
, 20133094, published 11 March 2014281 2014 Proc. R. Soc. B
 
N. J. Colman, C. E. Gordon, M. S. Crowther and M. Letnic
 
effects on forest mammal assemblages
Lethal control of an apex predator has unintended cascading
 
 

Supplementary data

tml 
http://rspb.royalsocietypublishing.org/content/suppl/2014/03/11/rspb.2013.3094.DC1.h

 "Data Supplement"

References
http://rspb.royalsocietypublishing.org/content/281/1782/20133094.full.html#ref-list-1

 This article cites 48 articles, 7 of which can be accessed free

Subject collections

 (261 articles)environmental science   �
 (1587 articles)ecology   �

 
Articles on similar topics can be found in the following collections

Email alerting service  hereright-hand corner of the article or click 
Receive free email alerts when new articles cite this article - sign up in the box at the top

 http://rspb.royalsocietypublishing.org/subscriptions go to: Proc. R. Soc. BTo subscribe to 

 on March 11, 2014rspb.royalsocietypublishing.orgDownloaded from  on March 11, 2014rspb.royalsocietypublishing.orgDownloaded from 

http://rspb.royalsocietypublishing.org/content/suppl/2014/03/11/rspb.2013.3094.DC1.html 
http://rspb.royalsocietypublishing.org/content/suppl/2014/03/11/rspb.2013.3094.DC1.html 
http://rspb.royalsocietypublishing.org/content/281/1782/20133094.full.html#ref-list-1
http://rspb.royalsocietypublishing.org/content/281/1782/20133094.full.html#ref-list-1
http://rspb.royalsocietypublishing.org/cgi/collection/ecology
http://rspb.royalsocietypublishing.org/cgi/collection/ecology
http://rspb.royalsocietypublishing.org/cgi/collection/environmental_science
http://rspb.royalsocietypublishing.org/cgi/collection/environmental_science
http://rspb.royalsocietypublishing.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=royprsb;281/1782/20133094&return_type=article&return_url=http://rspb.royalsocietypublishing.org/content/281/1782/20133094.full.pdf?ijkey=U0F2DlMzUhGxTeu&keytype=ref
http://rspb.royalsocietypublishing.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=royprsb;281/1782/20133094&return_type=article&return_url=http://rspb.royalsocietypublishing.org/content/281/1782/20133094.full.pdf?ijkey=U0F2DlMzUhGxTeu&keytype=ref
http://rspb.royalsocietypublishing.org/subscriptions
http://rspb.royalsocietypublishing.org/subscriptions
http://rspb.royalsocietypublishing.org/
http://rspb.royalsocietypublishing.org/
http://rspb.royalsocietypublishing.org/
http://rspb.royalsocietypublishing.org/


 on March 11, 2014rspb.royalsocietypublishing.orgDownloaded from 
rspb.royalsocietypublishing.org
Research
Cite this article: Colman NJ, Gordon CE,

Crowther MS, Letnic M. 2014 Lethal control of

an apex predator has unintended cascading

effects on forest mammal assemblages.

Proc. R. Soc. B 281: 20133094.

http://dx.doi.org/10.1098/rspb.2013.3094
Received: 25 November 2013

Accepted: 14 February 2014
Subject Areas:
ecology, environmental science

Keywords:
trophic cascade, mesopredator release

hypothesis, apex predator, regime shift,

Canis dingo
Author for correspondence:
M. Letnic

e-mail: m.letnic@unsw.edu.au
Electronic supplementary material is available

at http://dx.doi.org/10.1098/rspb.2013.3094 or

via http://rspb.royalsocietypublishing.org.
& 2014 The Author(s) Published by the Royal Society. All rights reserved.
Lethal control of an apex predator has
unintended cascading effects on forest
mammal assemblages

N. J. Colman1,3, C. E. Gordon1,3, M. S. Crowther2 and M. Letnic3,4

1Hawkesbury Institute for the Environment, University of Western Sydney, Locked Bag 1797, Penrith,
New South Wales 2751, Australia
2School of Biological Sciences, University of Sydney, Sydney, New South Wales 2006, Australia
3Centre for Ecosystem Science, and 4School of Biological, Earth and Environmental Sciences, University of
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Disruption to species-interaction networks caused by irruptions of herbivores

and mesopredators following extirpation of apex predators is a global driver

of ecosystem reorganization and biodiversity loss. Most studies of apex pre-

dators’ ecological roles focus on effects arising from their interactions with

herbivores or mesopredators in isolation, but rarely consider how the effects

of herbivores and mesopredators interact. Here, we provide evidence that mul-

tiple cascade pathways induced by lethal control of an apex predator, the dingo,

drive unintended shifts in forest ecosystem structure. We compared mammal

assemblages and understorey structure at seven sites in southern Australia.

