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It is widely assumed that organisms at low trophic levels, particularly microbes

and plants, are essential to basic services in ecosystems, such as nutrient cycling.

In theory, apex predators’ effects on ecosystems could extend to nutrient cycling

and the soil nutrient pool by influencing the intensity and spatial organization of

herbivory. Here, we take advantage of a long-term manipulation of dingo abun-

dance across Australia’s dingo-proof fence in the Strzelecki Desert to investigate

the effects that removal of an apex predator has on herbivore abundance, veg-

etation and the soil nutrient pool. Results showed that kangaroos were more

abundant where dingoes were rare, and effects of kangaroo exclusion on veg-

etation, and total carbon, total nitrogen and available phosphorus in the soil

were marked where dingoes were rare, but negligible where dingoes were

common. By showing that a trophic cascade resulting from an apex predator’s

lethal effects on herbivores extends to the soil nutrient pool, we demonstrate a

hitherto unappreciated pathway via which predators can influence nutrient

dynamics. A key implication of our study is the vast spatial scale across which

apex predators’ effects on herbivore populations operate and, in turn, effects

on the soil nutrient pool and ecosystem productivity could become manifest.
1. Introduction
It is widelyassumed that organisms at low trophic levels, particularly microbes and

plants, are essential to basic services in ecosystems, such as nutrient cycling and

carbon storage [1,2]. However, increasingly, it is being realized that terrestrial

apex predators can influence nutrient dynamics, and vegetation structure and com-

position at small spatial scales where predators function as vectors of nutrients

from one ecosystem to another [3] or on island ecosystems where predators

suppress the abundances of species that function as nutrient vectors [4,5].

A key interaction pathway, via which large carnivores are hypothesized to

shape ecosystems, is through trophic cascades arising from the suppressive

effects they have on their herbivore prey [6–8]. According to trophic cascade

theory, predators can limit herbivores’ consumption of plants through the pro-

cess of predation whereby they suppress herbivore populations by directly

killing them [9,10]. Predators can also benefit plants if the fear that they instil

causes herbivores to shift their patterns of habitat use and in so doing reduce

herbivores’ consumption of plants [11,12]. Thus, owing to the combined effects

of predators’ lethal and non-lethal effects on herbivores, trophic cascade theory

predicts that there should be a greater biomass of the plant species preferred

by herbivores in areas where predators are present than absent [6].

However, a criticism made of many studies reporting trophic cascades in terres-

trial ecosystems is that the evidence is not experimental and thus, it remains

possible that patterns attributed to the direct and indirect effects of large carnivores

could be due to other underlying factors [13]. Although conducting manipulative

experiments on terrestrial apex predators is often not possible due to legal and
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logistic constraints, strong evidence for trophic cascades can

be compiled by providing mechanistic support for top-down

control of herbivores by carnivores using observations of

the behaviour, demography and survival of herbivores, the

diets of carnivores and for herbivore–plant interactions by

manipulating herbivores’ access to plants [12–14].

In theory, apex predators’ effects on ecosystems could

extend to nutrient cycling and the soil nutrient pool by influ-

encing the intensity and spatial organization of herbivory

[15–18]. This could occur because herbivores influence the

soil nutrient pool by modifying the composition of plant

assemblages and quality of litter deposited, reducing the

quantity of litter deposited and altering how plants distribute

carbon and nutrients in their tissues [15,19–21]. Furthermore,

herbivores can function as vectors that transport nutrients

across landscapes [20] and fertilize soils through excretion

of dung and urine [22] and by decomposition of their tissues

following death [23].

The trigger–transfer–reserve–pulse model (TTRPM) for

the function of arid and semi-arid ecosystems predicts that

nutrients produced from vegetation growth in response to rain-

fall and deposition of plant material, positively feedback into

reserves or resource sinks [24]. Furthermore, by causing the

flow of water and wind across the land surface to be more tor-

tuous, vegetation patches reduce the velocity of flows of wind

and water near the soil surface and in turn the mobilization of

materials such as leaf litter and soil particles across the land-

scape [24]. Vegetation patches also function as nutrient sinks

because they are obstacles which trap and accumulate nutrients

that are transferred across the landscape [2,24].

