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ABSTRACT 18 

Australian savannas lack native megaherbivores (> 500 kg body mass), but since the 19 

commencement of European colonisation in the 19th century bovine livestock, such as cattle 20 

(Bos sp.) and water buffalo (Bubalus bubalis), have established large feral populations that 21 

continue to geographically expand. The largest extant native herbivores are marsupials in the 22 

family Macropodidae (henceforth 'macropods': common wallaroo, Osphranter robustus [c. 40 23 

kg]; antilopine wallaroo, O. antilopinus [c. 35 kg]; agile wallaby, Notamacropus agilis [c. 20 24 

kg]). These species occur at low densities, with evidence that some species are in decline, the 25 
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cause of which remains uncertain. We tested the hypothesis that bovines and macropods 26 

compete for nutritious forage in the North Kimberley, Western Australia by using carbon 27 

isotope analysis of feral cattle and native macropod dung (as a proxy for the relative 28 

contribution of C4 grass to their diet) and nutrient analysis of standing herbaceous biomass. 29 

Grass consumption varied between macropod species and was highest in larger wallaroo 30 

species and lowest in the smaller agile wallaby reflecting its broader diet. Grass consumption 31 

by wallaroos was maximal on fertile sites. The relative abundance of grass in the diet of cattle 32 

was lowest in the middle of the dry season with an interaction between fire and substrate 33 

fertility where grass consumption was highest on fertile sites, particularly those recently 34 

burnt. Grass consumption by cattle and wallaroos was negatively correlated with fibre 35 

content of live biomass, which was lowest on fertile and burnt sites.  Introduced bovids shift 36 

their diets to non-grasses as quality of herbaceous biomass declines with increasing fibre 37 

content, by contrast, the largest macropod herbivores do not have this dietary flexibility.  We 38 

conclude a plausible mechanism for the success of bovines and the decline of large 39 

macropods in Australian savannas is competition for nutritious grass that is abundant 40 

immediately after fire.  41 

 42 

KEYWORDS: agile wallaby, feral bovines, fire, macropods, wallaroo 43 

 44 

INTRODUCTION 45 

Australia has no extant native herbivores with a body mass of > 100 kg, although European 46 

colonisation of northern Australia commencing around the 1820s established large feral 47 

populations of livestock (e.g. cattle [Bos sp.], water buffaloes [Bubalus bubalis], horses 48 

[Equus caballus] and donkeys [E. asinus]) which continue to expand their geographic range 49 

(Letts 1962; Freeland 1990).  The success of these feral herbivores in Australian savannas 50 
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suggests that they may be occupying an ecological niche that became vacant following the 51 

extinction of native megafauna in the late Pleistocene (Bowman et al. 2010). 52 

In contrast to savannas elsewhere in the world, where both domesticated stock and the 53 

large native herbivores are typically ungulates, Australia’s native herbivores are 54 

taxonomically and functionally distinct, being non-ruminant foregut feeding macropods (i.e. 55 

members of the marsupial family Macropodidae, including kangaroos and wallabies) 56 

including the antilopine wallaroo (Osphranter antilopinus), common wallaroo (O. robustus) 57 

and agile wallaby (Notamacropus agilis; Fig. 1).  Suspected decline of some macropod 58 

species has been reported by Aboriginal Traditional Owners and past research (Ritchie 2007; 59 

White et al. 2009; Roberts et al. 2016, unpublished data, A. M. Reid), coincident with the 60 

introduction and expansion of large feral bovines such as cattle and water buffalo. While 61 

agile wallabies are considered intermediate feeders utilising both browsing and grazing 62 

strategies, common and antilopine wallaroos are thought to be more dependent on a grass diet 63 

(Sanson 1989). The macropod declines may be caused by competition with feral bovines for 64 

food resources, which are generalist bulk feeders and more effectively utilise both grass and 65 

browse (Bowman et al. 2010).   In Arnhem Land, water buffalo utilize a larger proportion of 66 

browse in their diet as the dry season progresses combating the nutritional decline of grasses 67 

(Bowman et al. 2010). However, water buffalo are thought to have a broader diet and be 68 

better adapted to poor quality grass than cattle (Eldridge 2012) so it is unknown if cattle 69 

exhibit the same dietary trends. 70 

Tropical savannas are characterised by an annual cycle of weather extremes and 71 

frequent fire, conditions which greatly influence forage (herbaceous biomass consumed by 72 

herbivores) quantity and quality. The strongly seasonal rainfall pattern of the monsoon 73 

tropics leads to rapid production of tall grass during the wet season followed by desiccation 74 

during the dry season creating a high biomass of combustible grass with low nutritional 75 



4 
 

quality and a ‘boom-bust’ cycle of forage quantity and quality (Mott et al. 1985). In northern 76 