Each site comprised an area where dingoes were poisoned and an area without

control. The effects of dingo control on mammals scaled with body size.

Activity of herbivorous macropods, arboreal mammals and a mesopredator,

the red fox, were greater, but understorey vegetation sparser and abundances

of small mammals lower, where dingoes were controlled. Structural equation

modelling suggested that both predation by foxes and depletion of understorey

vegetation by macropods were related to small mammal decline at poisoned

sites. Our study suggests that apex predators’ suppressive effects on herbivores

and mesopredators occur simultaneously and should be considered in tandem

in order to appreciate the extent of apex predators’ indirect effects.
1. Introduction
Globally, apex predators play a vital role in the functioning of ecosystems, and

their importance has been underestimated because their effects often only

become evident after they have been removed from ecosystems [1,2]. Apex pre-

dators typically have conspicuous effects on the populations and phenotypes of

prey and smaller predators (mesopredators) that arise from direct killing and

the fear they instil [3–5]. The disruption to species-interaction networks

caused by the irruptions of herbivores and mesopredators that frequently

accompanies the loss of apex predators can trigger regime shifts that result in

the reorganization of species assemblages [2,6] and has been identified as a

key driver of biodiversity loss [1]. Consequently, restoration of apex predator

populations and the ecosystem services they provide has been highlighted as

a critical imperative for the conservation of biodiversity [7].

While predators’ direct effects are readily observed, they can also propagate

a myriad of indirect effects because species that interact with their herbivorous

prey and mesopredators are likely to be affected by the removal or introduction

of an apex predator [1,8]. Trophic cascade theory predicts that the suppression

of apex predators’ effects will result in the irruption of herbivores and sub-

sequent depletion of plant biomass [9]. A related concept, the mesopredator

release hypothesis, predicts that the removal of apex predators leads to the

irruption of mesopredators with concomitant declines in the abundances of

their prey owing to elevated rates of predation by mesopredators [10]. Despite

the existence of theory and field studies showing that apex predators can influence
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ecosystem structure through a multitude of interaction path-

ways, most studies have considered apex predators’ effects

on herbivores and mesopredators and associated ecologi-

cal cascades in isolation [1]. Few studies have considered

how irruptions of herbivores and mesopredators could have

interactive effects on other species [11]. Consequently, our

appreciation of the magnitude, complexity and extent of apex

predators’ effects on ecosystems may not be fully realized.

Although it is widely acknowledged that vertebrate preda-

tors in terrestrial ecosystems can regulate populations of their

prey [12], debate exists regarding the relative strength and even

the existence of their indirect effects [13]. One reason for this

debate is that relatively few studies have attempted to quantify

the indirect effects of mammalian apex predators [9,14] because

the temporal and spatial scales required to conduct controlled

experiments on large carnivores are logistically prohibitive [14].

Moreover, in many jurisdictions legal and ethical considerations

often prevent manipulations of their abundance. Another reason

for the paucity of studies on large predators in terrestrial ecosys-

tems is that they have been extirpated from much of their former

ranges [15]. Hence, there are few places where studies can be

undertaken to investigate their ecological effects.