In its original form, the TTRPM did not explicitly

incorporate the effects of predators [24]. We have modified the

TTRPM by incorporating the predictions of trophic cascade

theory (figure 1). Our modified TTRPM referred to here-

after as the top-down–TTRPM (TDTTRPM) proposes that

predators have a moderating effect on grazing pressure by redu-

cing herbivore numbers and altering their behaviour through

fear, allowing for positive indirect effects on biomass accumu-

lation. According to the TDTTRPM, excessive consumption of

vegetation by herbivores in the absence of apex predators can

decouple feedback loops between vegetation growth, litter-fall

and the soil nutrient pool. In addition, reduced vegetation

cover should reduce landscapes capacity to capture and retain

nutrients because exports of nutrients by wind and water are

greater when vegetation is denuded. Subsequently, the

TDTTRPM predicts that heavily grazed landscapes should

have diminished nutrient reserves and exhibit reduced ‘pulse’

growths of vegetation following rainfall [24].

Here, we take advantage of a long-term manipulation

of dingo (Canis dingo) abundance in Australia’s Strzelecki

Desert to investigate the effects that removal of a large mamma-

lian carnivore has on herbivore abundance, vegetation and the

soil nutrient pool. In this region, the existence of a dingo-proof

barrier fence enabled us to compare kangaroo abundances

and dingo diets, and experimentally evaluate the effects of

excluding kangaroos on vegetation and soil nutrients in

nearby landscapes where dingoes were common and rare,

thus facilitating assessment of dingoes’ indirect effects on

plants and soils. Applying the TDTTRPM (figure 1), we pre-

dicted, that: (i) kangaroo abundance would be greater where

dingoes were rare, than common, (ii) plant cover would be

greater in herbivore exclusion plots where dingoes were rare,

but show a negligible response to herbivore exclusion where
dingoes were common, and (iii) soil concentrations of available

phosphorus, total carbon and total nitrogen would be greater

in herbivore exclusion plots where dingoes were rare but

show a negligible response to herbivore exclusion to where

dingoes were common. In addition, to provide mechanistic

support for prediction (i), we used scat analysis to quantify

the diets of dingoes where they were common and rare in

order to relate the occurrence of kangaroo remains in dingo

scats to the frequency of alternative prey items and the

abundance of kangaroos.
2. Methods
(a) Study site
Dingoes have destructive impacts on livestock, particularly sheep

[25]. The dingo fence (electronic supplementary material, figure

S1) was built for the purpose of preventing immigration of din-

goes into sheep grazing lands that occupy the southeast of the

continent [26]. The fence was constructed from 1900 to the

1960s and extends approximately 5600 km across South Austra-

lia, New South Wales (NSW) and Queensland [26]. The NSW

section of the dingo fence follows the state boundaries of

NSW/South Australia and NSW/Queensland (electronic sup-

plementary material, figure S1). The state borders of NSW with

South Australia and NSW with Queensland are arbitrary admin-

istrative boundaries that follow the meridians 298 S and 1418 E,

respectively. These borders were declared by royal decree in

the nineteenth century prior to the area’s exploration and settle-

ment by colonists [27]. Therefore, the NSW section of the dingo

fence does not represent any natural physical boundary.

In combination with the dingo fence, intensive population

control of dingoes via shooting and use of baits laced with

poison 1080 (sodium fluoroacetate) occurs on the NSW side of

the fence [26]. Dingoes are only subject to intermittent control

mostly by shooting on the South Australian side of the dingo

fence [28,29]. Owing to differences in the intensity of control, din-

goes are common north and west of the fence in Queensland and

South Australia, which we term ‘outside’, but are rare south

and east on the ‘inside’ of the fence [28,29].