Australian savannas, Aboriginal people traditionally used patch burning to provide nutritious 77 

‘green-pick’ for herbivores by setting numerous small fires throughout the dry season 78 

(Crawford 1982; Braithwaite 1991; Saint & Russell-Smith 1997; Murphy & Bowman 79 

2007b). This is because the fibre content of live forage is lower, and crude protein content is 80 

higher, in post-burn regrowth (unpublished data, A. M. Reid) meaning that post-fire green-81 

pick is more digestible and nutritious. The Aboriginal socio-ecological tradition of patch 82 

burning has drastically changed since European settlement (Russell-Smith 2001; Vigilante 83 

2001; Edwards et al. 2003; Fisher et al. 2003; Russell-Smith et al. 2003; Legge et al. 2011) 84 

and altered fire regimes have been implicated in macropod declines in tropical savannas 85 

(Woinarski et al. 2014). 86 

The Uunguu Indigenous Protected Area (Uunguu IPA), in the North Kimberley 87 

bioregion of Western Australia, is an ideal location to study the feeding ecology of 88 

macropods and feral cattle and how this is influenced by fire and soil fertility. This area has 89 

never been used for pastoralism or experienced large-scale vegetation clearing, is little 90 

affected by economic development, and represents a diversity of savannas on both fertile and 91 

infertile substrates (Fig. 2). In the Uunguu IPA, feral cattle are the dominant introduced 92 

herbivores and have only recently spread from adjoining pastoral leases, with rare 93 

populations of wild horses and donkeys.  Although modes of Aboriginal fire management 94 

were disrupted in the 1930s with the nearby establishment of Kalumburu Mission, the 95 

Uunguu IPA is currently managed by its Aboriginal Traditional Owners in a way intended to 96 

replicate the historical fire regime. In this setting we used isotopic analysis of dung and 97 

forage nutrient analyses to address three linked questions: 98 

1) Do macropods and feral cattle differ in their seasonal consumption of grass? 99 
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2) How do fire, substrate fertility and progression of dry season influence the proportion 100 

of grass in the diet? 101 

3) What fire-influenced forage attributes affect the proportion of grass intake? 102 

This study was designed to harmonise with previous projects conducted in Arnhem Land, 103 

Northern Territory, another large swath of relatively undisturbed tropical savanna (Fig. 2; 104 

(Telfer & Bowman 2006; Murphy & Bowman 2007b; Bowman et al. 2010). The combination 105 

of results from this study and previous similar studies allows for the examination of savanna 106 

dynamics at a sub-continental scale. 107 

MATERIALS AND METHODS 108 

Study Area 109 

This study was undertaken in the North Kimberley bioregion, Western Australia  110 

in the Uunguu IPA (approximately 8,000 km2) declared in 2011 and managed by Wunambal 111 

Gaambera Aboriginal Corporation (WGAC, Kalumburu, Australia). The vegetation is 112 

dominated by eucalypt (Eucalyptus and Corymbia spp.) savanna with a physiognomy of open 113 

forest and woodland with a grassy understorey.  The climate is defined by a monsoonal wet–114 

dry season cycle with mean annual rainfall of 1,100–1,700 mm across a steep latitudinal 115 

gradient, approximately 90% of which falls during the 5-month wet season (December-April; 116 

BMA 2018). 117 

Much of the landscape burns each dry season. Nearly all fires are intentionally ignited 118 

by humans, but lightning strikes concentrated in the transition between the dry and wet 119 

season (October to December) also start fires. The mean fire return interval for the Uunguu 120 

IPA during the project was 2.5 years with 73% of fires occurring in the early dry season 121 

(before 1 August). Significant changes to the historical fire regime occurred around the mid-122 

1900s because the Wunambal Gaambera people, the Aboriginal people of the region, had 123 

moved to nearby settlements and, as a result, traditional fire management ceased in most 124 
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areas. Historical fire regimes have been better replicated in recent decades with the 125 

establishment of Aboriginal fire management programs (Vigilante et al. 2004; Vigilante et al. 126 

2017).  127 

The large species of macropod (marsupial family: Macropodidae) known to occur in 128 

the Uunguu IPA are the agile wallaby, antilopine wallaroo and common wallaroo. Recent 129 

monitoring of large herbivores in the study area has shown large macropods collectively to be 130 

less abundant than feral cattle, and that the agile wallaby and common wallaroo are more 131 

common than the antilopine wallaroo which is rarely sighted (unpublished data, A. M. Reid). 132 

