (sometimes subtle) changes in the whole
community rather than focusing on individual species. This is because
many species are changing concurrently in divergent ways and tracking
species individually may result in detecting changes too late — as was
the case for the Greater Glider.

Recognize the pathway to recovery may be more complex than
simply reversing the apparent initial drivers of decline. The traditional
approach to the conservation of threatened biota is to identify the
drivers of decline, instigate management actions to mitigate threatening
processes, and recover target species. However, the work reported here
suggests that removing an apparent initial threat (which may be mis-
identified) is not always the pathway to species recovery. Such com-
plexity is particularly challenging where the reasons underlying biodi-
versity loss remain unknown. In complex ecosystems, the ecological
process that drove a particular decline may differ from the process
currently limiting a species' abundance or distribution, particularly
when a species has been in decline for many decades, and where threats
have potentially altered the realized niche of the declining species
(Scheele et al., 2017a).

5. Conclusions

We report significant declines and extinctions of native mammal
biota in a well-managed protected area despite effective control of a key
threat to native mammals. The temporal declines documented are
currently not explained by any single mechanism, nor could they have
been easily anticipated or predicted on the basis of ecological theory.
Important challenges and general lessons emerging from this study
include determining the best ways to manage biodiversity when drivers
of species decline remain unclear and identifying strategies to manage
novel assemblages of species. In particular, we suggest the need to
employ experimentally-guided reintroductions and translocations to
restore empty niches, reconstruct depleted guilds, and further test key
hypotheses associated with declines. There is also a need to both: (1)
reassess management actions that may be having perverse impacts and
(2) develop more sensitive early warning signals to alert researchers
and conservation managers of impending problems.
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In each model the independent variables were standardized to have variance one. When Common Brushtail Possum abundance and the abun-
dance of macropods were used as independent variables, the fitted value was used as the predictor.
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A. Coefficients for the final model.
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Submodel and included terms Coefficient Standard error of coefficient
Macropods

Fox bait take —-0.51 0.09

Time since fire -0.18 0.07
Brushtail possum

Fox bait take —-0.31 0.08
Ringtail Possum

Fox bait take 0.38 0.06

Brushtail Possum 0.32 0.09
Long Nosed Bandicoot

Macropods —-0.12 0.05

Fox bait take -0.22 0.05

Time since fire —-0.36 0.05
Bush Rat

Fox bait take 0.16 0.02

Brushtail Possum -0.10 0.03
Brown Antechinus

Fox bait take 0.22 0.02

Time since fire 0.11 0.03
Owls

Macropods 0.24 0.07

B. Coefficients for the full model.

Submodel and included terms Coefficient Standard error of coefficient
Macropods

Fox bait take —-0.51 0.09

Time since fire —-0.18 0.07
Brushtail Possum

Fox bait take —-0.31 0.09

Time since fire —0.02 0.09

Macropods 0.00 0.06
Ringtail Possum

Fox bait take 0.35 0.07

Time since fire -0.15 0.09

Macropods -0.11 0.12

Brushtail Possum 0.32 0.09
Long Nosed Bandicoot

Fox bait take -0.23 0.05

Time since fire -0.35 0.05

Macropods -0.12 0.05

Brushtail Possum -0.15 0.06
Bush Rat

Fox bait take 0.16 0.02

Time since fire 0.03 0.02

Macropods —-0.03 0.02

Brushtail Possum -0.10 0.03
Brown Antechinus

Fox bait take 0.21 0.02

Time since fire 0.10 0.03

Macropods —0.02 0.02

Brushtail Possum —-0.06 0.03
Owls

Time since fire 0.18 0.10

Macropods 0.25 0.07

Brushtail Possum 0.00 0.11

Ringtail Possum -0.13 0.19

Long Nosed Bandicoot —-0.04 0.06

Bush Rat 0.02 0.02

Brown Antechinus 0.02 0.02
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Appendix 2. Ruling out potential drivers of decline

One of the key aspects of identifying drivers of decline in conservation biology is to eliminate potential factors contributing to the demise of a
species so that research and management efforts can be focused on the most important processes influencing the dynamics of a species or assemblage
(Caughley and Gunn, 1996). We have sought to do that at Booderee National Park, and using empirical data and other information, we are able to
rule out a number of potential factors underpinning the response trajectories we have quantified.