The study was conducted in two conservation reserves, Sturt

National Park (29890 S, 141820 E) and Strzelecki Regional Reserve

(298240 S, 1408330 E) and nearby pastoral properties which are situ-

ated on either side of the dingo fence in the Strzelecki Desert in

NSW and South Australia (electronic supplementary material,

figure S1). The landscape at all sites comprised longitudinal sand

dunes and clay inter-dunal areas [27]. The study region receives

less than 250 mm of annual rainfall [30]. Vegetation in the study

region is classified as a Sand Plain Mulga Shrubland community

[30] and is characterized by a sparse overstorey of perennial

shrubs (Acacia aneura, Ac. ligulata, Dodonaea viscosa) and a short

(less than 40 cm) understorey of ephemeral grasses (Aristida con-
torta, Eragrostis spp., Sporobolus actinocladus) and forbs (Sclerolaena
spp., Portulaca oleracea, Salsola australis).
(b) Fauna assessments
We indexed abundances of dingoes and kangaroos (Macropus
rufus and M. giganteus) by conducting nocturnal spotlight trans-

ects from May 2012 to June 2016, at approximately four-month

intervals, at two sites on each side of the dingo fence on each

sampling occasion (figure 2). Surveys were conducted at Sturt

National park and the pastoral property Winnathee (298470 S,

141890 E) on the ‘inside’ of the dingo fence and at Strzelecki Regional

Reserve and the pastoral property Quinyambie (298480 S, 1408490 E)

‘outside’ of the dingo fence.



resource flow

regulatory function

predation
regulatory ‘switch’:
on at high density
off at low density

grazing

loose material
available for
redistribution

uptake of water
and nutrients

plough back
and nutrient

recycling

resource
capture

out-flow

reserve
(soil nutrients,

seedbank)

pulse
(vegetation growth)

transfer
(wind and water

redistribute materials
across the landscape)

losses
from

system

trigger
(rainfall)

predator

herbivore
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decouple feedback loops between vegetation growth, litter-fall and the
local soil nutrient pool. Predators limit consumption of plant biomass through
predation and the fear they instil (dashed arrow) and thus promote the posi-
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At each site, on each sampling occasion, we conducted

approximately 30 km of spotlight surveys along single-lane dirt

vehicle tracks. Counts were made by an observer using a 50 W

spotlight while standing on the back of a vehicle moving at

approximately 15 km h21. Spotlight surveys were appropriate for

assessing animal abundances in the study area as the flat landscape

and low-lying vegetation provided an unobstructed view over a

long distance [28]. Because the abundance of kangaroos was

very low where dingoes were common (eight kangaroos were

sighted in 786 km of spotlight survey), we were unable to estimate

densities of kangaroos using distance sampling methods. Conse-

quently, for analyses, the abundance of dingoes and kangaroos

at each site was calculated as the mean number of individuals

sighted per kilometre of survey on each sampling occasion.
(c) Dingo diet
Searches for dingo scats were undertaken by walking along the

same vehicle tracks as the spotlight surveys for approximately

5 km on each sampling occasion. On collection, scats were placed

into paper bags and air-dried. In the laboratory, scats were oven-

dried overnight at 1008C, then placed individually in nylon bags

and washed in a washing machine. Following washing, items pre-

sent in the scats were identified to the lowest possible taxonomic

level using microscopic analysis of diagnostic residues (i.e. hair

cross-sections, teeth, claws) and comparison against known refer-

ence specimens. The frequency of occurrence of items in the

categories kangaroo, rodent, rabbit, livestock, mammalian meso-

predator, bird, arthropod and vegetation was calculated as the

number of scats in which the dietary item was identified divided

by the total number of scats sorted on each side of the dingo

fence. We explored the dietary functional response of dingoes to

kangaroos by plotting the abundance of kangaroos versus the fre-

quency of kangaroo remains in dingo diets at sites on sampling

occasions when more than five dingo scats were collected.
(d) Herbivore exclusion experiment
Because dingoes are common on one side of the fence and rare on