Pastoral leases adjacent to the Uunguu IPA were established in the 1900s and intensified in 133 

the 1950s and 1960s becoming a source of cattle (Bos taurus) dispersal, the most abundant 134 

introduced herbivore in the area.   135 

Site establishment  136 

Monitoring sites (n = 11; 3-5 ha each) were selected to span geological formations with 137 

relatively fertile (n = 7; Carson Volcanics) and infertile soils (n = 4; King Leopold Sandstone 138 

and Colluvium and Alluvium) based on geological maps (Geoscience Australia 2012; 139 

DMPWA 2010) and site-based observations. The fertile sites were characterized by gently 140 

undulating to hilly terrain with shallow stony soils dominated by a mixture of perennial and 141 

annual tussock tall grasses (e.g. Sorghum spp., Themeda australis, Heteropogon contortus, 142 

Sehima nervosa, Chrysopogon fallax); infertile sites were characterized by gently undulating 143 

sandstone terrain with sandy soils of variable depth dominated by a mixture of hummock 144 

grasses (Triodia spp.) and perennial and annual tussock grasses (e.g. Sorghum spp., Eriachne 145 

sulcata).  Sites were selected based on fire history and utilization by both large macropods 146 

and feral cattle.  In identifying study sites, we had guidance from Aboriginal Traditional 147 

Owners about areas known to be preferred macropod habitat. The identified areas were 148 

searched for macropod and cattle dung to confirm presence of both herbivore groups. Sites 149 
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were either recently burnt or unburnt, defined by occurrence of fire in the dry season of 150 

measurement. In 2016, 8 sites were unburnt and 3 sites were burnt and in 2017, 3 sites were 151 

unburnt and 8 sites were burnt. Fire history of each site was constructed from field 152 

observations and satellite-derived (MODIS) burnt area records (NAFI 2018). Five permanent 153 

1-m2 quadrats were established at each monitoring site for forage measurements, location of 154 

quadrats was selected to capture the characteristic grasses on fertile and infertile sites. 155 

Isotopic analysis of dung 156 

To evaluate whether grass intake differs between species, and whether it is related to fire 157 

history, substrate fertility and season, we collected fresh dung samples for isotopic analysis in 158 

the early dry season (EDS; May–June), mid-dry season (MDS; July–August) and late dry 159 

season (LDS; September–October) of 2016 and 2017. Fires occurring at monitoring sites 160 

during the course of this study ranged from approximately 500 to 11,000 ha, while home 161 

ranges for the species studied are significantly smaller, approximately 25 ha for the agile 162 

wallaby (Stirrat 2003), 10 ha for common wallaroo, 76 ha for antilopine wallaroo (Croft 163 

1987) and 330 ha for cattle (Howery et al.  1996; Cowie et al. 2016). We therefore assume 164 

that dung collected at a monitoring site is from plant material consumed at that monitoring 165 

site or from nearby areas with analogous fertility and recent fire history. Dung samples were 166 

not collected during the wet season (November-April) due to access constraints. Macropod 167 

dung was considered fresh if it was without cracking or deterioration and retained an intact 168 

shiny black coating. Macropod dung in this condition is generally estimated to be less than 3 169 

months old. Dung deteriorates faster during the wet season or when affected by fire in the dry 170 

season (Telfer et al. 2006), therefore fresh dung found during the early dry season when the 171 

first collections were made can reasonably be assumed to have been recently deposited. 172 

Cattle dung was considered fresh if it was in a recognizable pile and the interior of the dung 173 

was still moist or dark brown in colour. Cattle dung deterioration is assumed to be faster than 174 
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macropod dung due to its higher moisture content and lack of hard exterior coating. Dung 175 

with any evidence of being burnt was not collected to ensure it was deposited after fires at the 176 

monitoring sites. Each sample was allocated to one of three categories: small to medium-177 

sized macropod dung (< 18.5 mm wide; agile wallaby), large macropod dung (> 18.5 mm 178 

wide; antilopine and common wallaroo) and cattle dung. Macropod dung categories were 179 

based on average sizes found by Telfer et al. (2006). At each site, and on each sampling 180 

occasion, 0–10 individual dung samples were collected, based on dung availability, for each 181 

of the three categories by a thorough foot-based search of the site. In some instances, there 182 

were no fresh samples available. Samples were stored in plastic bags by category and 183 

subsequently oven-dried at 60˚C for 24–48 hours. The dimensions of the macropod dung 184 

samples were measured in the lab with callipers and a classification tree was used to separate 185 

samples into agile wallaby, antilopine wallaroo and common wallaroo (Telfer et al. 2006). 186 

Antilopine and common wallaroo dung samples were not reliably differentiated based on the 187 

classification tree of Telfer et al. (2006) and these two species were pooled in further 188 

analyses and referred to collectively as “wallaroos,” as has been done in other studies 189 

(Murphy & Bowman 2007b; Letnic et al. 2014). Samples were pooled for each combination 190 

of dry season segment (early, mid, late), substrate fertility (fertile, infertile), fire history 191 