One way to advance knowledge of the role of large predators

is to use ‘natural experiments’ whereby the abundance of apex

predators vary in time or space in otherwise similar landscapes

[4,6,16]. If properly conducted, such studies can provide valu-

able insights into ecological processes at spatial and temporal

scales that cannot be achieved through experimentation. In the

forested landscapes of southeastern Australia, the existence of

long-term eradication programmes that aim to reduce the

impacts of Australia’s largest terrestrial predator, the dingo

(Canis dingo, also known as wild dog; 12–22 kg), on livestock

provides the opportunity to conduct a ‘large-scale’ natural exper-

iment to examine the role that apex predators have in structuring

ecosystems. In eastern New South Wales, dingo populations are

controlled in many but not all conservation reserves by

distributing baits impregnated with the toxin sodium fluoro-

acetate (compound 1080) [17]. This variation in the intensity of

dingo control thus permits comparisons to be made of ecosystem

attributes in nearby ecosystems where dingoes are common and

rare, respectively. In this context, the term ‘dingo’ refers to both

dingoes and dingo–domestic dog (Canis familiaris) hybrids [11].

Relatively little is known about the dingo’s ecological

role in the forests of southeastern Australia, although there is

evidence that they can suppress the populations of macropods

and red foxes [18,19]. In arid regions, dingoes’ influence on the

abundances of mammal species scales with body size. Dingoes

suppress the abundances of macropods (more than 15 kg) and

the smaller red fox (Vulpes vulpes) (3.5–8 kg) [20]. In turn,

where dingoes are common, small mammals (less than 200 g)

increase in abundance owing in part to release from predation

by foxes [11]. Also, as predicted by trophic cascade theory, the

removal of dingoes results in the depletion of pasture biomass

owing to an increase in herbivore grazing impact [20]. Theory

and results of predator studies from other continents suggest

that dingoes’ ecological effects may be weaker or more focused

in higher-productivity forest ecosystems than in desert eco-

systems [4,21]. This is because the greater complexity of

ecosystems that accompanies increases in primary productivity

may be expected to diffuse predators’ impacts across a greater

number of interaction pathways [11,22].

Applying trophic cascade theory, the mesopredator release

hypothesis and existing knowledge of dingoes’ effects on other
species, we predicted that the effect of dingo suppression on

other mammals in forest ecosystems should alternate

with trophic group and scale with body size [11]. Our specific

predictions were: (i) that abundances of herbivorous macro-

pods (Macropus spp.; Wallabia bicolor; 15–64 kg) and smaller

invasive mesopredators, the red fox (3.5–8 kg) and feral cat

(Felis catus; 2.5–6.5 kg), should increase in areas where dingo

populations are controlled because they would experience

less predation or harassment; (ii) smaller ground-dwelling

mammals—bandicoots (700–1500 g), rodents (15–200 g) and

dasyurid marsupials (20–100 g)—should increase where

dingoes were not controlled owing to reduced predation and

habitat disturbance from mesopredators and macropods,

respectively; (iii) for arboreal mammals, possums (975–

2400 g) should increase in baited areas because they are

subjected to predation by dingoes, but gliders (120–1300 g)

should show little response to dingo control because they

occur relatively infrequently in the diets of dingoes and other

ground-dwelling predators; and (iv) that the complexity of

understorey vegetation structure should decrease in areas sub-

jected to dingo control owing to increased consumption from

large herbivores. We tested our predictions by comparing the

activity or abundance of all groups and the species compo-

sition of the mammal assemblages at seven paired locations

in forested conservation reserves in southeastern Australia.

Each pair consisted of an area subjected to systematic dingo

removal and a control area, with similar environmental attri-

butes, where consistent dingo control was not undertaken.

We pooled the results from our paired comparisons using

meta-analysis to determine the effects of dingo control on the

response variables. We then used structural equation model-

ling (SEM) to further investigate the hypothesized direct and

indirect relationships among the response variables.
2. Material and methods
(a) Study sites
This study was conducted in the Eucalyptus spp.-dominated forest

ecosystems of New South Wales, southeastern Australia (figure 1).

The main technique used by government authorities to suppress

dingo populations is the distribution of poisoned meat baits con-

taining 6 mg of the toxin sodium fluoroacetate (compound 1080)

[17]. The baits are typically distributed along unsealed dirt roads

or from the air via helicopter or light aeroplane. In some places,

baiting is complemented by trapping of dingoes.