the other, it provides a unique opportunity to measure trophic cas-

cades on a large scale [31]. However, most of the landscape on each

side of the dingo fence is used as rangeland to graze livestock at

low densities. To remove the influence of livestock grazing, the her-

bivore exclusion experiment was conducted solely in conservation

reserves where livestock were absent that were situated on either

side of the dingo fence approximately 60 km apart with similar

elevation, climate, landforms and vegetation. Another constraint

imposed by using the dingo fence as an experimental manipu-

lation is that the treatments are by necessity spatially segregated,

so it is difficult to control for effects that could arise due to under-

lying gradients in physical variables. To reduce the influence of

underlying physical gradients, we conducted identical herbivore

exclosure experiments on each side of the dingo fence and asked

whether the effects of herbivores on vegetation and soils differed

where dingoes were common and rare, respectively. We hypoth-

esized that if dingoes exert indirect effects on vegetation and

soils as predicted by the TDTTRPM, herbivores should have neg-

ligible effects on vegetation and soil nutrients where dingoes

were common. Conversely, we hypothesized that where dingoes

were rare, herbivores should have suppressive effects on

vegetation and soil nutrients.

Identical grazing exclosure experiments were established at the

same time, on both sides of the dingo fence, at Sturt National Park

and Strzelecki Regional Reserve in August 2013. At each reserve,

four paired exclosure (‘ungrazed’) and control (‘grazed’) plots

were established, six months following a wildfire event, and were

matched for aspect, elevation and vegetation to reduce variability

between treatments. We also attempted to establish a procedural

control treatment consisting of a 30 cm wire fence made of the

same mesh as the exclusion fences. However, we were unable

to maintain these fences at sites inside the dingo fence due to

damage caused by collisions with kangaroos that attempted to

hurdle them. As a result, we were unable to measure the effects

of a procedural control.

Each pair of grazing treatments (ungrazed/grazed) was posi-

tioned in a separate inter-dunal ‘swale’ 0.5–1 km apart between

sand dunes, to capture vegetation and soil heterogeneity, charac-

teristic of the landscape [24]. The kangaroo exclosure plots (11 m

width � 11 m length � 2 m height) were constructed from wire

mesh. Plot dimensions were 11 � 11 m to allow for a 10 � 10 m

study area and 0.5 m along each side to mitigate fence effects in

surveys. The exclosure plots had 2 m high wire mesh to prevent

access by kangaroos. The wire mesh (10 � 10 cm openings)

allowed access to rabbits and other small mammals. Therefore,
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grazing by rabbits was considered constant across both plot types.

The control plots were marked by four metal posts.

To measure vegetation cover, five 1 � 1 m quadrats were ran-

domly allocated within each plot using a 10 � 10 m grid system.

Two adjacent sides of the plot were numbered 1–10 and two

randomly selected numbers were produced to determine quadrat

location. Ground cover within the quadrat was classified as bare

ground, litter, dung, live grass, dead grass and forb to the species

name. Total vegetation cover comprised the sum of live grass, dead

grass and forb cover. Ground cover was recorded as a percentage.

Vegetation data, measured tri-annually in late summer, winter and

late spring, were compiled from June 2014 to October 2016.

To assess whether soil characteristics varied across grazing

treatments, nine soil cores were extracted within each plot in

July 2015, November 2015 and June 2016. Cores were systemati-

cally extracted, with a soil auger (8 cm in diameter), in a 3 � 3

grid, at a depth of 5 cm. Cores were composited for each plot,

with a total of 16 composite samples for each time period and

stored in sealed bags. Compositing samples reduces short-range

variability within each plot, as well as analytical costs [19].

Soil samples were oven-dried at 408C and soil crushed to less

than 2 mm in preparation for testing. Total carbon (%) and total

nitrogen (%) were analysed by Dumas high-temperature com-

bustion using a LECO CNS Analyser, following methods 6B2b

and 7A5, respectively, in Rayment & Lyons [32]. Plant-available

phosphorus (mg kg21) was analysed by the Bray II extraction

method (0.03 M NH4F in 0.1 M HCl) for soils greater than or

equal to pH 7.5, as per methods 9E2 in Rayment & Lyons [32].