(burnt, unburnt), year (2016, 2017) and species (agile wallaby, wallaroo, cattle) and 1–3 192 

replicates sent for isotopic analysis (n = 180). No late dry season fires occurred at monitoring 193 

sites during 2016-2017, so all fires were early dry season fires (before 1 August).  194 

A 1 cm3 subsample of each dung sample was ground to a fine powder with an electric 195 

mill then loaded into tin cups for analysis of carbon isotope abundances (ẟ13C) using a 196 

VarioMICRO Elemental Analyser (Elementar, Langenselbold, Germany) and Continuous-197 

Flow Isotope Ratio Mass Spectrometer (IsoPrime, Cheadle, UK). The ẟ13C data is reported in 198 

parts per thousand (‰) where ẟ13C refers to the ratio of 13C to 12C relative to an 199 
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internationally defined scale (V-PDB). The ẟ13C results were normalised to an IAEA 200 

reference material, IAEA C8, with a consensus value of ẟ13CV-PDB = -18.31‰ (Gonfiantini et 201 

al. 1995; Le Clercq et al. 1997) and analysed with commercial reference standards from 202 

Elemental Microanalysis – ‘High Organic Sediment Standard OAS’ (CatNo. B2151) and 203 

‘Protein Standard OAS’ (CatNo. B2155) as quality control references. All results are the 204 

mean of repeat measurements with the standard deviation of the replicate analyses less than 205 

or equal to ± 0.6.  206 

Carbon isotope composition of dung samples was used as an estimate of seasonal 207 

variation in diet contributed by plants using the C4 photosynthetic pathway (Jones et al. 1979) 208 

which in northern Australia are primarily grasses, and nearly all grasses are C4 (Bowman & 209 

Cook 2002; Murphy & Bowman 2007a). Therefore, we assume that the ẟ13C value of a dung 210 

sample is equivalent to proportion of grasses in the diet. The relative contribution of grass to 211 

the diet was calculated as: 212 

% grass in diet =   
 μẟ13CC3 - (ẟ13Csample - Ꜫ *diet-dung)                    

μẟ13CC3 - μẟ13CC4  

where μẟ13CC3 and μẟ13CC4 are the global means of ẟ13C for C3 (-26.5‰) and C4 (-12.5‰) 213 

plants, respectively (Van der Merwe 1982; Cerling et al. 1997), and Ꜫ *diet-dung is the average 214 

estimated 13C enrichment which occurs between diet and dung (-0.8⁰⁄₀₀; Sponheimer et al. 215 

2003).  216 

Forage quantity and quality 217 

Biomass, crude protein and fibre content in live herbaceous biomass were measured at each 218 

monitoring site for each visit at which dung samples were collected to examine the 219 

relationship between forage attributes and grass intake.   220 

Biomass  221 

At each sampling occasion, average height and cover of live herbaceous vegetation were 222 

measured in the permanent quadrats. Live biomass was measured at the final sampling 223 

× 100 
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occasion each dry season by clipping all herbaceous vegetation inside permanent quadrats 224 

and separating live and dead biomass. Samples were dried in an oven at 60˚C for 48 hours 225 

and weighed.  Live biomass measurements were significantly correlated (p < 0.001) with live 226 

biomass volume (height multiplied by cover); thus, we were able to estimate live biomass for 227 

sampling occasions throughout the dry season.   228 

Crude protein and fibre  229 

To measure crude protein and fibre content, a minimum of 10 g live biomass representative 230 

of the dominant species of grass and herbs was clipped and placed into a sealed plastic bag at 231 

each sampling occasion. Samples were dried as above and milled to pass through a 1-mm 232 

sieve. Crude protein was determined by combustion (AOAC Official Method 990.03. 2005) 233 

with a CN628 Carbon/Nitrogen Determinator. To provide a measure of the fibrous bulk of 234 

the forage, amylase and sodium sulphite treated neutral detergent fibre (aNDF) content was 235 

assessed with ANKOM Technology Method 6 (ANKOM Technology, Macedon, NY, USA) 236 

and solutions as outlined in Van Soest et al. (1991). This measure is based on the amount of 237 

hemicellulose, cellulose and lignin following the removal of protein/starch contamination 238 

using addition of amylase and sodium sulphite.  239 

Analysis 240 

Ordinary least-squares linear modelling was used to examine the influence of species on 241 

percent grass in the diet by comparing the null model and a model with species as the 242 

predictor variable. The influence of fire, substrate fertility and dry season period on grass 243 

content of the diet of each species was also examined with ordinary least-squares linear 244 

modelling. A total of eight candidate models, representing all combinations of the three 245 

explanatory variables (fire, fertility, season), were developed to explain variation in the grass 246 

content of herbivore diet. Models were compared using AICc, the second-order form of 247 