Each of our seven study areas consisted of a pair of sub-sites

located less than 50 km apart (electronic supplementary material,

table S1). Each sub-site pair consisted of a site where dingo con-

trol had been undertaken at least once each year for at least

5 years prior to our surveys, and a comparison site that had

not been subjected to consistent dingo control. All sites were situ-

ated within conservation reserves managed by the New South

Wales National Parks and Wildlife Service, with each paired

sub-site surveyed within the same two-week period and

season. Paired sub-sites were selected on the basis that they

shared the same dominant overstorey Eucalyptus species [23]

and had similar underlying geology and landforms.

(b) Mammal abundance and vegetation assessments
At each sub-site, we measured the activity of predators (Canis
dingo, Vulpes vulpes, Felis catus) and bandicoots using 20 track

detection stations, placed at 500 m intervals along unpaved vehicle

tracks with washed sand spread across the track at a width of 1 m

http://rspb.royalsocietypublishing.org/
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Figure 1. Study site locations in New South Wales, southeastern Australia.
Each location consisted of a conservation reserve where dingoes were con-
trolled using poison baiting (squares) and a conservation reserve where
dingoes were not subjected to poison baiting (triangles).
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[24]. To determine whether rain had potentially erased tracks during

the course of the evening, an intentional mark was made in the left-

hand corner each afternoon. Plots were determined to be unreadable

if the unique mark was obscured when the plot was examined the

following morning. Animal footprints were identified for three

nights. Owing to the difficulty in identification between bandi-

coot species (Perameles nasuta/Isoodon macrourus), these tracks

were recorded as bandicoot in accordance with Catling & Burt

[25]. An index of activity for each species at each site was expressed

as the percentage of plots on which the tracks were detected during

the three-night tracking session [20].

We assessed the abundances of macropods by counting

the number of kangaroos (Macropus giganteus) and wallabies

(Macropus rufogriseus and Wallabia bicolor) sighted during two to

four transect surveys conducted along single lane dirt tracks

within each sub-site [26]. During surveys, two observers seated in

a four-wheel drive vehicle visually scanned the habitat while

moving at a speed of 15 km h21. Two to four replicate surveys

were performed on a different track at a distance of 5–15 km [26].

The surveys were conducted in the hour preceding dusk. An index

of macropod abundance on each survey transect was calculated as

the number macropods sighted per kilometre of survey.

The abundance of arboreal mammals—possums (Trichosurus
vulpecula and Pseudocheirus peregrines) and gliders (Petaurus
breviceps and Petauroides volans)—was assessed using two to four

3–16 km spotlight transects at each sub-site. The surveys were con-

ducted at night from the back of a four-wheel-drive utility vehicle

along single-lane dirt tracks using a 100-watt spotlight. The vehicle

was driven at a speed of 10 km h21. An index of abundance for

each survey was calculated as the number of animals observed

per kilometre of survey [27].
Small mammal abundance was assessed over three consecu-

tive nights on seven to eight 1 ha trapping grids within each

sub-site. Because time since last fire can influence the abundance

of small mammals, we did not place study grids in areas that

had been burnt less than 3 years previously, as informed by

records provided by the Rural Fire Service of New South Wales.

On each grid, we placed 24 Type A Elliott traps (Elliott Scientific

Equipment, Upwey, Australia), baited with a mixture of peanut

butter, oats and honey, 20 m apart. We identified the small mam-

mals to species level and temporarily marked them to identify

recaptures. Indices of rodent abundance (Pseudomys novaehollan-
diae, Mus musculus, Rattus fuscipes, R. lutreolus, Mastacomys fuscus
and R. rattus) and dasyurid (Antechinus stuartii, A. swainsonii and

A. agilis) abundance at each sub-site were calculated as the mean

number of unique individuals per 100 trap nights. For SEM, we cal-

culated the abundance of all small mammals as the sum of rodent

and dasyurid abundance on each trapping grid.

The intensity of herbivory by macropods on each trapping grid

was estimated by scoring the presence of groups of recent macro-

pod dung on two 1 � 100 m belt transects on each study grid

[26,28,29]. An index of macropod grazing intensity was calculated

for each grid as the mean number of macropod scats per grid.

We assessed the complexity of the understorey vegetation

of each trapping grid by sampling within four 5 � 5 m quadrats.