(e) Statistical analyses
All analyses were coded in the R Statistical Environment v. 3.3.2

[33]. Negative binomial generalized linear models were used to

determine differences in fauna abundance either side of the dingo

fence and over time. Abundance data were analysed using raw
spotlight counts and a survey effort (survey length in kilometres)

was included in the model as an offset variable to account for vary-

ing survey lengths. Negative binomial models were chosen to

account for over-dispersion due to the large number of zeros experi-

enced in the dataset [34]. Models were performed using the glm.nb
function from the ‘MASS’ package [35] and significance of model

terms were assessed with likelihood ratio tests.

We fitted a beta regression model to predict the proportion of

dingo scats containing kangaroo as a function of kangaroo abun-

dance [36]. Because the y variable for the beta regression model

included zeroes, we transformed the y variable using the trans-

formation (y�(n – 1) þ 0.5)/ n, where n is the sample size [37].

We used linear mixed effects models to determine if there

were differences in plant cover and soil nutrients between graz-

ing treatments on either side of the dingo fence and over time.

Models were individually conducted for each national park, on

either side of the dingo fence, as we were interested in comparing

within-site treatment effects and it was not possible to establish

replicate study areas within conservation reserves on each side

of the dingo fence. Models were performed using the lme and

lmer functions from the ‘nlme’ package [38] and ‘lme4’ package

[39], respectively. A square root transformation was used,

when required, to meet model specifications. Significance of

models terms was determined with likelihood ratio tests.
3. Results
(a) Dingo and kangaroo abundance
There was an inverse relationship between dingo and kangaroo

abundance. During the 1500 km of spotlight surveying con-

ducted over 14 sampling trips from 2012 to 2016, we sighted

just one dingo inside the fence, compared with 85 dingoes out-

side the fence. During the same spotlight surveys, we sighted a
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total of 3245 kangaroos inside the fence compared with eight

kangaroos outside the fence.

In accordance with the raw counts, generalized linear

models showed that dingo abundance was on average higher

outside than inside the dingo fence (x2 ¼ 108.62, d.f. ¼ 1,

p� 0:001; figure 2a; electronic supplementary material,

table S2). Dingo sightings also varied between sampling

trips (x2 ¼ 45.09, d.f.¼ 13, p , 0.001) but no ‘fence’ by ‘trip’

interaction was identified (x2 ¼ 3.29, d.f. ¼ 13, p . 0.05).

Kangaroo abundance was consistently higher inside the

dingo fence (x2 ¼ 681.73, d.f.¼ 1, p� 0:001; figure 2b; elec-

tronic supplementary material, table S3). Spotlight surveys

revealed a significant ‘fence’ by ‘trip’ interaction for kangaroo

numbers (x2 ¼ 36.27, d.f. ¼ 13, p , 0.001), due to the fluctu-

ations in kangaroo numbers between trips inside the fence

compared with the consistently low or non-existence of

kangaroos outside the fence.

(b) Dingo diet
Where dingoes were rare, the most frequently occurring

species in dingo scats (n ¼ 90) were kangaroos (32%) and

rodents (32%; electronic supplementary material, table S1).

Invertebrates and rabbits occurred in 29% and 21% of dingo

scats where dingoes were rare, respectively. Where dingoes

were common and kangaroos were rare, kangaroo remains

occurred in just 1% of scats (n ¼ 468). Small mammals and rab-

bits were the dominant dietary items of dingoes at sites where

dingoes were common and occurred in 63% and 54% of scats,

respectively (electronic supplementary material, table S1).

There was a positive relationship between the frequency of

kangaroo remains in dingo scats and abundance of kangaroos

(z ¼ 7.42, d.f. ¼ 23, p , 0.001, pseudo-R2 ¼ 0.72; electronic

supplementary material, figure S2 and table S4). Notably,

where dingoes were common, kangaroo remains occurred in

dingo scats when kangaroo abundances were below detectable

densities using the spotlight survey method.