Akaike's Information Criterion. Interaction terms between all predictor variables were also 248 
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added to the best-supported model for each response variable, and AICc used to assess 249 

whether the interaction(s) improved the model. Linear correlation was used to examine 250 

relationships between proportion of grass in the diet of each species and fire-influenced 251 

forage attributes (biomass and fibre and crude protein content of live herbaceous biomass). 252 

RESULTS 253 

Agile wallabies, wallaroos and cattle all differed in the proportion of grass in their diet (Table 254 

1a, Fig. 3). Wallaroos consumed the most grass and cattle consumed the least, albeit grass 255 

consumption by cattle was the most variable (ranging from 0–91%) thereby exhibiting greater 256 

dietary breadth compared to agile wallabies (32–91%) and wallaroos (36–100%). Agile 257 

wallaby grass consumption was unaffected by fire, substrate fertility or season, in line with 258 

the classification of mixed feeder utilising grass, forbs and browse throughout the year (Table 259 

1b). Variation in the contribution of grass to wallaroo diet was best explained by substrate 260 

fertility, accounting for 42% of the deviance of the null model; wallaroos utilised more grass 261 

on fertile substrates (Table 1c; Fig. 4). By contrast, variation in the contribution of grass to 262 

cattle diet was more complex and best explained by dry season period and an interaction 263 

between fire and fertility (Table 1d; Fig.5). Cattle ate a higher proportion of grass in the early 264 

and late dry season and less in the mid-dry season, possibly related to other food sources 265 

becoming available during that time such as fruiting or flowering of some browse species.  266 

Cattle ate the highest proportion of grass on burnt, fertile sites, and least on infertile sites and 267 

this was unaffected by fire. 268 

Of live biomass, crude protein content and fibre (aNDF) content of live biomass, only 269 

fibre content was significantly correlated with the contribution of grass to the diet (Fig. 6).  270 

Both wallaroos and cattle ate a significantly (p < 0.001; R2 = 0.41 and R2 = 0.56, respectively) 271 

lower proportion of grass when live herbaceous biomass had a high fibre content. Cattle 272 

severely reduced grass intake as fibre content increased (Fig. 7); on occasions where fibre 273 
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content was at its highest (around 75–80%) almost no grass was consumed. Agile wallaby 274 

selection of grass was not correlated with any of the measured forage attributes consistent 275 

with their broad dietary range that includes forbs. 276 

DISCUSSION 277 

Our analysis of grass consumption by agile wallabies, wallaroos (antilopine and common 278 

wallaroo) and feral cattle in a north Australian tropical savanna highlights fundamentally 279 

different dietary breadth of these species. Macropods consume a higher proportion of grass 280 

and have a narrower dietary breadth than feral cattle.  Thus, the large bulk feeding ungulates 281 

have substantial advantage over the macropods being able to tolerate the wide fluctuations in 282 

forage quality conditions that are characteristic of tropical savannas. Further, our analysis of 283 

forage quantity and quality showed that increasing fibre content of live biomass explained the 284 

decrease in grass consumption among both cattle and wallaroos, highlighting the importance 285 

of low fibre forage found on burnt, fertile sites for species more dependent on grazing, such 286 

as wallaroos.   287 

The variability of the contribution of grass to macropod diets reported here is 288 

generally consistent with previous classifications of their feeding niche by their dentition: 289 

agile wallabies being defined as mixed feeders and wallaroo species as specialist grazers 290 

(Sanson 1989).  Consistent with a prior study (Murphy et al. 2007), agile wallaby grass 291 

consumption showed the least variability and was unrelated to forage quantity and quality, 292 

fire activity, substrate fertility and dry season period highlighting their dependence on 293 

multiple food resources. Unlike wallaroos, this species is associated with moist riverine 294 

habitats where a wider variety of non-grass forage (herbs and browse) is available. When 295 

green grasses are available, agile wallabies prefer this resource but utilise a flexible foraging 296 

strategy to exploit a variety of resources including browse, leaf litter, fruits, flowers and roots 297 

when preferred foods are of poor quality (Stirrat 2002). Nonetheless, previous work has 298 
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shown that even though agile wallabies varied their dietary consumption to include higher 299 

protein foods when grasses had low nitrogen content, they were still unable to prevent loss of 300 

body condition with this feeding strategy (Stirrat 2000; Stirrat 2002) highlighting the 301 

potential importance to macropod health of resprouting grass following fire, especially in the 302 

late dry season. 303 

 Our results show broad dietary breadth of wallaroos (36–100% C4 grass), no doubt 304 

reflecting the pooling of wallaroo species. Previous work has shown a preference for grass in 305 