Within each quadrat, we recorded the percentage of a 20 � 50 cm

chequered coverboard obscured by vegetation within five strata

(0–20, 20–50, 50–100, 100–150 and 150–200 cm) above ground

level [30]. For meta-analyses, we calculated two variables for

analysis by summing our observations in the strata between

0–100 and 100–200 cm. For the SEM, we calculated a single veg-

etation structure variable by summing the observations for the

entire 0–200 cm strata.

Because fire and recent rainfall are known to influence the

structure of understorey vegetation [31], we obtained data on the

average cumulative rainfall received at each sub-site for 2 years

prior to trapping from the Australian Bureau of Meteorology,

and the fire history of each trapping grid from the New South

Wales Rural Fire Service. These variables were used as predictor

variables in SEM described later.

(c) Statistical analyses: meta-analysis
As the dominant vegetation communities of the sites differed and

each was sampled at a different time, we treated each site as an inde-

pendent comparison of the effect of systematic dingo population

control and pooled the results of these comparisons using a meta-

analytic approach [20]. Specifically, we used a random-effects

meta-analysis to test our a priori hypotheses regarding the effects

of dingo control on the measured response variables. This approach

allowed us to determine whether the biological effects of dingo con-

trol were consistent among sites and that the mean effect of dingo

removal differed significantly from zero [20,32]. A random-effects

model was used because we expected the effects of dingo control

to vary among sites owing to differences in the intensity of poison

baiting and the longevity of the baiting programme (electronic sup-

plementary material, table S1). We used the log response ratio as the

metric of effect size [33]. To avoid the problems of taking logs of zero

or dividing by zero, comparisons were made on In[(Ncontrolþ 0.01)/

(Ntreatment þ 0.01)] [33,34]. Tests for homogeneity of the effect sizes

were conducted using the Q-statistic. The mean effect size was con-

sidered statistically significant if the bias-corrected bootstrapped

95% CIs calculated from 999 simulations excluded zero [32].

Analyses were undertaken using METAWIN v. 2 [35].

(d) Structural equation modelling
SEM can be used to investigate the direct and indirect relationships

between variables in trophic networks based on a priori knowledge

of interactions theorized to occur between species [36]. We used

http://rspb.royalsocietypublishing.org/
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piecewise SEM based on information theoretic principles to test

hypotheses to explain the inter-relationships between the response

variables, fire history and rainfall (figure 3a; electronic supple-

mentary material, tables S1 and S2). We constructed our a priori
SEM model based on trophic cascade theory, the mesopredator

release hypothesis, and prior knowledge of the factors influencing

vegetation structure and the abundances of forest mammals (see

Model justification). Unlike classic SEM, which uses covariance

matrices, piecewise SEM uses localized estimates to infer direct

and indirect effect pathways [37,38]. Piecewise methods allow

for the modelling of data that struggle to meet the assumptions

of classic SEM analysis, or for the incorporation of exogenous fac-

tors into models such as spatial dependence [38]. All localized

estimates within our SEM were fitted using generalized linear

mixed-effects models with a Poisson or negative binomial distri-

bution, except for the vegetation complexity model, in which

case we used a linear mixed-effects model with a Gaussian distri-

bution. To account for biogeographic and temporal variation

between sites, site was treated as a random factor in all models.

Our initial model was populated with mean values obtained for

each sub-site for data using track plots and spotlight surveys

(e.g. baiting, dingo activity, fox activity, cat activity, arboreal

mammal activity, bandicoot activity; n ¼ 14) and with values

obtained for each trapping grid for the variables macropod grazing

activity, vegetation structure, small mammal abundance and

average rainfall over 2 years and time since fire; n ¼ 111). We

used a backwards step-wise elimination process for model simpli-

fication, whereby non-significant pathways were sequentially

deleted from models until only significant interaction remained

[38]. Standardized path coefficients and deviance explained were

then calculated for each model [37].
(e) Model justification
The interaction pathways between variables were determined by