(c) Vegetation
Grazing by kangaroos suppressed vegetation cover where

dingoes were rare but not where dingoes were common

(figure 3; electronic supplementary material, figure S3;

tables S5 and S6). Where dingoes were common and kangar-

oos rare, vegetation cover did not differ between grazed and

ungrazed plots (x2 ¼ 3.46, d.f. ¼ 1, p . 0.05; figure 3a). Veg-

etation cover fluctuated through time in response to rainfall

events (x2 ¼ 27.11, d.f. ¼ 7, p , 0.001) in similar ways in

both grazed and ungrazed plots, but there was no ‘treatment’

by ‘trip’ interaction (x2 ¼ 2.08, d.f. ¼ 7, p . 0.05).

Where dingoes were rare and kangaroos abundant,

vegetation cover was consistently greater in ‘ungrazed’ exclo-

sure plots compared with control ‘grazed’ plots (x2 ¼ 18.02,

d.f. ¼ 1, p , 0.001; figure 3b) and fluctuated through time

with increases in vegetation cover occurring after significant

rainfall events (x2 ¼ 17.79, d.f. ¼ 7, p , 0.05). However, the

interaction between ‘treatment’ and ‘trip’ was not significant

(x2 ¼ 8.16, d.f. ¼ 7, p . 0.05), indicating that fluctuations in

vegetation cover through time were similar in both grazed

and ungrazed plots.

(d) Soil nutrients
Grazing by kangaroos suppressed levels of available phos-

phorous where dingoes were rare but not where dingoes
were common (figure 4a,b; electronic supplementary material,

tables S7 and S8). Where dingoes were common, no differences

were identified in phosphorus levels between grazing treat-

ments (x2 ¼ 0.24, d.f.¼ 1, p . 0.05; figure 4a;) or between

sampling periods (x2 ¼ 4.49, d.f. ¼ 2, p . 0.05) and there was

no ‘treatment’ by ‘trip’ interaction (x2 ¼ 4.86, d.f. ¼ 2, p .

0.05). Where dingoes were rare, levels of available phosphorus

were greater in ungrazed plots than grazed plots (x2 ¼ 10.35,

d.f. ¼ 1, p , 0.01; figure 4b) and varied across the three

sampling periods (x2 ¼ 8.85, d.f. ¼ 2, p , 0.05), with lower

levels in the first sampling trip, July 2015. However, treatment

effects were consistent over time with no ‘treatment’ by ‘trip’

interaction (x2 ¼ 0.54, d.f. ¼ 2, p . 0.05).

Grazing by kangaroos suppressed soil carbon concen-

trations where dingoes were rare but not where dingoes were

common (figure 4c,d; electronic supplementary material,

tables S9 and S10). Where dingoes were common, total soil

carbon concentrations did not differ between ungrazed and

grazed plots (x2 ¼ 1.47, d.f. ¼ 1, p . 0.05; figure 4c), but did

vary between sampling trips (x2 ¼ 6.34, d.f.¼ 2, p , 0.05).

The interaction between ‘treatment’ and ‘trip’ was not signifi-

cant, indicating that fluctuations in soil carbon through time

were similar in both grazed and ungrazed plots (x2 ¼ 0.80,

d.f. ¼ 2, p . 0.05). By contrast, where dingoes were rare, total

soil carbon concentrations were greater in ungrazed than

grazed plots (x2 ¼ 8.25, d.f. ¼ 1, p , 0.01; figure 4d) and

varied across sampling trips (x2 ¼ 10.23, d.f. ¼ 2, p , 0.01).

Lack of a ‘treatment’ by ‘trip’ interaction (x2 ¼ 0.03, d.f. ¼ 2,

p . 0.05) indicated that treatment effects on soil carbon were

consistent across sampling trips.