both species but that the common wallaroo consumes a lower proportion of grass than the 306 

antilopine wallaroo (Murphy et al. 2007). Common wallaroos will target grass even when the 307 

abundance is low (Ellis et al. 1977) and can continue to feed on grass of poor quality (high 308 

fibre and low nitrogen content; Freudenberger & Hume 1992) and the antilopine wallaroo 309 

will exclusively consume grass if available (Croft 1987; Murphy et al. 2007).  However, the 310 

common wallaroo is associated with rocky habitats and escarpments, shown to have a greater 311 

vegetation species richness than the open plains providing access to more potential food 312 

resources (Freeland et al. 1988).  Variability of grass consumption by both wallaroo species 313 

could be explained by substrate fertility and forage quality: wallaroos ate more grass on 314 

fertile substrates and when live fibre content was low (i.e. grass forage was of high quality).  315 

The importance of substrate fertility likely reflects the effect on forage nutritional quality 316 

rather than quantity of forage. Forage quality, not quantity, has been has been shown to be the 317 

best predictor of macropod body condition (Croft 1987; Shepherd 1987). Freudenberger and 318 

Hume (1992) demonstrated that common wallaroos can digest grass with high fibre content 319 

with sufficient nitrogen supplementation.  Nitrogen content in forage is highest in burnt areas 320 

(Murphy & Bowman 2007b), particularly in new growth following a late dry season fire 321 

(unpublished data, A. M. Reid), highlighting the importance of fire on the landscape to 322 
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provide nitrogen when requirements are at their highest and can potentially increase intake 323 

and digestibility. 324 

In contrast to previous studies, wallaroo grass intake did not vary seasonally or in 325 

response to early dry season fire activity. Common wallaroos and black wallaroos 326 

(Osphranter bernardus), endemic to Arnhem Land, have been shown to consume 327 

predominantly grass throughout the dry season (Telfer & Bowman 2006). However, studies 328 

including year-round measurements found antilopine and black wallaroos consumed a higher 329 

proportion of grasses during the wet season when high quality forage was abundant with 330 

browse and forbs becoming a significant part of the diet during the late dry season when high 331 

quality grass was limited (Fossan 2005: Telfer & Bowman 2006). Macropods have been 332 

shown to eat a larger proportion of grass on burnt areas (Telfer & Bowman 2006; Murphy & 333 

Bowman 2007b) although these studies did not differentate the response of individual 334 

species. 335 

The proportion of grass in the diet of macropod species is broadly comparable 336 

between the North Kimberley and Arnhem Land despite differences in substrate fertility and 337 

fire regimes (Fig. 8).  The reported diet variability of common wallaroos in Arnhem Land 338 

(15-98%) was slightly greater than for common and antilopine wallaroos together in the 339 

North Kimberley. The mean grass consumption of all large macropods in Arnhem 340 

(antilopine, common and black wallaroos and agile wallaby) was lower than species in the 341 

North Kimberley (Murphy & Bowman 2007b) signifying a regional difference in proportion 342 

of grass intake.  The black wallaroo and agile wallaby had substantially lower mean grass 343 

intake than the other macropods consistent with the broader dietary breadth and diversity of 344 

resources in the habitats they occupy (rocky gorges and riverine respectively; Fig. 8).   345 

Feral cattle had the greatest dietary flexibility compared to agile wallabies and 346 

wallaroos. We found grass consumption by feral cattle was related to substrate fertility, fire 347 
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activity, forage quality and season. Grass consumption was highest on burnt, fertile sites but 348 

fire activity did not impact grass consumption on infertile sites likely due to lower fibre 349 

content of green forage on infertile sites, regardless of fire activity.  Grass consumption by 350 

feral cattle was lowest during the mid-dry season possibly relating to other food resources 351 

coming available, such as flowering and leaf flushing on semi-deciduous trees.  Cattle prefer 352 

sites closer to water and areas with woody vegetation for thermal refugia (Allred et al. 2011; 353 

Allred et al. 2013; unpublished data, A. M. Reid), a preference that may also provide access 354 

to a greater diversity of food resources such as riparian forbs and browse. Our dataset did not 355 

contain any late dry season fires so the increase in grass consumption following the mid-dry 356 

season low may relate to new grass growth following sporadic rains at the end of the dry 357 

season.  358 

There have been few other studies in Australia that have directly measured dietary 359 

niche separation between feral herbivores and macropods (as opposed to inference based on 360 

habitat use) and they have focused on the arid rangelands of southern Australia. Concurring 361 

with our findings from tropical savannas, in shrub rangeland the common wallaroo is a grazer 362 

with around 80% of the diet during severe drought made up of grass (Dawson & Ellis 1996).  363 