a priori knowledge and included the following hypothesized path-

ways (figure 3a). Dingo baiting should negatively affect both dingo

and fox activity as even though the control programmes targeted

dingoes, it is possible that both species consume baits impregna-

ted with 1080 poison and both species have been observed to

decline following baiting programmes [39]. Dingo activity

should negatively affect fox activity owing to direct killing or com-

petitive exclusion [19,40]. Cat activity was hypothesized to be

affected negatively by dingo and fox activity but not by baiting

because cats rarely take baits [41,42]. Dingo and fox activity were

hypothesized to negatively affect macropod grazing intensity

by suppressing macropod abundance through direct predation

[18,43]. Macropod abundance determined by driving surveys

was omitted from the SEM because dung count is a proxy measure

of abundance [26]. Fox and cat activity were hypothesized to

negatively affect small mammal and bandicoot abundance and

activity, respectively, owing to predation [44]. Dingo activity

and fox activity were hypothesized to negatively affect possums

owing to predation but to have little effect on glider because

they rarely occur in the diets of terrestrial predators [39,44]. Time

since fire was hypothesized to positively affect arboreal possums

and gliders, as a previous study has demonstrated negative effects

of fire on arboreal mammals [45]. Defoliation resulting from graz-

ing by macropods was hypothesized to have a negative effect on

understorey vegetation structure [46]. Rainfall was hypothesized

to positively affect understorey vegetation by promoting plant

growth [31]. Time since fire was hypothesized to have a negative

effect on understorey vegetation cover at our sites, which were

aged more than 3 years post-fire, because a previous study has

shown that the density of ground cover vegetation initially

increases until about 6 years post-fire before decreasing with

time since fire [47]. Vegetation structure was hypothesized to posi-

tively affect small mammal abundance and bandicoot activity as
previous studies have observed small mammal abundance to

increase with increasing understorey complexity [48,49].
3. Results
(a) Paired site comparisons
Confirming the effectiveness of poison baiting at reducing

dingo populations, dingo activity was on average greater

in unbaited than in baited sub-sites (figure 2a; Q ¼ 5.02,

d.f.¼ 6, p ¼ 0.541). Fox activity was consistently lower at

unbaited sub-sites (figure 2a; Q ¼ 7.43, d.f.¼ 5, p ¼ 0.190).

Cat activity was unaffected by the dingo baiting (figure 2a;

Q ¼ 5.81, d.f. ¼ 6, p ¼ 0.445). Macropod abundance was con-

sistently greater in abundance in baited sub-sites (figure 2a;

Q ¼ 3.81, d.f. ¼ 6, p ¼ 0.703). Possums (figure 2a; Q ¼ 5.88,

d.f.¼ 6, p ¼ 0.437) and gliders were detected more frequently

at baited sites (figure 2a; Q ¼ 5.65, d.f. ¼ 6, p ¼ 0.463). The

activity of bandicoots was unaffected by baiting (figure 2a;

Q ¼ 5.32, d.f. ¼ 5, p ¼ 0.378), while abundance of ground-

dwelling rodents (figure 2a; Q ¼ 7.67, d.f. ¼ 6, p¼ 0.263) and

dasyurid marsupials (Antechinus spp.; figure 2a; Q ¼ 4.68,

d.f. ¼ 6, p ¼ 0.586) was greater in unbaited areas.

Grazing activity of macropods, as estimated by counts

of dung, was consistently higher in baited areas (figure 2a;

Q ¼ 5.46, d.f.¼ 6, p ¼ 0.486). The density of understory

vegetation between 0–100 cm (figure 2a; Q ¼ 6.70, d.f. ¼ 6,

p ¼ 0.350) and 100–200 cm (figure 2a; Q ¼ 4.19, d.f. ¼ 6, p ¼
0.651) above ground level was on average greater in unbaited

than in baited sub-sites.

(b) Structural equation modelling
The variable rainfall was excluded from the final SEM model.

Excluded pathways were between dingo activity and fox

activity, dingo/fox activity and cat activity, and dingo, fox

and cat activity with bandicoot activity. All other variables

were included within the final SEM explaining vegetation

structure and small mammal abundance (figure 3b). Dingo

baiting was correlated negatively with dingo activity, but,

counter to our a priori SEM model, was correlated positively

with fox activity (Fig. 3b). In accordance with the a priori

SEM model, dingo activity was correlated positively with

small mammal abundance, and fox activity was correlated

negatively with small mammal abundance (figure 3b). Thus,

dingo baiting had a negative indirect relationship on small

mammal abundance mediated through both dingoes and

foxes. Cat activity was unaffected by dingo and fox activity,

and, counter to our a priori SEM model, had a positive relation-

ship on small mammal abundance. Dingo activity also as

hypothesized had a weak negative correlation with possum

activity. Glider activity was positively correlated with fox

activity and time since fire.