Grazing by kangaroos suppressed soil total nitrogen con-

centrations where dingoes were rare but not where dingoes

were common (figure 4e,f; electronic supplementary material,

tables S11 and S12). Where dingoes were common, total

nitrogen concentrations did not differ between grazing treat-

ments (x2 ¼ 0.002, d.f. ¼ 1, p . 0.05; figure 4e) and total

nitrogen concentrations varied across sampling periods

(x2 ¼ 11.67, d.f. ¼ 2, p , 0.01). The ‘treatment’ by ‘trip’ inter-

action was significant (x2 ¼ 16.11, d.f. ¼ 2, p , 0.001), due to

a drop in nitrogen levels in ungrazed plots during June 2016,

compared with previous sampling trips. Where dingoes were

rare, total nitrogen concentrations were greater in ungrazed

plots compared with grazed plots (x2 ¼ 9.72, d.f. ¼ 1, p ,

0.01; figure 4f ). Total nitrogen concentrations varied signifi-

cantly across sampling periods (x2 ¼ 14.70, d.f. ¼ 2, p ,

0.001). Lack of a ‘treatment’ by ‘trip’ interaction indicated

that treatment effects for soil nitrogen were consistent over

time (x2 ¼ 0.09, d.f. ¼ 2, p . 0.05).
4. Discussion
In accordance with our predictions generated from the

TDTTRPM, kangaroos were more abundant where dingoes

were rare, and the effects of kangaroo exclusion on vegetation

were marked where dingoes were rare, but negligible where

dingoes were common. Furthermore, kangaroo exclusion had

a strong effect on total carbon, total nitrogen and available

phosphorus where dingoes were rare, but negligible effect

where dingoes were common. Taken together, these results

provide evidence that a trophic cascade resulting from an

apex predator’s top-down effects on herbivores can extend

to vegetation and in turn the soil nutrient pool.
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The marked differences in dingo and kangaroo abun-

dances that we observed on either side of the dingo fence

correspond with the findings of previous studies that have

investigated the effects of dingo culling on kangaroo popu-

lations [40–42]. The presence of kangaroo remains in dingo

scats outside the fence, despite kangaroo abundances there

being below detectable densities using spotlight surveys, sup-

ports the hypothesis that kangaroo populations outside the

dingo fence were trapped in a ‘predation pit’ [43]. This scen-

ario could occur if dingoes are abundant and the dynamics

of dingo and kangaroo populations are decoupled because

kangaroos are secondary rather than primary prey of dingoes

[43]. Consistent with the ‘predation pit’ hypothesis, dingoes

were more abundant and rabbits and rodents were more

important components of dingo diets than kangaroos at

sites outside the dingo fence where dingoes were common.

Moreover, because dingoes prey primarily on female and

juvenile kangaroos [44], even occasional predation could

maintain kangaroo populations outside the dingo fence at

low densities by limiting recruitment [43]. Conversely,

on the ‘inside’ of the dingo fence, dingoes frequently

preyed upon kangaroos but appear to have a low impact

on kangaroo populations because they occur at very low

population densities.

The strong effect that kangaroo grazing had on vegetation

cover where dingoes were rare, and the absence of a kan-

garoo grazing effect where dingoes were common provides

compelling evidence that suppression of dingoes triggers a

trophic cascade. On average, vegetation cover in grazing-

allowed control plots was 12% less than in kangaroo

exclosure plots at Sturt National Park where dingoes were

rare. That the suppressive effect that kangaroo grazing had
on vegetation cover in Sturt National Park was consistent

through time, despite fluctuations in rainfall suggest that

that kangaroos’ and dingoes’ respective direct and indirect

effects on vegetation were not influenced by temporal fluctu-

ations in primary productivity. These results accord with

previous studies which have shown that high-density kan-

garoo populations at sites where dingoes are rare can have

considerable impacts on vegetation, particularly grass cover

[31,45,46].