By contrast, feral goats (Capra hircus) have broader diets with a strong preference for browse 364 

thereby potentially limiting competition with common wallaroos (Dawson & Ellis 1996). In 365 

escarpment country of New South Wales, the yellow-footed rock wallaby (Petrogale 366 

xanthopusin) is a mixed feeder, like the agile wallaby, resulting in higher dietary overlap with 367 

feral herbivores (goats and rabbits [Oryctolagus cuniculus]) than is the case for the co-368 

occurring obligate grazer, the common wallaroo (Dawson & Ellis 1979). Studies conducted 369 

on dietary overlap between managed livestock and macropods are more prevalent than feral 370 

herbivores. A review of these studies from arid rangeland concluded there was minimal 371 

dietary overlap between large macropods (red kangaroo [Macropus rufus] and common 372 
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wallaroo) and livestock (sheep and cattle) due to niche separation, but competition could 373 

intensify in times of limited resources (Squires 1982). By contrast, Dawson et al. (1975) 374 

found that potential dietary overlap between the common wallaroo and sheep in rocky mulga 375 

and adjoining flat open country was greatest under good pasture conditions when they 376 

compete for nitrogen-rich grasses. Overall, introduced herbivores generally have wider 377 

dietary breadth than native species, and the intensity of overlap between them is modulated 378 

by habitat type and seasonal conditions.  379 

In general, megaherbivores can consume lower quality forage due to longer gut 380 

retention time than smaller mass herbivores and are more generalised in their foraging habits 381 

(Owen-Smith 1988) but high fibre concentrations can restrict cattle forage intake (Arelovich 382 

et al. 2008).  Isotopic analysis of extinct Australian megaherbivores have shown they were 383 

opportunistic feeders adjusting dietary preference with environmental change (Gröcke 1997), 384 

with a greater dietary range than extant large native herbivores and browsers were 385 

overrepresented in the suite of extinct of marsupial megafauna (Bowman et al. 2010).  Their 386 

extinction left a vacant niche for large-bodied browsing and opportunistic feeders.  Both feral 387 

cattle in the North Kimberly savannas (this study) and water buffalo in Arnhem Land 388 

(Bowman et al. 2010) appear to have filled this niche given their greater dietary breadth than 389 

extant native herbivores switching from grazers under optimal conditions to browsers in the 390 

dry season as grasses lost nutritional value. This flexibility most likely gives both feral cattle 391 

and water buffalo an advantage over native herbivores during the highest stress time of the 392 

year.  393 

Not only are feral herbivores in northern Australia much larger than native herbivores 394 

(Fig. 8), they represent a much greater proportion of the total herbivore biomass on the 395 

landscape (unpublished data, A. M. Reid). Megaherbivores consume a greater relative 396 

fraction of landscape forage biomass (Owen-Smith 1988) which is especially relevant when 397 
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native and feral herbivores have a shared forage preference that is seasonally limited.  The 398 

shift from grazing to browsing in both wallaroos and feral cattle appears to be driven by 399 

increasing fibre content of live forage as opposed to decreasing crude protein content. 400 

Previous research has demonstrated that digestible dry matter intake declines in both 401 

ruminants and macropods as fibre content in feed increases (Freudenberger& Hume 1992) 402 

which happens as grass cures (Terry & Tilley 1964).  403 

It has been suggested that Aboriginal burning has increased the abundance and 404 

geographic range of macropods by providing relatively constant high-quality forage (Codding 405 

et al. 2014). As Aboriginal fire was removed from the landscape in some areas, species’ 406 

ranges may have contracted to the more high-quality habitats allowing feral herbivores to 407 

dominate the landscape. The provision of green-pick by late dry season fires has been linked 408 

to abundance of antilopine wallaroos (Ritchie et al. 2008), one of the macropod species most 409 

dependant on grasses (Fig. 8). Areas that currently have a lower proportion of late dry season 410 

fires than in pre-European times may be limiting the ability of grass-dependant species to 411 

compete with feral herbivores and maintain historical levels of abundance.  However, the role 412 

that fire plays in provision of late dry season forage resources and the importance of this to 413 

overall large macropod abundance requires further investigation.   414 

CONCLUSION 415 

Collectively, results suggest that forage quality but not quantity is the limitation in northern 416 

savannas, especially for macropods that have a narrower dietary breadth than feral 417 

herbivores. Results from the North Kimberley confirm previous work in Arnhem Land 418 

(Bowman et al. 2010) showing that introduced megaherbivores occupy a feeding niche 419 

distinct from native herbivores, characterised by importance of browse and other non-grass 420 

resources in their diet and the flexibility to adjust to suboptimal forage conditions. Together, 421 

results from the North Kimberley and Arnhem Land are inconsistent with the notion that 422 
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anthropogenic habitat change in the Late Pleistocene caused the megafauna extinctions 423 