In line with our a priori SEM model, dingo activity was cor-

related negatively with macropod grazing activity. In turn,

macropod grazing activity and time since fire were correlated

negatively with vegetation structural complexity. Also in line

with our expectations, vegetation structural complexity was

correlated positively with small mammal abundance and ban-

dicoot activity (figure 3b). Thus, dingo baiting had a negative

indirect relationship on small mammal abundance and bandi-

coot activity mediated through dingo activity, macropod

grazing activity and vegetation structure.
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4. Discussion
(a) Ecological cascades induced by dingo control
Our results demonstrate marked differences in the relative

abundances of mammals and the complexity of understorey

vegetation between areas with consistent dingo removal

compared to those without. These differences accorded well

with our a priori predictions generated from trophic cascade

theory and the mesopredator release hypothesis. Our results

(figure 2a) were also remarkably consistent with previous

studies undertaken in desert (figure 2b) and forest biomes

in Australia that have found negative relationships between

the presence of dingoes and the abundances of macropods

and foxes [11,18,19] and positive relationships between the

abundances of dingoes and small mammals [50]. In sum-

mary, our findings are consistent with the idea that large

mammalian carnivores can function as keystone species

owing to their direct suppressive effects on herbivores and

mesopredators, and that ecological cascades induced by

their removal result in the reorganization of ecosystems [5].

In common with previous studies on the effects of mamma-

lian carnivores, our study used a pre-existing land-management

framework, the presence or the absence of dingo population con-

trol, for the experimental treatment [6,20]. During the design of

our study, we matched our paired sub-sites as closely as possible

for vegetation type, underlying geology, land use and recent

fire history, but without having conducted a manipulative
experiment causation remains difficult to attribute as it remains

possible that confounding factors could have influenced our

results. One potential weakness of our study was that long-

term fire regimes of the paired sub-sites were unlikely to have

been identical as we could only control for contemporary land

use and the occurrence of recent fires. However, given the con-

cordance between the results and our a priori predictions

generated from theory, as well as previous studies investigating

the effects of dingo control (figure 2a,b), we contend that it is unli-

kely that any other source of variation, other than the presence/

absence of dingo control, could have caused the consistent effects

that we observed with respect to trophic group and body size.

Trophic cascade theory, the mesopredator release hypoth-

esis and previous field studies suggest that apex predators

can function as ecosystem architects by propagating cascades

of direct and indirect effects on species at lower trophic levels.

Indirect effects can arise if apex predators moderate the top-

down effects of herbivores and mesopredators [5,11]. The

most parsimonious structural equation model (figure 3b) pro-

vides support for the hypothesis that the negative responses

of vegetation structural density, small mammals and bandi-

coots to dingo control were indirect effects of predator

suppression and that these effects occur simultaneously. Specifi-

cally, our SEM provided support for the following hypotheses.

(i) Predation by dingoes reduced macropod grazing activity,

which in turn simplifies the structure of understorey vegetation

[46]. The ensuing simplification of vegetation results in lower
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abundances of ground-dwelling small mammals and bandi-

coots which require dense vegetation for shelter [48]. (ii) Dingo

control reduced dingo activity but increased fox activity, pre-

sumably because fox populations increase where dingo control

is undertaken (figure 2). Abundant foxes would then have a

negative impact on small mammals because of increased levels

of predation (figure 3b).

These findings suggest that apex predators’ suppressive

effects on herbivores and mesopredators can have interac-

tive effects on other species and should be considered in

tandem in order to appreciate the extent of apex predators’

indirect effects. We caution, however, that controlled

experiments are required to test these hypotheses.