The temporal patterns of native fauna decline we have quantified are difficult to attribute to competition with increasing populations of the
Common Brushtail Possum. Indeed, using path analysis, we found a positive, rather than a negative association between the Common Brushtail
Possum and the Common Ringtail Possum. Other evidence suggests that a hollow competition pathway to explain mammal decline is unlikely. First,
competition for hollows between the Brushtail Possum and the Common Ringtail Possum is an unlikely driver of decline as the Common Ringtail
Possum is a facultative cavity user at Booderee National Park and uses nests constructed from sticks and leaves (“dreys”) as frequently (and more
often in some vegetation types) as it occupies hollows in trees (Lindenmayer et al., 2008a). Similarly, there are large differences in the kinds of
hollows occupied by the Greater Glider and the Common Brushtail Possum (Gibbons and Lindenmayer, 2002). Second, the Greater Glider was lost
from vegetation types where the Common Brushtail Possum was rare, and its decline occurred prior to substantial increases in the Common Brushtail
Possum. However, we cannot rule out the possibility of either (a) multiple competitive releases having occurred simultaneously in the faunal
communities dependent on different habitats, resulting in simultaneous declines in different species; or (b) alteration to dispersal patterns or other
behaviours of possible competitors such as the Common Brushtail Possum and the Black Wallaby following their release from predation pressure,
resulting in increased pressure on other species.

Exotic predator control can sometimes “release” other predators such as meso-predators (Ritchie and Johnson, 2009) like feral cats. No evidence
was found for an increase in feral cats (Appendix 2 Fig. A). In other cases, exotic predator control may lead to an increase in native predators such as
reptiles (e.g. Sutherland et al., 2011). However, extensive surveys throughout Booderee National Park since 2003 (Lindenmayer et al., 2008b;
Lindenmayer et al., 2014) have uncovered no evidence for significant increases in reptile populations, including large snakes (Appendix 2 Fig. B).
Notably, the goanna (Varanus varius) is absent from Booderee National Park (Lindenmayer et al., 2014).
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Fig. A. Temporal changes in the abundance of the Red Fox (Vulpes vulpes) and Feral Cat (Felis cattus) based on detections in sand plots.
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Fig. B. Temporal changes in reptiles, dogs and the European Rabbit (an exotic herbivore) based on detections in sand plots.

The faunal declines we have documented are not an outcome of decreased shelter resources as vegetation cover in the ground, understory and
canopy layers is increasing Park-wide (Lindenmayer et al., 2016b). Moreover, vegetation surveys at long-term sites have revealed no significant
declines in resources such as hollow-bearing trees which are critical for cavity-dependent species such as the Greater Glider.

Our results are not an outcome of food limitation for now extinct mammals like the Common Ringtail Possum nor the Greater Glider. These
species are an omnivore and specialist canopy-feeding folivore, respectively, and there is no evidence of a decline in food availability for either. For
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example, the Common Ringtail Possum typically forages well below the canopy of overstory eucalypts. Long-term data from vegetation plots at our
field sites indicate there has been a significant (P < 0.05) increase in site-level vegetation cover over the past 13 years. Such changes have occurred
park-wide and across all major vegetation types and on both burned and unburned sites (Lindenmayer et al., 2016b). Similarly, there is abundant
eucalypt foliage which is the key food source for the Greater Glider. However, we cannot rule out a change in food quality as a possible driver of
decline for these species. Investigation of food quality and comparisons with nearby areas still supporting populations of these species should

therefore be future priority.
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