(Johnson 2016) because Australia’s northern tropical savannas can still support large 424 

numbers of bulk feeding megaherbivores.  We conclude a plausible mechanism for the 425 

success of bovines and the decline of large macropods in Australian savannas is competition 426 

for nutritious C4 grass that is abundant immediately after landscape fire. We suspect 427 

competition between bovines and macropods may be particularly intense in areas of relative 428 

high productivity in the matrix of infertile sites (Braithwaite 1990); patch burning mosaics 429 

may mitigate this effect but this conjecture requires further investigation. 430 
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TABLES 635 

Table 1. Species linear models for dry season proportion of grass in diet, based on ẟ13C 636 

levels of dung. When the best-supported model is not the null model, only models with 637 

ΔAICc < 5 are shown. Significant predictor variables (p ≤ 0.05) are in bold for the best 638 

models.  639 

Response variable Model ΔAICca 
Explained 
deviance 

(%)b 
a) All species ~Species 0.00 22.15 
b) Agile wallaby ~1 0.00 0.00 

 ~Fertility 0.88 2.50 
 ~Fire 1.97 0.51 

c) Wallaroos ~Fertility 0.00 42.35 
 ~Fire + Fertility 2.25 42.36 
 ~Fertility + Season 3.92 42.92 

d) Cattle ~Fire * Fertility + Season 0.00 71.48 
 ~Fire + Fertility + Season 4.86 67.72 
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aAICc second order Akaike’s Information Criterion for large and small sample 
sizes; ΔAICc is the difference between the model’s AICc value and the 
minimum AICc of all models in the candidate set. Models are ranked in 
ascending order of ΔAICc. 
bExplained deviance is the proportional reduction in residual deviance, relative 
to the null model. 

FIGURES 640 

 641 

Figure 1. The large herbivore assemblage in the Uunguu IPA consists of three native 642 

macropod species (a) agile wallaby (c. 20 kg), (b) antilopine wallaroo (c. 35 kg) and (c) 643 

common wallaroo (c. 40 kg) and has several introduced herbivores including feral horses and 644 

donkeys but are dominated by (d) feral cattle (c. 450–1,100 kg). The primary feral herbivore 645 

in Arnhem Land is the (e) water buffalo (c. 450 – 1,200 kg). 646 
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 647 

648 

Figure 2. Location of the Uunguu IPA within the North Kimberley bioregion, Western 649 

Australia where dung and forage samples were collected for this study and the location of 650 

previous macropod and feral bovine dietary studies at Kolorbidahdah, Arnhem Land, 651 

Northern Territory.  652 

 653 
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654 

Figure 3. Predicted dry season contribution of grass to the diet of agile wallabies, wallaroos 655 

and feral cattle (based on ẟ13C of dung) in the Uunguu IPA, North Kimberley, Western 656 

Australia. The grey shading indicates 95% confidence intervals and grey dots indicate partial 657 

residuals. 658 

 659 
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 660 

Figure 4. Predicted dry season contribution of grass to the diet of wallaroos (based on ẟ13C of 661 

dung) on fertile and infertile soils in the Uunguu IPA, North Kimberley, Western Australia. 662 

The grey shading indicates 95% confidence intervals and grey dots indicate partial residuals. 663 

 664 
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665 

Figure 5.  Predicted dry season contribution of grass to the diet of feral cattle (based on ẟ13C 666 

of dung) by dry season period, substrate fertility and fire history in the Uunguu IPA, North 667 

Kimberley, Western Australia. The grey shading indicates 95% confidence intervals and grey 668 

dots indicate partial residuals. 669 

 670 
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671 

Figure 6. Seasonal variation in fibre content (aNDF; ± SE) throughout the dry season in 672 

savannas burnt in the early dry season (EDS) and unburnt with relatively fertile and infertile 673 

underlying substrates. 674 

 675 
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 676 

Figure 7. Percentage of grass in diet of wallaroos and feral cattle on fertile and infertile 677 

savannas that have been burnt in the early dry season or unburnt in the Uunguu IPA, North 678 

Kimberley, Western Australia.   679 

 680 
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681 

Figure 8. Proportion of grass consumed in the dry season by feral herbivores (water buffalo 682 

and cattle) and native macropod herbivores in Arnhem Land, Northern Territory (A) and the 683 

North Kimberley, Western Australia (N). “Various macropod spp.” includes agile wallaby 684 

and antilopine, common and black wallaroos combined. Superscript numbers indicate data 685 

sources (1, Bowman et al. 2010; 2, Telfer & Bowman 2006; 3, Murphy & Bowman 2007). 686 
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Body mass for each species is plotted in the top panel for comparison (Menkhorst & Knight 687 

2001).  688 
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