The absence of a significant correlation between dingo and

fox activity obtained in the SEM was unexpected, because pre-

vious studies have found evidence for negative correlations
between indices of dingo and fox abundance [11,19]. While

it is possible that dingoes only have negligible effects on fox

abundance/activity or that baiting aimed at dingoes sup-

pressed populations of both dingoes and foxes, our meta-

analysis does not support these explanations and showed

that, in accordance with our predictions, fox activity was greater

at baited sites. The negligible correlation observed in the SEM

may have been due to the relatively low power of this test,

which was conducted at the scale of sub-site (n ¼ 14). Further

studies are recommended to explore the interactions between

dingoes and foxes in forest environments.

Although our results are in accordance with the mesopreda-

tor release hypothesis and previous studies demonstrating that

fox activity was greater in areas where dingoes were subjected

to population control [19], dingo control had no effect on cat

activity. In addition, contrary to our prediction, cat activity was
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correlated positively with small mammal abundance. These

findings are not inconsistent with those of previous studies,

which have reported positive, neutral and negative relationships

between dingo activity and cat activity, and positive relation-

ships between cat activity and small mammal abundance

[8,42,51]. Taken together, the results of our study and previous

studies suggest that cat activity may be influenced by both the

abundances of larger predators and the availability of their prey.

Our meta-analysis showed that, as predicted, semi-arboreal

possums responded positively to dingo control, but counter

to our predictions, strictly arboreal gliders also responded posi-

tively to dingo control. The SEM showed that dingoes were

negatively associated with possums, which is consistent with

dietary studies showing that possums are frequently consumed

by dingoes [39]. The positive correlation evident in the SEM

between fox and glider lends support to a hypothesized indirect

trophic interaction mooted by Dexter [52], whereby suppression

of foxes results in an increase in the abundances of species fre-

quently preyed on by large owls. Subsequent increases in owl

abundance and predation may then lead to the suppression

of gliders. The positive correlation between gliders and time

since fire is consistent with the results of previous studies

showing that fires can suppress their abundances [45,49].

(b) Unintended effects of dingo control and the
management of forest ecosystems

Disturbance by fire is an important factor influencing plant and

animal assemblages in the forested landscapes of southeastern

Australia [49,53]. Consequently, much research on forest mam-

mals in Australia has focused on how fire, particularly through

its effects on vegetation structure, influences the species abun-

dances and community composition [45,47,49,53]. However,

there has been growing awareness of the influence that preda-

tion by terrestrial predators can have on forest ecosystems

through both their direct predatory effects and indirectly by

influencing grazing pressure [46,47,54].

Our study has implications for the management of forest

ecosystems, because it provides evidence that ecological cas-

cades induced by the lethal control of an apex predator can

produce unintended shifts in the composition of species assem-

blages and vegetation structure. In the forests of southeastern

Australia, where this study was undertaken, the control of
dingo populations is associated with the reorganization of

mammal assemblages whereby relatively large-bodied species,

such as macropods and red foxes, and arboreal mammals

benefit from dingo control while small-bodied terrestrial

mammal species decline in abundance.

Predation by foxes has been identified as one of the major (if

not the most important) threatening processes to terrestrial

native mammals weighing less than 5 kg and ground nesting

birds in Australia [55]. If dingo control releases foxes from

top-down control by dingoes it will probably exacerbate the

predatory impact of foxes [50]. In addition, increased macropod

abundance and subsequently grazing pressure in areas where

dingoes are controlled may also have suppressive effects on

small mammals by simplifying the structure of understorey veg-

etation [56]. Such changes could affect small and medium-sized

terrestrial mammals by removing their preferred shelter habitats

and increasing their exposure to predators.

The broad-scale benefits that dingoes appear to provide for

ground-dwelling small and medium-sized mammals provides

evidence that dingo control programmes in conservation

reserves may be counter-productive from a biodiversity conser-

vation perspective. Indeed, the results of this and other studies

suggest that actively seeking to maintain dingo populations or

restoring them in areas where they have previously been extir-

pated has potential to be used as a strategy to mitigate the

impacts of herbivores and foxes [11,55]. However, such strat-

egies are likely to be controversial owing to the adverse

impacts that dingoes can have on livestock producers. Further

research is required to develop management strategies that

can allow both for the maintenance of ecologically effective

dingo populations while simultaneously minimizing their

impacts on livestock producers.

Animal census procedures were in accordance with Australian laws
under the Animal Research Authority: University of Western Sydney:
A9199.
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