Previous studies examining evidence for trophic cas-

cades between large mammalian carnivores, mammalian

herbivores and plants have to a large extent focused on be-

haviourally mediated trophic cascades [13,47]. These studies

have provided levels of support, ranging from acceptance

through to rejection [11,12,14], of the hypothesis that fear

of predators can protect plants by causing herbivores to

shift their patterns of habitat use and or the species they

consume. Although fear of dingoes almost certainly causes kan-

garoos to change their behaviour [48], we contend that the

trophic cascade reported in this study was due primarily to

the difference in grazing pressure (the total metabolic demand

of herbivore populations) resulting from the contrast in

dingoes’ lethal, suppressive effects on kangaroo populations

on either side of the dingo fence. However, we add the caveat

that we did not assess kangaroo behaviour on either side of

the dingo fence, and thus highlight the need for further studies

to parse out the effects that dingoes’ lethal and non-lethal

effects on kangaroos have on vegetation.

The increase in total carbon, total nitrogen and available

phosphorus concentrations identified in ungrazed plots,

where kangaroos were abundant and dingoes rare, was con-

sistent with the TDTTRPM for soil nutrient dynamics in arid
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landscapes [24]. According to the TDTTRPM (figure 1),

greater vegetation growth in ungrazed plots where dingoes

are rare should allow for greater litter build-up and more

opportunity for patches of vegetation to intercept and

accumulate nutrients transported by wind and water [49].

We hypothesize that by suppressing kangaroo numbers, din-

goes function as a limiting factor on grazing, thus promoting

the positive feedback loop between vegetation growth, depo-

sition of litter and the soil nutrient pool and also by

promoting greater vegetation cover which in turn promotes

the capture and retention of water and matter. Conversely,

lower nutrient concentrations in plots that had been heavily

grazed by kangaroos is consistent with the hypotheses that

removal of vegetation by kangaroos decouples the positive

feedback loop between vegetation growth, litter-fall and the

soil nutrient pool and that sparse vegetation cover also
facilitates higher velocity flows of wind and water which

export nutrients out of the plots [2,24]. At larger spatial and

temporal scales, we predict that export of nutrients away

from areas grazed heavily by kangaroos will shift the distri-

bution of nutrients in the landscape towards low-lying

areas where they are transported by gravity and towards

the shade trees under which kangaroos rest during the

daytime and deposit their dung and urine.

A limitation of our herbivore exclusion experiment was

that we were unable to maintain a procedural control due

to damage caused by kangaroos. The gauge of the mesh

that we used for the exclusion fences was large (10 �
10 cm) and therefore unlikely to have a great effect on the

movement of nutrients by wind and water. Moreover, our

experimental approach accounted for such fence effects by

having identical exclosures on each side of the dingo fence
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and asking if the effects of herbivore exclusion differed where

dingoes were common and rare. Thus, if fence effects did

occur, they would have been expected to have occurred on

both sides of the dingo fence. However, our results showed

that the exclosures had different effects on vegetation and

the soil nutrient pool on each side of the dingo fence.

Hence, the results suggest that the differential effects that

the kangaroo exclosures had on vegetation and nutrients

where dingoes were common and rare were due largely to

differences in the intensity of kangaroo grazing and not

due to fence effects.

Our finding that a trophic cascade between dingoes, kan-

garoos and vegetation in a desert ecosystem translates to the

soil nutrient pool demonstrates a hitherto unappreciated

interaction pathway via which apex predators can influence

nutrient dynamics. A key implication of this study is the

vast spatial scale across which the presence/absence of

apex predators’ effects on herbivore populations operate

and, in turn, effects on vegetation and the soil nutrient pool

could become manifest. For example, in Australia, kangaroos

have irrupted across approximately one-third of the continent

from which dingoes are now rare or extinct [41]. According to
the TDTTRPM, heavily grazed landscapes, where dingoes are

rare, will exhibit muted growth pulses following rainfall

events due to their smaller nutrient pools [24]. If the indirect

positive effects that dingoes have on the soil nutrient pool

translate to enhanced primary productivity, it would blur

the distinction between top-down and bottom-up control of

ecosystems and could be a driver of ecosystem producti-

vity and the composition of ecological assemblages at a

continental scale.
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